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1.1 INTRODUCTION

Everyday many chromatographers face the need to develop a high-performance
liquid chromatography (HPLC) separation. Whereas individual approaches
may exhibit considerable diversity, method development often follows the
series of steps summarized in Fig. 1.1. In this chapter we review the importance
of each of these steps, in preparation for a more detailed examination in
following chapters.

Our philosophy of method development is based on several considerations.
There exists today a good practical understanding of chromatographic separa-
tion and how it varies with the sample and with experimental conditions. Any
systematic approach to HPLC method development should be based on this
knowledge of the chromatographic process. In most cases, a desired separation
can be achieved easily with only a few experiments. In other cases, a consider-
able amount of experimentation may be needed. A good method-development
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FIGURE 1.1 Steps in HPL.C method development.

strategy should require only as many experimental runs as are necessary to
achieve the desired final result.

Ideally, every experiment will contribute to the end result so that there
are no wasted runs. Usually, this requires that the results of each chromato-
graphic run be assessed before proceeding with the next experiment. Some-
times the chemical structures of the sample components are known, other
times this is not the case. The method-development scheme described in this
book will usually work in either situation. Finally, method development should
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be as simple as possible, yet it should allow the use of sophisticated tools such
as computer modeling (Chapter 10) if these are available.

1.2 WHAT IS KNOWN BEFORE STARTING

1.2.1 Nature of the Sample

Before beginning method development, we need to review what is known
about the sample. The goals of the separation should also be defined at
this point. The kinds of sample-related information that can be important
are summarized in Table 1.1. Ideally, a complete description of the sample
is available; for example, an antihistamine tablet contains the active ingredi-
ent and various water-soluble excipients. The goal of HPLC separation in
this case might be an assay of antihistamine content, so the primary interest
is in the properties of the antihistamine that will affect its HPLC separation.
Another situation might require analyzing a raw material for its major
component and any contaminants. An example is provided by Fig. 1.2,
which shows possible components of crude samples of the pharmaceutical
product pafenolol (compound 6). In this case the chemical structures of
possible contaminants can be inferred from the synthetic route used to
prepare pafenolol, together with known side reactions leading to by-products.
A total of six compounds can be expected in pafenolol (compound 3 can
be ruled out because of its instability).

The chemical composition of the sample can provide valuable clues for the
best choice of initial conditions for an HPLC separation. Depending on the
use made of this sample information, two somewhat different approaches to
HPLC method development are possible. Some chromatographers try to
match the “chemistry” of the sample to a best choice of initial HPLC condi-
tions. To do this, they rely heavily on their own past experience (i.e., separation
of compounds of similar structure) and/or they supplement this information
with data from the literature. Other workers proceed directly to an initial
chromatographic separation, paying little attention to the nature of the sample.
These two kinds of HPLC method development might be characterized as

TABLE 1.1 Important Information Concerning Sample
Composition and Properties

Number of compounds present

Chemical structures (functionality) of compounds
Molecular weights of compounds

pK, values of compounds

UV spectra of compounds

Concentration range of compounds in samples of interest
Sample solubility
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theoretical vs. empirical. Once an initial separation has been carried out, the
choice of ensuing experiments can be made on the basis of similar considera-
tions (theoretical vs. empirical).

Either a theoretical or an empirical approach to HPLC method develop-
ment can be successful, and a “best” strategy is often some blend of these
two procedures. In this book we emphasize empirical procedures in combina-
tion with techniques for minimizing the number of required experimental
runs. However, theoretical considerations and the chemical composition of
the sample are not ignored. It should also be kept in mind that the composition
of many samples is not fully known at the beginning of HPL.C method develop-
ment (e.g., samples containing impurities, degradation products, metabolites,
etc.). In these cases an empirical approach may be the only option.

1.2.2 Separation Goals

The goals of HPLC separation need to be specified clearly. Some related
questions that should be asked at the beginning of method development in-
clude:

- Is the primary goal quantitative analysis, the detection of an (undesired)
substance, the characterization of unknown sample components, or the
isolation of purified material? The use of HPLC to isolate purified sample
components for spectral identification or other purposes is discussed in
Chapter 13.

+ Is it necessary to resolve all sample components? For example, it may be
necessary to separate all degradants or impurities from a product for
reliable content assay, but it may not be necessary to separate these
degradants or impurities from each other. When the complete separation
of a sample by means of a single HPLC run proves difficult, the separation
of a smaller subset of sample components is usually much easier.

- If quantitative analysis is requested, what levels of accuracy and precision
are required? A precision of 1 to 2% for major components of a sample
is usually achievable, especially if sample pretreatment is not required.
Means for improving assay precision are discussed in Chapter 14.

- For how many different sample matrices should the method be designed?
A particular compound may be present in different sample types (e.g., a
raw material, one or more formulations, an environmental sample, etc.).
Will more than one HPLC procedure be necessary? Is a single (or similar)
procedure for all samples desirable?

- How many samples will be analyzed at one time? When a large number
of samples must be processed at the same time, run time becomes more
important. Sometimes it is desirable to trade a decrease in sample resolu-
tion for a shorter run time [e.g., by shortening the column or increasing
flow rate (Section 2.3.3.1)]. When the number of samples for analysis at
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one time is greater than 10, a run time of less than 20 min often will
be important.

- What HPLC equipment and operator skills are present in the laboratory
that will use the final method? Can the column be thermostated, and is
an HPLC system for gradient elution available? Will the method be run
on equipment of different design and manufacture [especially older mod-
els with increased extracolumn band broadening (Section 2.3.3.3)]? What
HPLC experience and academic training do the operators have?

Agreement on what is required of the method should be obtained before
method development begins.

1.3 SAMPLE PRETREATMENT AND DETECTION
Samples come in various forms:

- Solutions ready for injection

- Solutions that require dilution, buffering, addition of an internal standard,
or other volumetric manipulation

- Solids that must first be dissolved or extracted

- Samples that require sample pretreatment to remove interferences and/
or protect the column or equipment from damage

Direct injection of the sample is preferred for its convenience and greater
precision. However, most samples for HPLC analysis require weighing and/
or volumetric dilution before injection. Best results are often obtained when
the composition of the sample solvent is close to that of the mobile phase,
since this minimizes baseline upset and other problems.

Some samples require a partial separation (pretreatment) prior to HPLC,
because of a need to remove interferences, concentrate sample analytes, or
eliminate “‘column killers.” This means that it is important to know the nature
of the sample matrix and the probable concentrations of various analytes. In
many cases the development of an adequate sample pretreatment procedure
can be more challenging than achieving a good HPL.C separation. Sample
pretreatment is discussed in Chapter 4.

Before the first sample is injected during HPLC method development,
we must be reasonably sure that the detector selected will sense all sample
components of interest. Variable-wavelength ultraviolet (UV) detectors nor-
mally are the first choice, because of their convenience and applicability for
most samples. For this reason, information on the UV spectra can be an
important aid for method development. UV spectra can be found in the
literature, estimated from the chemical structures of sample components of
interest, measured directly (if the pure compounds are available), or obtained
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during HPLC separation by means of a photodiode-array (PDA) detector.
When the UV response of the sample is inadequate, other detectors are
available (fluorescence, electrochemical, etc.), or the sample can be derivatized
for enhanced detection. In Chapter 3 we discuss sample detection and related
aspects in detail.

1.4 DEVELOPING THE SEPARATION

1.4.1 Selecting an HPLC Method and Initial Conditions

Figure 1.3 outlines the strategy recommended for choosing the experimental
conditions for the first separation. Based on a knowledge of sample composi-
tion and the goals of separation, the first question is: Which chromatographic
method is most promising for this particular sample? In this book we assume
that HPLC has been chosen, but this decision should not be made before
considering the alternatives. For information on other chromatographic proce-
dures, see Refs. 2 to 8.

If HPLC is chosen for the separation, the next step (Fig. 1.3) is to classify
the sample as regular or special. We define regular samples as typical mixtures
of small molecules (<2000 Da) that can be separated using more-or-less
standardized starting conditions. Exceptions or special samples are usually
better separated with a different column and customized conditions, as summa-
rized in Table 1.2. The separation of inorganic ions and synthetic polymers
is not discussed in this book; for these topics see Refs. 8 and 9, respectively.

Regular samples can be further classified as neutral or ionic. Samples classi-
fied as ionic include acids, bases, amphoteric compounds, and organic salts
(ionized strong acids or bases). Table 1.3 summarizes the appropriate experi-
mental conditions for the initial (reversed-phase) separation of regular sam-
ples. If the sample is neutral, buffers or additives are generally not required
in the mobile phase. Acids or bases usually require the addition of a buffer
to the mobile phase. For basic or cationic samples, “less acidic”” reversed-
phase columns (Section 5.2) are recommended, and amine additives for the
mobile phase may be beneficial. Using these conditions, the first exploratory
run is carried out and then improved systematically as discussed below.

On the basis of the initial exploratory run of Fig. 1.3, isocratic or gradient
elution can be selected as most suitable (Section 8.2.2). At this point it may
also be apparent that typical reversed-phase conditions provide insufficient
sample retention, suggesting the use of either ion-pair (Section 7.4) or normal-
phase (Part II of Chapter 6) HPLC. Alternatively, the sample may be strongly
retained with 100% acetonitrile as mobile phase, suggesting the use of non-
aqueous reversed-phase (NARP) chromatography or normal-phase HPLC
(Sections 6.6 to 6.8). Some characteristics of reversed-phase and other HPLC
methods are summarized in Table 1.4 and are discussed further in Chapters
6,7, and 11.
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FIGURE 1.3 Using information about the sample to select conditions for the initial
experimental separation.

When the goal of separation is the isolation of purified material, an opti-
mized final HPLC method will differ from one developed for routine quantita-
tive analysis. However, the beginning of method development proceeds in
exactly the same way for both cases [e.g., use of a standard-diameter (0.4 to
0.5-cm-ID) column and the other conditions of Table 1.3]. This approach is
discussed in detail in Chapter 13.
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TABLE 1.2 Handling of Special Samples

Sample Requirements
Inorganic ions Detection is primary problem; use ion chromatograpy [9].
Isomers Some isomers can be separated by reversed-phase HPLC and

are then classified as regular samples; better separations of
isomers are obtainable using either (1) normal-phase HPLC
or (2) reversed-phase separations with cyclodextrin—silica
columns (Chapter 6).

Enantiomers These compounds require ““chiral’”’ conditions for their
separation; see Chapter 12.
Biological Several factors make samples of this kind “special”: molecular

conformation, polar functionality, and a wide range of
hydophobicity; see Chapter 11.

Macromolecules  “Big” molecules require column packings with large pores
(>>10-nm diameters); in addition, biological molecules
(Chapter 11) require special conditions as noted above.

TABLE 1.3 Preferred Experimental Conditions for the Initial HPLC Separation

Separation Variable Preferred Initial Choice
Column
Dimensions (length, ID) 15 X 0.46 cm
Particle size S pm*
Stationary phase Cgor Cig
Mobile phase
Solvents A and B Buffer—acetonitrile
% B 80-100%*
Buffer (compound, pH, concentration) 25 mM potassium phosphate,
2.0 < pH <3.0¢
Additives (e.g., amine modifiers, ion- Do not use initially?
pair reagents)
Flow rate 1.5-2.0 mL/min
Temperature 35-45°C
Sample Size
Volume* <25uL
Weight¢ <100 pug

?3.5-um particles are an alternative (Chapter 5), using a 7.5-cm column.

® For an initial isocratic run; an initial gradient run is preferred (Section 8.2.2).

“No buffer required for neutral samples; for pH < 2.5, pH-stable columns are recommended
(Section 5.4.3.5).

4 Section 9.1.1.3.

¢ Smaller values required for smaller-volume columns (e.g., 7.5 X 0.46-cm, 3.5-um column).
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TABLE 1.4 Characteristics of Primary HPLC Methods
Method/Description/Columns® When Is the Method Preferred?

Reversed-phase HPLC
Uses water—organic mobile phase  First choice for most samples, especially

Columns: C;3 (ODS), Cg, phenyl, neutral or nonionized compounds that
trimethylsilyl (TMS), cyano dissolve in water—organic mixtures
Ion-pair HPLC
Uses water—organic mobile Acceptable choice for ionic or ionizable
phase, a buffer to control pH, compounds, especially bases or cations

and an ion-pair reagent
Columns: C;g, Cg, cyano
Normal-phase HPLC

Uses mixtures of organic Good second choice when reversed-phase or
solvents as mobile phase ion-pair HPLC is ineffective; first choice
Columns: cyano, diol, amino, for lipophilic samples that do not dissolve

silica well in water—organic mixtures; first

choice for mixtures of isomers and for
preparative-scale HPLC (silica best)

% All columns (except unbonded silica) recommended here are packed with bonded-phase silica
particles (see Chapter 5). This list is representative but not exhaustive.

1.4.2 Getting Started on Method Development

Here and elsewhere we assume that the sample is regular (not special, as in
Table 1.2), unless noted otherwise. Although the initial and final conditions
required for special samples will differ from those listed in Table 1.3 for
regular samples, the general strategy and approach to method development
is similar for both regular and special samples. Our discussion of the separation
of regular samples will therefore prove applicable in many respects to method
development for special samples.

With the initial conditions of Table 1.3, the only remaining decision before
the first sample injection is the percent organic in the mobile phase (% B).
One approach is to use an isocratic mobile phase of some average solvent
strength (e.g., 50% B). This is illustrated for the separation of a mixture of
triazine herbicides in Fig. 1.4a (the separations of Fig. 1.4 are computer simula-
tions based on experimental HPLC data [11,12]). Three well-separated peaks
are shown in Fig. 1.4a. However, this sample contains a total of six components;
with this mobile phase, the last three bands elute at 2 to 4 hr as broad, barely
visible peaks. So, it would be easy to conclude (erroneously) from this run
that there are only three components in this sample or that some of these six
compounds coelute in Fig. 1.4a.

Because of the problem illustrated by Fig. 1.4a, it is usually not recom-
mended to begin method development with an intermediate-strength mobile
phase (as in Fig. 1.4a). A better alternative is to use a very strong mobile
phase first (e.g., 80 to 100% B), then reduce % B as necessary. This approach



1.4 DEVELOPING THE SEPARATION 11

d.O 0.1 02 03 04 05 06 0.7 08 09 1.0 1.1 12 13 14 15 16 1.7 18 19

(&)

40

@1
o
<)
g
)
w
[S)

(c)

FIGURE 1.4 Separation of a mixture of triazine herbicides as a function of mobile-
phase conditions. Conditions: 25 X 0.46-cm C,4 column; methanol-water mobile phase;
ambient temperature; 1.7 mL/min. (a) 50% B; (b) 100% B; (c) 80% B; (d )} 60% B; (e)
gradient 5-100% B in 20 min; (f) 70% B (isocratic). (Computer simulations as in Refs.
11 and 12, based on the experimental data of Ref. 10.)
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is illustrated in Fig. 1.4b—d. The initial separation with 100% B (Fig. 1.4b)
results in rapid elution of the entire sample, but only two band groups are
separated. Decreasing solvent strength to 80% B (Fig. 1.4c) shows the rapid
separation of all six bands. A further decrease to 60% B (Fig. 1.4d ) provides
improved resolution but a much longer run time, with a broadening of later
bands and reduced detection sensitivity.

An alternative to initial isocratic separation is the use of gradient elution,
as in the separation of Fig. 1.4e. There are several advantages to an initial
gradient run, as discussed in Section 8.2.2. For example, it is possible from
such a run to (1) determine whether isocratic or gradient elution is the best
approach, and (2) estimate the best solvent strength for the next trial (isocratic)
separation. An initial gradient separation is also advantageous for method
development since it provides generally better resolution of the sample than
will be obtained by isocratic separation with a strong solvent (cf. Fig. 1.4b vs.
Fig. 1.4e).

1.4.3 Improving the Separation

The separation achieved in the first one or two runs usually will be less than
adequate. After a few additional tries, it may be tempting to accept a marginal
separation, especially if no further improvement is observed. However, experi-
enced workers realize that a good separation requires more than minimal
resolution of the individual sample bands, particularly for a routine procedure
used to analyze a number of samples. Specifically, the experienced chromatog-
rapher will consider several aspects of the separation, as summarized in Ta-
ble 1.5.

Separation or resolution (Section 2.2) is a primary requirement in quantita-
tive HPL.C analysis. Usually, for samples containing five or fewer components,
baseline resolution (R, > 1.5) can be obtained easily for the bands of interest.
This level of resolution favors maximum precision in reported results. Resolu-

TABLE 1.5 Separation Goals in HPLC Method Development

Goal” Comment

Resolution Precise and rugged quantitative analysis requires that R, be
greater than 1.5.

Separation time <5-10 min is desirable for routine procedures.

Quantitation =2% (1 SD) for assays; =5% for less-demanding analyses;
=15% for trace analyses.

Pressure <150 bar is desirable, <200 bar is usually essential (new
column assumed).

Peak height Narrow peaks are desirable for large signal/noise ratios.

Solvent consumption Minimum mobile-phase use per run is desirable.

“ Roughly in order of decreasing importance but may vary with analysis requirements.
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tion usually degrades during the life of the column and can vary from day to
day with minor fluctuations in separation conditions. Therefore, values of
R, = 2 or greater should be the goal during method development for simple
mixtures. Such resolution will favor both improved assay precision and greater
method ruggedness. Samples containing 10 or more components will be more
difficult to separate, and here the separation goal often must be relaxed to
R, >10to 1.5.

Some HPLC assays do not require baseline separation of the compounds
of interest. This is most often the case when any of several compounds might
be present, but only one compound is likely to be expected in a given sample.
This might be the case when screening a water or soil sample for the possible
presence of some contaminant (e.g., qualitative analysis for different herbi-
cides). In such cases only enough separation of individual herbicides is required
to provide characteristic retention times for peak identification. Another exam-
ple is provided by phenylthiohydantoin (PTH)-amino acid samples obtained
during the sequencing of a protein. Each sample corresponds to the removal
of a single amino acid from the protein molecule, and it is required to identify
that amino acid (as the PTH derivative). Therefore, it is not necessary to
achieve baseline separation of individual PTH-amino acids from each other,
since all that is required is enough difference in retention times to identify
the particular compound. This is illustrated in the separation of Fig. 1.5a for
such an assay procedure. Several band pairs in this chromatogram are not
baseline resolved, but this does not interfere with the accurate identification
of each PTH-amino acid.

The time required for a separation (run time =~ retention time for last
band) should be as short as possible. This assumes that the other goals of
Table 1.5 have been achieved, and the total time spent on method development
is reasonable. The run-time goal should be compared with the 2-h setup time
typically required for an HPLC procedure (i.e., mobile phase prepared, column
installed and equilibrated, stable baseline achieved, replicate standards in-
jected to confirm precision, reproducible retention, and acceptable separa-
tion). Thus if only two or three samples are to be assayed at one time, a run
time of 20-30 min is not excessive. When lots of 10 or more samples are to

FIGURE 1.5 Improving method ruggedness by mapping separation as a function of
various conditions. Sample: PTH amino acids. Conditions: 25 X 0.46-cm Zorbax PTH
column; mobile phase is 34% B, where A is 6 mM phosphate buffer, pH 3.15, and B
is 53% acetonitrile-THF; 35°C; 1.4 mL/min. Identification of bands (W, L, F, . . .)
is usual terminology for amino acids (Fig. 11.2). (a) Separation of total sample;
(b) effect of buffer concentration on separation of band pairs H/'Y and M/R; (¢) effect
of acetonitrile—THF ratio on separation of band pairs Y/P/V and F/L; (d) effect of
pH on separation of band pairs T/D/G. (Reprinted with permission from DuPont
Zorbax PTH Column User’s Guide.)
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be assayed, run times of 5 to 10 min are desirable. There is rarely any reason
to seek run times of a minute or less, although fast separations are not detri-
mental. One exception is on-line monitoring for process control, for which
there is growing interest in run times of a minute or less.

Conditions for the final HPLC method should be selected so that the
operating pressure with a new column does not exceed 170 bar (2500 psi,
17 MPa), and an upper pressure limit below 2000 psi is desirable. There are
two reasons for this pressure limit, despite the fact that most HPLC equipment
can be operated at much higher pressures. First, during the life of a column,
the back pressure may rise by a factor of as much as 2, due to the gradual
plugging of the column by particulate matter. Second, at lower pressures
(<170 bar), pumps, sample valves, and especially autosamplers operate much
better, seals last longer, columns tend to plug less, and system reliability is
significantly improved. For these reasons, a target pressure of less than 50%
of the maximum capability of the pump is desirable.

When method development is begun with the preferred conditions of Table
1.3, many samples require only the adjustment of mobile-phase strength
(% B) to achieve an acceptable separation. This is illustrated in Fig. 1.4f for the
separation of this herbicide sample. A mobile phase of 70% methanol-water
provides good resolution (R, >>1.8) and a run time of 18 min, with easy detection
and precise quantitation of later bands. Other samples may require further
work, involving a change in selectivity or improved column conditions (column
dimensions, particle size, and flow rate); see the discussion of Chapter 2.

When dealing with more challenging samples, or if the goals of separation
are particularly stringent, a large number of method-development runs may
be required to achieve acceptable separation. In some cases a strictly experi-
mental approach to method development may not be feasible because of the
work and cost involved. Within the past decade, computer simulation [11,12]
has emerged as an accepted tool in HPLC method development. Computer
simulation or “optimization” allows a few experimental runs to be used with
a computer to predict a large number of additional separations. For example,
only two gradient separations of the sample shown in Fig. 1.4 would allow
the prediction of both isocratic and gradient separation as a function of % B.
Computer simulation is discussed in greater detail in Chapter 10.

1.4.4 Repeatable Separation

As the experimental runs described above are being carried out, it is important
to confirm that each chromatogram can be repeated. When changing condi-
tions (mobile phase, column, temperature) between method-development ex-
periments, enough time must elapse for the column to come into equilibrium
with the new mobile phase and temperature. Usually, column equilibration
is achieved after passage of 10 to 20 column volumes of the new mobile phase
through the column. However, this should be confirmed by carrying out a
repeat experiment under the same conditions. When constant retention times
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are observed in two such back-to-back repeat experiments (*+0.5% or better),
it can be assumed that the column is equilibrated and the experiments are
repeatable. For reversed-phase separations, longer equilibration times can
result when one of the two mobile phases being interchanged contains <10%
organic [13].

Failure to ensure column equilibration and repeatable chromatograms can
be a serious impediment to HPLC method development. This problem be-
comes critical if a computer is used to predict retention and separation on
the basis of prior experiments (Chapter 10). Column equilibration can be
extremely slow for certain reversed-phase HPLC conditions: addition of basic
modifiers or ion-pair reagents to the mobile phase, the use of tetrahydrofuran
as solvent, or the use of mobile phases without organic solvent.

1.5 COMPLETING THE HPLC METHOD

The final procedure should meet all the goals that were defined at the beginning
of method development. The method should also be robust in routine opera-
tion and usable by all laboratories and personnel for which it is intended.

1.5.1 Quantitation and Method Validation

Many HPL.C procedures will be used for routine quantitative analysis. Accu-
rate results require the use of standards and a calibration procedure, as dis-
cussed in Chapter 14. Once the HPLC method is finalized, it should be vali-
dated as summarized in Table 1.6 and Chapter 15. Usually, full validation is
preceded by an abbreviated check of the method for specificity, linearity,
accuracy, precision, recovery, sensitivity, and so on. Prior to the final evaluation
of method performance, a written assay procedure should be prepared and
checked for clarity and consistency. The actual validation protocol may vary
in length from 1 day to 2 weeks, depending on the importance of the method.
Ideally, this method evaluation will be able to identify any potential problems
that might arise from differences in equipment or operators.

Because column-to-column reproducibility can be a problem in routine
HPLC analysis, columns from two or more different lots should be tested to
confirm repeatability. Any unexpected results should be investigated to estab-
lish the cause and prevent repeated errors in later routine operation. Finally,
the effects of different experimental conditions on separation should be de-
fined as part of ensuring method ruggedness (see Section 1.5.3).

The requirements of Table 1.6 apply to HPLC methods that must meet
stringent standards of precision, accuracy, ruggedness, and transferability. In
other cases, all that may be required is a single successful separation or a
quick, “rough” answer to a specific problem. For such samples, many of the
recommendations of Tables 1.5 and 1.6 can be relaxed or eliminated. Some
of the steps of Fig. 1.1 may also prove unnecessary. Common sense and
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TABLE 1.6 Completing the Method®

1. Preliminary data to show required method performance
2. Written assay procedure developed for use by other operators
3. Systematic validation of method performance for more than one system or
operator, using samples that cover the expected range in composition and
analyte concentration; data obtained for day-to-day and interlaboratory
operation
. Data obtained on expected life of column and column-to-column reproducibility
. Deviant results studied for possible correction of hidden problems
6. All variables (temperature, mobile-phase composition, etc.) studied for effect on
separation; limits defined for these variables; remedies suggested for possible
problems (poor resolution of key band pair, increased retention for last band
with longer run times, etc.)

wn

¢ Applicable primarily to routine or quality-control methods.

an awareness of the actual goals of each method-development project are
then sufficient.

1.5.2 Checking for Problems

As method development proceeds, various problems can arise, some of which
are listed in Table 1.7. Initial chromatograms may contain bands that are
noticeably broader than expected (lower plate number), or bands may tail
appreciably. Later, during use of the method, it may be found that replacing
the original column with an “equivalent” column from the same (or different)

TABLE 1.7 Possible Problems Uncovered During Method Development
and Validation

Problem Comment

Low plate numbers Poor choice of column, secondary retention, poor
peak shape effects (Chapter 5)

Column variability Poor choice of column, secondary retention
effects (Chapter 5)

Short column life Poor choice of column (Chapter 5), need for
sample pretreatment (Chapter 4), 3 >pH >7

Retention drift Insufficient column equilibration (Chapters 6 to

8), need for sample pretreatment (Chapter 4),
loss of bonded phase (Chapter 5)

Poor quantitative precision Need for better calibration, identification of
sources of error (Chapter 14)
New interference peaks Initial separation inadequate or initial samples

discovered not representative
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supplier causes an unacceptable change in the separation. Consequently, a
routine laboratory may not be able to reproduce the method on another,
nominally equivalent column. Column life may also prove to be undesirably
short (e.g., failure after less than 100 sample injections). Replicate sample
injections (same column) may not yield the same chromatogram, assay preci-
sion may be poor, or retention times may drift from the beginning to end of
a series of runs. Additional peaks that interfere with the determination of
analytes may appear in the chromatograms of later samples.

For routine methods that are to be used for long time periods, it is important
to anticipate and test for these and other problems before the method is
released. The undesirable alternative is to discover that the method does not
perform acceptably after it is introduced into routine application. Method
irreproducibility can jeopardize the performance of a quality-control or pro-
duction laboratory. These problems are discussed throughout the book. For
additional information on diagnosing and correcting HPLC problems of this
kind, see Ref. 14.

1.5.3 Method Ruggedness

A rugged method is one that tolerates minor variations in experimental condi-
tions, can be run easily by an average chromatographer, and does not require
an identical HPLC system for its use. Rugged methods are essentially trouble-
free and transferable. Method ruggedness can be confirmed by intensive testing
of the method during validation. Ruggedness can also be designed into a
method by studing the effects of different variables on the separation. This
approach is illustrated in Fig. 1.5 for the separation of 20 PTH-amino acids.
Figure 1.5a shows the separation of a total sample. Figure 1.56—d show the
effects of a change in operating conditions on the separation of various critical
band pairs. For example, in Fig. 1.5d, a change in pH of only 0.2 unit shifts
band D so that it overlaps either T or G.

Data as in Fig. 1.5 can prove useful in various ways. First, these chromato-
grams define band pairs whose separation is critically affected by different
variables. At the same time, the allowable error in mobile-phase composition
is defined. Thus, Fig. 1.5d shows that pH must be controlled within *+0.1 unit
for acceptable separation of this group of compounds. Second, the data of
Fig. 1.5 facilitate troubleshooting when separation as in Fig. 1.5a is inadequate.
For example, if bands T and D are poorly separated, the conclusion is that
the pH is probably too high (Fig. 1.5d). Figure 1.5d can also be used to
estimate how much pH must be changed to restore the separation of these
two bands. Finally, if a change in separation is caused by a new column whose
retention properties are not identical to the original column, different variables
can be adjusted to improve the separation, using the data of Fig. 1.5 as a guide.

Studies of separation as a function of conditions are particularly important
for variables that are difficult to control (e.g., temperature for an HPLC
method that uses an unthermostated column). Similarly, pH is difficult to
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measure with an accuracy better than *+0.05 unit; many separations show an
unacceptable change in retention for pH changes this small. See Section 10.6
for a discussion of how ruggedness can be improved with the use of computer
simulation. In subsequent chapters we provide a more detailed account of
HPLC method development, as well as present additional background material
relating to this topic.
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2.1 INTRODUCTION

Most chromatographers have some idea of how a change in experimental
conditions will affect an HPLC chromatogram. In reversed-phase separations
(Section 6.2), an increase in the mobile-phase percent organic (% B) will
shorten run time but usually leads to increased band overlap. If the flow
rate is decreased, run time increases, but the separation usually improves.
Sometimes (but not always) changing the column will improve separation.
This awareness of how conditions affect the chromatogram is a combination
of training and experience. But often what is known about HPLC works only

2



22 BASICS OF SEPARATION

some of the time. That is, our knowledge is a mixture of more helpful and
less helpful facts. In this chapter we review some basics of HPLC separation:
more helpful facts that can ensure that method development starts out in the
right direction. A number of important terms and definitions that are referred
to in later chapters are also introduced.

2.2 RESOLUTION: GENERAL CONSIDERATIONS

The chromatogram of Fig. 2.1a shows the partial separation of six different
bands. Bands 1 and 4 are well separated from other sample components, but
bands 2, 3, 5, and 6 are partially overlapped. Chromatographers measure the
quality of separations as in Fig. 2.1a by the resolution R, of adjacent bands.
Two bands that overlap badly have a small value of R

_ 2 —n)

R,
W, + W,

@2.1)

Here ¢, and ¢, are the retention times of the first and second adjacent bands
and W, and W, are their baseline bandwidths. The resolution of two adjacent
bands with R, = 1 is illustrated in Fig. 2.2. Resolution R, is equal to the
distance between the peak centers divided by the average bandwidth. To
increase resolution, either the two bands must be moved farther apart, or
bandwidth must be reduced.

2.2.1 Measurement of Resolution

Resolution can be estimated or measured in three different ways:

1. Calculations based on Eq. 2.1
2. Comparison with standard resolution curves
3. Calculations based on the valley between the two bands

Equation 2.1 can be used for the measurement of resolution whenever the
bands are well separated, so that retention times and bandwidths can be
determined reliably. The manual determination of baseline bandwidth W
involves (1) the construction of tangents to each side of each band, and
(2) the measurement of the distance between the intersections of these tan-
gents with the baseline (Fig. 2.2). This measurement is somewhat awkward
at first, which may make the corresponding determination of R, imprecise.
An alternative approach gives more reliable values of R, bandwidths at half-
height (W;,; see Fig. I.1., Appendix I} are measured for bands 1 and 2, W5
and W().S,Z- Then
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FIGURE 2.2 Calculation of resolution R; for two adjacent bands 1 and 2. See the
text for details.

t—>

R = 1.18(, — 1)

= 22
Wosi + Wos, (22)

Calculations of R, using Eq. 2.1 or 2.2 may not be reliable when R; is less
than 1.

A comparison of two adjacent bands with standard resolution curves can
also be used to determine values of R;. This approach does not require any
calculations, is quite convenient, and is applicable to overlapping bands
(0.4 < R; < 1.3). The use of standard resolution curves is illustrated in Fig.
2.3. “Ideal” representations of two overlapping bands can be calculated as a
function of relative band size and resolution (assumes Gaussian peak shapes;
Appendix I). In Fig. 2.3, relative band size (height or area) varies from 1/1
to 4/1 to 16/1 from left to right. Resolution varies from 0.6 to 1.25 from top
to bottom. Actual overlapping bands can be compared with the ideal curves
of Fig. 2.3 to match “real” and “ideal” as closely as possible. It does not
matter whether the larger band elutes first or last; just mentally transpose the
two peaks.

Once a match has been achieved, the R, value of Fig. 2.3 for the closest
match is then the resolution of the real band pair. This method of estimating
R, is illustrated in Fig. 2.1a for band pair 5/6. For this example, the peak
heights and areas of the two bands are in an approximate ratio of 4/1. A
comparison of band pair 5/6 with the examples of Fig. 2.3 (4/1 case) suggests
that R, = 1.0. Similarly, the resolution of band pair 2/3 is Fig. 2.1a is
R, = 0.7 (the band-size ratio is 1/1). Figures 1.2 to 1.7 (Appendix 1) provide a
more detailed set of standard resolution curves for estimating R, in this manner.

A third way of estimating R;, based on the height of the valley between two
adjacent bands, can be used for 0.8 < R, < 1.5. This procedure provides more
precise values of R; but requires slightly more effort than the standard-resolu-
tion-curve approach. See Fig. 1.8 (Appendix 1) and the related discussion.
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FIGURE 2.3 Standard resolution curves for the separation of two bands as a function
of resolution R, and relative band size (area).

2.2.2 Minimum Resolution

Chromatograms that contain more than two bands (as in Fig. 2.1a) will have
different R, values for each band pair. There are five adjacent band pairs in
Fig. 2.1a and four corresponding values of R; for this separation. A common
objective in HPLC separation is to separate all bands of interest with some
minimum resolution. If the accurate quantitation of sample components is a
goal of HPLC method development, baseline resolution of all bands is desir-
able. Baseline resolution occurs when the detector trace for the first band
returns to the baseline before the next band begins to leave the column. This
is the case for all band pairs in Fig. 2.1 except 5/6. With baseline resolution
of all bands (as in Fig. 2.1¢), the HPLC data system is able to draw an accurate
baseline under each band, thereby increasing the accuracy of band-area or
peak-height measurements (and resulting calculations of sample concentra-
tions). Baseline resolution corresponds to R; > 1.5 for bands of similar size.
When allowances are made for (1) adjacent bands of dissimilar size and
(2) the usual deterioration of an HPLC method during day-to-day use,
R, = 2.0 or greater is a desirable target for method development.

It is convenient to define the critical band pair in each chromatogram
obtained during method development. The critical pair is that band pair
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with the smallest value of R,. In Fig. 2.1a, band pair 2/3 is the critical pair
(R, = 0.7). In method development the separation conditions are changed
systematically to improve separation of the critical band pair. This process
continues until acceptable resolution of the entire sample is obtained, as
illustrated in Fig. 2.1. In the initial separation (Fig. 2.1a), band pair 2/3 is
critical and its resolution must be improved. A change in conditions from the
separation of Fig. 2.1a results in the chromatogram of Fig. 2.15. Now, band
pair 2/3 is adequately resolved, but there is little improvement in the separation
of band pair 5/6. As a result, band pair 5/6 is now critical for this separation.
Further changes in conditions often result in adequate separation of the entire
sample, with R, > 2 for all bands shown in Fig. 2.1¢. Resolution of an entire
chromatogram is usually expressed as R, for the critical band pair of interest
in that separation (e.g., R, = 0.7 for the chromatogram of Fig. 2.1a, since
R, = 0.7 for critical band pair 2/3).

The appearance of the chromatogram can be misleading as a measure of
the resolution of the critical band pair. If two bands overlap with R; < 0.5,
these two bands will appear as a single band (see examples of Figs. 1.2 to 1.7).
The chromatographer might then conclude (incorrectly) that the sample has
been completely separated. Surprises of this kind can be avoided if it is known
how many compounds are present in the sample; there should be as many
separated bands as there are compounds.

For samples of initially unknown composition, there is always the possibility
that two bands will be unresolved for some set of experimental conditions
(and appear as a single band). A change in separation conditions and/or the
use of certain detectors [e.g., diode-array detectors (Section 3.2.6)] can help
diagnose and solve problems of this kind. The discovery of unresolved band
pairs is also facilitated by the use of peak tracking (Section 10.7). When
the composition of incoming samples can change, later samples may contain
compounds that were not present during method development. If the possibil-
ity of new bands in the chromatogram can be anticipated, it is advisable to
create as much extra space in the chromatogram as possible [i.e., try to achieve
greater resolution than is otherwise required (R, >> 2)]. Keep in mind,
however, that excess resolution always means a run time that is longer than
necessary (Section 2.3.3.1).

In most cases, the quality of an HPLC separation is adequately described
in terms of critical resolution and run time. Various mathematical functions
have been proposed to evaluate separation quantitatively [1,2]. These optimi-
zation criteria or chromatographic response functions are intended to take into
account the various goals of method development, and to weight each goal
(resolution, run time, sensitivity, etc.) accurately according to the requirements
of the HPLC method. Chromatographic response functions have been used
in computer-assisted method development (Chapter 10) to select automatically
the “‘best” separation conditions for a final method. We feel that these chro-
matographic response functions are of limited value in most cases. It generally
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suffices if R, is greater than 2 for all bands of interest and the run time is
acceptably short.

When some experimental condition (e.g., gradient time #5) is varied for
the purpose of improving resolution, it is convenient to plot critical resolution
vs. that variable (t5). This results in a resolution map. An example is shown
in Fig. 2.4. Figure 2.4a shows a chromatogram of this peptide sample for a
120-min gradient time. Bands 9 to 15 are indicated by an arrow, and this
group of bands is of particular interest (hardest to separate). A resolution
map for this separation as a function of gradient time is shown in Fig. 2.4b.
The critical band pair and the resolution R; of this band pair are shown for
each gradient time. The separation of bands 9 to 15 is also shown for three
different gradient times: 52 min, 93 min, and 185 min (critical band pair is
solid black). For a gradient time of 52 min, bands 9/10 overlap completely,
and R, = 0. Similarly, for a gradient time of 185 min, bands 11/12 overlap
completely with R, = 0. For the intermediate separation (93-min gradient),
however, a maximum value of R, is observed (R, = 1.2), corresponding
to the best separation of the sample for a gradient time below 220 min.
A resolution map allows rapid assessment of resolution vs. any separation
variable. See the additional examples and related discussion in Section
10.2.

23 RESOLUTION AS A FUNCTION OF CONDITIONS

The separation of any two bands in the chromatogram can be varied systemati-
cally by changing experimental conditions. Resolution R, can be expressed
in terms of three parameters (k, o, and N) which are directly related to
experimental conditions:

k
1+k (2.3)

(selectivity) (efficiency) (retention)

R =14 (@ —1) N©»

Here k is the average retention factor for the two bands (formerly referred
to as the capacity factor, k'), N is the column plate number, and « is the
separation factor; @ = ky/k;, where k; and k, are values of k for adjacent
bands 1 and 2. Equation 2.3 is useful in method development because it
classifies the dozen or so experimental variables into three categories: retention
(k), column efficiency (N), and selectivity («). This simplifies the systematic
variation of conditions to achieve some desired separation. It is convenient
to regard k, N, and « as independent of each other, so that changes can be
made in each variable without affecting the other two. However, this is only
a rough approximation, especially as regards £ and a.
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FIGURE 2.4 Resolution map for the separation of a peptide mixture by gradient
clution. (a) Chromatogram for 120-min gradient; (b) resolution map with separation
of bands 9 to 15 superimposed for gradient times of 52, 93, and 185 min. See the text
for details. (Reprinted with permission from Ref. 3.)
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The retention factor k is given as
g='r"b (2.4)

where tg is the band retention time (see Fig. 2.2) and ¢, is the column dead
time. The column dead time is related to the column dead volume V,, (volume
of mobile phase inside the column) and flow rate F as

Vim
ly = 7 2.5)

and can be determined as described in Section 2.3.1. Equation 2.3 assumes
that the retention times of the two bands are similar, which for overlapping
bands (R, < 1.5) requires a plate number typical of HPLC (N > 2000). Several
other equations for resolution, similar to Eq. 2.3, have been derived [4]. For
overlapping bands, these various equations for R, are approximately equiv-
alent.

Figure 2.5a illustrates the effect of k, a, and N on resolution. When condi-
tions are changed so that k becomes smaller (earlier elution), resolution usually
becomes worse. When k is made larger, resolution usually improves. If  is
increased, the two bands move apart, thereby increasing R, significantly. When
column efficiency N is increased, the bands become narrower and better
separated, but their relative positions in the chromatogram do not change.
Figure 2.5b illustrates which strategy is best for an overlapping critical band
pair whose resolution must be increased. When the two bands have retention
times close to ¢, [small k, Fig. 2.5b(i)], the best approach is an increase in k.
When the two bands are partially overlapped and tz >> f, [Fig. 2.5b(ii)],
either o or N must be increased. Unless only a small increase in R; is required
(<30%), however, it is usually better to attempt an increase in « for this
situation. When the two bands are badly overlapped with t; >> 1, [Fig.
2.5b(iii}], an increase in « is normally required.

The parameters k& and « are determined by those conditions that affect
retention or the equilibrium distribution of the sample between the mobile
phase and the column packing:

1. Composition of the mobile phase
2. Composition of the stationary phase (column)
3. Temperature

Changes in the mobile or stationary phases will generally affect both k£ and
a but will have less effect on N. The column plate number N is primarily
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dependent on column quality and can be varied by changing column condi-
tions:

1. Flow rate
2. Column length
3. Particle size

A change in these conditions will not affect k or « as long as the mobile phase
and stationary phase type are not changed.

In method development it is advisable first to change conditions that will
optimize values of k and «, then (optionally) vary column conditions. In this
way initial experiments can be used to obtain good values of k and « that
will not change if only column conditions are varied further.

2.3.1 Effect of Solvent Strength

According to Eq. 2.3, resolution increases when sample retention & increases;
if two sample components elute near ¢, (k = 0), then R; =~ 0. Sample retention
can be controlled by varying the solvent strength of the mobile phase. A strong
solvent decreases retention and a weak solvent increases retention. Table 2.1
summarizes the primary means for varying solvent strength with different
HPLC methods. In this chapter reversed-phase HPLC is assumed unless
stated otherwise.

The effect of solvent strength on a reversed-phase separation is illustrated
in Fig. 2.6 for the repetitive injection of a five-component sample with a change
in mobile phase (varying percent methanol) between each injection. The initial
separation with 70% methanol (Fig. 2.6a) has a short run time but poor
resolution of the sample; the mobile phase is too strong and values of k are
too small. This suggests the use of a weaker solvent: 60% methanol in Fig.
2.6b. Some improvement in resolution has resulted, but the mobile phase is
still too strong. A change to 50% methanol in Fig. 2.6¢ results in baseline
separation of all five bands. However, band 1 clutes close to #, (marked by
the baseline disturbance at about 2 min after injection), and as a result the
baseline under band 1 is poorly defined. This would lead to less accurate
quantitation of band 1 in this separation. Further decreases in percent metha-
nol to 40% [part (d)] and 30% [part (e)] result in a well-defined baseline under
all bands, as well as improved resolution but longer run times. Later bands
also broaden and band 5 would be difficult to detect or quantitate accurately
in part (e¢) with 30% methanol as mobile phase. The run time in Fig. 2.5¢ is
also excessive (60 min).

A mobile phase of 40 to 45% methanol provides the best separation for
the sample of Fig. 2.6. Baseline resolution of all sample bands is achieved,
the run time is reasonable (15 to 20 min), the last band has not broadened
to the point where detection and quantitation are compromised, and the first
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FIGURE 2.6 Separation of a mixture of anthraquinones by reversed-phase HPLC and
various mobile phases. Conditions: Permaphase ODS column, 50°C, 1.0 mL/min, UV detec-

tion at 254 nm. Mobile phases described in the text for parts (a) to (e). (Reprinted with
permission from Ref. 5.)
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band is well away from the initial baseline disturbance at ;. In most cases,
an intermediate solvent strength will be preferred so that 0.5 < k& < 20 for
all bands. This optimum value of % B (A is the weak and B the strong solvent
component; see Table 2.1) can be determined by systematic trial-and-error
experiments as in Fig. 2.6. It is also possible to use an initial gradient elution
separation to determine more easily the optimum solvent strength (% B) for
isocratic separation (Section 8.2.2.2).

In evaluating successive method development experiments as in Fig. 2.6,
it is important to know an approximate value of ¢, for the HPLC system. A
value of 7y can be estimated in various ways:

1. First significant baseline disturbance

2. Use of a very strong solvent as the mobile phase
3. Calculation from column dimensions

4. Injection of an unretained sample

In Fig. 2.6c—e, a characteristic baseline disturbance can be seen at about
2 min following injection. There is a rapid deflection of the trace above and
below the baseline at ¢y, caused by the difference in compositions of the sample
solution and the mobile phase. When an initial baseline deflection of this
shape is seen, it is safe to assume that this corresponds to t;. Occasionally,
peaks leave the column before ¢, (often at 0.5 1) as a result of their exclusion
from the pores of the column packing. This can confuse the determination of
ty based solely on an initial baseline disturbance.

The use of a strong mobile phase provides a more reliable estimate of #,,
as illustrated in Fig. 2.6a (70% methanol-water). In this case the sample leaves
the column as a more-or-less unresolved plug, and the initial rise of the
detector trace at 2 min marks f,. Values of ¢, can also be determined from
Eq. 2.5 using an estimate of V,, (mL) from the length L (cm) and internal
diameter d. (cm) of the column:

V,. ~ 0.5Ld? (2.6)

Values of ¢, estimated from Eqgs. 2.5 and 2.6 can be in error by 10 to 20%,
but this is acceptable for the purposes of method development. Equations 2.5
and 2.6 are especially easy to apply for the case of 0.46-cm-ID columns, which
are most often used in HPLC.

V,=01L (0.46-cm-ID column only) (2.7)

Thus, for a 25 X 0.46-cm column, V,, = 0.1 X 25 = 2.5 mL. If the flow rate
is 1.5 mL/min, £, = 2.5/1.5 = 1.67 min (Eq. 2.5). Finally, an unretained com-
pound can be injected, in which case its retention time equals ¢,. Uracil or a
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concentrated solution of sodium nitrate (detection at 210 nm) is often used
for this purpose in reversed-phase HPLC.

Once a value of ¢, has been determined, values of k can be estimated from
Eq. 2.4. This can be done visually (no calculations) by simply marking off the
time axis in units of #y; then k = O for one t, unit, k = 1 for two ¢, units, and
so on. This k-ruler is illustrated in Fig. 2.1a (see the top scale, labeled “k="),
for which ¢ = 1.0 min. Band 1 has £ = 0.4 (g = 1.4 min), and band 6 has
k = 6.3. When adjusting solvent strength, it is important to make rough
estimates of k for the first and last bands in the chromatogram. The goal of
solvent strength adjustment is to position all the bands within a k range of
roughly 0.5 to 20 (0.5 < k < 20). This range in k will generally (not always!)
avoid problems from the initial baseline disturbance overlapping the first
band; when k > 0.5, early-eluting impurity bands are also less likely to overlap
an analyte band. When k < 20, excessive broadening of the last band and run
times that are too long will be avoided.

2.3.2 Effect of Selectivity

Many samples will be resolved adequately after solvent strength (% B) is
adjusted for acceptable retention. This is the case in Fig. 2.6d for 40% methanol
as mobile phase. Other samples, however, may show incomplete separation,
even though 0.5 < k < 20 for all sample bands. This is true for the separations
of Fig. 2.1a and b. The next step in method development (after adjusting
% B for 0.5 < k < 20) is a change of conditions that will vary band spacing
or selectivity (values of «). Changes in a can be created by a change in the
mobile phase, a change in the type of column packing, or a change in tempera-
ture. Usually, it is best to start with changes in the mobile phase.

2.3.2.1 Changesin the Mobile Phase. The mobile phase selected depends on
the HPLC method, as summarized in Table 2.1. For reversed-phase conditions,

TABLE 2.1 Controlling Sample Retention by Changing Solvent Strength

HPLC Method How Solvent Strength Is Usually Varied®

Reversed phase Water (A) plus organic solvent (B) (e.g., water—acetonitrile);
increase in % B decreases k.

Normal phase Nonpolar organic solvent (A) plus polar organic solvent (B)
(e.g., hexane—propanol); increase in % B decreases k.

Ion pair Same as reversed phase.

Ion exchange Buffered aqueous solution plus added salt (e.g., S mM sodium

acetate plus 50 mM NacCl); increase in ionic strength (NaCl
concentration) decreases k.

“Mobile-phase composition given first.
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TABLE 2.2 Illustrative Changes in the Mobile Phase (from Run 1 to Run 2) That
Can Be Used to Vary Selectivity («) in Reversed-Phase HPLC

Example®

Variable® Run 1 Run 2

Change % B (all) 40% ACN 45% ACN

Change organic solvent (all) 40% ACN 50% MeOH

Mix organic solvents (all) 40% ACN 20% ACN + 25% MeOH

Change pH (ionic) pH 2.5 pH 3.5

Change ion-pair reagent No reagent 25 mM octane sulfonate
concentration (ionic)

Change buffer or buffer 25 mM citrate buffer 50 mM acetate buffer
concentration (ionic)

Change additive No additive 10 mM TEA
concentration (ionic)

Add complexing agent No agent 10 mM silver nitrate
(special)

a<All” means that this variable can be used for both neutral and ionic samples; ““ionic” means
that this variable is only effective for samples that contain ionized or ionizable compounds;
“special” indicates samples that can interact with the complexing agent.

® ACN, acetonitrile; MeOH, methanol; TEA, triethylamine.

Table 2.2 summarizes some changes in the mobile phase that could change
selectivity. Generally, it is better to start with the first variable (change in % B)
and proceed sequentially down the list. These selectivity effects are discussed
in detail in Chapters 6 and 7.

Solvent-Strength Selectivity. Often, a range of % B values will result in
0.5 < k < 20, so that a choice of % B values is available (e.g., 35 to 45% in
Fig. 2.6). Many samples (but not the example of Fig. 2.6) will exhibit significant
changes in band spacing when % B is changed by 5 to 10%, allowing better
resolution of the sample. Thus, in the process of adjusting % B for a good
retention range, it is also possible to select a particular % B value for the best
band spacing and resolution.

Solvent-Type Selectivity. A change in organic solvent type is a powerful way
to change band spacing for both reversed- and normal-phase HPLC. Usually,
it is the stronger solvent component (B solvent) that will be changed for this
purpose. There are many solvents to choose from, which complicates the
selection of preferred solvents for this purpose. The solvent-selectivity triangle
[6] shown in Fig. 2.7 is a useful guide for choosing among different solvents
for the purpose of a large change in band spacing. Solvents are attracted
to sample molecules in the mobile phase by a combination of dipole and
hydrogen-bonding interactions. As a result, solvent selectivity is expected to
depend on the dipole moment, acidity, and basicity of the solvent molecule.
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FIGURE 2.7 Solvent-selectivity triangle. See the text for a discussion. (Reprinted
with permission from Ref. 6.)

In Fig. 2.7, acidic solvents are found near the acidic corner of the triangle, basic
solvents are located near the basic corner, and solvents that are predominantly
dipolar in their interaction with sample molecules will be near the dipolar
corner.

To create large changes in selectivity by a change in the B-solvent, the old
and new solvents should fall in a different part of the solvent-selectivity
triangle. For example, ethyl ether is close to the basic corner, and CH,Cl,
(methylene chloride) is close to the dipolar corner of Fig. 2.7. Therefore, these
two solvents should differ significantly in their selectivity. If ethyl ether is
used in the first experiment (normal-phase HPLC) and a change in band
spacing is needed, a change to methylene chloride in the next experiment
should result in a large change of selectivity. Solvent-type optimization for
both reversed- and normal-phase HPLC, including preferred solvents for this
purpose, is discussed in detail in Chapter 6.

Optimizing Solvent-Type Selectivity. A change of the strong solvent (B-
solvent) often results in large changes in band spacing, such that bands that
were formerly overlapped are now resolved and bands that were formerly
resolved are now overlapped. As a result, a mixture of the two strong solvents
often provides intermediate band spacing and acceptable resolution. This is
illustrated in the hypothetical separations of Fig. 2.8. The first two experiments
are designed to adjust solvent strength and the range of & values. It is advisable
to start with a relatively strong mobile phase, 80% acetonitrile~water in this
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the text for details.

T



38 BASICS OF SEPARATION

case. The sample is weakly retained (as expected) and leaves the column
quickly with poor resolution of the sample. The second experiment (40%
ACN) provides adequate retention and resolution is improved. However,
some band overlap occurs (bands 2/3 and 6/7) because of poor peak spacing.
The organic solvent is then changed from acetonitrile (ACN) to methanol
(50% MeOH) and a third run is carried out. Band spacing changes, but new
band pairs are overlapped (3/4 and 5/6). By mixing these two mobile phases
(equal volumes of 40% ACN and 50% MeOH), a final separation intermediate
between the second and third runs (20% ACN + 25% MeOH) is obtained
with acceptable resolution of all bands. The procedure of Fig. 2.8 can also be
used when varying other conditions (e.g., pH, temperature, concentration of
an ion-pair reagent, buffer, or other mobile-phase additive). In Chapters 6 to
9 we describe the general procedure of Fig. 2.8 in more detail and provide
several (real) examples.

Other Solvent Properties. Different solvents for use in HPL.C method develop-
ment should also possess certain practical properties. Low viscosity, vapor
pressures that are not too high (boiling point >40°C), good transmittance of
low-wavelength UV light (Section 3.2.2.2), and minimal toxicity are important
characteristics, as well as commercial availability of the highly purified solvent
at areasonable price. Appendix II furnishes further information on the proper-
ties of solvents of interest in HPLC (see also Refs. 7 and 8).

Selectivity for Ionic Compounds. For ionic samples that contain ionized or
ionizable components, further changes in the mobile phase are possible as a
means of varying selectivity: change of pH, use of ion-pairing reagents or
amine additives, change of buffer or buffer concentration, and so on. These
effects are discussed in Chapter 7.

Selective Complexation. In rare cases it may be possible to add a complexing
agent to the mobile phase that interacts selectively with one or more sample
components: silver ion complexes with cis-olefins and amines, mercury com-
plexes with alkyl sulfides, borate complexes with cis-diols, various metal ions
complex with chelating compounds, and so on. Complexing agents are also
used for chiral separations (Section 12.1.2). If a complexing agent is used, the
equilibrium between the sample compound and complexing agent must be
rapidly reversible; otherwise, broad bands and poor chromatography are likely
to result. An example of complexation in HPLC is shown in Fig. 2.9, where
a crown ether is used to complex selectively with primary amines. This 11-
component mixture of primary and secondary amines is poorly resolved in
the absence of the complexing agent [chromatogram (a)], but the addition of
the agent to the mobile phase [chromatogram (b)] selectively retains the
primary amines (bands NA through SER) and allows their improved sepa-
ration.
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FIGURE 29 Effect of crown-ether complexing agent on band spacing of primary
and secondary amines by reversed-phase HPLC. NA, DA, p-OC, m-OC, NM, 3-
MeDA, and SER are primary amines. (a) 0.01 M HCl mobile phase; (b) same, plus
5 g/L 18-crown-6. (Reprinted with permission from Ref. 9.)
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2.3.2.2 Changes in the Column. The nature of the column packing can have
a major effect on band spacing. In most cases it is not practical to combine
different packings into a single column, although columns of different type
have been connected in series [10]. Therefore, a change in the column necessar-
ily involves an abrupt change in selectivity, as opposed to the continuous
changes in selectivity that are possible by changing mobile-phase composition.
This limits the ability of the column (by itself) to fine-tune band spacing for
samples that contain a relatively large number of components. For this reason
a change in the column usually should be combined with changes in the mobile
phase to optimize band spacing. A change in the column should be considered
only after changes in the mobile phase have been tried.

Most HPLC column packings are made by bonding an organic layer onto
the internal surface of porous silica particles (Section 5.2.3). The resulting
column packing can exhibit differences in selectivity as a result of a number
of factors:

1. The chemical nature or functionality of the bonded phase [e.g., Cis,
phenyl or cyano (for reversed-phase HPLC)]

2. The amount of bonded phase per unit surface of the silica particle (e.g.,
2 vs. 4 umol/m?)

3. The way in which the bonded phase is attached to the silica surface [e.g.,
monofunctional vs. polyfunctional silane reactions (Section 5.2.3.1)]

4, The nature of the silica surface, which varies among different silica
sources (Section 5.2)

Systematic and reproducible changes in selectivity are best achieved by
varying column functionality (e.g., for reversed-phase HPLC, by changing
from a Cyg column to a cyano or phenyl column). Changes in selectivity can
also be achieved by a change in the source (supplier) of the column due to
differences in the manufacturing process or the starting silica. However, such
changes in column source (e.g., for different C;g columns) are not recom-
mended for the development of rugged methods, as discussed in Chapter 5.

2.3.2.3 Changes in Temperature. An increase in column temperature by
1°C will usually decrease retention (k) by 1 to 2%. A change in k can also
result in changes in «, so temperature is a potentially useful parameter for
changing band spacing and improving resolution. One advantage of using
temperature for optimizing selectivity is convenience. No change in the column
is required, nor is it necessary to make up a new mobile phase; however, for
a large increase in temperature it may be necessary to reduce % B to maintain
0.5 < k < 20. Temperature can be regulated by means of the HPLC system
controller, which facilitates manual method development and enables auto-
mated method development based on changes in temperature.
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Many examples have been reported where changes in temperature result
in useful changes in band spacing. Favorable temperature selectivity effects
are more likely to occur for the separation of ionizable samples, but some
neutral samples have shown significant changes in « with temperature. For
specific examples and a further discussion, see Sections 6.3.4, 6.6.4, 7.3.2.4,
7.4.4.2, and 9.4 and Chapters 11 and 12.

Until recently, temperature has not been widely used for controlling band
spacing, because of certain considerations:

1. The HPLC equipment is often not equipped with a column thermostat.

2. Many HPLC columns are not stable at higher temperatures, particularly
for a mobile phase pH below 3 or above 6.

3. Solvent viscosity and vapor pressure depend strongly on temperature,
which restricts the practical range in which temperature can be varied.

4. It has been assumed that a change in temperature is usually less effective
for changing values of a.

These considerations have been undergoing a reexamination [11], and it is
expected that in the future temperature will be used increasingly for the
purpose of controlling band spacing and facilitating HPLC method develop-
ment. Since a change in temperature can affect k as well as «, to maintain
constant retention times and resolution during routine HPLC analysis, it is
desirable to have a column thermostat [especially for ionic samples (Section
7.3.3.3)]. The same thermostat can be used in method development to select
an optimum temperature. Stable column packings are now available for high-
temperature operation at low pH, and conditions for extended column life at
higher temperatures and high pH have been determined (Sections 5.2.3.4
and 5.4.3.5).

2.3.3 Effect of Column Plate Number

At some point during experiments aimed at adjusting retention and band
spacing, a promising chromatogram will be obtained. Hopefully, this chro-
matogram will meet the initial goals of the separation as discussed in Section
1.2.2. In other cases, further improvement in the separation is required. Equa-
tion 2.3 states that resolution increases for all bands when N is increased as
long as values of k and « do not change. So, if resolution needs to be improved
after adjusting k and « values, an increase in N is one option. Conversely, if
the separation has more resolution than required (R, >>> 2), this excess resolu-
tion can be traded for a shorter run time (by reducing column length and/or
increasing flow rate). An increase in N can always be achieved by increasing
column length and/or reducing flow rate (but with an increase in run time).
Therefore, changes in instrument conditions that affect N can be regarded as
a way of trading resolution for run time.
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The column plate number increases with several factors:

. Well-packed columns (column ““quality”)

. Longer columns

Lower flow rates (but not too low)

. Smaller column-packing particles

Lower mobile-phase viscosity and higher temperature
Smaller sample molecules

N e W

Minimum extracolumn effects

Column quality or performance is discussed in Chapter 5. Column perfor-
mance can be defined in terms of values of N and band asymmetry (band
shape) for a test substance run under “favorable” conditions (see below). The
column plate number N is defined by

N = 16(%)2 (2.8)

As discussed earlier, manual measurement of the baseline bandwidth W may
be subject to error. Therefore, a more practical equation for N is

_ IR )2
N = 5.54( & 2.8
<W1/2 (2.8a)

Here 1z is band retention time and Wy, is the bandwidth at half-height (Fig.
I.1). Another relationship that is used to measure N is

\2
N = 2n<%) (2.8b)

where A’ is the peak height and A is the peak area. Equation 2.8b is often
used in HPLC data systems to determine a value of N.

Band shape is characterized by an asymmetry factor or tailing factor as
described in Section 5.3.2 (Fig. 5.17). Each of these band-shape functions will
have a value close to 1.0 for “good” (symmetrical) bands. Band shape and
plate number can be combined into a single column descriptor: a corrected
plate number. One commonly used relationship of this kind is the Dorsey-
Foley equation [12]:

_ A1LT(trl Wy, )?

N= (B/A) + 1.25

(2.8¢)
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W, is bandwidth at 10% above baseline, and A and B are as defined in Fig.
5.17 (see the related discussion of band shape). A value of N from Eq. 2.8
will be smaller than one from Eq. 2.84 when the peak exhibits tailing. Equation
2.8¢ can be used for fronting bands by replacing B/A with its reciprocal
A/B [13].

Even bands that appear to be symmetrical will usually have a small amount
of tailing. As a practical consequence, if two adjacent bands with R, < 2 differ
greatly in size, it is highly advantageous to position the smaller peak first and
the larger peak second. Otherwise, the tail of the larger peak will overlap the
smaller peak and make its quantitation difficult.

Column quality as measured by N is best determined with an ideal test
system, rather than with the sample and conditions of the method under
development. Ideal conditions for reversed-phase HPLC consist of the fol-
lowing:

1. A small, neutral compound as test sample (e.g., toluene or naphthalene).

2. Flow rate of 1 mL/min for columns with 0.4 < ID < 0.5 cm; a flow rate
that is proportional to (column-diameter)? should be used for columns
with smaller or larger diameters.

3. Mobile-phase viscosity (n) of less than 1 cP (e.g., 0 to 100% acetonitrile-
water for temperatures > 20°C).

4. Temperature of < 40°C (depending on the HPLC equipment, higher-
temperature operation can give misleading results).

5. Equipment that is well plumbed [minimal extracolumn band broadening
(Section 2.3.3.3)].

Representative values of the ideal N value for columns of varying length
and particle size are provided in Table 5.9. If a new column has an N value
less than two-thirds of this ideal value, it should be replaced with a better
column. The ideal value of N generally will be larger than the value for the
method under development.

The effects of column length, flow rate, and particle size on N are discussed
in the following section. These conditions can be varied to further improve
the separation (better resolution or shorter run time). Mobile-phase viscosity,
temperature, and sample molecular weight are determined by the conditions
of separation after values of k and o have been optimized. Therefore, further
changes in these variables will not be carried out as part of optimizing N.

2.3.3.1 Column Conditions and Separation. A change in column conditions
(column length, flow rate, particle size) will cause a change in N without
affecting k or « values. So, once retention and selectivity have been adjusted
for improved separation, N can be increased (or decreased) without affecting
k or a. When a change in column conditions is made, a change in pressure
can also result. The pressure drop across the column is given by
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__250LnF
P = __—d,f IE (2.9)
here P is the pressure in psi, L the column length (cm), 1 the mobile-phase
viscosity (cP; see Table I1.3 of Appendix II), F the flow rate (mL/min), d, the
particle diameter (um), and d, the column ID (cm). P will also vary with how
well the column is packed.

Usually, resolution, run time, and column pressure are of primary concern
when varying column conditions and N, although maximizing sensitivity (by
minimizing bandwidth) is of interest in trace analysis. The systematic improve-
ment of separation by a change in N and column conditions is illustrated in
Table 2.3 and Fig. 2.10. These chromatograms are computer simulations (Sec-
tion 10.2.1) based on actual experiments and a fundamental and reliable model
of band spreading in HPL.C [15-18]. Referring to Table 2.3, entry 1 (25-cm
column, 1 mL/min) is for the separation that resulted from the optimization
of k and a values. Resolution is very good (R, = 2.9), the pressure is acceptable
(990 psi), but the run time is somewhat long (21 min). In this case, a decrease

TABLE 2.3 Effect of Column Conditions on Separation of a Pesticide Sample”

Column Conditions?

Run Time Pressure

L (cm) F (mL/min) d, (um) R, (min) (psi)

1 25¢ 1.0 5 29 21 990
2 25 2.0 5 23 11 1980
3 15 1.0 5 22 13 594
4 15 14 5 2.0 9 830
5 10 2.0 3 22 4 2200
6 10 1.8 3 22 5 1980
7 8 2.0 3 1.9 3 1756
8 8 1.7 3 2.0 4 1490
9 254 2.0 5 22 1 1980
10 84 1.7 3 1.3 4 1490

?See Fig. 2.10 for details.

b L is the column length, F the flow rate, and d, the particle size.

¢Conditions following adjustment of conditions for optimized k and « values.

“Data for an older HPLC system with greater extra-column band spreading; o.. = 0.02 vs.
0.005 mL in other examples.

FIGURE 2.10 Effect of column conditions on separation of a pesticide sample.
Conditions for a) 25 X 0.46-cm Zorbax SB-C8 column; 40% acetonitrile—water; 30°C;
1.0 mL/min. Conditions for b)-e) as shown in Figure. Sample: 1, atrazine metabolite;
2, metribuzin metabolite; 3, fenam sulfoxide; 4, fenam sulfone; 5, diuron; 6, propanil;
7, pronamide metabolite; 8, SWEP. (Computer simulations based on data of Ref. 14.)
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in N (as long as R, > 2) can be traded for a decrease in run time. The simplest
and most convenient change in column conditions is an increase in flow rate,
provided that the column pressure does not exceed the desired pressure limit
(e.g., 2000 psi). Entry 2 of Table 2.3 shows that a flow rate of 2.0 mL/min
provides a run time of 11 min, with acceptable resolution (R, = 2.3) and
pressure (1980 psi). These first two runs are illustrated in Fig. 2.10a and b.

If a further shortening in run time is desired, the next option to explore is
a shorter column. For a 15-cm column at 1.0 mL/min, entry 3 of Table 2.3
shows acceptable resolution (R, = 2.2) and pressure (590 psi), with a run time
of 13 min. For this column, the flow rate can be increased to 1.4 mL/min
(entry 4) before resolution drops to the minimum acceptable value (R, = 2.0).
Pressure is acceptable (830 psi) and the run time is now only 9 min. This is
the best separation seen so far (Fig. 2.10c).

Usually, a further reduction in run time can be achieved by reducing the
particle size. Table 2.3 shows several runs (entries 5 to 8) with a 3-um column
and varying column lengths and flow rates. The best separation is obtained
with a 8-cm column and a flow rate of 1.7 mL/min (entry 8, Fig. 2.10d).
Resolution (R; = 2.0) and pressure (1490 psi) are acceptable, and the run
time is only 4 min. The successive experiments of Table 2.3 provide a logical
approach to the best possible column conditions for this separation.

Some caution should be exercised when changing the column (different
length or particle size). The packing in different columns of the same type
(especially from different manufacturers) may vary sufficiently to cause
changes in a (Section 5.4.1). For some (less reproducible) column packings,
this might require reoptimization of mobile-phase conditions to achieve the
best band spacing. Smaller-particle (3-um) columns are also easier to plug,
mainly because smaller-pore frits are required to contain the particles in the
column (Section 5.4.3.1). However, the use of 3.5-um packings with 2.0-um
frits seems to provide the advantages of a smaller particle with none of its
disadvantages (Section 5.2.2).

2.3.3.2 Plate Number as a Function of Conditions. A well-developed the-
ory exists for column plate number as a function of all experimental conditions
[18]. If the plate height H = N/L is defined (L is column length), H will vary
with the velocity u of the mobile phase as it passes through the column (u =
L4,). Two different expressions for this relationship have been described:

’

H=A + % + C'u (van Deemter et al. [19]) (2.10)

H=A"u" + % + C'u (Kennedy and Knox [20])  (2.10a)
Here A’, B’, C', A", B”, and (" are constants for a particular sample compound
and set of experimental conditions as flow rate is varied. Equations 2.10 and
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2.10a are generally similar and have been used interchangeably to describe
how plate number varies with flow rate or velocity u. There is an optimum
flow rate for which H is a minimum and N is a maximum. This is illustrated
in Fig. 2.11 for the separation of a fatty acid ester as a function of flow rate
and temperature. The optimum flow rate for this sample is between 0.4 and
0.6 uL/min (note that this is a capillary column with ID = 0.2 mm). As the
temperature is increased, the optimum plate height H remains the same
(H = 17 um), but H increases with flow rate more slowly at higher tempera-
tures.

The plate height f and velocity u can be expressed as dimensionless quanti-
ties: reduced parameters, h = H/d, and v = ud,/D,, The Knox equation (Eq.
2.10a) then assumes the form [20]

h=AV"3 + % + Cv (2.11)

Equation 2.11 has been used to compare column efficiencies and to under-
stand the effect of separation conditions on the plate number N. For
well-packed columns of varying particle size and differing conditions, the
coefficients A, B, and C will generally be roughly constant (e.g., A = 1,
B = 2, and C = 0.05 for porous particles). However, values of B and C
vary somewhat with the value of k for the band [15]. This reduced-
parameter Knox equation is illustrated in Fig. 2.12 for porous and pellicular
(nonporous) columns.

HPLC columns are usually operated at flow rates higher than the optimum
(0.4 to 0.6 uL/min for the 0.2-mm-ID column of Fig. 2.11), because higher
flow rates allow shorter run times without much loss in resolution. Under
these higher flow rate conditions (typically > 0.5 mL/min for a 0.46-cm-ID
column), higher plate numbers will be observed for smaller particles, smaller
sample molecules, less viscous mobile phases, and higher temperatures. The
effect of temperature can be seen in Fig. 2.11.

2.3.3.3 Extracolumn Effects. The preceding discussion ignores the possible
effect of the HPLC equipment on separation. Band spreading can occur in
several parts of the system and contribute to bandwidth W:

* In the column as discussed in preceding sections (W)
+ In the injector or autosampler (W,)

* In the lines and connectors between the column and autosampler or
detector (W,,)

+ In the detector flow cell (Wy)
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FIGURE 2.11 Dependence of plate height H on mobile-phase flow rate. Methyl
ester of Cy¢ fatty acid; 40 X 0.02-cm 5-pum Cig column; 85% acetonitrile-water mobile
phase. (Reprinted with permission from Ref. 33.)
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These contributions to the bandwidth W observed in the chromatogram
add as follows:

W2=Wi+ Wi+ W.+ Wg (2.12)

As long as the bandwidth contributions W,, W, and W, are each less than
about 3W, their effect on W can be neglected. Band broadening within the
column W, is given by Eq. 2.8, which can be expressed in volume units V
(baseline band volume) as

_ 4V

|4 2.13
VN @13)
Since Vp is given as
Ve=V,1 + k) (2.14)
then
V= M (2.15)

VN

Here V,, is the column dead volume (Eq. 2.5), which is proportional to the
internal volume of the column. Thus, bandwidths V will be smaller for shorter,
narrower columns (smaller V,,) packed with smaller particles (larger N per
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FIGURE 2.12 Theoretical dependence of column efficiency on flow rate. Knox equa-
tions for porous and nonporous columns (reduced parameter plots). See the text for
details. For porous column, Eq. 2.10a with A = 1, B = 2, and C = 0.05. For nonporous
columns, Eq. 2.10a with A = 1, B = 2, and C = 0.003.
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unit length). V is also smaller for bands that are less retained (smaller k
values). When V is small, extracolumn effects contribute to a greater extent
and well-designed HPLC equipment becomes more important.

The contribution of the autosampler to bandwidth W, is usuaily due mainly
to the volume of the injected sample (Section 2.4.1). Extra-column contribu-
tions W,. can be reduced by minimizing the diameter and lengths of connecting
tubing, and by ensuring that all connections are made properly with zero-
dead-volume fittings. Finally, contributions Wy. can be minimized by using
well-designed flow cells of minimum volume (e.g., 0.5 to 2 uL). For a further
discussion of extracolumn band broadening and its control in practical HPLC
systems, see Ref. 22.

Because smaller-particle columns must be shorter to avoid high pressures,
the resulting separation is more subject to extra-column band broadening,
The first eight experiments of Table 2.3 assume a well-designed HPLC system
(e.g., a Hewlett-Packard 1090). The method-development laboratory often
hasaccess to high-quality equipment with minimal extra-column band broad-
ening. However, this may not be true for laboratories that routinely perform
HPLC assays. Entries 9 and 10 of Table 2.3 illustrate method performance
- when older, less-well-designed HPLC equipment is used for the separa-
tion. For the 25-cm, 5-um (2.0 mL/min) method (Table 2.3), resolution is not
much affected by which system is used: R, = 2.3 (newer system) and
R, = 2.2 (older system). However, for the 8-cm, 3-um (1.7 mL/min) method,
resolution is considerably degraded on the older system: R, = 1.3 vs. 2.0 for
the newer system (compare Fig. 2.10d and e). For these reasons, 5-um particles
are usually preferred for methods that will be run with equipment that can
contribute greater extracolumn band broadening (e.g., as in many production
or quality-control laboratories).

2.4 SAMPLE-SIZE EFFECTS

Except for Chapter 13 and the present section, it is assumed in this book that
sample size is so small that it has no effect on the retention, plate number,
or resolution of individual peaks within the chromatogram. For a broad range
of sample sizes (e.g., < 25 L and < 10 ug for 0.4- to 0.5-cm ID columns),
this is usually the case. If the column length or diameter is reduced, the
allowable sample volume or weight decreases in proportion to column volume.
Similarly, use of a more efficient column (larger N, other factors equal) will
require smaller sample volumes or weights. The separation of basic compounds
on silica-based, reversed-phase column packings sometimes requires a 10-fold
or greater reduction in sample weight (< 1 ug) to avoid excessive band
broadening and tailing (as a result of silanol interactions [23]).

The accidental or intentional increase of sample size beyond these limits
leads to a predictable change in separation, which is the subject of this section.
As sample size is increased, peaks eventually broaden and the plate number
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N decreases, retention times decrease, and sample resolution worsens. We
refer to this situation as column overload.

An understanding of the effects of sample size on HPLC separation is of
value for three different situations:

1. To avoid an undesirable change in separation due to a sample size that
is too large

2. To increase detection sensitivity for trace analysis, by using the largest
possible sample size (Section 14.5.4)

3. To maximize the recovered weight of purified product in preparative
HPLC (Chapter 13)

A change in resolution and/or retention that results from the injection of a
sample whose volume or weight is too large is referred to as volume overload
or mass overload, respectively.

2.4.1 Volume Overload: Effect of Sample Volume on Separation

For analytical separations it is usually preferable that the sample is dissolved
in the mobile phase. For this case there is no difference in solvent strength
(k values) between the sample solvent and the mobile phase. If the sample
is introduced to the column as a plug of volume V, and if the baseline (40)
volume of a peak for a smalil-volume sample is V,, the peak volume V for a
large sample volume will be [24]:

V= (V24 vy
~ (V2 + V2 (2.16)

The effect of an increase in sample volume V; on peak width and shape is
illustrated in Fig. 2.13 and Table 2.4. When the ratio of sample volume to
peak volume (V/V,) is less than 0.1, there is no significant effect of sample
volume on peak width or separation. As sample size is increased further,
however, the sample peak begins to broaden, and eventually (for V,/V, > 5,
e.g., sample 4 in Fig. 2.13) the peak develops a flat top.

As long as the sample volume V; is less than 0.4 times the peak volume
for a small sample V,, the increase in peak width and the loss in sample
resolution will be < 10%; this is usually acceptable. This criterion (V, < 0.4V,)
should be applied to the critical peak pair. As an example, assume a 15 X
0.46-cm column and 0.5 < k < 20. For a typical plate number N = 10,000,
values of V. will range from 90 to 1300 L, and therefore the maximum sample
volume will vary from 35 to 500 uL [i.e., the maximum value of V, varies
strongly with k for the analyte(s)]. Larger sample volumes can be used when
resolution is not limiting or the sample is dissolved in a solvent weaker than
the mobile phase.
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FIGURE 2.13 Effect of sample volume V, on peak width and shape. V/V. = 0.3(1);
3(2); 5(3); 15(4). (Computer simulations as in Ref. 25. Courtesy of Geoff Cox, Prochrom
R&D.)

TABLE 2.4 Effect of Sample Volume (Loop Injection) on Peak Width
and Height (Eq. 2.13)

VJVe Vb Relative Peak Height
<0.05 (1.00) —

0.1 1.01 0.10

0.2 1.03 0.19

0.3 1.06 0.28

04 1.10 0.36

0.6 1.22 0.49

1.0 1.53 0.65

1.5 2.00 0.75

2.0 2.52 0.79

5.0 5.86 0.85
10.0 11.6 0.86 (maximum)

2V, is the sample volume; V., is the baseline peak volume for a small-volume sample.
PV is the observed peak volume.
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Injection of the sample from a loop leads to mixing of the sample with
mobile phase before the sample enters the column (due to laminar flow). As
a result, the volume of the sample during injection is typically increased (by
about 50%); that is, the effect of sample volume on peak broadening is usually
somewhat greater than predicted by Eq. 2.16. Table 2.4 summarizes the effect
of sample volume on peak width and height, based on Eq. 2.16. Note that the
effect of sample volume on peak width is less important for wider bands
(larger V), because for a given sample volume V,, the ratio V,/V, is then
smaller. This means that early (narrower) bands in the chromatogram are
most affected by large-volume samples, similar to the case for other extra-
column band-broadening processes (Section 2.3.3.3).

A sample may be provided as a solution in a solvent other than the mobile
phase. When the sample solvent is weaker than the mobile phase, larger
sample volumes can be injected without adverse effects on peak width and
separation. Conversely, injection of the sample in a solvent stronger than the
mobile phase often leads to broadening and/or distortion of early bands in the
chromatogram [26-28] and should be avoided if possible. If it is inconvenient to
change the sample solvent, smaller injection volumes (< 10 to 20 uL) of
sample dissolved in a strong solvent (e.g., 100% B) can sometimes be tolerated.
Dilution of the sample with the weaker A-solvent (e.g., water in reversed-
phase HPLC) followed by injection of a proportionately larger sample volume
is also effective in minimizing sample-solvent-related problems. See the further
discussion in Section 5.4.2.

2.4.2 Mass Overload: Effect of Sample Weight on Separation

Even when a small sample volume is injected, it is possible for the mass of
the sample to overload the column so as to broaden sample peaks and change
peak shape. This happens because the column has a limited capacity to retain
sample (i.e., the stationary phase can become saturated with the sample). The
uptake of a compound X by the column can be approximated by the Langmuir
isotherm [29], which is illustrated in Fig. 2.14a by a log-log plot of stationary
phase uptake of X vs. the concentration of X in the mobile phase (at equilib-
rium). For small concentrations of X [X] in the mobile phase (e.g., [X] < 3
in Fig. 2.14a), the uptake of X by the column is proportional to the concentra-
tion of X in the mobile phase (linear isotherm behavior). Under linear-
isotherm conditions (sample weight less than some maximum value), no
change will be observed in sample retention, peak width N, or resolution as
sample weight is varied. At higher concentrations of X in the mobile phase
(> 10 in Fig. 2.14a), linear isotherm behavior is no longer observed, with
predictable effects on the separation (see Fig. 2.14b). Here a sample compound
has been injected repeatedly, varying only sample weight, and the resulting
chromatograms have been superimposed. Injection 1 involves a small sample
weight, so there is no peak distortion. The injection of successively larger
samples (2 to 5), however, results in the formation of nested peaks having a
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FIGURE 2.14 Effect of sample weight on peak width and shape. (a) Plot of solute
uptake by the column (as a percentage of the saturation capacity) vs. solute concentra-
tion in the mobile phase; (b) superimposed solute peaks (1 to 5) for injections of
different sample mass. (Reprinted with permission from Ref. 30.)
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right-triangle shape. The larger the sample weight, the wider is the resulting
peak (sample weights increase from 1 to 5 in Fig. 2.14b).

As long as the weight of individual sample components in the injected
sample is not excessive (typically less than 1 to 2 mg for 0.46-cm ID columns),
each band moves through the column independent of other bands. In Fig.
2.15a the sample size is 1 mg for the reversed-phase separation of each of
these two xanthines (15 X 0.46-cm column). One milligram each of the two
compounds was injected separately (—) and as a mixture (----), and the
three chromatograms were superimposed. There is little difference in the
resulting bands for this moderately overloaded separation, whether the com-
pounds are injected alone or in mixture with each other. Similar behavior is
seen in Fig. 2.15b for separations where 2.5 mg of each compound was injected.

2-solute ( /l-solute

2-solute

(c)
FIGURE 2.15 Separation of xanthine sample as a function of sample weight. Overlap-
ping chromatograms for injection of individual compounds and mixture. Compounds
are hydroxyethyltheophylline (HET) and hydroxypropyltheophylline (HPT); column
is 15 X 0.46-cm Zorbax C8; mobile phase is 20:5:75% methanol-acetonitrile-buffer.
(a) 1.0 mg of each compound; (b) 2.5 mg of each compound; (c¢) 2.5 mg of HET and
25 mg of HPT. (Reprinted with permission from Ref. 31.)
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The right-triangle band shapes shown in Fig. 2.154 and b are the result of
sample weights that are roughly 100 to 250-fold larger than maximum sample
weights (10 wg each compound) for linear-isotherm behavior. For further
discussion of sample-size effects, see Section 13.2.

2.4.3 Avoiding Problems Due to Too Large a Sample Size

When carrying out HPLC separation for the purposes of sample analysis, it
is desirable that values of k, N, and R, remain constant for different samples
being analyzed by the same procedure. This condition simplifies both quantita-
tion and peak identification based on retention time. Constant values of k
and N in turn require sample sizes small enough so that separation is not
affected. The sample volume is normally kept constant for HPLC analysis,
and for this case a large-volume sample will not result in sample-to-sample
changes in separation.

2.4.3.1 Higher-Than-Expected Sample Concentrations. 1f the concentra-
tion of an analyte changes from sample to sample, it is possible that mass
overload will result for high-concentration samples and cause loss of resolu-
tion, change in retention time, and so on. The effect of analyte concentration
or weight on separation should be determined for the final HPLC procedure
(after method development), and a maximum analyte concentration or weight
Wmax should be established. Samples exceeding this concentration should be
diluted and rerun. The maximum value of wy,,, for either reversed- or normal-
phase separation can be estimated from the following relationship (see Sec-
tion 13.4):

2
Waay =~ 50 (1——2—’5> a2 (2.17)

Here wp,, is in micrograms and d, is the column ID in centimeters. The
maximum sample size is the same for both short and long columns [32]. Note
that the value of wy,, is for each compound in the sample, not for the total
sample weight. For example, if no component of the sample comprises more
than 10% of the sample weight, the maximum sample weight will be 10-fold
greater than wp,,.. Equation 2.17 overestimates wy,, whenever the column-
packing pore diameter >> 10 nm, the particle size << 5 um, ionized acids are
present in the sample, or (especially) basic sample compounds are subject to
silanol interactions (Section 7.3.3.2).

2.4.3.2 Trace Analysis. Intrace analysis or for analytes with poor detectabil-
ity, it is desirable to maximize the analyte signal or concentration C in the
flow cell (Eq. 3.5). Usually, the quantity of analyte injected for trace analysis
will be too small to overload the column, but other components of the sample
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may result in column overload and adverse effects on the separation of the
analyte. That is, when the injected weight of one compound is large enough,
it can affect the separation of a second, adjacent band. This is illustrated in
Fig. 2.15¢. In Fig. 2.15b, 2.5 mg of each compound was injected and the
presence of one compound in the sample did not affect the separation of the
second compound. In Fig. 2.15¢ the amount injected of the second compound
was increased 10-fold (25 mg), and now the separation of the first band is
affected markedly. For injection of the first compound by itself, the retention
time is 3.6 min; for injection of this compound in the presence of 25 mg of
the second compound, its retention time shifts to 3.1 min and the band becomes
narrower. Some similar examples more closely related to trace analysis are
shown in Fig. 13.5.

When a sample contains excessive amounts of interfering compounds, the
best approach is a sample cleanup to remove these interfering compounds
(Chapter 4). In trace analysis, it is advantageous to inject a sample volume
that is as large as possible. Table 2.4 suggests that V/V, usually should not
exceed a value of 0.4; otherwise, significant peak broadening and loss of
resolution can result. However, if the band of interest is well resolved from
adjacent bands, and if enough sample is available, larger sample volumes can
increase peak height by more than two-fold (Table 2.4). If the sample is
dissolved in a solvent that is much weaker than the mobile phase, larger
volumes can be injected with a proportionate increase in band size and no
additional band broadening.
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31 INTRODUCTION

In most cases HPLC method development is carried out with ultraviolet (UV)
detection using either a variable-wavelength (spectrophotometric) or a diode-
array detector (DAD). Therefore, the major part of this chapter is concerned
with UV detection, which can provide an adequate response for most samples.
Alternative detectors are selected primarily when:

59



60 DETECTION SENSITIVITY AND SELECTIVITY

- Samples have little or no UV absorbance.

- Analyte concentrations are too low for UV detection.
+ Sample interferences are important.

- Qualitative structural information is required.

Detector type and operation affect the relative response of sample compo-
nents and potential interferences in three interrelated ways: sensitivity, selectivity,
and baseline noise. The importance of adequate detection sensitivity is illustrated
in Fig. 3.1a for the separation of an aged sample of n-butanol. Using UV detection
at 200 nm, no peaks are detected in the chromatogram. If 184 nm is selected
for detection (Fig. 3.1b), eight different peaks are clearly visible. Detection selectiv-
ity is illustrated in Fig. 3.2. In Fig. 3.2a the analyte of interest (riboflavin, arrow)
is almost completely overlapped by early-eluting interferences. In this case, a
change from UV detection (Fig. 3.2a) to fluorescence detection (Fig. 3.2b) pro-
vides much better detection selectivity and permits a quantitative assay for ribo-
flavin, Figure 3.3 shows the importance of baseline noise in limiting detection and
quantitation. In Fig. 3.3a the signal/noise (S/N’) ratio is only 4, which precludes a
precise measurement of peak height or area. In the same separation with different
detector settings (Fig. 3.3b and c), baseline noise is much reduced, with an
increase in S/N' ratio to a value of 19 in Fig. 3.3c.

3.2 UV DETECTION

3.2.1 General Considerations

Figure 3.4 illustrates some general features of all UV detectors. The light
source is typically a deuterium lamp, which provides acceptable light intensity
from 190 to 400 nm. When measurements at visible wavelengths (400 to
700 nm) are required, a higher-energy tungsten-halide lamp is often used
(although a deuterium lamp is still usable above 400 nm). However, most
HPLC applications are carried out using wavelengths below 400 nm. Light
from the lamp passes through a UV-transmitting flow cell connected to the
column and impinges on a diode (or a phototube in older systems) that
measures the light intensity 1. Usually, light from the lamp is also directed to
a reference diode for measurement of the original light intensity I,. The
detector electronics then convert the signal from the two diodes into absorb-
ance A, which is transmitted to the data system:

A= logI—IO 3.1

Analyte concentration C in the flow cell is related to absorbance A4, analyte
molar absorptivity &, and flow-cell length L. by Beer’s law:

A = CeLy, (32)
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FIGURE 3.1 Detection sensitivity as a function of detection conditions: separation
of aged n-butanol sample by reversed-phase HPLC. Conditions: 15 X 0.46-cm, 7-um
Cs column; mobile phase, 25% acetonitrile—1 mM phosphoric acid; 2.0 mL/min; ambi-
ent; UV detection. (a) detection at 200 nm; (b) detection at 184 nm. (Reprinted with

permission from Ref. 1.)

A general goal in selecting experimental conditions that affect detection is to
maximize the signal S (equal to A at peak maximum) of sample components

of interest.

Variable-wavelength detectors also include a means of selecting the wave-
length used for detection (e.g., 220 nm). This wavelength selection is achieved
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FIGURE 3.2 Detection selectivity as a function of detection conditions: separa-
tion of riboflavin in dog-food extract by cation-exchange HPLC. Conditions: 100 X
0.21-cm Zipax SCX column; mobile phase, water; 1.0 mL/min; ambient temperature.
(a) UV detection at 365 nm: (b) fluorescence detection, excitation at 365 nm, emission
at 530 nm. (Reprinted with permission of DuPont Instrument Products Division.}
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FIGURE 3.3 Signal/noise (S/N') ratio: Noise as a function of detection conditions;
rise time varies as shown from 0.1 to 5 s. (Reprinted with permission from Ref. 2.)
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with a diffraction grating as illustrated in Fig. 3.4b. Light from the lamp enters
the grating assembly through an entrance slit and is focused on the grating
by mirror A. The orientation of the grating can be varied so as to direct
monochromatic light of a selected wavelength onto a second mirror B, and
from there to the exit slit. For variable-wavelength detectors, the grating
assembly is positioned between the lamp and the flow cell. Diode-array detec-
tors (DADs) (Section 3.2.6) have the grating assembly positioned after the
flow cell, so that light of different wavelengths can be measured (and results
stored) simultaneously with an array of sensing diodes.

3.2.2 Choice of Wavelength

For many samples, good analytical results will be obtained only by careful
selection of the wavelength used for detection. This choice requires a knowl-
edge of the UV spectra of individual sample components. If analyte standards
are available, their UV spectra can be measured prior to HPLC method
development. Alternatively, a DAD (Section 3.2.6) permits the acquisition
of UV spectra for all sample components during method development. A
significant amount of additional information is available through the routine
use of a DAD in HPLC.

3.2.2.1 Sample Absorbance as a Function of Molecular Structure. The
wavelength chosen for UV detection must provide acceptable absorbance by
the various analytes in the sample, combined with acceptable light transmit-
tance by the mobile phase. For some samples it may also be important to
select a wavelength at which sample interferences have minimal absorption.
Figure 3.5, which shows the UV absorption spectra of dilute solutions of
two compounds [amitryptiline (AMI) and imiprimine (IMI)], can be used to
illustrate some of the considerations involved in the selection of a detection
wavelength. If both compounds are of interest and maximum detection sensi-
tivity is needed, detection at 210 nm might be a good choice. Here each
compound exhibits near-maximum absorbance, and several different solvents
and mobile-phase additives can also be used at this wavelength (Section
3.2.2.2). 1f sample interferences (e.g., near #) complicate the separation and
quantitation of these two compounds, 240 to 250 nm might be a better choice
of wavelength. Most interferences will absorb much less above 240 nm, com-
pared to detection at 210 nm. If IMI is the analyte and AMI an interferent
(and if trace analysis is not involved), 290 to 300-nm detection might be
preferred, since in this wavelength region only IMI has appreciable ab-
sorbance.

The detector signal A is proportional to the molar absorptivity & of the
compound of interest (Eq. 3.2). For UV detection to provide adequate sensitiv-
ity for the analysis of major sample components, £ must be greater than 10
at some wavelength above 185 nm. This will be the case for most compounds
of interest. For trace analysis, on the other hand, values of £ above 1000 are
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FIGURE 3.5 UV spectra for two tricyclic antidepressant compounds, amitryptiline
(AMI) and imiprimine (IMI). (Reprinted with permission from Ref. 2.)

usually required. The trace analysis of compounds with & below 100 is usually
not possible with UV detection.

The only organic compounds for which UV detection is completely unsuit-
able are saturated hydrocarbons and their amino or nitrile derivatives. Satu-
rated hydrocarbons substituted by ether (—O—), hydroxy (—OH), chloro
(—Cl), carboxy (—COOH), or ester (—COOR) groups have marginal absorp-
tivity (¢ < 100) and may require detection at low UV values (185 to 210 nm).
Figure 3.6 illustrates the variation of & with wavelength for some representative
compounds of this type. When the detection wavelength is less than 210 nm,
sample interferences generally absorb strongly and the choice of mobile-phase
solvents and additives is somewhat restricted. Wavelengths of < 200 nm are
available with many UV detectors, but detection in this region is less rugged
and convenient [1].

Compound types other than those mentioned above generally have larger
values of £ and can be detected at higher wavelengths (> 210 nm). Wavelength
maxima and molar absorptivities ¢ for various functional groups are summa-
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FIGURE 3.6 UV spectra of compounds that absorb only at low wavelengths. (Re-
printed with permission from Ref. 1.)

rized in Table 3.1. Aromatic compounds usually have & values above 1000 at
wavelengths above 210 nm.

3.2.2.2 Mobile-Phase Absorbance as a Function of Composition. The mo-
bile phase (without sample) must transmit sufficiently at the wavelength used
for detection. As the light intensity reaching the detector phototube (Fig. 3.4)
decreases, baseline noise increases and detection sensitivity may be reduced.
One study indicates that baseline noise will increase significantly when
A > 0.7 for the mobile phase [5]. This result suggests that mobile-phase
absorbance should usually be less than 0.5 at the wavelength used for detection.
When the absorbance A of the mobile phase exceeds a value of about 1.0,
the detector may become unusable.

Table 3.2 summarizes absorbance vs. wavelength for a number of solvents
and additives used in reversed-phase HPLC. Water is effectively nonabsorbing
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TABLE 3.1 Representative Molar Absorptivity Values for Some Common
Functional Groups

Compound Type Chromophore Wavelength (nm) Molar Absorptivity

Acetylide —C=C— 175-180 6,000
Aldehyde —CHO 210 1,500
280-300 11-18
Amine —NH, 195 —
Azido C=N 190 5,000
Azo —N=N 285-400 3-25
Bisulfide —S—S8 194 5,500
255 400
Bromide —Br 280 300
Carboxyl —COOH 200-210 50-70
Ester —COOR 205 50
Ether —0— 185 1,000
Iodide e 260 400
Ketone CcC=0 195 1,000
270-285 15-30
Nitrate —ONO, 270 12
Nitrile —C=N 160 —_—
Nitrite —ONO 220-230 1,000-2,000
300-400 10
Nitro —NO, 210 Strong
Nitrose —N=0 302 100
Oxime —NOH 190 5,000
Sulfone —S0, 180 —
Sulfoxide =0 210 1,500
Thioether —S—0 194 4,600
215 1,600
Thioketone C=S 205 Strong
Thiol —SH 195 1,400
Unsaturation —(C=C);— 260 35,000
Conjugated —(C=C),— 300 52,000
—(C=C)s— 330 118,000
Aliphatic —C=C— 190 8,000
—(C=C),— 210-230 21,000
Alicyclic —(C=C),— 230-260 3,000-8,000
Miscellaneous C=C—C=C 291 6,500
compounds C=C—C=N 220 23,000
C=C=C=0 210--250 10,000-20,000
300-350 Weak
C=C—NO, 229 9,500
Benzene CeHg 184 46,700
202 6,900
255 170
Dlphenyl C12H10 246 20,000

Source: Ref. 1, with permission.



TABLE 3.2 UV Absorbance of Reversed-Phase Mobile-Phase Components as a Function of Wavelength

Absorbance (AU) at Wavelength (nm) Specified

200 205 210 215 220 230 240 250 260 280
Solvents
Acetonitrile 0.05 0.03 0.02 0.01 0.01 <0.01
Methanol 2.06 1.00 0.53 0.37 0.24 0.11 0.05 0.02 <0.01
Degassed 1.91 0.76 0.35 0.21 0.15 0.06 0.02 <0.01
Isopropanol 1.80 0.68 0.34 0.24 0.19 0.08 0.04 0.03 0.02 0.02
Tetrahydrofuran
Fresh 2.44 2.57 2.31 1.80 1.54 0.94 0.42 021 0.09 0.05
Old >2.5 >2.5 >2.5 >2.5 >2.5 >2.5 >2.5 >2.5 2.5 1.45
Acids and Bases
Acetic acid, 1% 2.61 2.63 2.61 2.43 217 0.87 0.14 0.01 <0.01
Hydrochloric acid,
6 mM (0.02%) 0.11 0.02 <0.01
Phosphoric acid, 0.1% <0.01
Trifluoroacetic acid
0.1% in water 1.20 0.78 0.54 0.34 0.20 0.06 0.02 <0.01
0.1% in acetonitrile 0.29 0.33 0.37 0.38 0.37 0.25 0.12 0.04 0.01 <0.01
Ammonium phosphate,
dibasic, 50 mM 1.85 0.67 0.15 0.02 <0.01
Triethylamine, 1% 233 242 2.50 2.45 2.37 1.96 0.50 0.12 0.04 <0.01
Buffers and Salts
Ammonium acetate,
10 mM 1.88 0.94 0.53 0.29 0.15 0.02 <0.01
Ammonium bicarbonate,
10 mM 041 0.10 0.01 <0.01
EDTA
(ethylenediaminetetraacetic
acid), disodium, 1 mM 0.11 0.07 0.06 0.04 0.03 0.03 0.02 0.02 0.02 0.02
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HEPES [N-(2-
hydroxyethyl)piperazine-N’-2-
ethanesulfonic acid],
10 mM pH 7.6

MES [2-(N-
morpholino)ethanesulfonic
acid], 10 mM, pH 6.0

Potassium phosphate
Monobasic, 10 mM
Dibasic, 10 mM

Sodium acetate, 10 mM

Sodium chloride, 1 M

Sodium citrate, 10 mM

Sodium formate, 10 mM

Sodium phosphate,

100 mM, pH 6.8

Tris—hydrochloric acid, 20 mM
pH 7.0
pH 8.0

Detergents

Brij 35 (23 lauryl
ether), 1%

CHAPS (3-[3-
cholamidopropyl)dimethylam-
monio]-1-propanesulfonate), 0.1%

SDS (sodium dodecyl
sulfate), 0.1%

Triton X-100
(octoxynol), 0.1%

Tween 20
(polyoxyethylenesoritan

monolaurate), 0.1%

2.45

242

0.03
0.53
1.85
2.00
248
1.00
1.99

1.40
1.80
0.06

240

0.02
2.48

0.21

2.50

2.38

<0.01
0.16
0.96
1.67
2.84
0.73
0.75

0.77

1.90

0.03

2.32

0.01

2.50

0.14

2.37

1.89

0.05
0.52
0.40
231
0.53
0.19

0.28

1.11

0.02

1.48

<0.01

2.43

0.11

2.08

0.90

0.01
0.30
0.10
2.02
0.33
0.06

0.10

0.43

0.02

0.80

242

0.10

1.50

0.45

<0.01
0.15
<0.01
1.49
0.20
0.02

0.04
0.13
0.02

0.40

2.37

0.09

0.29

0.06

0.03
0.54

0.03
0.01

<0.01

<0.01

0.01

0.08

237

0.06

0.03

<0.01

<0.01
0.12

<0.01
0.01

<0.01

0.04

0.50

0.05

<0.01

0.03

0.01

0.02

0.25

0.04

0.02

0.01

0.02

0.67

0.04

0.01

<0.01

0.01

1.42

0.03

Source: Ref. 5, with permission.
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TABLE 3.3 Useful Solvent Mixtures with Low
Background Absorbances (< 0.5 AU) at = 200 nm

Aqueous mobile-phase mixtures
0-26% methanol-water
0-28% isopropanol
0-20% THF
0-100% acetonitrile—water
ACN-water with additives
0.2% acetic acid
0.4% trifluoroacetic acid
250 mM NaCl
> 25 mM potassium (or sodium) phosphate (pH < 5)
25 mM sodium (or potassium) phosphate (pH 6.8)

above 180 nm, so this mobile-phase component can be ignored. Next, consider
the solvents and additives that might be used with detection at 200 nm
(A < 0.5). Table 3.3 illustrates typical mixtures of solvent and water (no addi-
tives) where UV detection at 200 nm or higher can be used. For acetonitrile—
water mixtures, detection at 200 nm or higher is possible with up to the
designated concentrations of additives listed in Table 3.3. Detection in the
region 185 to 200 nm is more restrictive. At 190 nm, HPLC-grade acetonitrile
has A = 1.0, so that its maximum concentration in the mobile phase is 50%.
The only additives that are practical below 200 nm in concentrations above
1 mM are phosphoric acid and aliphatic amines.

Normal-phase chromatography (Part II of Chapter 6) uses solvents that
are generally more strongly absorbing, so that detection at higher wavelengths
is usually required. Table 3.4 summarizes absorbance data for some useful
solvents at different wavelengths. Note that the solvents and additives of

TABLE 3.4 UV Absorbance of Normal-Phase Solvents as a Function
of Wavelength

Absorbance (A) at Wavelength (nm) Indicated

Solvent 200 210 220 230 240 250 260
Ethyl acetate >1.0 >1.0 >1.0 >1.0 >1.0 >1.0 0.10
Ethyl ether >1.0 >1.0 0.46 0.27 0.18 0.10 0.05
Hexane 0.54 0.20 0.07 0.03 0.02 0.01  0.00
Methylene chloride >1.0 >1.0 >1.0 1.4 0.09 0.00 0.00
Methyl-#-buty! ether >1.0 0.69 0.54 0.45 0.26 011  0.05
n-Propanol >1.0 0.65 0.35 0.15 0.07 003 001
i-Propanol >1.0 0.44 0.20 0.11 0.05 0.03 0.02
Tetrahydrofuran >1.0 >1.0 0.70 0.50 0.30 016 0.09

Source: Ref. 6.
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Tables 3.2 to 3.4 may contain UV-absorbing impurities or develop absorption
as a result of degradation when exposed to light and air. Therefore, the
absorbance values in Tables 3.2 to 3.4 may represent maximum absorbances
for HPLC-grade solvents. If the solvent absorbance is significantly greater
than in Tables 3.2 to 3.4, the material is probably contaminated. Note that
the values for triethylamine in Table 3.2 are for an impure sample; however,
even fresh samples of some aliphatic amines may absorb significantly at
220 nm or below.

3.2.3 Signal, Noise, and Assay Precision

Precise results are of prime importance when carrying out quantitative analysis
by HPLC (Chapter 14). Detection affects assay precision via the signal/noise
(S/N') ratio. Signal (S) refers to the baseline-corrected absorbance of the
analyte peak, and noise (N') refers to the width of the baseline as illustrated
in Fig. 3.3. Baseline noise usually has two components: a short-term (high-
frequency) contribution from stray light and the detector electronics, and a
long-term contribution from temperature fluctuations, pump ‘‘noise,”” and/or
a dirty column. In Fig. 3.3 high-frequency noise is more important for a rise
time (detector time constant) of 0.1 s, and long-term noise is more important
for a rise time of 5 s.

A rough estimate of assay precision as a function of /N’ is possible. The
baseline width N’ can be approximated by a Gaussian distribution of width
40. Therefore, a single-point measurement of baseline absorbance on each
side of the peak has an uncertainty or standard deviation o; = N'/4. The
measurement of peak height then is the result of three measurements (one
on each side of the peak plus the peak maximum), so the uncertainty of the
resulting peak height measurement (1 SD) is roughly (3'?)g; ~ N'/2. The
coefficient of variation (CV) due to low values of S/N’ is then

cv ~ 100 X2
S (3.3)
50

~ SN

For example, in the example of Fig. 3.3 (rise time = 0.1 s), S/N' = 4.2, and
the estimated maximum precision of peak-height measurement would be 50/
42 = +12%.

If assay precision is affected by noise (small /N’ values), the imprecision
(CV) should increase for smaller peak absorbance values (S) or smaller con-
centrations of the analyte. This effect is often observed, as illustrated by the
data of Fig. 3.7. Here assay precision (CV) is plotted vs. peak absorbance
(for varying analyte concentrations) for the assay of seven different tricyclic
antidepressants in serum. At higher sample concentrations (higher absorbance
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FIGURE 3.7 Dependence of assay precision on analyte concentration and S/N’ ratio.
Data points refer to different concentrations (6 to 360 ng/mL) of seven tricyclic antidepres-
sant analytes separated by the same HPLC procedure. The coefficient of variation (CV)
is plotted vs. peak height (absorbance). (Reprinted with permission from Ref. 7.)

or larger S/N’ ratio at constant N'), precision is no longer affected by S/N’
ratio and becomes constant (CV = 6%) in Fig. 3.7. At lower concentrations,
the CV increases as analyte concentration decreases. Thus the dependence
of the assay CV on analyte concentration can be used to determine whether
an increase in S/N’ ratio will yield greater precision. If the CV does not change
with concentration, an increase in S/N’ ratio will have no effect on precision.
Conversely, if the CV increases as sample concentration decreases, an increase
in S/N' ratio will lead to better assay precision.

Estimates of assay imprecision by means of Eq. 3.3 are probably conserva-
tive in most cases, because data systems often use averaging and smoothing
techniques to minimize the effect of noise on precision. Equation 3.3 is useful,
however, in obtaining a rough estimate of the maximum impact of noise on
assay precision. With this caveat, an equation can be derived (from Egs.
3.2, 3.3, and 3.6) which relates the minimum quantifiable mass or sample
concentration to experimental conditions:

1.25 X 10°MV,, (1 + k)N’
(CV)N" Lz

minimum mass (ug) = (34)

Here M is the analyte molecular weight [Daltons (Da)], V,, the column dead
volume (mL), N’ the baseline noise (in units of A), CV the desired precision
(%), N the plate number, L, the optical pathlength of the flow cell (cm), and
e the analyte molar absorptivity. The minimum analyte concentration (ug/
mL) can also be calculated:
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minimum mass (ug)
sample volume (mL)

minimum analyte concentration (ug/mL) = (3.5)

Experimental minimum concentrations may be somewhat smaller than values
determined from these calculations, as a result of smoothing by the data system.

3.24 Maximizing Signal/Noise Ratio for Better Assay Precision

When assay precision varies with analyte concentration, better precision can
be obtained by increasing the S/N’ ratio. This can be achieved by either an
increase in signal S or a decrease in noise N'. A maximum signal can be
achieved by selecting the wavelength that gives maximum absorbance (e.g.,
= 210 nm for AMI in Fig. 3.5). Since noise does not vary much with wave-
lengths above 200 nm, the wavelength maximum also corresponds to maximum
S/N’ ratio. For wavelengths below 200 nm, noise increases rapidly (especially
for detector lamps that have aged), and then the wavelength maximum may
not be the same as the wavelength for maximum S/N’ value.

An increase in signal S can also be achieved (Eq. 3.2) either by an increase
in analyte concentration in the flow cell or an increase in flow-cell pathlength
(provided that there is no significant increase in peak volume to cause extra-
column band-broadening, see Section 2.3.3.3). The concentration C in the
flow cell is given [8] by

_ 04GV(N)°S

C=v.a+n

(3.6)

In summary, the signal S can be increased in the following ways:

- Increase in the analyte concentration G

- Increase in the injected sample volume V;
+ Increase in column efficiency N

+ Decrease in the column volume V,,

- Decrease in analyte retention k

However, some of these means of increasing C and S can be counterproduc-
tive if carried to extremes. Thus, too large a sample volume may lead to
peak broadening, with loss of resolution and a resultant peak sensitivity that
approaches a limiting value (Table 2.4). Similarly, a column that has a very
small volume (short or narrow diameter) or small particles (< 5 um) can lead
to peaks that are so narrow that extra-column effects lead to losses in sensitivity
and sample resolution (Sections 2.3.3.3, 5.2.2). Also, when k < 1, baseline
disturbances or sample interferences near ¢, may more than offset any increase
in C and S predicted by Eq. 3.6.
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Noise may be reduced in several ways, depending on whether high-
frequency or long-term noise is most prevalent. The effect of both kinds of
noise on precision also depends on the data-handling and integration parame-
ters chosen for a particular assay. High-frequency noise can be removed by
increasing the detector time constant 7 or rise time (rise time =~ 27), as illus-
trated in Fig. 3.3. At the same time, increasing 7 can eventually result in peak
broadening and tailing, with a resulting loss in signal. Further information
derived from data such as in Fig. 3.3 is instructive. As shown in Table 3.5, as
7 increases from 0.1 to 1.0 s, noise decreases almost fourfold, and the peak
height is unchanged. That is, the high-frequency noise is much reduced but
peak width is unaffected. Increasing 7 to 4 s reduces the noise further, from
3 X 107 to 2 X 107% A. The signal (either height or area) is also decreased
by 6%, due to peak broadening as a result of the larger time constant. However,
the S/N’ ratio increases further, to a maximum value of 21.5 for a 1 of 2.0 s.
Continued increase in 7 results in a decrease in signal but not in noise, so that
the /N’ ratio then decreases (as does sample resolution).

For the example above, the optimum value of 7is 2.0 s. In other cases, the
optimum value of rise time will depend on the initial peak width and the
relative importance of high-frequency vs. long-term noise. The optimum rise
time or time constant also depends on whether peak height or area is used
for quantitation. Peak heights are preferred for trace analysis (Section 14.5.4).

Because noise increases as light intensity falls off, an increase in high-
frequency noise can be expected as the detector lamp ages. A doubling of
the noise was noted in one study when the lamp energy dropped to 15% of
its original value [5]. Assay precision is degraded significantly by detector
noise, which can increase with lamp age. Therefore, the precision of a method
can vary with time for the same detector or when different detectors are used.

Pump pulsations can contribute to long-term noise. Baseline noise of this
type is characterized by a regular rise and fall of the baseline, which parallels
the cycle time of the pump. Some pumps are much more prone than others
to pulsation noise, but the use of pulse dampers can markedly reduce the
effect of pump pulsation. When on-line blending is used to prepare the mobile
phase and the absorbances of the two (or more) solvents being mixed are
different, the mobile phase leaving the pump may show oscillations in absor-

TABLE 3.5 Effect of Rise Time on Detection Sensitivity”

Signal (Peak Height) Noise S/N’

Rise Time 7 (s) (107 A) (1073 A) Ratio
0.1 46 11.0 4.2

1.0 46 3.0 153

2.0 43 2.0 21.5

4.0 39 20 19.5

5.0 38 2.0 19.0

“Same system as in Fig. 3.3.



32 UV DETECTION 75

bance. The result is a repeating up-and-down movement of the baseline similar
to that observed from pump pulsations but with a different pump cycle time.
This absorbance-related noise can be eliminated by adding a nonretained,
UV-absorbing compound to one of the two solvents being mixed on-line to
equalize their absorbances: See the similar discussion in Section 8.5.3 for
drifting baselines in gradient elution.

Still another kind of long-term noise results from contamination of the
column by prior sample injections. Such samples may contain compounds that
leave the column at a later time; over time, several such late eluters (from
different prior samples) may overlap to produce an irregular baseline. This
effect is illustrated in Fig. 3.8 for the analysis of a pharmaceutical drug in
plasma. Figure 3.8a shows the chromatogram for the initial sample injection.
In this case, the run time (for elution of EP, the compound of interest) is
about 15 min. However, late eluters continue to leave the column and appear
in subsequent chromatograms as a noisy baseline. Baseline noise of this kind
is fairly common when “dirty”” samples are analyzed (e.g., samples of biological
origin, environmental samples such as water or soil extracts, organic reaction

] (a) Time (minutes)

()

FIGURE 3.8 Effect of late eluters on long-term baseline noise. Isocratic reversed-
phase analysis of plasma extract for drug EP. (a) Separation without column switching;
(b) separation with column switching. (Reprinted with permission from Ref. 9.)
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mixtures, etc.). Noise due to late eluters can be reduced in several ways:
sample cleanup prior to HPLC (Chapter 4), column cleanup with a strong
solvent (Chapter 5), use of guard columns (Chapter 5), gradient elution (Chap-
ter 8), or column switching (Section 4.6). Figure 3.8b shows the ability of
column switching to eliminate bands that elute after 25 min in the separation
of Fig. 3.8a. Sample pretreatment can also enhance detection by removing
sample interferences and/or concentrating the analyte (Sections 4.5 and 4.6).
Table 3.6 summarizes a systematic approach for maximizing detection sensitiv-
ity ($/N' ratio).

3.2.5 Detector Linearity

Under ideal conditions, the relationship in Eq. 3.2 will be obeyed over a wide
range of absorbance values, typically for values of A up to at least 1.0. Assum-
ing a minimum noise of 2 X 10 A and a minimum quantifiable signal
(CV = 20%, §/N' = 2.5 from Eq. 3.3), a dynamic range of about 2 X 10* is
therefore available. A wide dynamic range is one of many reasons for the
popularity of UV detectors.

Detection linearity can be somewhat compromised if measurements are
made on the side of a steep absorption band (e.g., at 220 nm for AMI in Fig.
3.5). When several analytes having different UV spectra are present in a
sample, it may not be possible to detect each compound at a wavelength
maximum. However, this is not often a practical problem, as linearity is usually
observed for A < 0.1 even when measurements are made on the side of
absorption bands.

TABLE 3.6 Systematic Approach for Maximizing UV Detection
Sensitivity (S/N')*

1. Select wavelength for maximum & (S).

2. Inject largest possible sample volume ().

3. Concentrate sample for increase in mass injected ().

4. Reduce k& to minimum possible (but no baseline upset or interference peaks)
(S).

. Consider alternative (non-UV) detector if Eq. 3.4 indicates UV detection
unlikely to be acceptable ().

. Increase detector time constant (N').

. Ensure that aged lamp is replaced with newer lamp (S, N').

. Use pulse damper to eliminate pump noise if necessary (N').

. Match UV absorbance of A and B solvents if on-line mixing is used (N').

. Minimize late eluters with sample cleanup, gradient elution, or column switching

(N").

4(S) and (N') for each operation indicates an effect on signal or noise, respectively.

W

S o 00
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3.2.6 Diode-Array UV Detectors

As indicated in the discussion of Fig, 3.4, diode-array detectors (DADs) allow
simultaneous collection of chromatograms at different wavelengths during a
single run. Following the run, a chromatogram at any desired wavelength
(usually between 190 and 400 nm) can be displayed. DADs therefore pro-
vide more information on sample composition than is provided by a single-
wavelength run. The UV spectrum of each separated peak is also obtained
as an important tool for selecting an optimum wavelength for the final HPLC
method. Finally, by examining the UV spectrum for a peak from beginning
to end, peak purity can be evaluated. If a single component is present in the
peak, the UV spectra obtained across the peak should be superimposable
{however, this is not a proof of peak purity; see below).

After the initial stages of method development when most of the peaks in
the chromatogram are at least partially resolved (R, > 1.0), UV spectra can
be collected for each peak with a DAD. The selection of an optimum wave-
length can then proceed as for the discussion of Fig. 3.5 (assuming that analyte
standards or their UV spectra were not available initially). Peak identification
and peak purity can also be carried out at this stage in method development.
Figure 3.9a illustrates peak identification via the comparison of the UV spec-
trum for a standard with a sample peak that elutes at the same retention time.
By overlapping these two spectra, it is apparent that they are identical and
the two bands are therefore presumed to comprise the same compound. Peak
purity is best evaluated by similarly comparing spectra obtained at the begin-
ning, middle, and end of the band, as illustrated in Fig. 3.9b. In this case it
appears that an impurity overlaps the front of the sample peak, since the

Acquisition via peak detection Timed interval acquisition (0.01 min)
4
‘€
=
8
2
[*]
(7
Fe
<
190 230 270 310 360 390 190 230 270 310 360
Wavelength (nm) Wavelength (nm)
(a) (b)

FIGURE 3.9 Use of spectra from diode-array detection to (@) confirm peak identity
or (b) test for peak purity. (Reprinted with permission from Ref. 2.)

390
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spectrum obtained at 8.11 min differs significantly from later spectra collected
at 8.21 and 8.31 min.

Peak purity can be evaluated further in terms of ratiograms. These are
plots of the ratio of absorbances collected at two different wavelengths, as
illustrated in Fig. 3.10. The pure peak in this example is naphthalene, which
has greater absorbance at 280 nm than at 254 nm. Its ratiogram (shown below
the chromatogram) is rectangular, because the absorbance ratio (less than 1)
is constant across this pure peak. The peak with a shoulder consists of naphtha-
lene plus 8% of biphenyl as impurity. Biphenyl has greater absorbance at 254
vs. 280 nm (positive ratiogram, the opposite of naphthalene), so that the
second ratiogram changes from negative to positive during the transition from
pure naphthalene to mainly biphenyl. Tests for peak purity as in Figs. 3.9 and
3.10 are equivocal, because sample components are often chemically related
and have the same or similar UV spectra (e.g., impurities, degradation prod-
ucts, homologs and oligomers, or metabolities). If the DAD is to confirm the
presence of an overlapping peak successfully, the UV spectra of the two peaks
must differ significantly, the relative concentration of one of the two peaks
must fall within about 5 to 95% of the other, and the resolution of the two

—_

Pure Peak with
1 Shoulder 2
‘ l Chromatogram
l l Ratio (254 nm, 280 nm)

e A b |

FIGURE 3.10 Use of ratiograms with diode-array detection as a test of peak purity.
Ratiograms appear under each chromatogram. Peak identification: 1, naphthalene
(440 ng); 2, biphenyl (40 ng). Conditions: 10 X 0.32-cm RP-18 column; 95% acetonitrile—
water; 1.0 mL/min; 254-nm detection in chromatograms. (Reprinted with permission
from Ref. 2.)
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peaks must be greater than 0.3. It must be emphasized that use of a DAD
alone is by no means conclusive in establishing peak purity. Peak collection,
followed by other qualitative analysis techniques, such as infrared (IR}, nuclear
magnetic resonance (NMR), mass spectroscopy, and so on, are often used to
increase assurance of peak purity. Another way to test peak purity is to
separate the sample by an alternative method, for example, reversed-phase
HPLC followed by normal-phase HPLC.

Once a preferred wavelength has been selected on the basis of UV spectra
for various sample peaks, the DAD can be used to examine chromatograms
at different wavelengths so as to confirm the advantage of the wavelength
chosen. This technique is illustrated in Fig. 3.11 for the separation of a peptide
sample at 215 and 280 nm. In this case, 215 nm is obviously preferred for the
detection of all the peptides in the sample. It is known that peptides that
contain aromatic amino acids absorb appreciably at 280 nm, whereas other
peptides do not. This effect allows a provisional characterization of the pep-
tides seen at 280 nm in terms of aromatic amino acid content.

The use of a DAD is also important for peak tracking or the matching of
peaks that contain the same compound between different experimental runs
during method development. See Section 10.7 for further details.

.08 1
200 pmeol
06 - 215 nm
.04 4
.02 4
20 40
03 280 nm
.025 -
.02 —_ —_—

20 40
Time (min)
FIGURE 3.11 Display of a single chromatogram at different wavelengths using diode-

array detection; peptide sample, acetonitrile-water gradient. (Reprinted with permis-
sion from Ref. 2.)
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3.3 OTHER HPLC DETECTORS

Occasionally, a UV detector may prove unsuitable because the analyte(s) of
interest have no UV absorptivity. More often, the analyte(s) has only a small
absorptivity (¢ < 100), the mobile phase may not allow low-UV detection,
and/or the analyte concentration is relatively low, so that the required S/N’
ratio cannot readily be achieved using UV detection. Before giving up on the
use of a UV detector, Eq. 3.4 should be used to confirm that UV detection
is inapplicable. If UV detection appears unpromising, other HPLC detectors
can be considered.

3.3.1 Universal Detection

Apart from the lack of sensitivity for some compounds, UV detection is further
compromised by possible large differences in & (100- to 1000-fold) for different
sample components. Thus, in the case of samples of unknown composition
(where calibration standards do not exist, at least initially), peak size is often
a poor indication of relative peak concentration. For example, regulatory
agencies may require that raw materials prior to formulation into final products
be characterized in terms of all impurities present in amounts greater than
0.1% w/w. However, the initial chromatogram with UV detection cannot be
used to identify peaks whose concentrations exceed 0.1%, because of uncer-
tainty as to the values of ¢ for each peak. Some impurities with very low
values of £ may not even be detected, while other impurities present in low
concentration may give disproportionately large peaks.

So-called universal detectors give a response for almost all sample compo-
nents, including those with poor UV sensitivity. Also, the detector signal
usually varies much less among different sample components than for the case
of UV detection. Universal detectors are used primarily in two applications:
(1) for samples with very low values of ¢, and (2) to provide a more representa-
tive analysis for unknown samples by means of area normalization. The latter
assumes that area percent values will more closely match percent w/w values
when analyte standards are unavailable for calibration. Universal detectors
can also be used with mobile phases that absorb strongly in the ultraviolet.

The oldest and most widely used detector of this kind is the refractive index
(RI)detector. Since the refractive index is a physical property of all compounds,
any compound can be detected (in theory) at least at moderate levels. How-
ever, because mobile-phase components, including solvents and additives, will
also show significant refractive index response, gradient elution using RI
detectors is impractical. In addition, other factors, such as a need for stringent
temperature control, the effects of dissolved gases in the mobile phase, and
a lack of sensitivity for trace analysis, limit the use of the RI detector for
many routine applications.

A second type of universal detector is the evaporative light-scattering (ELS)
detector. A schematic of an ELS detector is shown in Fig. 3.12. The effluent
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FIGURE 3.12 Schematic of an evaporative light-scattering (ELS) detector. (Re-
printed with permission from Ref. 10.)

from the column is nebulized and evaporated as it passes through the drift
tube, and particles of analyte are detected as they pass through the light-
scattering cell. Therefore, the use of ELS detectors is restricted to nonvolatile
analytes and volatile mobile phases. However, because of the ability to use
an ELS with gradient elution, it is being used more frequently in these methods,
especially for impurity analyses.

Each of these two detectors has a similar sensitivity for typical samples,
allowing the analysis of compounds present in the range of 0.1 ug/mL and
higher (this detection sensitivity is about two orders of magnitude poorer than
UV detection for compounds with a good chromophore). Table 3.7 summarizes
some other features of these two detectors. RI detectors are discussed further
in Ref. 11, and ELS detectors are reviewed in Ref. 10.

3.3.2 Fluorescence Detection

Detection based on analyte fluorescence (FL) can be exquisitely sensitive and
selective, making it ideal for trace analysis and complex sample matrices. FL
detection is typically three orders of magnitude more sensitive than UV.
HPLC procedures with FL detection are used routinely for assays in the low
ng/mL range, and concentrations of low pg/mL often can be measured. The
linearity range for these detectors is potentially similar to that of UV detectors
(e.g., 10° to 10%).
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TABLE 3.7 Characteristics of Universal HPLC Detectors

Characteristic RI Detector ELS Detector

Use with gradient elution? No Yes

Use on-line mixing for isocratic separation? No Yes

Use with volatile samples? Yes No

Use with nonvolatile buffers or additives? Yes No

Effect of mobile-phase contamination? Serious Minimal

Adversely affected by changes in mobile- Yes No
phase temperature

Negative analyte peaks possible? Yes No

Magnitude of baseline upset at 7 Large Small

Detector linearity? Yes No

Special venting required? No Yes

Convenient operation? No Yes

A parallel benefit of FL vs. UV detection is its ability to discriminate
analyte from interference or background peaks. This is illustrated in Fig. 3.2
for the analysis of riboflavin in a complex sample matrix using detection
by UV [part (a)] vs. FL [part (b)]. Since few analytes possess natural FL,
derivatization with a reagent that possesses a fluorophore (Section 4.7) must
usually precede use of this detector. Among the functional groups or sample
types for which such reagents are available are carboxylic acids, alcohols,
aldehydes, amines, peptides, ketones, phenols and thiols. References 12 and
13 provide examples of such reagents and procedures for their use in HPLC
with FL detection. See also Section 4.7.

Figure 3.13 shows a schematic for a typical FL detector. Light from the
lamp passes through an excitation filter, which provides essentially monochro-
matic light of the desired wavelength for excitation of sample molecules. This
exciting light passes through the column effluent in the flow cell, causing
sample molecules to fluoresce (emit) at a higher wavelength than that used
for excitation. A second (emission) filter is positioned so as to collect light at
90° to the original direction of excitation. In this way, only light that results
from sample FL passes on to the photomultiplier tube for quantitation of the
emission signal.

Three general detector designs similar to that of Fig. 3.13 are available:
filter—filter (as in Fig. 3.13), grating—filter, and grating—grating. Gratings allow
a choice of any desired wavelength, whereas filters are limited to a single
wavelength (unless the filter is changed). Grating—grating fluorimeters permit
selection of any excitation or emission wavelength; therefore, they are conve-
nient for method development. Filter—filter instruments, on the other hand,
are simpler and easier to use, are cheaper and more sensitive, and are better
suited for transferring an HPLC method between different laboratories.
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FIGURE 3.13 Schematic of a filter-filter fluorescence detector. (Reprinted with per-
mission from Ref. 12.)

Therefore, filter—filter detectors are more useful for routine application. In
addition to these differences in grating vs. filter instruments, FL detectors
have many other features that can differ in major ways from one instrument
to another: design of the flow cell and how excited light is collected, the choice
of lamps used for excitation (deuterium, xenon, xenon-mercury, etc.), and
single- vs. dual-beam designs. These many individual features lead to major
differences in performance (e.g., sensitivity, linearity) among various FL detec-
tor models and difficulties in transferring methods among different instru-
ments.

Differences in detector design can cause problems in transferring an HPLC
method from one laboratory to another. A further complication in the use of
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FL detectors, especially during method development, is that the FL signal
and optimum wavelengths for excitation and emission can be strongly depen-
dent on separation conditions: temperature, solvent polarity and viscosity,
pH, and so on. This means that the final separation conditions may require
a compromise between good separation and good detection. The need for
this compromise can complicate HPLC method development. See Ref. 12 for
details on these and other problems associated with the use of these detectors.

3.3.3 Electrochemical Detection

Electrochemical (EC) detectors commonly used in HPLC can be classi-
fied according to their operation: (1) direct-current amperometry (DCA) or
(2) conductivity. Conductivity detectors are used mainly for ion chromatogra-
phy [14] and are not discussed further here. DCA detectors resemble FL
detectors in terms of both sensitivity and selectivity. Usually, FL. detectors
are more selective and DCA detectors are more sensitive, as illustrated in
the two chromatograms of Fig. 3.14 for the two detectors.

Compounds that exhibit EC activity are more common than compounds
that fluoresce. Whereas FL detectors are often used after sample derivatization
with a fluorophoric reagent, derivatization usually is not used for EC detection.
However, there are a large number of well-studied derivatization reagents

IAA std (E.C)
4 ng

—

IAA (E.C.)

1AA std (F.D.)
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Fluorescence and electrochemical response
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4 8 12 16 20 24 (200 (24)
Time, minutes

FIGURE 3.14 HPLC separation with fluorescence detection. Anion-exchange analy-
sis of indole acetic acid (IAA) from a single cotton abscission zone using electrochemi-
cal (EC) or fluorescence (FD) detection. (Reprinted with permission from Ref. 15.)
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and approaches that can convert a non-EC active analyte into one that is active
[16-21]. These approaches comprise both pre- and post-column derivatiza-
tion methods, and even the use of immobilized enzymes post-column, pho-
tolytic reactions post-column, and dual electrodes (upstream-downstream;
generator—collector) that lead to improved downstream detection of non-EC
active analytes [20-24].

When greater sensitivity is required than can be obtained from UV detec-
tion, the choice is usually between a FL or an EC detector. If the analyte(s)
is EC active, a DCA detector is usually preferred because sample derivatiza-
tion and related problems are usually avoided. It is even possible to use
chemically modified electrodes that can detect otherwise non-EC active ana-
lytes, such as proteins and other biopolymers [16,24].

In all forms of LCEC, current generated at a working electrode is actually
being measured; thus EC detection in LC is a form of voltammetry. Usually,
the working electrode is held at a fixed potential. When this electrode is placed
in a flowing stream of mobile phase, it will generate a background current
due to any oxidation or reduction of the mobile phase or contaminants. If an
EC analyte passes the working electrode, it will be oxidized (or reduced) by
the working electrode, increasing the background current. The selectivity of
EC detection is tuned by choosing the appropriate potential of the working
electrode, such that only the analyte(s) of interest may be detected. In some
cases it is advantageous to pulse the potential of the working electrode (triple-
pulse waveform, pulsed amperometric detection, differential pulse voltamme-
try, etc.), especially when oxidized or reduced analytes foul the electrode
surface. Here, the current is measured only during a specified applied voltage,
a technique known as pulsed amperometric detection [23-26].

EC detection can be performed in either the oxidative or reductive mode,
depending in part on the analyte. Oxidative EC detection is more commonly
used because it is generally easier to (1) operate and run routine samples,
(2) maintain the working electrode surface activity, and (3) avoid some of the
preparatory steps needed for routine reductive EC detection. Reductive EC
methods also suffer from a poor signal/noise ratio due to the reduction of
dissolved oxygen in the solution. Despite these drawbacks, it is possible to
use reductive EC detection using dual-electrode techniques, particularly if
dissolved oxygen is carefully excluded from the mobile phase and injected
samples. The final choice of oxidative vs. reductive EC detection will depend
in large part on the type of analyte (see Table 3.8).

Detector response for a given analyte is controlled by its molecular structure
and concentration and by the applied potential within the detector cell. Com-
pound types that are well suited for DCA detection are shown in Table 3.8.
The applied potential for DCA detection can be optimized by repeating the
sample separation—detection (or flow injection analysis—EC) with different
values of the applied potential, as illustrated in Fig. 3.15. Here a mixture of
catecholamines is separated at potential readings of 0.6 to 0.8 V. For a potential
of less than 0.6 V, little oxidation of the analytes occurs and detector response
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TABLE 3.8 Some Compound Types Sensed by
the Electrochemical Detector”

Oxidation Reduction
Phenolics Ketones
Oximes Aldehydes
Dihydroxy Oximes
Mercaptans Conjugated acids
Peroxides Conjugated esters
Hydroperoxides Conjugated nitriles
Aromatic amines, Conjugated unsaturation
diamines
Purines Activated halogens
Heterocyclic rings? Aromatic halogens

Nitro compounds
Heterocyclic rings?

?Compound types generally not sensed include ethers, ali-
phatic hydrocarbons, alcohols, and carboxylic acids.
® Depending on structure.

is minimal. Between 0.6 and 0.8 V, detector response climbs rapidly and then
levels off at higher voltages. At the same time, detector noise increases and
interferences become progressively more important as the voltage increases.
In this case, the optimum operating potential is about 0.8 V. The optimal
operating potential is a function of the analyte’s structure and the nature of
the working electrode material [24]. A hydrodynamic voltammogram plot
(similar to a plot of UV absorbance vs. wavelength) can be created from data
like those shown in Fig. 3.15, where the current vs. applied potential defines
the best situation for a fixed set of separation—detection conditions {22].
The advantages of DCA detection in terms of improved sensitivity and
selectivity (vs. UV detection) are offset by several practical factors. Apart
from the fact that the sample must be EC active, DCA detectors are less
rugged. The working electrodes can foul and require frequent cleaning. Detec-
tor response is affected by temperature, flow rate (pump pulsations), and
extraneous electrical signals from the laboratory. Solvents of exceptional pu-
rity and frequent recalibration may be required in some cases. Finally, the
mobile phase must meet certain requirements (which vary with different elec-
trodes) in terms of ionic strength and water content. These requirements
generally rule out the use of EC detection for most normal-phase separations.
However, there are examples that demonstrate this ability successfully, with
suitable mobile-phase additives (salts) to perform nonaqueous LCEC [23].
The most common cell design for liquid chromatography with EC detection
is the thin-layer cell. Positioning the auxiliary electrode directly across from
the working electrode helps to minimize iR drop between the two electrodes.
As a result, a wider linear dynamic range is achieved, since higher concentra-
tions of injected analyte will not lead to significant changes in the working
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FIGURE 3.15 Effect of applied potential on detector response for catecholamines
using electrochemical (DCA) detection. Conditions: 25 X 0.46-cm 10-um Zorbax C18
column; 2% methanol-buffer (25 mM phosphate, pH 2, plus 5 mM triethylamine).

(Reprinted with permission from Ref. 27.)

electrode potential. In this type of cell, only a few percent of the analyte
in the eluant undergoes an EC reaction, and it is often referred to as an
amperometric detector.

Coulometric EC detectors use a porous graphite working electrode, so that
all of the mobile phase and analyte come into contact with the electrode.
Coulometic electrochemical detectors for LC generally convert almost 100%
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of the analyte [24]. Intuitively, it may seem that coulometric detectors are more
sensitive than amperometic detectors, since more of the analyte is converted.
However, it is the signal/noise ratio that determines the sensitivity, and it is
generally acknowledged that in most cases amperometric detectors are more
sensitive [24,28].

Most working electrodes are made of glassy carbon, which is highly
resistant to organic mobile phases. Ag/AgCl reference electrodes and
stainless-steel auxiliary electrodes are used most commonly. An approach
that offers added selectivity is the use of two working electrodes, either
in parallel or series [23,24,27]. In the parallel case, the electrodes are
directly across from each other in the flowing stream, held at slightly
different potentials (0.1 to 0.2 V). The ratio of the current produced at
the two electrodes can be compared to that of a pure standard for
confirmatory work, since this ratio should be different for most compounds.
As an example, Table 3.9 illustrates the measured (parallel) dual-electrode
response ratios for a series of standard known peptides from a protein
(cyt C) tryptic digest using glassy carbon working electrodes poised at 1.0
and 0.9 V vs. Ag/AgCl [29].

This two-working-electrode technique is analogous to dual-wavelength
monitoring using UV analysis [24]. By plotting the dual-electrode response
ratio throughout a chromatographic peak (similar to dual-wavelength absorb-
ance ratioing, discussed in Section 3.2.6), it is possible to demonstrate the
purity of a peak. Multichannel EC arrays have also been described, in both
amperometry and coulometry systems, so that a much larger amount of poten-
tial vs. current data can be obtained for an eluting HPLC peak in a very short

TABLE 3.9 Dual-Electrode Response Ratios
for Peptides®

Peptide Number Response Ratios

1.33 £ 0.02
2.00 = 0.05
1.35 = 0.02
1.64 = 0.04
1.51 = 0.03
1.38 = 0.01

33 = 0.08
2.67 = 0.02

2.0 £ 0.04

3.0 £ 0.02
1.54 + 0.05

— O D 00NN R W=

—

“Tryptic peptides from bovine cytochrome C.
® Applied potentials were 1.0 and 0.9 V.
¢N = 3; numbers represent average * standard deviation.

Source: Ref. 29, with permission.
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time frame [30-33]. This type of multielectrode array detector in LCEC can
provide similar informational content to a DAD but now using electrochemis-
try rather than optical spectroscopy for compound identification and purity
determination.

Many compounds do not show EC reaction with typical working electrode
materials such as glassy carbon. Thus, the use of chemically modified electrodes
has been studied widely [24,34,35). These electrodes are modified with groups
that will allow oxidation or reduction of otherwise unconvertible species.
Furthermore, derivatization of nonelectroactive analytes with electroactive
tags has also been successful [19-24,36].

3.34 Mass Spectrometer Detection (LC-MS)

The use of a mass spectrometer for HPLC detection is becoming common-
place, despite the high cost of such detectors and the need for a skilled operator
[37,38]. A mass spectrometer can facilitate HPLC method development and
avoid common problems by:

- Tracking and identifying individual peaks in the chromatogram between
experiments (see Section 10.7)

- Distinguishing compounds of interest from minor compounds or interfer-
ences

- Recognizing unexpected and overlapping interference peaks to avoid a
premature finish to method development

An example of the use of LC-MS is shown in Figure 3.16 for the separation
and concomitant identification of six pesticides [39]. The reversed-phase sepa-
ration of all six compounds is shown in Fig 3.16a using a total ion current
output from the mass spectrometer. Mass spectral analysis of each peak is
shown in Fig. 3.16b and the mass fragmentation patterns can be used to
identify each peak.

Mass spectrometers have three distinct features: (1) the source, (2) the
analyzer, and (3) the detector, and differences in these three components
differentiate the types of MS techniques that are useful with HPLC. For all
MS techniques, an analyte is first ionized in the source, since the MS can only
detect charged species. Ions of discrete mass/charge ratios (m/z) are then
separated and focused in the mass analyzer. The final focused beam impinges
on a detector that determines the intensity of the beam. The analyzer is thus
comparable to the prism or monochromator for spectrophotometric tech-
niques, except that ions of discrete m/z ratios are separated and focused rather
than photons of discrete wavelengths. The energy detectors are also similar
except that the MS usually utilizes an electron multiplier rather than a photo-
multiplier.
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Selection of the ion source differentiates among different MS techniques
for HPLC applications. Different techniques are often referred to based solely
on the source utilized. Samples are run by electron ionization (EI), chemical
ionization (CI), fast-atom bombardment (FAB), electrospray ionization
(ESI), thermospray (TSP), laser desorption (LD), and so on. The exception
to this is when a time-of-flight mass analyzer (TOFMS) is utilized; in this
case, the method is referred to by the mass analyzer itself. Now that both
ESI-TOFMS and matrix-assisted laser desorption ionization (MALDI) have
become commonplace in TOFMS instruments, different nomenclatures are
used to distinguish the two techniques.

3.3.4.1 Mass Analyzers. There are many types of mass analyzers in MS,
including magnetic and electrostatic sectors, quadrupole, ion trap (ITP), time-
of-flight (TOF), and Fourier transform ion cyclotron resonance (ICR) mass
analyzers. Perhaps the most commonly utilized mass analyzer interfaced with
HPLC is the triple quadrupole. One instrument (the LCQ from Finnigan)
employs an electrospray ion source (ESI) together with an octopole (dual-
quadrupole) ion filter (focusing) arrangement prior to an ion-trap mass ana-
lyzer. This system is interfaced with an HPLC system but can also be interfaced
with capillary electrophoresis [40]. There are many commercial LC-MS instru-
ments on the market and most offer totally integrated, often benchtop, turnkey
systems that can be used for routine LC-MS analyses.

A quadrupole MS employs four symmetrically arranged parallel rods.
Diagonally opposed rods are connected together electrically to a radio-
frequency (RF) and direct current (DC) voltage generator. Ions extracted
into the quadrupole region drift toward the detector and are influenced
by the combined DC and oscillating RF fields. By ramping the alternating-
current (AC) and DC fields such that values corresponding to the peaks
within the stability diagram are maintained, ions of successive m/z are permit-
ted to pass through the quadrupoles and impinge on the detector. In this way
the mass spectrum is generated.

In the triple-quadrupole (quad) system, the two end quads function as
resolving elements while the middle quad becomes the source for collisionally
induced dissociation (CID). This then generates MS/MS spectra for individual
analyte parent ions, by first selecting the ion for a given analyte (usually,

FIGURE 3.16 Separation by reversed-phase HPLC and mass spectral characteriza-
tion of six pesticides. Conditions: 15 X 0.20-cm Nova-Pak C,5 column; mobile phase:
(A) 10 mM ammonium acetate; (B) 100% ACN, gradient 15% B for 2 min, then to
35% B in 15 min, hold for 3 min, then to 100% B in 2 min, hold for 3 min, back
to 15% B; 0.35 mL/min; 300 ng of each compound injected. Detection by Waters
ThermaBeam mass detector scanned from 140 to 320 m/z; EI source at 220°C. (Re-
printed with permission from Ref. 39.)



92 DETECTION SENSITIVITY AND SELECTIVITY

parent), collisionally inducing fragmentation of that original ion, and then
separating and collecting the group of fragment ions to identify the species
that produced the first parent ion in the first quadrupole.

In the LCQ ion trap, it is even possible to produce within the trap
MS”, with n > 1 sets of fragment ions, so that instead of just MS/
MS, one can effectively generate MS/MS/MS (or MS?) and higher-order
fragmentation spectra. This approach leads to improved selectivity for an
individual peak/analyte and additional MS information to deduce its struc-
ture. The ion trap is fundamentally quite different from the triple-quadrupole
mass analyzer, and although somewhat newer, it seems to be gaining in
popularity among users. The LCQ appears to be the first commercial
LC-MS system that makes use of the ion trap, albeit in conjunction with
two preceding quads.

3.3.4.2 Ionization Methods. Electron-impact mass spectrometry (EI-MS)
is the most familiar and commonly utilized form of MS today, and is a staple
of all environmental labs. The EI-MS may provide both quantitative and
qualitative information. However, for those labs that need to assay for larger
molecules (e.g., biopolymers), EI-MS is inadequate. (The EI process requires
that volatile compounds be introduced into the MS.) Because many analytes
in HPLC are polar and nonvolatile, this technique is not useful for on-line
LC-MS. Fortunately, other ionization methods exist that are based on the
desorption of nonvolatile and thermally labile compounds directly from solu-
tions or solid surfaces.

Desorption ionization methods include thermospray (TSP) [41], 52Cf
plasma desorption (PD) [42], field desorption (FD) [43], fast-atom bombard-
ment (FAB) [44], liquid secondary-ion mass spectrometry (LSIMS) [45],
laser desorption (LD) [46-51], electrospray ionization (ESI) [52], and matrix-
assisted laser desorption ionization (MALDI) [46-51]. Each of these methods
can be interfaced with LC with varying degrees of success. However, the most
popular commercially available interfaces for LC are the atmospheric-pressure
ionization interfaces (API) of electrospray (ESI), ion spray (ISP), and ther-
mospray (TSP).

Electrospray. Since the beginning of the 1990s, electrospray has been utilized
extensively and has revolutionized the field of MS. A spray is generated at
ambient pressure and a high voltage is supplied to the eluting solvent. There
are some variations on the original electrospray (ESP) technique, most notably
the use of a sheath or supporting gas, which has often been termed ion spray.
As the eluant is sprayed at ambient pressure, an organic sheath liquid is
commonly mixed with an eluting aqueous solvent to reduce surface tension
and enhance evaporation of the charged droplets. Analyte molecules that are
generated via electrospray contain various charged states (varying amounts
of adducted sodium ions or protons).
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This multicharging produces a nearly Gaussian distribution of peaks (often
referred to as an envelope) corresponding to the different m/z ratios of the
multiply charged ions. Only those analytes capable of sustaining such multiple
charges, such as proteins, peptides, and nucleic acids, generally are amenable
to this type of MS analysis by ESP or ISP. Due to the multicharging, the
m/z charge ratios of very large molecular weight species (e.g., proteins) are
well within the instrumental limits of commercially available quadrupoles,
even low-mass-range instruments. This feature, along with a marked absence
of aberrant peaks, a mass accuracy of 0.01% or better, subpicomole detection
limits, and a mass range that is greater than 100,000 Da, has propelled ESP-
MS to the forefront of MS.

Ion Spray. The difference between ion spray and electrospray is that ion spray
employs pneumatic nebulization to aid in the solvent evaporation of the tiny
droplets generated. This added feature has permitted the analysis of mixtures
that do not include an organic modifier, used previously to decrease droplet
surface tension and enhance solvent evaporation. The absence of the organic
modifier simplifies the coupling of the ESI source to conventional LC and
increases the solubility of polar molecules within the mixture. ESP and ion
spray (ISP) are among the most important and most commonly used methods
of sample introduction and ionization for LC-MS interfacing. Both have been
interfaced with many varieties of LC and CE and are available commercially
from many vendors. These techniques generate multiply charged or singly
charged ions without the need for further ionization; thus electron impact or
chemical ionization (CI) is not involved.

Thermospray. Thermospray (TSP) employs both heat and spraying action to
remove solvent from analyte ions, leaving intact gaseous ions. This technique
also needs no further ionization steps. The liquid eluant from the LC entering
the thermospray source is heated at the interface. The combination of the
applied heat and the jet expansion into the partial vacuum creates a fine mist
of tiny droplets, retaining nonvolatile molecules. The solvent is eventually
removed from each droplet via evaporation, leaving predominantly singly
protonated analyte molecules. These molecules have been precharged in solu-
tion by the addition of ammonium acetate or have become charged via gas-
phase ion/molecule reactions. The resulting ions are analyzed with a mass
analyzer. This process of desolvation is very similar to that of the electro-
spray source.

The requirement of low pressure within the mass analyzer is provided by
evacuating the vaporizing chamber by auxiliary vacuum pumps. In this man-
ner, flow rates of up to 2 mL/min may be introduced directly into the MS
source. A drawback to this source is that for the analysis of large molecules
(MW > 10,000), singly charged species are outside the mass range of most
commercially available quadrupole instruments. For this reason, ESP and ISP
are used as the ion source and sample introduction system in most commercial
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instruments. An example of the power of ESP is shown in Fig. 3.17 for a
series of proteins and the multiply charged ions formed [37]. Clearly, the
LC-ESP-MS approach becomes even more powerful in peptide mapping
strategies, where each peptide can be resolved in the triple-quadrupole instru-
ment and collisionally induced to fragment, and sequencing of the peptides is
derived. Amino acid sequencing is now feasible using this approach, especially
when each peptide of the protein map is first separated by HPLC methods
(37,38].

Matrix-Assisted Laser Desorption lonization. Time-of-flight mass spectrome-
try (TOFMS) has become one of the most important MS instruments in
recent years as a result of the introduction of matrix-assisted laser desorption
ionization (MALDI) as the ion source. Thus almost all manufacturers of
TOFMS provide MALDI as a routine ion source. In TOFMS, ionic species
are accelerated through a drift tube under an applied accelerating potential.
Depending on their mass/charge ratios, ions reach the detector region at
different times. Resolution is affected by differences in drift time, which is
a function of several parameters, including (1) the length of the drift tube,
(2) accelerating potentials and devices, and (3) differences in the ions present
in the ionized sample.

With the inclusion of reflectron devices, continuous gradient (curved)
reflectrons, and similar devices, resolution of TOFMS is now comparable
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FIGURE 3,17 Typical ion envelope from multiply charged peptide and protein ions
in ESP. (Reprinted with permission from Ref. 37.)
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to that of most other MS techniques; resolution of 0.1 to 1.0 Da is now
routine. Therefore, the resolution possible by TOFMS is now comparable
to that of a triple-quad or ion-trap instrument. However, the mass range
of TOFMS is much larger, even without multiply charged ions being
formed.

Another important advantage of TOFMS is its simplicity of construction,
sample introduction, and routine operation. It can be a turnkey, benchtop
instrument, easily maintained and repaired, compatible with direct sample
introduction. Multiple sample introduction is also possible. Using MALDI as
the ion source, the laser beam can be varied to produce different degrees of
ionization and fragmentation patterns. Scanning of the beam permits rapid
sample analysis, often for hundreds of individual samples on the same platform
in the ion source. Only seconds are needed to scan an individual sample in
the static mode, thus permitting hundreds of samples to be assayed in a few
minutes. This is difficult to achieve on other MS instruments with other types
of sample introduction or ion sources. Most of the work in MALDI-TOFMS
described currently has been in a static mode (off-line) and not interfaced
with a flowing stream such as LC. However, research activity in this area has
resulted in numerous papers in LC-MALDI-TOFMS, just as for LC-ESP-
TOFMS [37,46-51].

Figure 3.18 illustrates a typical MALDI-TOFMS output for a mixture
of higher-molecular-weight protein standards run under typical MALDI
matrix conditions using sinapinic acid as the matrix component [35]. Resolu-
tion of this TOFMS unit permits unambiguous identification of every protein
to within =1 Da. Another advantage of MALDI-TOFMS is that it requires
very small amounts of sample for correct identification, even for total peptide
mapping and amino acid sequencing of individual peptide components.

3.3.5 Selecting the Mass Spectrometric Detector

In selecting an MS ion source, one must ensure that the mass range and
resolution of the instrument are compatible with the expected molecular
weights of the analytes. If the MS instrument has a range of only a few
thousand daltons, then ESP, ISP, or TSP probably is best for a protein
to generate multiply charged ions. For low-MW analytes, any interface or
ion source could suffice, such as electron impact, chemical ionization, laser
desorption, or FAB. Using high-resolution LC methods to separate individual
sample components reduces the need for very high resolution in the MS
since overlapping components will not be eluting into the MS. However,
to identify each of these species correctly, high-resolution instruments
are preferred.

The ideal system is a high-resolution separation step coupled with a high-
resolution MS through an interface or ion source that will provide both individ-
ually charged and/or multiply charged ions derived from every analyte species.
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Protein standard
(prepared with sinapinic acid)

Bovine serum aIbum{n
66431.2[M + H]*

Cardiac cytochrome c |
12360.2M + H]*!

Cardiac myoglobin
16952.5[M + H]*

Abundance

i e

10,000 24,000 38000 52000 66,000 80,000

m/z
Component MW Concentration
Equine cardiac cytochrome ¢ 12359.2 Da| 0.20 uM
Equine cardiac myoglobin 16951.5 Dal 0.40 uM
Bovine serum albumin 66430.2 Da} 2.85 uM

FIGURE 3.18 MALDI-TOFMS spectra from a Hewlett-Packard G2025A system
for a mixture of protein standards, as indicated. Operating conditions: mass range,
100,000 Da; mass filter, 8000 Da; polarity, positive or negative; laser energy (337 nm,
nitrogen laser), 4 to 7 uJ. (Reprinted with permission from Ref. 53.)

Commercial instruments are moving toward providing LC-ESP/ISP/TSP in-
terfaced to the MS systems.

3.3.6 Less Common Detectors

A number of other HPLC detectors are currently in use, but their application
is not yet sufficiently widespread to justify a detailed discussion in this book.
Table 3.10 provides a summary of some of their pertinent characteristics. See
Refs. 57 and 58 for further details.
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TABLE 3.10 Less Common HPLC Detectors

Detector Comments

Reaction detectors Incorporate a chemical reaction module between the
column and a UV or fluorescence detector, to convert
the analyte(s) to a more easily detected species.

Used primarily for trace analysis.

Limited by the complexity and lack of ruggedness of these
systems in most cases.

Method development complicated by the separate and
often conflicting requirements of the mobile phase and
reaction medium.

Radioactivity Extremely sensitive and specific for samples that are
radiolabeled, such as environmental studies involving
agricultural chemicals or pharmaceutical tracer studies.

Limited use in other areas.

Infrared (IR) Used only with a limited range of organic solvents.

Limited primarily to the analysis of synthetic polymers.

Alternative applications where the solvent is removed
prior to detection are not well established.

Low-angle laser light  Provides measurements of analyte molecular weight,

scattering (LALLS) particularly suited for use with synthetic and
biopolymers [54].

Optical activity Used to detect enantiomers (Chapter 12).
(polarimeter)
Viscometer Provides on-line measurement of changes in viscosity of

the mobile phase plus analyte vs. the mobile phase.

Well suited for carrying out assays of molecular-weight
distribution for synthetic and biological polymers
[55,56].
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41 INTRODUCTION

Sample preparation is an essential part of HPLC analysis, intended to provide
a reproducible and homogeneous solution that is suitable for injection onto
the column. The aim of sample preparation is a sample aliquot that (1) is
relatively free of interferences, (2) will not damage the column, and (3) is
compatible with the intended HPLC method; that is, the sample solvent will
dissolve in the mobile phase without affecting sample retention or resolution.
It may also be desirable to concentrate the analytes and/or derivatize them
for improved detection or better separation. Sample preparation begins at
the point of collection, extends to sample injection onto the HPLC column,
and encompasses the various operations summarized in Table 4.1, Options 1 to
4, which include sample collection, transport, storage, preliminary processing,
laboratory sampling, and subsequent weighing/dilution, all form an important
part of sample preparation. Although these steps can have a critical effect on
the accuracy, precision, and convenience of the final method, only option 3
(preliminary sample processing) is discussed here. See Refs. [1-4] for a discus-
sion of options 1, 2, and 4. This chapter is devoted primarily to options 5 to
8 of Table 4.1, which encompass what is usually meant by sample pretreatment.

Whereas HPLC is predominantly an automated procedure, sample pretreat-
ment often is carried out in a manual mode. As a result, sample pretreatment
can require more time for method development and routine analysis than is
needed for HPLC separation and data analysis. Sample pretreatment also
includes a large number of methodologies, as well as multiple operational
steps and can therefore be a challenging part of HPLC method development.
Finally, method precision and accuracy are frequently determined by the
sample pretreatment procedure [5,6], including operations such as weighing
and dilution. For all these reasons, the development of a sample pretreatment
procedure deserves careful advance planning.

A sample pretreatment procedure should provide quantitative recovery of
analytes, involve a minimum number of steps, and (if possible) be easily
automated. Quantitative (99+ %) recovery of each analyte enhances sensitivity
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TABLE 4.1 Sample Pretreatment Options

Option Comment

1. Sample collection Obtain representative sample using
statistically valid processes.

2. Sample storage and preservation  Use appropriate inert, tightly sealed
containers; be especially careful with
volatile, unstable, or reactive materials;
stabilize samples, if necessary; biological
samples may require freezing.

3. Preliminary sample processing Sample must be in a form for more efficient
sample pretreatment (e.g., drying, sieving,
grinding, etc.); finer dispersed samples are
easier to dissolve or extract.

4. Weighing or volumetric dilution Take necessary precautions for reactive,
unstable, or biological materials; for
dilution, use calibrated volumetric

glassware.

5. Alternative sample processing Solvent replacement, desalting, evaporation,

methods freeze-drying, etc.

6. Removal of particulates Filtration, solid-phase extraction,
centrifugation.

7. Sample extraction Methods for liquid samples (Table 4.2) and
solid samples (Tables 4.3 and 4.4).

8. Derivatization Used mainly to enhance analyte detection;

sometimes used to improve separation
(enantiomers, Section 12.1).

and assay precision, although this does not mean that all of the analyte present
in the original sample must be included in the final injected sample. For
example, for a series of sample-pretreatment steps in a given method, aliquots
of intermediate fractions may be used for further sample preparation or for
an intermediate injection. If recovery is less than 100%, the sample pretreat-
ment must be reproducible. A smaller number of sample-pretreatment steps
plus automation reduces the overall time and effort required and decreases
the opportunity for imprecision errors by the analyst.

Many sample preparation techniques have been automated, and appro-
priate instrumentation is commercially available. Automation approaches vary
from using a robot for performing manual tasks to dedicated instruments
optimized to perform a specific sample preparation technique. Although auto-
mation can be expensive and elaborate, it is often desirable when large num-
bers of samples must be analyzed and the time or labor per sample are
excessive. The decision to automate a sample pretreatment procedure is often
based on a cost justification or, in some cases, when operator safety is involved
(i.e., to minimize exposure to toxic substances or other possible health
hazards).
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42 TYPES OF SAMPLES

Sample matrices can be classified as organic (including biological) or inorganic,
and may be further subdivided into solids, semi-solids (including creams, gels,
suspensions, colloids), liquids, and gases. Gaseous samples usually are analyzed
by gas chromatography rather than HPLC. However, gaseous samples that
are labile, thermally unstable, or prone to adsorb to metal surfaces are some-
times better handled by HPLC. Trapping is required to analyze gaseous sam-
ples by HPLC. The gas sample is either (1) passed through a solid support
and subsequently eluted with a solubilizing liquid or (2) bubbled through a
liquid that traps the analyte(s). An example of the HPLC analysis of a gaseous
sample is U.S. Environmental Protection Agency (EPA) Method TO-11 for
volatile aldehydes and ketones [7]. Here an air sample is passed through an
adsorbent trap coated with 2,4-dinitrophenylhydrazine, which quantitatively
converts aldehydes and ketones into their 2,4-dinitrophenylhydrazones. The
hydrazones are then eluted with acetonitrile and separated by reversed-phase
HPLC. Table 4.2 summarizes a number of procedures for the initial prepara-
tion of gaseous, liquid, or solid samples. The remainder of this chapter is
devoted to the pretreatment of samples of most concern: semivolatile and
nonvolatile analytes in various matrices.

Compared to gases or solids, liquid samples are much easier to prepare
for HPLC. Many HPLC analyses are based on a ‘““dilute and shoot” procedure,
where the concentration of solubilized analyte is reduced by dilution to avoid
overloading the column or saturating the detector. Sample preparation for
solid samples can be more demanding. In some cases the sample is easily
dissolved and is then ready for injection or further pretreatment. In other
cases the sample matrix may be insoluble in common solvents, and the analytes
must be extracted from the solid matrix. There are also cases where the
analytes are not easily removed from an insoluble matrix—because of inclu-
sion or adsorption. Here more rigorous techniques, such as Soxhlet extraction,
supercritical fluid extraction (SFE), ultrasonication, or solid-liquid extraction,
may be necessary. Table 4.3 lists some traditional methods for the recovery
of analytes from solid samples, and Table 4.4 describes some more recent
methods. Once analytes have been quantitatively extracted from a solid sam-
ple, the resulting liquid fraction can either be injected directly into the HPLC
apparatus or subjected to further pretreatment.

43 PRELIMINARY PROCESSING OF SOLID AND
SEMI-SOLID SAMPLES
43.1 Reducing Sample Particle Size

It is desirable that solid samples be reduced in particle size since finely divided
samples (1) are more homogeneous, allowing more representative sampling
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TABLE 4.2 Typical Sample Pretreatment Methods for Gases, Liquids, and Suspensions

Sample Type

Methods of
Sample
Pretreatment

Principles of Technique

Comments

Volatile
organics,
gases

Liquid

Solid-phase
trapping

Liquid trapping

Solid-phase
extraction

Liquid-liquid
extraction

Dilution

Gaseous sample passed through tube packed
with adsorbent (e.g., silica gel, activated
carbon); trapped analytes are eluted with
strong solvent.

Gaseous sample is passed through solution,
which is a good solvent for analytes that
remain behind; gas usually passes through
solution unabsorbed.

Liquid is passed through solid phase, which
selectively removes analyte (or
interferences); analyte can be eluted with
strong solvent; in some cases interferences
are retained and analytes allowed to pass
through solid phase unretained; same
mechanisms as HPLC.

Sample is partitioned between two immiscible
phases, which are chosen to maximize
differences in solubility.

Sample is diluted with solvent compatible with
HPLC mobile phase to avoid column
overload or to be in linear range of
detector.

Gas flow rate critical for trapping efficiency; watch for
aerosol formation, adsorbent overloading, and
irreversible adsorption of reactive analytes; chemical
complexing reagents may be useful to improve
trapping efficiency; purge and trap technique.

Flow rate should be low enough so as not to create
foams or aerosols; complexing agents may be added
to solvent to aid trapping; temperature can be
lowered for very volatile species.

Wide variety of stationary phases available for selective
removal of desired inorganic, organic, and biological
analytes; specialty phases for drugs of abuse,
carbohydrates, catechol amines, and many other
classes of compounds, trace enrichment of water.

Beware of formation of emulsions—break them with
heat, addition of salt (Section 4.4.1.3); change Kp
value by different solvent or chemical-equilbria-
affecting additives (such as buffers for pH adjustment,
salts for ionic strength, complexing agents, ion-pairing
agents, etc.); many published methods; continuous
extractions for low K or large volumes.

To avoid band spreading, solvent should not be too
strong for HPLC mobile phase and should be
miscible with HPLC mobile phase; “dilute and shoot”
is a typical sample preparation method for simple
liquid samples such as pharmaceutical formulations.
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Evaporation

Distillation

Microdialysis

Lyophilization

Suspensions  Filtration

Centrifugation

Sedimentation

Liquid is removed by gentle heating at
atmospheric pressure with flowing air or
inert gas or under vacuum.

Sample is heated to boiling point of solvent,
and volatile analytes are concentrated in
vapor phase, condensed, and collected.

A semipermeable membrane is placed
between two aqueous liquid phases and
sample solutes transfer from one liquid to
the other based on differential
concentration.

Aqueous sample is frozen and water removed
by sublimation under vacuum.

Liquid is passed through paper or membrane
filter to remove suspended particulates.

Sample is placed in tapered centrifuge tube
and spun at high velocity; supernatant
liquid is decanted.

Sample is allowed to settle when left
undisturbed in a sedimentation tank;
settling rate dependent on Stokes’ radius.

Do not evaporate too quickly; bumping can lose sample;
watch for sample loss on wall of container; don’t
overheat to dryness; best under inert gas such as Ny;
rotary evaporator works best; automated systems
(e.g., Turbovap) available.

Mainly for samples that can easily be volatilized; sample
can decompose if heated too high; vacuum distillation
can be used for low-vapor-pressure compounds; steam
distillation is rather gentle since maximum
temperature is 100°C.

Enrichment techniques such as SPE are required to
concentrate dialyzate; microdialysis is used for
examination of extracellular chemicals in living plant
and animal tissue, in fermentation broths; has been
used on-line with micro-LC columns; dialysis with
molecular-weight cutoff membranes can also be used
on-line to deproteinate samples prior to HPLC since
large proteins cannot pass through membranes;
ultrafiltration and reverse osmosis can be used similarly.

Good for nonvolatile organics; large sample volume can
be handled; possible loss of volatile analytes;
inorganics can be concentrated.

Highly recommended to prevent backpressure problems
and to preserve column life; membrane filters must be
compatible with solvent so they don’t dissolve during
experiment; use large-porosity (> 2 um) filters for
maximum flow or small-porosity filters (< 0.2 um) to
remove bacteria.

Quantitatively removing solid sample from tube
sometimes presents practical problem; ultracentrifuge
normally not used for simple particulate removal.

Extremely slow process; manual recovery of different-
size particulates at different levels, depending on
settling rate.




901

TABLE 4.3 Traditional Extraction Methods for Solid Samples

Method of
Sample
Pretreatment

Principles of Technique

Comments

Solid-liquid
extraction

Soxhlet extraction

Forced-flow
leaching

Homogenization

Sonication

Dissolution

Sample is placed in stoppered container and solvent is
added to dissolve analyte of interest; solution is
separated from solid by filtration (sometimes called
‘‘shake/filter” method).

Sample is placed in disposable porous container
(thimble); constantly refluxing solvent flows through the
thimble and dissolves analytes, which are collected
continuously in boiling flask.

Sample is placed in flow-through tube with solvent
flowing through it. Tube is heated to near solvent’s
boiling point.

Sample is placed in a blender, solvent is added, and
sample is homogenized to a finely divided state; solvent
is removed for further workup.

Finely divided sample is immersed in ultrasonic bath with
solvent and subject to ultrasonic radiation. An
ultrasonic probe or ultrasonic cell disrupter can also be
used.

Sample is treated with dissolving solvent and taken
directly into solution with or without chemical change.

Solvent is sometimes boiled or refluxed to improve
solubility; sample is in finely divided state to aid
leaching process; sample can be shaken manually or
automatically; sample is filtered, decanted, or
centrifuged to separate from insoluble solid.

Extraction occurs in pure solvent; sample must be stable
at boiling point of solvent; slow, but extraction is
carried out unattended until complete; inexpensive; best
for freely flowing powders; excellent recoveries (used as
standard to which other solid-extraction methods are
compared).

Suitable for particulate samples; solvent can be pumped
or pushed through with high-pressure N»; smaller
volume of solvent than Soxhlet; yields similar results
and is faster.

Used for plant and animal tissue, food, environmental
samples; organic or aqueous solvent can be used; dry
ice or diatomaceous earth can be added to make
sample flow more freely; small dispersed sample
promotes more efficient extraction.

Dissolution is aided by ultrasonic process; heat can be
added to increase rate of extraction; safe; rapid; best
for coarse, granular materials; multiple samples handled
simultaneously; efficient contact with solvent.

Inorganic solids may require acid or base to dissolve
completely; organic samples often can be dissolved
directly in solvent; filtration may be required after
dissolution.
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TABLE 4.4 Modern Extraction Methods for Solid Samples

Method of Sample
Pretreatment

Principles of Technique

Comments

Accelerated solvent
extraction (ASE)

Automated Soxhlet

extraction

Superecritical fluid extraction

Microwave-assisted
extraction

Thermal extraction

Sample is placed in a sealed container and heated to
above its boiling point, causing pressure in vessel
to rise; extracted sample is removed automatically
and transferred to vial for further treatment.

Combination of hot solvent leaching and Soxhlet
extraction; sample in thimble is first immersed in
boiling solvent, then thimble is raised for
conventional Soxhlet extraction/rinsing with
solvent refluxing and finally, concentration.

Sample is placed in flow-through container and
supercritical fluid (e.g., CO;) is passed through
sample; after depressurization, analyte extracted is
collected in solvent or trapped on adsorbent,
followed by desorption by rinsing with solvent.

Sample is placed in an open or closed container and
heated by microwave energy, causing extraction of
analyte into a solvent.

Form of dynamic headspace sampling but the sample
is heated to much higher (controlled)
temperatures, up to 350°C.

Greatly increases speed of liquid—-solid extraction
process; automated; vessel must withstand high
pressure; extracted sample is diluted and requires
further concentration; safety provisions are
required because of overpressured, high-
temperature solvents.

Manual and automated versions available; uses less
solvent than traditional Soxhlet; solvent is
recovered for possible reuse; decreased extraction
time due to two-step process.

Automated and manual versions available; to affect
“polarity” of SF fluid, density can be varied and
solvent modifiers added; sample collected is usually
concentrated and relatively contaminant-free
because CO, is removed after extraction; matrix
effects extraction process; method development
may take longer than other modern methods.

Extraction solvent can range from microwave
absorbing (MA) to nonmicrowave absorbing
(NMA); in MA, sample is placed in high-pressure
container and heated well above its boiling point
as in ASE; in NMA, container can be open and
there no pressure rise; safety provisions are
required with organic solvents in microwave oven
(MA/NMA) and for high pressures of MA.

System must be constructed of fused quartz or fused
silica so that extracted analytes do not react with
hot metal surfaces; system cold spots should be
avoided; used for low-vapor-pressure compounds.
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with greater precision and accuracy, and (2) dissolve faster and are easier to
extract because of their greater surface area. Methods for reducing the particle
size of solid samples are outlined in Table 4.5.

Grinding with a mortar and pestle is recommended for many solid samples
and most will withstand the thermal rigor of grinding. If the sample contains
thermally labile or volatile compounds, it is important to minimize heating
during the grinding process. If the sample is very hard, a diamond mortar
constructed with a cylinder of hardened steel may be required. A close-fitting
steel rod fits inside the cylinder and the sample is pulverized by hammering
on the rod. If the material is soft, a ball mill is recommended. Here the sample
is placed into a porcelain cylinder containing porcelain, stainless steel, or hard
flint balls. After the cylinder is sealed, it is rotated, shaken, or vibrated until
the material inside is ground into a finely divided state. This material may
then be sieved to achieve a more homogeneous sample.

Malleable or elastic samples such as rubber or plastic must be cooled before
grinding to make them brittle. For this, dry ice can be added directly to a
mortar or ball mill. The dry ice should be prepared from carbon dioxide
that is free from impurities that might contaminate the sample. When lower
temperatures are required to solidify the sample, pulverizing the sample under
liquid nitrogen can be carried out in a freezer mill or cryogenic pulveriza-
tion system.

4.3.2 Drying the Sample

Solid samples are often received for analysis in a damp or wet state. Removal
of water or drying the sample to constant weight is usually necessary for
reliable assay. Inorganic samples such as soil should be heated at a temperature
from 100°-110°C to ensure the removal of moisture. Hydrophobic organic
samples seldom require heating, since water absorption is minimal. However,
organic vapors can also be adsorbed by solid organic samples, and a heating
step can remove these contaminants. For hydroscopic or reactive samples (e.g.,
acid anhydrides), drying in a vacuum desiccator is recommended. Samples that
can oxidize when heated in the presence of air should be dried under vacuum
or nitrogen. Biological samples generally should not be heated to above 100°C,
and temperatures above ambient often should be avoided to avoid sample
decomposition. Sensitive biological compounds (e.g., enzymes) often are pre-
pared in a cold room at less than 4°C to minimize decomposition. Samples of
such materials should be maintained at these low temperatures until the HPLC
analysis step. Freeze-drying (lyophilization) often is used to preserve the
integrity of heat-sensitive samples (especially biologicals). This is carried out
by quick-freezing the sample, followed by removal of frozen water using
sublimation under vacuum.

4.3.3 Filtration

Particulates should be removed prior to injection because of their adverse
effect on column life (Section 5.4.3.1). The most common methods for remov-
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TABLE 4.5 Methods for Reducing Sample Particle Size

Particle-Size-

Reduction Method

Description of How Sample Reduction is Carried Out

Blending
Chopping
Crushing
Cutting
Grinding
Homogenizing

Macerating
Milling

Mincing
Pressing

Pulverizing

Sieving

Mechanical blender chops a semi-soft substance into smaller parts; can also refer to the blending of a
nonhomogeneous sample into a more consistent form.

Mechanically cutting a sample into smaller parts.

Tungsten carbide variable jaw crushers reduce large, hard samples to 1- to 15-mm diameters.

Cutting mills can reduce soft-to-medium hard materials (< 100 mm diameters) by using rotating and stationary cutting
knives; reduced size depends on sieves used in combination with mill.

Mortar and pestle most popular; mechanical mortar grinders automate and standardize grinding to analytical fineness
done manually with a mortar and pestle; both wet and dry grinding are used; fineness of approximate 10-pm
diameters can be achieved.

Making a sample more uniform in texture and consistency by breaking down into smaller parts and blending.

Breaking down a soft material into smaller parts by tearing, chopping, cutting, etc.

Disk mills pulverize < 20-mm-diameter hard samples by feeding between stationary and rotating disks with adjustable
gap settings; generally reduced to 100 um in diameter. Rotor-speed mills combine impact and shearing processes to
grind soft-to-medium hard and fibrous materials down to 80 wm; ball mills grind material to submicron fineness by
developing high grinding energy via centrifugal or planetary actions using agate, tungsten carbide, or PTFE-coated
stainless steel balls; a soil mill will gently pulverize dried samples of soils, sludges, clays, and similar material by
rotating nylon brushes that throw a sample against a chamber wall.

Breaking down a meat or vegetable product into smaller parts by tearing, chopping, cutting, dicing, etc.

Generally refers to squeezing liquid from a semi-solid material (e.g., plants, fruits, meat) for the purposes of further
analysis.

Electromechanically driven rod or vibrating base is used to break particles down mechanically into smaller units; can
be performed in wet or dry state; freezer mill can be used with liquid N; to treat malleable samples.

Passing a sample through a metal or plastic mesh of a uniform cross-sectional area (square openings from 3 um to
123 mm) to separate particles into uniform sizes; both wet and dry sieving can be used.
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ing particulates from the sample are filtration, centrifugation, and sedimenta-
tion. Several approaches to filtration are given in Table 4.6. Paper filtration
is a relatively straightforward technique. The lower the porosity of the filter
medium, the cleaner the filtrate and the longer the filtering time. Vacuum
filtration speeds up this process. Membrane filters can be purchased for piace-
ment into commercial filter holders. However, many HPLC users prefer dis-
posable filters equipped with Luer fittings. Here, the sample is placed in a
syringe and filtered through the membrane using gentle pressure.

A variety of membrane materials with different nominal porosities and
dimensions are available for filtration; manufacturers’ literature provides spec-
ifications. For most samples encountered in HPLC, filters in the range 0.25-
to 2-um nominal porosity are recommended. The porosity values are approxi-
mate and the type of membrane can have some influence on the filtration
range. Membranes with 0.25-um pores remove the smallest of particulates
(and large macromolecules). If the sample contains colloidal material or a
large amount of fine particulates, considerable pressure may be required to
force the liquid sample through the filter. Manufacturers of membrane filters
usually provide detailed information on solvent compatibility. If an inappropri-
ate solvent is used, the filter may dissolve (or soften) and the sample become
contaminated. More expensive, functionalized membranes and SPE disks and
cartridges not only are used for filtration but also remove particulates (Sec-
tion 4.4.2).

44 SAMPLE PRETREATMENT FOR LIQUID SAMPLES

Table 4.2 provides an introduction to sample preparation methods for liquid
samples, but most laboratories need only a few of these procedures. For
example, distillation is limited to volatile compounds, although vacuum distill-
ation for high boilers in environmental samples can extend the application of
this technique [8]. Lyophilization is usually restricted to the purification and
handling of biological samples (Chapter 11). In the following sections we
deal with those methods in more common use in most HPLC laboratories:
liquid-liquid and liquid-solid (solid-phase) extraction.

4.4.1 Liquid-Liquid Extraction

Liquid-liquid extraction (LLE) is useful for separating analytes from interfer-
ences by partitioning the sample between two immiscible liquids or phases.
One phase in LLE often is aqueous and the second phase an organic solvent.
More-hydrophilic compounds prefer the polar aqueous phase, whereas more-
hydrophobic compounds will be found mainly in the organic solvent. Analytes
extracted into the organic phase are easily recovered by evaporation of the
solvent, while analytes extracted into the aqueous phase can often be injected
directly onto a reversed-phase HPL.C column. The following discussion as-
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TABLE 4.6 Filtration in HPLC

Filtration Media

Typical Products

Recommended Use

Comments

Filter paper

Membrane filters

Functionalized
membranes

SPE cartridges

SPE disks

Cellulose

Nylon, PTFE,
polypropylene,
polyester, polyether
sulfone, polycarbonate,
polyvinylpyrrolidone

Ion-exchange membranes,
affinity membranes

Silica- and polymer-based

PTFE- and fiberglass-
based

For removal of larger
particles (> 40 um)

For removal of small
particles (< 10 um)

Can remove both
particulates and
matrix interferences

Can remove both
particulates and
matrix interferences

Can remove both
particulates and
matrix interferences

Beware of filter paper fibers getting into sample; ensure
solvent compatibility of filter paper.

Plug easily with “dirty”” samples; prefiltering may be needed,
porosities from 0.25 to 2 um most popular; possible solvent
compatibility problems; for ultrafiltration membrane filters,
see Section 4.4.3.

Can be plugged with dirty samples; prefiltering may be
needed; possible solvent-compatibility problems.

Particles of silica-bonded phase can pass into filtrate;
plasticizers may extract from syringe barrel and plastic frits;
metallic ions may extract from metal frits; beware of
plugging and batch-to-batch irreproducibility.

Sometimes need filter holder; PTFE membranes are delicate;
can pass large volumes at high flow rate; beware of plugging
and batch-to-batch irreproducibility.
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sumes that an analyte is extracted into the organic phase from an aqueous
sample, but similar approaches are used when the analyte is extracted into
an aqueous phase.

Figure 4.1 summarizes the steps involved in a LLE separation. Since extrac-
tion is an equilibrium process with limited efficiency, significant amounts of
the analyte can remain in both phases. Chemical equilibria involving changes
in pH, ion pairing, complexation, and so on, can be used to enhance analyte
recovery and/or the elimination of interferences. The LLE organic solvent is
chosen for the following characteristics:

- Low solubility in water (< 10%)

- Volatility for easy removal and concentration after extraction

+ Compatibility with the HPLC detection technique to be used for analysis
(avoid solvents that are strongly UV absorbing)

+ Polarity and hydrogen-bonding properties that enhance recovery of the
analytes in the organic phase (see the discussion in Section 2.3.2.1 and
Appendix IT)

- High purity to minimize sample contamination

4.4.1.1 Theory. The Nernst distribution law states that any species will dis-
tribute between two immiscible solvents so that the ratio of the concentrations
remains constant:

G
C

aq

KD=

4.1)

where K is the distribution constant, C, the concentration of the analyte in
the organic phase, and C,q the concentration of the analyte in the aqueous
phase. A more useful expression is the fraction of analyte extracted (E) into
the organic phase, given by

CVo _ KpV

E = =
CoVo + CagVaq 1+ KpV

(4.2)

where V) is the volume of organic phase, V,, the volume of aqueous phase,
and V the phase ratio Vy/V,,.

Many LLE procedures are carried out in separatory funnels and typically
require tens or hundreds of milliliters of each phase. For one-step extractions,
Kp must be large (e.g., > 10) for the quantitative recovery of analyte in one
of the two phases, since the phase ratio V must be maintained within a practical
range of values fe.g., 0.1 < V < 10 (see Eq. 4.2)]. In most separatory-funnel
LLE procedures, quantitative recoveries (> 99%) require two or more extrac-
tions. For successive multiple extractions, with pooling of the analyte phases
from each extraction, the fraction of analyte extracted E is
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E=1- (1_+11?D—V) (4.3)

where n is the number of extractions. For example, if K, = 5 for an analyte
and the volumes of the two phases are equal (V = 1), three extractions (n =
3) would be required for >99% recovery of the analyte. Several approaches
can be used to increase the value of Kp:

- The organic solvent can be changed to increase Kp.

- If the analyte is ionic or ionizable, K, can be increased by suppressing
its ionization to make it more soluble in the organic phase (see the
discussion in Section 4.4.1.2). The analyte can also be extracted into the
organic phase by ion pairing (Section 7.4), provided that the analyte is
ionized and an ion-pair reagent is added to the organic phase.

- Salting out can be used to decrease an analyte’s concentration in the
aqueous phase by the addition of an inert neutral salt (e.g., sodium sulfate)
to the aqueous phase.

4.4.1.2 Practice. Table 4.7 provides examples of typical extraction solvents,
as well as some unsuitable (water-miscible) solvents. Apart from miscibility
considerations, the main selection criteria is the polarity P’ of the solvent
(Table I1.1 of Appendix II) in relation to that of the analyte. The maximum
K value occurs when the polarity of the extraction solvent matches that of
the analyte. For example, extraction of a polar analyte from an aqueous sample
matrix would best be accomplished with a more polar (large P') organic
solvent. An optimum-polarity organic solvent can conveniently be selected
by blending two solvents of different polarity (e.g., hexane and chloroform)
and measuring Kp vs. the composition of the organic phase [9]. The solvent
mixture that gives the largest value of K is then used for the LLE procedure.
Further changes in K can be achieved, with improvement in the separation
of analytes from interferences, by varying organic-solvent selectivity. Solvents
from different regions of the solvent-selectivity triangle (Fig. 2.7, Section
2.3.2.1) are expected to provide differences in selectivity; see also the discussion
in Ref. 10.

In solvent extraction, ionic analytes often can be transferred into either
phase, depending on the selected conditions. For example, consider the extrac-
tion of an organic acid from an aqueous solution. If the aqueous phase is
buffered at least 1.5 pH units above its pK, value, the analyte will be ionized
and prefer the aqueous phase; less polar interferences will be extracted into
the organic phase. If the pH of the aqueous solution is lowered (<<pK,) so
that the analyte is no longer ionized, the analyte will be extracted into the
organic phase, leaving more polar interferences in the aqueous phase. Equilib-
ria involving pH are discussed further in Section 7.2. The principles of acid—
base extraction as a function of pH are the same for LLE and HPLC.
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TABLE 4.7 Extraction Solvents for LLE?
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Aqueous Solvents

Water-Immiscible
Organic Solvents

Water-Miscible
Organic Solvents
(Unsuitable for LLE)

Pure water

Acidic solution

Basic solution

High salt (salting-out
effect)

Complexing agents (ion
pairing, chelating,
chiral, etc.)

Aliphatic hydrocarbons
(hexane, isooctane,
petroleum ether, etc.)

Diethyl ether or other
ethers

Methylene chloride

Chloroform

Ethyl acetate and other

Alcohols (low molecular
weight)

Ketones (low molecular
weight)

Aldehydes (low molecular
weight)

Carboxylic acids (low
molecular weight)

Combination of two or esters Acetonitrile
more of the above Aliphatic ketones (C¢ and Dimethyl sulfoxide
above) Dioxane
Aliphatic alcohols (Ce and
above)

Toluene, xylenes (UV
absorbance!)

Combination of two or
more above

“ Any solvent from the first column can be matched with any solvent of the second column;
water-miscible organic solvents should not be used with aqueous solvents to perform LLE.

If the analyte Kp is unfavorable, additional extractions may be required
for improved recovery (Eq. 4.3). In this case a fresh portion of immiscible
solvent is added to the original sample to extract additional solute, and
all extracts are combined. Generally, for a given volume of final extracting
solvent, multiple extractions are more efficient in removing a solute quantita-
tively than use of a single extraction volume. Back extraction can be used
to reduce interferences further. For example, consider the example of an
organic-acid analyte described above. If the analyte is first extracted at
low pH into the organic phase, polar interferences (e.g., hydrophilic neutrals,
protonated bases) are left behind in the aqueous phase. If a fresh portion
of high-pH aqueous buffer is used for the back-extraction of the organic
phase, the ionized organic acid is transferred back into the aqueous phase,
leaving nonpolar interferences in the organic phase. Thus a two-step back-
extraction allows the removal of both basic and neutral interferences,
whereas a one-step extraction can eliminate one or the other of these
interferences, but not both.

If the Kp value is very low or the required sample volume is large, it
becomes impractical to carry out multiple extractions for quantitative recovery
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of the analyte. Too many extractions are required, and the volume of total
extract is too large (Eq. 4.3). Also, if extraction is slow, a long time may
be required for equilibrium to be established. In these cases, continuous
liquid-liquid extraction can be used, where fresh solvent is continually recycled
through the aqueous sample. Continuous extractors using heavier-than-water
and lighter-than-water solvents have been described [11]; examples are shown
in Fig. 42. In each case an extraction solvent contained in a reservoir is
refluxed continuously, the solvent vapor is condensed and bubbled through
an immiscible sample solution, and the solvent plus extracted analyte is col-
lected and fed back to the original solvent reservoir. In this way, analyte
continually accumulates in the reservoir and is depleted from the sample
solution until all the analyte is extracted from the sample. These extraction
devices can run for extended periods (12 to 24 h); quantitative extractions
(> 99% recovery) can be achieved even for small values of K.

For more efficient LLE, a countercurrent distribution apparatus can provide
a thousand or more equilibration steps (but with more time and effort). This

Condenser Condenser

Condensed
solvent

p Condensed
lg solvent

o o

Solution
containing solutes
to be extracted
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FIGURE 4.2 Apparatus for continuous extraction. (a) Extracting solvent less dense
that the solution from which a solute is being extracted; (b) extracting solvent more
dense that the solution from which a solute is being extracted.
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allows the recovery of analytes having extremely small K, values; countercur-
rent distribution also provides a better separation of analytes from interfer-
ences. Small-scale laboratory units are commercially available. For further
information on the countercurrent distribution process, see Ref. 12.

In some cases, LLE can increase the analyte concentration in the extract
fraction relative to its concentration in the initial sample. According to
Eq. 4.2, by choosing a smaller volume of organic solvent, the analyte concen-
tration can be increased by the volumetric ratio of organic-to-aqueous phases
(assuming complete extraction into the organic phase). For example, assume
100 mL of aqueous sample, 10 mL of organic solvent, and a high K, value
(e.g., Kp > 1000). The concentration of the analyte in the organic phase will
then increase by a factor of 10. For large aqueous/organic solvent ratios the
organic solvent may be partially dissolved by the aqueous phase (Section
4.4.1.3). This effect can reduce the volume of the recovered organic solvent
and make calculation of analyte recovery uncertain. This problem can be
avoided by presaturating the aqueous solvent with organic solvent. Note that
when the solvent ratio Vy/V,q is small, the physical manipulation of the two
phases becomes more difficult.

Microextraction is another form of LLE in which extractions are carried
out with organic/aqueous ratios of 0.001 to 0.01. Analyte recovery may suffer
compared to conventional LLE, but the analyte concentration in the organic
phase is greatly increased and solvent use is greatly reduced. Such extractions
are carried out conveniently in a volumetric flask. The organic extraction
solvent is chosen to have a density less than that of water, so that the small
volume of organic solvent accumulates in the neck of the flask for easy removal.
For quantitative analysis, internal standards should be used and extractions
of calibration standards carried out. Modern autosamplers are capable of
performing microextractions automatically on small volumes of aqueous sam-
ples in 2-mL vials [13].

4.4.1.3. Problems. Some practical problems associated with LLE include:

- Emulsion formation

+ Analytes strongly sorbed to particulates

- Analytes bound to high-molecular-weight compounds (e.g., drugs to pro-
teins)

- Mutual solubility of the two phases

As noted in Fig. 4.3, emulsions are a problem that can occur with certain
samples (e.g., fatty matrices) and solvent conditions. If emulsions are not
“broken” with a sharp boundary between the aqueous and organic phases,
analyte recovery can be affected adversely. Emulsions can be broken by:

+ Adding salt to the aqueous phase
- Heating or cooling the extraction vessel
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=

FIGURE 4.3 Emulsion in a separatory funnel compared to a normal two-phase
system.

- Filtering through a glass-wool plug

- Filtering through phase-separation filter paper

+ Adding a small amount of different organic solvent
+ Centrifuging

If particulates are present in a sample, adsorption onto these particulates
can result in low recovery of the analyte. In such cases, washing the particulates
after filtration with a stronger solvent will recover the adsorbed analyte; this
extract should be combined with the analyte phase from LLE. A stronger
solvent for recovering adsorbed analyte may involve a change in pH, increased
ionic strength, or the use of a more polar organic solvent.

Compounds that normally are recovered quantitatively in LLE may bind
to proteins when plasma samples are processed, resulting in low recovery.
Protein binding is especially troublesome when measuring drugs and drug
metabolites in physiological fluids. Techniques for disrupting protein binding
in plasma samples include:
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- Adding a detergent

- Adding an organic solvent, chaotropic agent, or strong acid
- Diluting with water

- Displacing with a more strongly binding compound

Immiscible solvents have a small but finite mutual solubility, and the mutu-
ally dissolved solvent can change the relative volumes of the two phases.
Therefore, it is a good practice to saturate each phase with the other so that
the volume of phase containing the analyte can be known, allowing accurate
and optimum determination of analyte recovery. The simplest procedure for
saturation is to equilibrate the two phases in a separatory funnel without the
sample, thereby saturating each phase. Aliquots of either phase can then be
used for LLE.

4.4.2 Solid-Phase Extraction

4.4.2.1 SPEvs. LLE. Solid-phase extraction is the most important technique
used in sample pretreatment for HPLC. SPE can be used in a fashion similar
to LLE. Whereas LLE is a one-stage separation process, SPE is a chromato-
graphic procedure that resembles HPLC and has a number of potential advan-
tages over LLE:

- More complete extraction of the analyte

+ More efficient separation of interferences from analytes
- Reduced organic solvent consumption

- Easier collection of the total analyte fraction

- More convenient manual procedures

- Removal of particulates

- More easily automated

Because SPE is a more efficient separation process than LLE, it is easier to
obtain a higher recovery of the analyte. LLE procedures that require several
successive extractions to recover 99+% of the analyte often can be replaced
by one-step SPE methods. With SPE it is also possible to obtain a more
complete removal of interferences from the analyte fraction. Reversed-phase
SPE techniques are most popular, as only small amounts of organic solvent
are required for elution, maintaining a high concentration of analyte (Section
4.42.6). Because there is no need for phase separation in SPE (as in LLE),
the total analyte fraction is easily collected, eliminating errors associated with
variable or inaccurately measured extract volumes. Finally, larger particulates
are trapped by the SPE cartridge and do not pass through into the analyte
fraction.
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Some disadvantages of SPE vs. LLE include:

- Variability of SPE cartridges
- Irreversible adsorption of some analytes on SPE cartridges

The solvents used in LLE are usually pure and well defined, so that LLE
separations are quite reproducible. Conversely, the solid-phase cartridges used
in SPE tend to vary from lot to lot, so that method reproducibility is sometimes
a concern with SPE procedures. The surface area of an LLE device (e.g.,
separatory funnel) is quite small compared with that of an SPE cartridge. For
this and other reasons, irreversible binding of analyte (with lower recoveries)
is less likely with LLE than with SPE.

4.4.2.2 SPEvs. HPLC. Initssimplest form, SPE employs a small plastic dis-
posable column or cartridge, often the barrel of a medical syringe packed with
0.1t00.5 g of sorbent. The sorbent is commonly a reversed-phase material (e.g.,
Cis-silica), and a reversed-phase SPE (RP-SPE) resembles both LLE and
reversed-phase HPLC in its separation characteristics. In the following discus-
sions, we assume RP-SPE unless noted otherwise. The packing is held in the
syringe barrel by frits, just as in an HPLC column. The particle size (> 40-um)
typicallyislarger than thatin HPLC (3 to 10 um). Because of shorter bed lengths,
larger particles, and less-well-packed beds, SPE cartridges are much less effi-
cient (N < 100) than an HPLC column. Because of cost, irregularly shaped pack-
ings (rather than spherical particles) are generally used in SPE. Some SPE
disks, however, do use the more expensive, 7-um spherical SPE packings. Over-
all, the principles of separation, phase selection, and method development for
SPE are similar to those for HPLC (see Chapters 6 and 7). One major difference
between SPE and HPLC is that the SPE cartridge generally is used once and
discarded, since potential interferences may remain on the cartridge.

In SPE, a liquid sample is added to the cartridge and a wash solvent is
selected so that the analyte is either strongly retained (k >> 1) or unretained
(k = 0). When the analyte is strongly retained, interferences are eluted or
“washed” from the cartridge so as to minimize their presence in the final
analyte fraction. The analyte is then eluted in a small volume with a strong
elution solvent, collected, and either (1) injected directly or (2) evaporated
to dryness followed by dissolution in the HPL.C mobile phase. In the opposite
case, where the analyte is weakly retained, interferences are strongly held on
the cartridge and the analyte is collected for further treatment. By either
approach, interferences can be removed from the analytes of interest. The
entire SPE operation is explained in detail in Section 4.4.2.6.

4.4.2.3 Uses of SPE. SPE is used for six main purposes in sample prepa-
ration:

- Removal of interferences and column killers
- Concentration or trace enrichment of the analyte
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- Desalting

+ Solvent exchange

- In situ derivatization

- Sample storage and transport

Interferences that overlap analyte bands in the HPLC separation complicate
method development and can adversely affect assay results. In some cases, a
large number of interferences in the original sample may make it impossible
to separate these from one or more analyte bands with a single HPLC separa-
tion. SPE can be used to reduce or eliminate those interferences. Column
killers such as hydrophobic substances (e.g., fats, oils, greases), polymeric
materials, and particulates, which can either plug or deactivate the HPLC
column, can often be removed by RP-SPE.

SPE can be used to increase the concentration of a trace component. If an
SPE cartridge can be selected so that k >> 1 for the analyte, a relatively large
volume of sample can be applied before the analyte saturates the cartridge
and begins to elute from the cartridge. The net result is a considerable increase
in the concentration of analyte when eluted with a strong solvent (k < 1),
which means an increase in detection sensitivity (called trace enrichment). An
example of trace enrichment is the use of SPE to concentrate sub-parts per
billion concentrations of polynuclear aromatic hydrocarbons [14] or pesticides
[15] from environmental water samples using a reversed-phase SPE cartridge.
A strong solvent (e.g., ACN or MeOH) elutes these analytes from the cartridge
in a small concentrated volume, which saves evaporation time. The sample can
then be redissolved in a solvent compatible with subsequent HPLC separation.
Alternatively, a miscible weak solvent can be added to the SPE eluant to
dilute the stronger solvent and allow direct injection of the resulting sample.

RP-SPE can be used to desalt samples, especially prior to ion-exchange
HPLC. Conditions of pH and %-organic are selected to retain the analyte
initially, which allows inorganic salts to be washed from the cartridge with
water. The analyte can then be eluted (salt free) with organic solvent [16].
The remaining applications of SPE (solvent exchange, in situ derivatization,
and sample storage/transport) are either seldom used or are less relevant to
the intended audience for this book. For details, see Refs. 16 to 18.

4.4.2.4 SPE Devices. Several devices are used for SPE: (1) cartridge,
(2) disk, and (3) coated fiber. The most popular configuration for an SPE
device is the cartridge. A typical SPE disposable cartridge (syringe-barrel
format) is depicted in Fig. 4.4a. The syringe barrel is usually medical-grade
polypropylene, chosen for its purity. If trace levels of impurities such as
plasticizers, stabilizers, or mold-release agents are present in the plastic used
for cartridges, they can be extracted during the SPE process and contaminate
the sample. The outlet of the syringe barrel normally has a Luer tip so that
a needle can be affixed to direct effluent to a small container or vial. The frits
maintaining the particle bed in the cartridge are of PTFE, polypropylene, or
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FIGURE 4.4 Design of SPE devices. (a) Disposable cartridge (syringe-barrel format);
(b) disk with holder (courtesy of Alltech Associates); (¢) SPME fused-silica fiber
mounted on syringe plunger.

stainless-steel construction with a porosity of 10 to 20 um to offer little flow
resistance. SPE cartridges may vary in design to fit an automated instrument or
robotics systems. Cartridges of glass or virgin PTFE are available for ultratrace
analyses (subparts per billion) when the standard syringe-barrel plastics pro-
duce unacceptable concentrations of extractable interferences. SPE cartridges
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are relatively inexpensive, so they are generally used a single time and dis-
carded, because of the danger of sample cross contamination.

To accommodate a wide range of SPE applications, cartridges are also
available with reservoir volumes (see Fig. 4.4a) of 0.5 to 10 mL, with packing
weights of 35 mg to 2 g. For very large samples, ‘‘mega” cartridges have up
to 10 g of packing and a 60-mL reservoir. Cartridges with a larger amount of
packing should be used for ¢dirty” samples that can overload a low-capacity
cartridge. However, cartridges containing 100 mg of packing or less are pre-
ferred for relatively clean liquid samples where cartridge capacity is not an
issue. In most cases, it is desirable to collect the analyte in the smallest possible
volume (e.g., for trace analysis), which means that the SPE cartridge generally
should also be as small as possible.

The second most popular configuration is the SPE disk (Fig. 4.4b), which
combines the advantages of membranes (see below and Table 4.8) and solid-
phase extraction. Disks closely resemble membrane filters in appearance: they
are flat, usually 1 mm or less in thickness with diameters ranging from 4 to
96 mm. The packing in SPE disks generally comprises 60 to 90% of the total
membrane weight. Some disks are sold individually and must be installed in
a reusable filter holder. Others are sold preloaded in disposable holders or
cartridges with Luer fittings for easy connection to syringes. The physical
construction of the SPE disks differs from membrane filters. SPE disks con-
sist of:

- Flexible- or expanded-PTFE networks filled with silica-based or resin
packings

- Rigid fiberglass disks with embedded packing material

- Packing-impregnated polyvinyl chloride

+ Derivatized membranes

SPE disks and cartridges differ mainly in their length/diameter (L/d ) ratio:
disks have L/d < 1 and cartridges have L/d = 1. Compared to SPE cartridges,
this characteristic of the disks permits higher flow rates and faster extraction
(Table 4.8). For example, 1 L of relatively clean water can pass through a

TABLE 4.8 Comparison of a Typical Cartridge and Typical Disk for SPE

Parameter Cartridge Disk
Dimensions (height and diameter) 1.1 X 1.1 em 0.05 X 47 cm
Cross-sectional (top) area 0.95 cm? 11.34 cm?
Packing weight 500 mg 500 mg

Flow at 85 kPa® 30 mL/min 100 mL/min
Linear velocity? 0.525 cm/s 0.15 cm/s
“Typical flow.

b At flow rate specified.
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45-mm-diameter disk in approximately 15 to 20 min, whereas 2 hr is required
when using a 15 X 8-mm cartridge bed. Dirty water or water containing
particulates, such as wastewater, can plug the porous disks, just as in the case
of cartridges. In either case, prefiltering should be used prior to SPE treatment
if the samples contain substantial particulates. Channeling, which causes un-
even flow characteristics with subsequent lower analyte recovery, can occur
with some cartridges. Because the packing material is embedded in the matrix,
channeling is absent with disks. However, due to the thinness of the disk
(typically 0.5 to 2 mm), compounds with low k values tend to have lower
breakthrough volumes than for SPE cartridges.

SPE disks have been found useful for environmental applications such as
the analysis of trace organics in surface water, which often require a large
sample volume to obtain the necessary sensitivity. The U.S. Environmental
Protection Agency has approved SPE technology as an alternative for LLE
in the preparation of water samples for HPLC analysis [19]. Examples of
approved methods include procedures for phenols [20], pesticides and poly-
chlorinated biphenyls (PCBs), haloacetic acids in drinking water [21], and
organochloropesticides in solid wastes [22]. A major advantage of SPE vs.
conventional LLE is reduced consumption of organic solvents. SPE disks and
cartridges require only a few milliliters of solvent per assay, compared to
hundreds of milliliters for comparable multistep LLE separations.

Low-bed-mass, rigid fiberglass disks with 1.5 to 30 mg of embedded packing
material are useful for pretreating small clinical samples (e.g., plasma or serum
[23]). Here, the reduced sorbent mass and cross-sectional area reduce solvent
consumption. An advantage of this type of disk is cleaner extracts due to
reduced elution solvent volume, less interference from weakly retained com-
pounds, and an absence of frits, which are a possible source of contamination.

Packing-impregnated polyvinyl chloride (PVC) disks and sheets provide
capabilities similar to those of the above-discussed PTFE disks [24]. These
membranes have 1-um flow-through pores that allow fast separations. Al-
though designed for protein purification, these disks can be used for other
SPE applications as long as the solvents being used are compatible with PVC.
Unfortunately, not as many stationary phases (i.e., ion exchange and affinity)
are available in PVC disks as in cartridge and PTFE disk formats.

Derivatized membranes differ from sorbent-impregnated disks in that the
membranes are functionalized through chemical reactions. These units are
made from cellulose derivatized with groups such as diethylaminoethyl
(DEAE), quaternary ammonium (QAE), and sulfonylpropy! (SP), and are
therefore useful in the ion-exchange mode.

Coated fibers are used for solid-phase microextraction (SPME). In this
design (Fig. 4.4c), a fine, solid, fused silica fiber is coated with a polymeric
stationary phase such as a polydimethylsiloxane or polyacrylate [25,26]. The
fiber is dipped into the solution to be analyzed, and analytes diffuse to and
partition into the coating as a function of their distribution coefficients. The
fiber is removed from solution and placed into the injection port of an HPLC
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valve, where analytes are displaced with a strong solvent, analogous to the
elution step in cartridge or disk SPE.

For the purposes of brevity, the SPE device discussed in the remainder of
Section 4.4 will be referred to as a typical SPE cartridge. In most cases, other
SPE devices will perform in similarly.

4.4.2.5 SPE Apparatus. The equipment needed to perform SPE can be
very simple (Fig. 4.5). Gravity can be used as the driving force, but flow
through the cartridge is extremely slow and impractical for general use. Thus,
the most useful basic system (Fig. 4.5a) employs a syringe to push solvent or
sample manually through the cartridge. This method may be difficult if the
sample is viscous or contains particulates. In this case, a vacuum flask that can
handle one cartridge at a time may be used instead (Fig. 4.5b). When several
samples must be processed simultaneously, a vacuum manifold system for
processing multiple cartridges at a time is recommended (Fig. 4.5¢). A remov-
able rack is located inside the vacuum manifold to hold test tubes for eluant
collection. In some units a vacuum bleed valve, a flow-control valve, and a
gauge are incorporated to allow better control of the solvent flow. In the most
sophisticated units, individual controls for each cartridge are provided to
ensure that there is an even flow distribution among all the cartridges. Finally,
a sidearm vacuum flask is placed between the vacuum manifold and the
vacuum source to collect rinses and wash solvent.

Regardless of the method used to force the sample solution through the
SPE cartridge or other SPE device, the flow rate should not be too fast.
Otherwise, there may be an insufficient time of contact of the sample with
the stationary phase. For typical SPE applications, a flow rate of 10 mL/min
or less is recommended for most cartridges [27] and 50 mL/min for a
90-mm disk [28].

When the number of samples increases, such that SPE sample preparation
becomes a bottleneck, it becomes feasible to automate the entire process.
There are three basic approaches to SPE automation: (1) dedicated SPE
equipment, (2) modified liquid-handling systems, and (3) robotic workstations.
The simplest and least expensive instrumentation is a dedicated SPE device
which performs conditioning, washing, and elution. Such systems may use
standard syringe barrel cartridges, special cartridges designed to fit the appara-
tus, or SPE disks. Modified liquid-handling systems are used primarily to
perform liquid-handling functions such as dilution, mixing, and internal stan-
dard addition. Several commercial units perform automated SPE.

Robotic systems are the most versatile in performing and assisting in sample
preparation functions. Although a robot can be interfaced to devices that
perform all the steps of the SPE experiment, it is usually more time- and cost-
effective to interface the robot to a dedicated SPE workstation. The robot
serves to move sample containers to and from the SPE workstation as well as
to and from other sample preparation devices (e.g., balances, mixers, dilutors,
autosamples, etc.) located on the laboratory bench.
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(c)
FIGURE 4.5 Schematics of SPE apparatus. (a) Pressurization with syringe (single

cartridge); (b) use of vacuum flask (single cartridge); (¢) schematic of multicartridge
vacuum manifold system.
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4.4.2.6 SPE Method Development

Overview of SPE Separations. The application of SPE generally involves four
steps (Fig. 4.6a-d ):

1. Conditioning the packing

2. Sample application

3. Washing the packing (removal of interferences)
4. Recovery of the analyte

In this discussion it is assumed that the operator is using RP-SPE and that
the analyte is to be retained initially. In step 1 (Fig. 4.6a), carried out prior
to addition of sample, the packing is “conditioned” by the passage of a few
bed volumes of solvent C, typically methanol (MeOH) or acetonitrile (ACN),
through the cartridge. The role of the conditioning step is twofold in that it
(1) removes any impurities that may have collected while the cartridge was
exposed to the laboratory environment, and (2) allows the sorbent to be
solvated. Solvation is important because reversed-phase packings (especially
Cs, Cis, or phenyl) that have been allowed to dry out often exhibit decreased
sample retention. In addition, varying states of SPE phase dryness lead to
nonreproducible analyte recoveries. Methanol is commonly used as condition-
ing solvent for RP-SPE packings or polar-bonded-phase packings such as
cyano, amino, and diol. However, MeOH should not be used for silica gel,
which is strongly deactivated by this solvent; an intermediate-polarity solvent
such as methylene chloride is recommended for unmodified silica.

After the SPE packing is conditioned, the excess methanol (or other sol-
vent) should be removed by a flow of air through the cartridge until solvent
no longer drips from the bottom of the cartridge (step 1a; not depicted in Fig.
4.6). However, the airflow should not be continued past this point, as this can
affect analysis reproducibility (especially with SPE disks). If the SPE packing
is allowed to dry out before the sample is introduced, the conditioning step
should be repeated before proceeding. With RP-SPE separations, removal of
excess methanol can also be accomplished by purging the cartridge with a
solvent that is miscible with the conditioning solvent and the sample (e.g.,
water or a buffer). A preconditioning water wash also serves to ready the
SPE cartridge for introduction of an aqueous sample (step 2; Fig. 4.6b).

Step 2 (Fig. 4.6b) in the SPE experiment involves sample application (load-
ing) where the sample dissolved in a weak solvent is added to the cartridge. This
weak solvent allows strong retention of the analyte. For RP-SPE operations, a
weak solvent is water or buffer, with up to 10% of added organic. For ion
exchange, a similar solvent is acceptable, but the ionic strength of the sample
solution should be as low as possible. See Table 4.9 for further information
on loading solvents.
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tridge with solvent W; (d ) step 4: analyte eluted with strong solvent E; (e} interferences
retained, analyte unretained; washed from cartridge with solvent W,

128



671

TABLE 4.9

Various SPE Phases and Conditions

Mechanism of
Separation

Typical Phases

Structure(s)

Analyte Type

Loading Solvent

Eluting Solvent

Normal phase
Adsorption
Polar-bonded phase

Reversed phase

Nonpolar bonded phase,
strongly hydrophobic

Nonpolar bonded phase,
intermediate
hydrophobicity

Nonpolar bonded phase,
low hydrophobicity

Anion exchange
Weak

Strong

Cation Exchange

Weak

Strong

Silica, alumina,
Florisil
Cyano, amino, diol

Octadecylsiloxane,
octylsiloxane

Cyclohexyl, phenyl,
diphenyl
Butyl, ethyl, methyl

Amino 1°, 2%amino

Quaternary amine

Carboxylic acid

Alkyl! sulfonic acid,
aromatic sulfonic
acid

—SiOH, AIOH, Mg,SiO;

—CN, —NH,,
—CH(OH)—CH(OH)—

(—CH;—)7CHs,
(—CH;—),CH;

—OQO" O

(—CH,—);CH;, —C,Hs, —CH,

(—CH,—)sNH,,
(—CH,—);NHCH,CH;NH,

(—CH,—);N*(CH3),
(—CH,—);COOH

(—CH;—):80;H,

@50;}{

Slightly to moderately

polar
Moderately to strongly

polar
Hydrophobic (strongly
nonpolar)
Moderately nonpolar
Slightly polar to

moderately nonpolar

Ionic (ionizable), acidic

Ionic (ionizable), acidic

Ionic (ionizable), basic

Ionic (ionizable), basic

Low P’ (e.g., hexane, CHCly)
Low P’ (e.g., hexane, CHCl;)

High P’ (e.g., H;0, CH;OH/
H,0, CH;CN/H,0)

High P’ (e.g.. H;O, CH;0H/
H,0, CH;CN/H,0)

High P’ (e.g.,, H;O) to
moderate P (e.g., ethyl
acetate)

Water or buffer
(pH = pK, +2)

Water or buffer
(pH = pK, +2)

Water or buffer
(pH = pK, -2)

Water or buffer
(pH = pK, -2)

High P’ (e.g., methanol,

ethanol)

High P’ (e.g., methanol,

ethanol)

Low P’ (e.g., hexane,

In

CHCl;)

termediate, (e.g.,
methylene chloride,
ethyl acetate)

High P’ (e.g., acetonitrile,

A.
B. pH value where

w P

methanol)
Buffer (pH = pK, -2)

sorbent or analyte is
neutral

. Buffer with high ionic

strength

. Buffer (pH = pK, -2)
. pH value where

analyte is neutral

. Buffer with high ionic

strength

. Buffer (pH = pK, +2)
. pH where sorbent or

analyte is neutral

. Buffer with high ionic

strength

. Buffer (pH = pK, +2)
. pH value where

analyte is neutral

. Buffer with high ionic

strength
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The sample for SPE can be applied with a pipette or syringe, or pumped
into the cartridge. The latter method is more convenient for large sample
volumes (> 50 mL) such as environmental water samples. The sample and
cartridge sizes must be matched so as not to overload the capacity of the
cartridge. The sample solution should be passed through the cartridge without
allowing it to dry out. The flow rate need not be precise in SPE, but it can
be adjusted by varying the vacuum or the rate at which the contents from a
syringe is delivered. Flow rates of 2 to 4 mL/min are usually acceptable.

Step 3 (Fig. 4.6c) provides for the removal of interferences by washing the
cartridge with a solvent W of intermediate strength. Optimally, the wash step
(step 3) is discontinued just before analyte begins to leave the cartridge. In
this way, interferences that are more weakly retained than the analyte are
washed from the cartridge, but no loss of analyte occurs. Water or a buffer
is often used for the wash solvent in RP-SPE, but this may not provide
maximum removal of interferences from the analyte fraction that is collected
in step 4 (Fig. 4.6d). A small controlled amount of organic solvent may be
added to the wash solution to aid in the removal of more hydrophobic sub-
stances; however, care must be taken that the analyte of interest is not removed
at the same time. Because of the variability of the SPE separation from
cartridge to cartridge, there must be some safety margin in the volume of
wash solvent used to remove interferences from the cartridge. The ultimate
goal is 100% recovery of the analyte in step 4 (Fig. 4.6d ); otherwise, low and
variable recoveries will result.

Step 4 (Fig. 4.6d ) provides for elution and collection of the analyte fraction.
If detection sensitivity is a major goal, the analyte should be collected in as
small a volume as possible. This can be achieved with a strong elution solvent
E, so that k = 0 for the analyte band during elution. Alternatively, the use
of a weaker solvent E that still provides elution of the analyte (e.g., k = 1)
will minimize the elution of more strongly retained interferences. This is an
important consideration when late eluters are present in significant amounts,
since these compounds may increase the required run time for the HPLC
separation (see examples of Fig. 8.4). If an intermediate-strength elution sol-
vent E is used with a resulting large volume of the analyte fraction, it is always
possible to evaporate the eluant to dryness and redissolve the analyte in the
HPLC mobile phase to reduce the final analyte-fraction volume. Evaporation
to dryness is often required in any event, since the elution solvent E for SPE
may be too strong a sample solvent for subsequent HPLC separation.

It is desirable to collect the analyte fraction in an elution solvent that will
be a weak mobile phase for subsequent HPLC separation. In this case, larger
volumes of the analyte fraction can be injected more conveniently and with
greater detection sensitivity. There are two ways in which this goal can be
achieved. First, if the analyte is an acid or base, the pH of the sample can be
adjusted to suppress analyte ionization and maximize RP-SPE retention in
steps 2 and 3 (Fig. 4.6b and ¢). Elution of the analyte in step 4 (Fig. 4.6d)
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can then be effected by a change in pH so as to ionize the sample and reduce
its retention. After the analyte fraction is collected, the pH of the fraction
can be readjusted for optimum retention in the subsequent HPLC separation.
A second approach is the use of a “weak” SPE column packing (cyano or
short-chain alkyl), so that the elution solvent need not be so strong. In this case,
a “strong” HPLC column (e.g., Cig) would be used to assay the SPE fraction.

SPE also can be used to retain impurities and allow the analyte(s) of interest
to pass through the cartridge unretained (Fig. 4.6a, b, and e). This option does
not provide for any concentration of the analyte in its SPE fraction. It is also
not possible to separate the analyte from more weakly retained interferences.
Therefore, this SPE mode usually provides dirtier analyte fractions, whereas
the procedure of Fig. 4.6¢c and d allows the separation of analyte from both
weakly and strongly retained sample components. For this reason the proce-
dure of Fig. 4.6e is used much less often for sample pretreatment and is not
discussed further.

SPE Phases. Because SPE is really a low-efficiency adaptation of HPLC,
many phases used in HPLC are also available in SPE versions. Table 4.9 lists
the more popular SPE phases and the analyte types retained by them. Bonded
silicas are used more often, but other inorganic and polymeric materials are
commercially available. In addition to the phases shown in Table 4.9, specialty
phases are available for aldehydes and ketones from air [7], the isolation of
drugs of abuse in urine [29], and catecholamines from plasma [30]. Florisil
(activated magnesium silicate) and alumina are used more frequently in SPE
than in HPLC; many published methods exist [31] for the isolation of pesticides
using Florisil.

SPE cartridge packings are of lower quality and cost than corresponding
HPLC packings, and this probably contributes to the problem of batch-to-
batch retention variability. Whereas basic column packings with minimal sila-
nol interactions are preferred in reversed-phase HPLC (Section 5.2.1), RP-
SPE packings will generally be more acidic, and their silanol interactions will
tend to be more pronounced and more variable from lot to lot. However,
because SPE is usually practiced as an on—off technique, small differences in
retention are less important than in HPLC.

An SPE packing should be selected (Table 4.9) that will retain the analyte
strongly during sample application (Fig. 4.6¢). Ionic or ionizable samples
suggest the use of ion-exchange packings, especially since the analyte can be
eluted with an aqueous mobile phase by a change in pH or an increase in
ionic strength. The analyte fraction can then be injected directly into a re-
versed-phase HPLC column after pH adjustment to minimize analyte ioniza-
tion and optimize its reversed-phase retention. Neutral analytes can be sepa-
rated on either reversed- or normal-phase SPE packings. Normal-phase
packings are recommended for more polar analytes, and RP-SPE packings
are best for less polar, more hydrophobic analytes.
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Guidelines. Before starting SPE method development, it is important to ask:

- What is known about the sample? What are the sample-matrix and analyte
properties (polar or nonpolar, solubility, acid or base)? Does the analyte
have any functional groups that can be exploited to affect a sample cleanup
step? Are they different from the matrix?

- What is the expected analyte concentration or concentration range in
the sample?

- What is the composition of the matrix? Does the matrix have any func-
tional groups that might be exploited to effect a separation? Do any
properties of the matrix suggest that some SPE phases should be avoided?
What are the typical pH and ionic strength of the matrix? Does the matrix
vary from sample to sample?

- What is the goal of sample pretreatment: Removal of interferences?
Increased detection sensitivity? Removal of column killers?

+ Can SPE accomplish the main goal, and is it the best choice?

Answers to these questions can facilitate SPE method development.

An overview of SPE method development is presented in Fig. 4.7. A rough
guide to the selection of preferred conditions is shown, based on the known
characteristics of the analyte (water-soluble vs. organic-soluble, ionic vs. non-
ionic, etc.). Figure 4.7 classifies all analytes into eight different groups (bottom
boxes in Fig. 4.7), and for each group several different SPE phases and elution
solvents are suggested. However, Fig. 4.7 is at best a rough guide to the
selection of final SPE conditions. Other factors besides the nature of the
analyte can be important:

- What interferences are known to be present?

- What is the nature of the sample solvent?

+ Is there a choice of sample solvent?

* What is the major goal of SPE separation for this sample?

A more empirical approach is, therefore, often followed. For example, based
on the known characteristics of the analyte, several SPE phases are possible
choices. Each of these phases can be tested for the retention of analytes and
interferences, allowing a better choice of final conditions. Later in this section
we provide an example of this approach. Some manufacturers assemble SPE
method development kits that provide a selection of phases for testing in this
way. To make phase and solvent selection easier, automated systems are also
available [13,32-35]. These can be programmed to evaluate a number of SPE
phases and eluting solvents.

Solid-phase extraction and HPLC separation are similar, so in each case
the same considerations affect the best choice of mobile and stationary phases.



£el

Organic
sample MW <

2000

Water-soluble?

v

Organic-solvent

soluble?
R A
oni Non-ionic
onic (ion paired) ‘
v ¥ ¥ v
“r S deratel Moderately ‘
" Cationic Anionic Polar Mopz:are y Non-polar Polar polar Non-polar !
| i
Mode CEX AEX n-BPC LSC RPC n-BPC LSC RPC
Phases -COOH Amino -CN, diol, Si0O,, Florisil, | C18, C8, -CN, diol, Si0,, Florisil, | C18, C8,
(WCX), -SO:H | (WAX), 1,2- amino, 1,2- alumina cyclohexyl, amino, 1,2- alumina cyclohexyl,
(SCX) diamino diamino phenyl, C2, diamino phenyl, C2,
(WAX), Quat. C4, -CN C4, -CN
Amine (SAX)
Elution Acidic buffers Basic buffers Cs, CHCI;, Cé, CHC];, Cs, CH]CII, Cs, CHCI;, Cs, CHC';, C5, CHzClz,
Solvents CH,Cl,, CH.Cl, MeOH, H,0O CH,Cl,, CH.Cl,, acetone, ACN,
acetone, EtOAc, MeOH, EtOAc, MeOH, [PA
MeOH, IPA MeOH, IPA acetone MeOH, [PA

FIGURE 4.7 Overview of SPE phase and solvent selection.
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For this reason, Chapters 2, 6, and 7 provide information that can be applied
directly to SPE method development. A literature search on SPE methods
for similar analyte—matrix pairs may also prove useful. SPE cartridge manufac-
turers have published extensive bibliographies (some in searchable electronic
database formats) that can help to locate publications of interest [16,36,37]
or provide initial conditions. Also, some manufacturers provide application
notes for the same or similar compounds, and some offer consulting services
for SPE method development. Table 4.10 provides a partial list of manufactur-
ers that provide SPE packings and supplies.

INITIAL CONSIDERATIONS. Prior to selecting conditions for steps 1 to 4 (Fig.
4.6a-d ), the SPE packing and sample solvent must be chosen. The choice of
packing is discussed in the example later in the section, and further possibilities
are given in Fig. 4.7 and Table 4.9. The main requirement of the packing is
that strong retention of the analyte occurs in the solvent used to dissolve the
sample. When the sample contains ionizable analytes such as organic acids
or amines, a change in pH (rather than a change of solvent) can be used to
retain and remove compounds from a RP-SPE cartridge.

Ion-exchange packings come in two forms: strong and weak (Section
7.5.1.4); strong ion exchangers are normally preferred if strong retention of
the analyte is the main objective. Retention with weak ion exchangers is more
dependent on pH; the choice of pH is a compromise between maintaining
the ionic character of the stationary phase while ensuring that the ionic analyte
is remains in an ionic state. For example, using a carboxylic acid weak cation
exchanger for the separation of protonated amines, the pH must be selected
to ensure that the amine is in its protonated form while the carboxyl group
is negatively charged. Thus pH is a powerful variable in optimizing retention
or in releasing retained analyte from a weak ion exchanger.

To maximize analyte retention in step 2, the sample solvent should be a
weak solvent for the analyte—packing combination. For reversed-phase pack-
ings, water is the preferred sample solvent, with as little added organic as
possible. If the analyte is an acid or base, the pH should be adjusted to
minimize analyte ionization. For normal-phase packings, hexane or other
saturated hydrocarbon is the preferred solvent; the less polar the sample
solvent, the better. For ion-exchange packings, the preferred sample solvent
is water (small amounts of organic are not a problem) at the lowest possible
ionic strength.

When using SPE it is important to run blanks to rule out potential contami-
nation by extractables from the cartridge body, frits, and packing materials.
If contamination is suspected, the cartridge should be rinsed with organic
solvent (e.g., methanol, acetonitrile) or dilute acid (e.g., 0.01 M nitric acid)
prior to use.

STEP 1 (CONDITIONING THE PACKING). This procedure was discussed above.

STEP 2 (SAMPLE APPLICATION). In some cases the sample is presented as a
solution and the question is whether to leave the sample “‘as is” or to exchange
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TABLE 4.10 Typical Suppliers of SPE Cartridges and Disks

Product Supplier Types of Products Specialty Products
Bakerbond J.T. Baker Wide range of silica-based cartridges; 3M SPE  Drugs of abuse; glass body cartridge for trace
disks analysis
Bond Elut Varian Sample Silica- and polymer-based products; 3M SPE Drugs of abuse; SPE-matched HPLC columns;
Preparation Products disks environmental-specific phases
Maxi-Clean Alltech Associates OEM and house-brand products; SPE disks; Cartridges for ion chromatography sample
polymeric cartridges cleanup; robot-compatible cartridges
Sep Pak Waters Chromatography ~ Wide range of cartridges, polymeric cartridges  Large volume SPE cartridges for
environmental applications, air sampling;
specialty cartridges for EPA methods
SupelcoClean  Supelco General-purpose cartridges Drugs of abuse; solid-phase microextraction
HEMA Lida Polymeric-based SPE cartridges PTFE body cartridge for trace analysis; ion
chromatography cleanup cartridges
SPEC Ansys Fiberglass disks and cartridges Drugs of abuse
Isolute International Sorbent General-purpose cartridges Cartridges for trace analysis
Technology
Clean Screen  United Chemical Drugs of abuse Thin-film adsorbent cartridges
Technology
Empore 3M Corp. Sorbent-embedded PTFE disks Environmental disks for specific EPA methods
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the original solvent for a new solvent. Convenience is usually an important
consideration, suggesting use of the original sample solvent if possible. For
aqueous sample solutions, RP-SPE is the preferred choice. If the sample is
dissolved in a hydrocarbon solvent or other nonpolar organic, normal-phase
SPE can be used. Ionic or ionizable analytes will usually be dissolved in water
or a buffer, and either RP-SPE or ion exchange is applicable.

The volume of sample that can be applied to the SPE cartridge depends
on (1) the size and type of cartridge (weight of packing), (2) retention of the
analyte in the sample solvent, and (3) the concentrations of both analyte and
interferences in the sample. Often, it is desired to apply as large a sample
volume as possible, to maximize the concentration of analyte in the isolated
SPE fraction for optimum detection sensitivity in the following HPLC separa-
tion. Although using a larger cartridge allows a larger sample volume, this
may not affect detection sensitivity, since the maximum analyte concentration
in the SPE fraction is determined by the sample volume/packing weight ratio.
Therefore, when the amount of sample available is small, the smallest possible
SPE cartridge that is not overloaded by the sample will be preferred. The
capacity of the cartridge for analyte plus interferences is roughly 10 to 20 mg
per gram of packing.

Once the cartridge size has been selected, the maximum sample volume
can be determined by applying a large volume of sample and collecting small
fractions. The fractions are then assayed for the analyte by HPLC, to determine
the maximum sample volume before breakthrough of the analyte. When carry-
ing out this experiment, the analyte concentration chosen should be the maxi-
mum value expected in the sample. (If the composition of the sample matrix
is likely to vary, the allowable sample volume can also vary.) The final sample
volume selected should be somewhat smaller than the value determined in
this way, to allow for removal of impurities in step 3 without loss of analyte.

StEr 3 (WASHING THE CARTRIDGE). The object of this step is to remove as
much as possible of the early-eluting interferences. This goal can be achieved
by selecting a wash solvent W that provides intermediate retention of the
analyte e.g., 3 < k < 10 under the conditions of separation (in the presence
of the sample matrix)]. The analyst should use as large a volume of wash liquid
as possible, to remove early-eluting impurities while retaining the analyte on
the cartridge. This optimum wash-solvent volume can be determined in the
same way that the maximum sample volume is determined (see above), by
collecting fractions and assaying for the analyte.

There are two approaches for determining the best composition of the
wash solvent. First, SPE method development seldom begins before there is
an HPLC assay for the analyte standard. If the same kind of packing is
intended for both SPE and HPLC (e.g., reversed-phase), the HPLC retention
data can provide an initial estimate for the composition of the wash solvent.
If the HPLC mobile phase is 30% ACN-buffer, the analyst should start with
30% ACN as the wash solvent. If the analyte begins to leave the column
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before 5 to 10 cartridge volumes of wash solvent have been collected and
analyzed [1 cartridge volume (xL) = 1 mg of packing], the wash solvent is
too strong. Decrease % B and repeat the experiment.

A second approach is to apply the sample, then wash the cartridge with 5
to 10 bed volumes of successively stronger solvent (e.g., 25%, 50%, 75%, 100%
B). Monitoring the extraction effluent at each concentration will determine
the elution profile of the sample.

Step 4 (ELUTING THE ANALYTE). The object of this step is to collect all the
analyte in the smallest possible volume while excluding as much as possible
of late-eluting interferences and column killers. A further goal is to obtain
the analyte fraction in a form that can be injected directly onto the HPLC
column. As discussed previously, these various goals are mutually contradic-
tory. The use of a very strong elution solvent (so that k = 0 for the analyte)
minimizes sample volume but makes it less likely that a large volume of the
analyte fraction can be injected onto the HPLC column. An elution solvent
just strong enough to elute the analyte with some retention (e.g., k =~ 2),
minimizes contamination of the analyte fraction by late eluters but increases
the volume and makes it less likely that the total analyte fraction can be
injected directly. Use of a less-polar RP-SPE packing (e.g., cyano) can mini-
mize this problem. When late-cluting interferences are a problem, the best
approach is elution of the analyte with 1 < k < 5. If detection sensitivity is
critical so that all the analyte must be injected for HPLC, evaporation to
dryness and redissolution of the analyte fraction may be required. Evaporation
of aqueous samples is inconvenient, so lyophilization is an alternative. If
normal-phase SPE is used, the analyte fraction will be in an organic solvent
that is more easily removed by evaporation. Normal-phase SPE separation
is also less likely to retain less-polar compounds that tend to elute late in
reversed-phase HPLC.

If the analyte is an acid or base, solvent strength in the washing and elution
steps of RP-SPE can be adjusted by means of a change in pH, as discussed above.
This approach makes it easier to select conditions that allow direct injection of
the total analyte fraction without contaminating the analyte fraction with late
eluters that will increase HPLC separation times. SPE with ion-exchange pack-
ingsis even more likely to furnish an ideal analyte fraction for subsequent HPLC
analysis. Although silica-based HPLC columns generally should not be used
outside a pH range of about 2 < pH < 8 (Section 5.2.3.4) because of packing
dissolution and degradation, the one-time use of SPE cartridges allows a wider
range of pH. The presence of a small amount of dissolved silica or hydrolyzed
bonded phase is unlikely to interfere with subsequent HPLC analysis, If dis-
solved silica in the analyte fractions is a problem, polymeric SPE cartridges are
stable for 1 < pH < 14 and may be a better choice.

Example of SPE Method Development: Isolation of Albuterol from Human
Plasma. The isolation of albuterol (1) will be used to illustrate a typical SPE
method development [38]. This drug is widely employed as a bronchodilator
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in the treatment of asthma. The expected therapeutic concentration of (I) in

HOCH, CHOH — CH—NH— C(CH,),
HO

Y

human plasma is quite low (maximum < 20 ng/mL after ingestion of an
8-mg tablet). Albuterol (MW 239) is a polar, hydrophilic compound with
two ionizable functional groups: a phenol (pK, = 9.4) and a secondary amine
(pK, = 10.0). In aqueous solution it exists primarily in an ionic state at any
pH. For these reasons, albuterol partitions poorly into organic solvents from
aqueous solutions, and an ion-pair isolation based on LLE was attempted
initially. At pH << 10, the addition of an anionic ion-pair reagent to a LLE
system would be expected to ion-pair with (I) and facilitate its extraction into
the organic phase. It was determined subsequently that ion-pair extraction
with diethylhexylphosphoric acid gave a high recovery of analyte in the organic
phase. However, the extract was highly contaminated with endogenous plasma
materials and the resulting HPLC chromatograms exhibited unacceptable
background interferences.

SPE was tried next. There are several polar and nonpolar functionalities
on (I) that might be exploited for SPE retention. Any of five different modes
(nonpolar, cation exchange, anion exchange, polar, affinity) are expected to
retain the drug. A trial-and-error investigation was carried out with these five
modes to find an SPE wash solvent that would best remove interferences from
the cartridge without affecting the analyte. A series of 17 different SPE phases
from these five modes were scouted for best recovery with 23 solvent systems.
Tritiated albuterol was added to human control plasma to investigate the
retention and elution characteristics. Radiochemical analysis was used to assay
column effluents and washings for (I) by collecting fractions and radiocount-
ing. It was found that the ease with which (I) could be eluted from the different
SPE phases was quite variable and dependent on the stationary phase and
the eluting solvent used. Certain eluting solvents did not elute albuterol appre-
ciably from some of the SPE cartridges, and these solvents were noted for
possible use as wash solvents in step 2.

After the scouting experiments, four SPE cartridges (Table 4.11) were
selected for further investigation. These phases appeared initially promising,
extracts showing low levels of endogenous plasma material, good HPLC sys-
tem compatibility, and reasonable recoveries of (1) from plasma. Two SPE
phases (cyano, silica) proved acceptable, with the final method shown in Fig.
4.8. Many other examples of SPE method development can be found in
Refs. 39 to 42 and in commercial reference guides [16,36,37] devoted to this
important sample preparation technique.



44 SAMPLE PRETREATMENT FOR LIQUID SAMPLES 139

TABLE 4.11 SPE Results for Recovery of Albuterol from Plasma

SPE Percent
Cartridge Type Elution Solvent Recovery Comments on Method
Cyano 10% 1 M NH,Ac 89 Clean extract; small volume;
+ 90% MeOH acceptable
Silica Same as above 94 Clean extract; small volume;
acceptable
Phenylboronate 0.1 M H,;S80, 90 Clean extracts; small volume
phase but elution solvent too acidic
for HPLC system;
unacceptable
Cis Isopropanol 92 Extract not clean enough; trace
enrichment not reliable;
unacceptable

4.4.2.7 Column Chromatography for Sample Pretreatment. Prior to the
widespread use of SPE for sample pretreatment, similar separations were
carried out by low-pressure or open-column liquid chromatography (LC). LC
is still used as a sample pretreatment technique, especially for pesticide resi-
dues, drugs or endogenous compounds in biological fluids, and for fraction-
ation of biomolecules on polydextran gels such as Sephadex (Pharmacia,
Uppsala, Sweden). LC is very similar to SPE with disposable cartridges; the
main differences are that (1) the LC column is usually considerably larger
than a SPE cartridge, (2) the LC column is usually packed by the user, and
(3) inorganic packings such as silica, alumina, and Florisil are used predomi-
nantly. Some characteristics of the LC approach are summarized in Table 4.12.

44.3 Membrane Separations

Membranes are usually made from synthetic organic polymers (e.g., PTFE,
nylon, or polyvinyl chloride), cellulose, or glass fibers. Filtration (Section 4.3.3)
and solid-phase extraction with disks (Section 4.4.2.4) represent the major
applications of membranes for sample preparation. Analytes can also be
moved across a membrane by diffusion as a result of chemical or electrochemi-
cal gradients. Ultrafiltration, reverse osmosis, dialysis, microdialysis, and elec-
trodialysis are examples of techniques that use membranes for concentration,
purification, and separation of analytes.

Membranes are produced in many forms: sheet, roll, disk, capsule, cartridge,
spiral-wound, and hollow-fiber forms. Figure 4.9 shows the use of a typical
flat semi-permeable membrane in a flowing dialysis system. Semi-permeable
membranes allow the passage of certain compounds but not others. Micropo-
rous semi-permeable membranes permit selective filtration according to the
size of their micropores. For example, molecular-weight cutoff membranes
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TABLE 4.12 Characteristics of Column Liquid Chromatography vs. SPE for
Sample Pretreatment

Advantages Disadvantages
Easy to collect column effluent Difficult to automate; more
' cumbersome and inconvenient
Can concentrate trace solutes from large Greater chance of sample loss (e.g.,
volume adsorption, degradation, oxidation,
evaporation)
Can work with two LC modes which use More time consuming

incompatible solvents (e.g., LSC using
hexane — RPC with water)
More difficult to quantitate and
reproduce

allow passage of small molecules (i.e., drugs) while precluding passage of
large molecules (i.e., proteins). Porous electrically charged or ion-exchange
membranes have pore walls with fixed positive or negative charges. The pas-
sage of ionic molecules across the membrane is governed by pore size and
membrane charge. In Fig. 4.9 the sample solution (donor) is placed on one
side of the membrane; on the other side is a second liquid (acceptor). In some
cases, interferences diffuse through the membrane, leaving a purified donor
solution. More often, the analyte passes through the membrane into the ac-
ceptor solution, leaving interferences in the donor solution. An advantage of
membrane separation techniques for RP-HPL.C analysis is that both the donor
and acceptor liquids are usually water or buffer. Membrane separations can
be carried out in a static system or in a flowing system, with the latter more
amenable to automation.

With the exception of filtration and SPE membranes, membrane separa-
tion techniques have not been used widely for HPLC sample preparation.
However, for separating large macromolecules such as proteins from small
molecules (i.e., drugs or drug metabolites), flow dialysis using a molecular-
weight-cutoff membrane [43] can yield satisfactory results. Relative to other
sample preparation techniques, membrane separations are slower and less
efficient. Compared to SPE or LLE, membranes are less able to concentrate
the analyte. Migration of neutral small molecules through a semipermeable
membrane is the result of a difference in analyte concentration on either
side of the membrane. Once the concentration becomes equalized, there
is no further migration. Thus successful application of membrane techniques
requires one of the following:

1. The removal of analytes to maintain the differential concentration (ana-
lyte removal is best accomplished by using a static system on the donor
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FIGURE 4.9 Schematic of typical application of a semimembrane in dialysis.

side and a flowing system on the acceptor side, with a means to trap or
concentrate the analyte of interest)

2. A change of chemical state of the analyte (i.e., change from uncharged
to a charged species)

3. The ability to use analyte recoveries << 100% (see the following ex-
ample)

One of the more successful applications of membranes in sample prepara-
tion is the use of flow dialysis coupled to trace enrichment [44]. Flow dialysis
is a membrane separation process in which the donor solution (containing the
analyte) and the acceptor solution flow through channels that are separated
by a semipermeable membrane, most often a molecular-weight-cutoff mem-
brane (as in Fig. 4.9). Small molecules pass freely through the membrane,
but molecules larger than the molecular-weight cutoff cannot penetrate. For
systems prone to formation of emulsions (e.g., the extraction of eggs or fat-
containing products such as milk), flow dialysis has shown to be an effective
isolation technique that uses little or no organic solvent. Solutions with a
high concentration of constituents such as proteins, humic substances, lipid
macromolecules, or colloidal particles can be handled without deterioration
of the membrane for long periods (weeks).

Analytes bound to proteins or trapped in or onto organelles cannot cross
over the membrane boundary. Therefore, dialysis can be a useful technique
to measure free vs. bound concentrations of drug substances. A wide variety
of materials ranging from highly hydrophilic cellulose acetate to hydrophobic
synthetic polymers (e.g., polysulfone) are available to provide unique selectiv-
ity for the membrane separation process.

Supported-liquid membrane enrichment techniques [45] are similar to flow
dialysis, except that a porous PTFE membrane separates the two aqueous
solutions. The technique is a combination of dialysis and liquid-liquid extrac-
tion. Initially, the membrane is impregnated with a water-insoluble organic
solvent (e.g., n-undecane) and is placed in a mounting block. Compounds are
extracted from the donor side into the membrane as a function of their
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solubility in the supported liquid, where they are then reextracted from the
membrane into the acceptor side. A simple example of the use of this technique
is the enrichment of a carboxylic acid from an aqueous donor solution. By
adjusting the pH of the donor solution below the pK, value of the acid, the
ionization of the carboxylic acid is suppressed, allowing the nonionic form to
be extracted into the immobilized liquid on the membrane. The nonionized
acid diffuses through the membrane to the acceptor side, which has a basic
pH where the organic acid is extracted in its ionized form. Therefore, the
carboxylate anion is concentrated since it no longer can reextract into the
membrane. Enrichment factors (concentration of compound on acceptor side
divided by concentration of compound on acceptor side) of several hundred
can be achieved. Placing a sorbent trap or precolumn between the membrane
device and the HPLC instrument enables the analyte to be concentrated
even further. Valve switching (Section 4.6) enables the users to backflush the
concentrated analytes into an HPLC injector. Some examples of supported
liquid membranes include the analysis of aliphatic and aromatic amines in
urine [46], field sampling and measurement of acidic herbicides in natural
waters [47], and chlorophenols in water [48].

Microdialysis sampling, a specialized application of dialysis, uses small
microprobes of fused silica tubing with a membrane at one end [49]. These
probes can be placed in living systems (e.g., rat brain), and the diffusion of
small organic molecules through the membrane can be monitored on-line
by HPLC without disturbing the animal or plant. A microsyringe pump is
used to pump the sample into a loop injector. Small microdialysis probes
inserted into living systems allow analyte sampling studies that would be
precluded by the use of other sample pretreatment methods. In most cases,
no further sample cleanup is needed, and dialysates can be injected di-
rectly into the HPLC column. Microdialysis has proven useful in neurochem-
istry for in vivo studies of brain catecholamines in laboratory rats [50], in
pharmacokinetics for studies of acetoaminophen in subcutaneous tissue [51],
and in bioprocessing for the measurement of inositol triphosphates in a fer-
mentation broth [52]. A disadvantage of microdialysis is that no calibra-
tion methods exist which allow for determining accurate in vivo concentra-
tions.

Ultrafiltration (UF) sampling is similar to microdialysis, except that the
driving force is flow through the membrane as a result of a pressure differential
(10 to 100 psi) across the membrane. As in the case of dialysis, small molecules
collect on the acceptor side. UF probes are slightly bigger than the microdia-
lysis probes, so they cannot be accommodated as well in many living systems.
UF membranes are available with 300 to 300,000 molecular-weight cutoffs.
Some examples of the use of UF in sample preparation are the measurement
of glucose in streptozocin diabetic mice [53] and the in vivo monitoring of
acetaminophen in subcutaneous tissues [51].

UF membranes are also available as self-contained disposable devices for
the hand processing of aqueous biological samples. UF separation is achieved
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by first pouring a sample into a filter cup and then capping and applying air or
gas pressure through the top cap. Concentrated proteins and other molecules
greater than the cutoff rating are retained in the filter cup, while water, salts,
and low-molecular-weight soluble components are collected in the filtrate
collection cup. Examples of UF separation membranes are low-amino-acid
and peptide-binding, regenerated cellulose membranes with 10,000 nominal
molecular-weight cutoff limit (NMWL) and polysulfone membranes with
higher binding capacity for proteins with 10K, 30K, 100K, and 300K NMWL;
both types are available from Millipore (Bedford, Massachusetts).

Dialysis in a flowing system has also proved effective as an on-line sample
preparation technique for the deproteination of biological samples before
HPLC analysis. The acceptor solvent is pumped to a trace enrichment column,
which is later backflushed into the HPLC instrument. These techniques have
been automated and are in routine use in many laboratories [54].

Advantages in the use of membrane procedures over other sample prepara-
tion techniques are:

- The risk of overloading with sample or matrix components is negligible.

- Most membrane processes are performed in a closed flow system that
minimizes contamination and exposure to toxic or dangerous samples.

- The use of organic solvents is minimal.
- The flow system permits easy automation.

On the other hand, membranes have disadvantages compared to other
sample preparation methods. For example, porous membranes are prone to
fouling by particulates or macromolecules; once pores are blocked, flow rates
decrease and membrane effectiveness diminishes. In some cases, samples must
be pretreated before they can be dialyzed or cleaned up using other membrane
techniques. For example, raw milk must first be “decreamed,” and particulates
removed from meat extracts before dialysis [55]. The efficiency of dialysis
(amount of analyte in the acceptor phase divided by the amount of analyte
in the donor phase) generally is only in the range 5 to 10%. With stopped-
flow technique, efficiency can be improved to 30 to 50% [56], but at the expense
of time. However, if a rapid change in donor solution concentration occurs
(as might be the case when sampling in a process environment), the response
time may be too slow for practical application.

45 SAMPLE PRETREATMENT FOR SOLID SAMPLES

A sample must be in a liquid state prior to HPLC analysis. Some insoluble
solids contain soluble analytes such as additives in a solid polymer, fats in
food, and polyaromatic hydrocarbons in soil. Contacting the sample with
solvent allows the extraction of analytes, following which the solvent is sepa-
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rated from the solid residue by decanting, filtration, or centrifugation. The
filtrate is further treated, if necessary, prior to HPLC analysis. Tables 4.3 and
4.4 summarize some techniques used for the extraction (‘‘leaching”’) of soluble
analytes from an insoluble solid matrix.

4.5.1 Traditional Extraction Methods

No one solvent extraction technique can be used for all samples. Table 4.3
lists several traditional methods for the pretreatment of solid samples. Most
of these methods (e.g., Soxhlet extraction and leaching) have been used for
more than 100 years and are accepted by most scientists. Regulatory agencies
such as the U.S. Environmental Protection Agency (EPA), the Food and
Drug Administration (FDA), and their equivalents in other countries readily
approve these classical approaches for extracting solid samples. However,
these methods often use large amounts of organic solvents, which has encour-
aged a trend toward miniaturization.

Solvent extraction can assume many forms. The shake-flask method, in
which solvent is added to the sample followed by agitation, works well when
the analyte is highly soluble in the extraction solvent and the sample is quite
porous. For fast extraction, the sample should be finely divided (Section 4.3.1).
Heating or refluxing the sample in the solvent can speed up extraction. For
faster and more complete extraction, ultrasonic agitation (sonication) often
allows more effective solid—liquid contact. Gentle heating also aids extraction.
Sonication is a procedure recommended for the pretreatment of many solid
environmental samples, such as U.S. EPA Method 3550 for extracting nonvola-
tile and semi-volatile organic compounds from solids such as soils, sludges,
and wastes. In this method, different extraction solvents and sonication condi-
tions are recommended, depending on the type of pollutants and their concen-
tration in the solid matrix.

In forced-flow leaching, the solid is packed into a short stainless steel column
{e.g., 20 X 0.4 cm), and toluene is pumped under pressure (40 psi) through
the column heated at 100 to 110°C. Results are comparable to those of Soxhlet
extraction (below), but the extraction time is significantly reduced (e.g., 24 h
to 0.5 h). Good recoveries of polyaromatic hydrocarbons from coal-ash sam-
ples has been demonstrated by this technique [57]. An advantage of forced-
flow leaching is that the sample is subjected continuously to fresh, hot solvent,
and the effluent from the column is easily collected for further treatment.

Soxhlet extraction has been the most widely used method for the extraction
of solids. In this procedure, the solid sample is placed in a Soxhlet thimble
(a disposable porous container made of stiffened filter paper), and the thimble
is placed in the Soxhlet apparatus. Refluxing extraction solvent condenses
into the thimble and extracts the soluble analytes (Fig. 4.10). The apparatus
is designed to siphon the extract each time the chamber holding the thimble
fills with solution. The siphoned solution containing the dissolved analytes
returns to the boiling flask and the process is repeated until the analyte has
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FIGURE 4.10 Soxhlet apparatus for the continuous extraction of solutes from solids
(pictured with extraction thimble next to it.)

been removed from the solid sample and concentrated in the flask. Soxhlet
extractions are usually slow (12 to 24 h or more), but the process takes place
unattended. The most common extractors use hundreds of milliliters of very
pure (and expensive!) solvent, but small-volume extractors and thimbles are
available for milligram-size samples.

In Soxhlet extraction, fresh, hot extraction solvent is always presented to
the sample, thus providing maximum analyte solubility. Since the flask with
the boiling solvent accumulates the extracted analyte, it must be stable at the
boiling point of the extraction solvent. Method development consists of finding
a volatile solvent (e.g., boiling point < 100°C) that has a high solubility for
the analyte and a low solubility for the solid sample matrix. As the oldest
form of efficient extraction, Soxhlet extraction is the accepted standard for
comparison with newer extraction technologies such as SFE, accelerated sol-
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vent extraction, and microwave-assisted extraction. Modern Soxhlet extractors
(Table 4.4) speed up the extraction process by a factor of 8 to 10 using
a combination of liquid-solid extraction and traditional Soxhlet extraction.
Initially, the sample in the thimble is lowered into the boiling solvent and
eventually raised above the solvent in the traditional Soxhlet fashion, where
the last traces of analyte is extracted with fresh solvent.

4.5.2 Newer Extraction Methods

For many years the solvent extraction methods of Table 4.3 proved adequate
for most laboratories. The newer methods of Table 4.4 were developed to
address an increasing need for greater productivity, faster assays, and increased
automation. Some of these methods are automated, more convenient versions
of the methods of Table 4.3. Other techniques have been developed that are
based on new principles. For the most part, these newer approaches are more
expensive in terms of the initial purchase price but eventually result in lower
cost per sample.

4.5.2.1 Supercritical Fluid Extraction. The physical state of a substance
can be described by a phase diagram that defines regions corresponding to
the solid, liquid, and gaseous states. Points along the curves in the diagram
define situations where there is an equilibrium between two of the phases. In
the phase diagram for carbon dioxide (CO,; Fig. 4.11), the line between liquid
and gas has a terminus (the critical point), unlike the line between solid and
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FIGURE 4.11 Phase diagram for CO, (pressure—temperature).
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liquid. The critical point is defined by the critical temperature T, and critical
pressure P.; beyond the critical point (the supercritical region) a gas cannot
be converted into the liquid state, regardless of pressure. A supercritical
fluid (SF) exhibits gas-like mass transfer properties and liquid-like solubility
properties, enabling it to carry out solvent extractions much more efficiently
and rapidly than a solvent in the liquid state. Today, supercritical fluid extrac-
tion (SFE) is widely used for the extraction of nonpolar and moderately
polar analytes from solid matrices. Several references [58-60] describe the
instrumentation, methods development, and applications of SFE.

Fluids that can be used for SFE include CO,, NH3, N,O, and pentane. N,O
and pentane are flammable, and NH; is chemically reactive and corrosive.
Therefore, CO, is used most often for SFE; it is safe, chemically inert, nontoxic,
noncorrosive, and available in high purity at reasonable cost. CO, is easily
removed from the analyte collected and causes no disposal problems. Low-
density supercritical CO, has the polarity of hexane (i.e., it is nonpolar).
However, SF polarity increases with density, especially near the critical point;
so at its highest density, SF-CO, resembles the polarity of solvents such as
toluene, benzene, and ether.

While pure CO, is able to extract a wide variety of nonpolar and moderately
polar analytes, it is less effective for more polar compounds. In other cases,
CO, may not be able to displace analytes that are strongly adsorbed to the solid
matrix. The addition of a small amount (up to 10% by volume) of polar organic
solvents (methanol, methylene chloride, acetonitrile, etc.) to CO, can enhance
its ability to dissolve more polar analytes and displace these compounds when
they are adsorbed to the sample matrix. The addition of organic solvents to
CO; has a slight effect on values of 7, and P, so that the temperature and
pressure used for pure CO, may require modification.

For environmental analysis, the U.S. EPA has approved several SFE meth-
ods [e.g., total petroleum hydrocarbons, polyaromatic hydrocarbons (PAH),
and organochloropesticides in soils and sludges]. SF-CO, also is an excelient
solvent for fats, making it useful for extractions in the food industry. When
high-fat solvent extracts contact reversed-phase HPLC mobile phases, fat can
precipitate or strongly sorb to the hydrophobic stationary phase, leading to
early column failure. Therefore, SFE can be used as a selective sample prepara-
tion technique to remove some of these column killers.

SFE is also used to separate classes of analytes by discrete changes in
solvent strength (i.e., density stepping or density programming). The sequential
fractionation of hops by density-stepping SFE is one example [61]. In the area
of polymers, the penetrating power of SF-CO, allows the extraction of polymer
additives such as antioxidants and plasticizers in less than an hour. Such
extractions formerly required many hours by Soxhlet or ultrasonic extraction
methods. Pharmaceutical chemists have found SFE useful for extraction of
drugs from tablet formulations and tissue samples.

SFE Equipment. Figure 4.12 is a schematic of a supercritical fluid extractor.
The essential parts include a carbon dioxide source, a pump (syringe or cooled-
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FIGURE 4.12 Block diagram of supercritical fluid extractor.

head reciprocating), an extraction chamber (or thimble) in which the sample
is placed, a restrictor, and an analyte-collection device (normally, a vessel).
Temperature is separately controlled for the pump head, the extraction cham-
ber, the restrictor, and the collection device. The CO, is pumped as a liquid
and remains so until it reaches the extraction chamber, where under the
conditions of temperature and pressure it becomes a SF. The SF passes through
the sample in the thimble for a period of time sufficient to extract the analyte.
Past the thimble, the SF passes through a restrictor, where it depressurizes
and returns to a non-SF state.

Selection of the restrictor is critical. Two types of restrictors are used
primarily: a fixed restrictor consisting of a piece of capillary tubing, or a
variable restrictor controlled by the user. The restrictor serves to control the
supercritical conditions in the thimble and controls the precipitation of the
analyte as the SF is exposed to atmospheric pressure and becomes a gas. The
rapid expansion of the SF at this point causes Joule—Thompson cooling, and
the restrictor must be heated to compensate for this temperature drop. Other-
wise, the restrictor can plug if large quantities of analyte and/or matrix are ex-
tracted.

The analyte is collected just beyond the exit end of the restrictor (impinged
surface) as an aerosol. Three collection (trapping) methods are used: (1) an
empty vessel; (2) a packed trap filled with inert material such as glass or
stainless-steel beads, SPE types of packing (20 to 40 pm), or GC solid pack-
ing materials; or (3) dissolution into a solvent. Analyte volatility determines
the collection temperature and most favorable method for collection. For ex-
ample, empty vessels are not well suited for collecting certain aerosols or
high-volatility compounds since they may be swept along with the CO, gas.
Solvent collection methods may also suffer from aerosol formation, which
may occur when high-velocity CO, gas passes through the liquid. A solvent
should be selected with minimal aerosol formation and with good analyte
solubility, which helps in more effective trapping. Cooling this solvent can aid
in the collection process. Instruments that use a packed trap for collection
require a small dispenser pump to rinse analytes into a vial. The ability to
trap the analyte is most critical and often the most difficult step in SFE.
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SFE Method Development. In SFE, analytes extract differently from different
matrices. For example, different SFE extraction conditions are required for
the same PAH found in soils, fly ash, sludges, and sand. Known analytes
trapped within an aged soil sample are more difficult than freshly spiked
samples to extract [62]. Three criteria govern SFE extraction from a solid
matrix [63]:

1. The relative attraction of the analyte to the matrix

2. The rate at which analyte moves from the matrix into the extraction
solvent

3. The solubility of the analyte in the SF

Temperature affects all three of these factors and is an important variable
in SFE method development. When high-density SF-CO, is unable effectively
to extract the analyte of interest from the matrix, the addition of an organic
solvent modifier can facilitate extraction by (1) solubilization of the analyte,
(2) competition with the analyte for the surface of the matrix, and/or (3)
modification of the matrix for release of the analyte. In the latter case, the
modifier may “swell” or solubilize all or part of the matrix to aid penetration
of the SF-CQO,. In extreme cases, chemical reagents (such as acetic anhydride
for phenols in soil [64]) can be added to the SF to convert the analyte to a
more readily extractable form.

Both polar and nonpolar solvents have been used as SF-CO, modifiers (co-
solvents). The same general rules that guide the selection of solvent mixtures
for non-SF solvent extraction (Section 4.4.1) can be applied to SFE as well.
That is, both solvent polarity (P') and selectivity (Section 2.3.2) are important
in affecting analyte recovery and separation from interferences. For a good
discussion, see Ref 58. When selecting the starting conditions for SFE, the
properties of the analyte are important: molecular weight, functional groups,
polarity, solubility, volatility, pK,, thermal stability, and concentration.
Equally important are the matrix characteristics: particle size, homogeneity,
porosity, composition, solubility, density, and so on. The matrix may also
contain its own modifiers, such as water, fats, and/or oils. If the desired analyte
is polar, matrix water can facilitate the extraction; fats and oils in the sample
may have an opposite effect.

The physical form of the matrix is important is SFE. Preliminary sample
preparation is usually required for bulk materials (solid pellets, hard soils,
vegetable matter): grinding, sieving, drying, mixing, or wetting (Section 4.3).
For non-porous or semi-porous materials, a smaller particle size allows for much
faster extraction. In some cases a pH adjustment or addition of solvent into
the extraction cell may aid the SFE process. Wet matrices such as sludge
may require water removal for good recovery and reproducibility. Adding
anhydrous sodium sulfate or diatomaceous earth to the matrix can produce
a free-flowing powder [65].
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The main variables that affect CO,-SFE are pressure, temperature, flow
rate, co-solvents, and extraction time. Pressure operates in combination with
temperature to control the density of the SF. As pressure and density increase,
the solvating power of the SF increases. Unlimited combinations of tempera-
ture and pressure can provide the same extracting SF-CO, density (g/mL).
For thermally sensitive compounds, lower temperatures are preferred, while
strongly bound analytes require higher temperatures. High flow rates or long
extraction times may be necessary to remove all of the analyte from the
extraction thimble. Low flow rates are preferable when the kinetics of the
extraction process are slow.

As SFE matures, numerous published methods for matrix—analyte pairs
will become available. Often, analysts use trial-and-error methods to optimize
extraction—collection conditions. To aid method development, Fig. 4.13 pro-
vides a generic guide [66]; however, not every sample requires attention to
all these steps. The method-development guide assumes that the analyst begins
with standard samples investigated in the following order:

+ Analytes on an inert matrix (e.g., diatomaceous earth, Celite, or filter
paper); this allows the SF solubility of the analyte to be determined.

- Simulated samples on blank matrices (some blank matrices are offered
as standards by commercial suppliers); alternatively, a typical clean matrix
(as close to the actual sample as possible) should be created.

- Simulated samples on real matrices; when developing an SFE method, it
is customary to compare the results to accepted preparation methods
such as Soxhlet or liquid-liquid extraction.

For readers interested in more detail on SFE method development, consult
Refs. 59 and 60.

4.5.2.2 Microwave-Assisted Solvent Extraction. With a microwave source,
the sample plus extraction solvent are heated directly, as opposed to
conventional heating of the extraction vessel. Two limiting forms of micro-
wave-assisted solvent extraction (MASE) are used: (1) a microwave-absorb-
ing (high dielectric constant) extraction solvent, or (2) a non-microwave
absorbing (low dielectric constant) solvent. In the microwave-absorbing
solvent approach, the sample and solvent are placed in a closed nonmicro-
wave-absorbing vessel. Microwave radiation heats the solvent to a tempera-
ture higher than its boiling point, and the hot solvent provides rapid
extraction of analyte under moderate pressure (usually a few hundred psi).
For these higher-pressure extractions, the containers used are made of
PTFE, quartz, or advanced composite materials that combine optimum
chemical and temperature resistance with good mechanical properties. This
approach has been used for the extraction of additives in polymers, vitamins
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in food, and priority pollutants (polyaromatic hydrocarbons, pesticides,
PCBs) in soils and sediments [67-69].

In the nonmicrowave-absorbing solvent approach [70], the sample and
solvent are placed in an open or closed vessel. The solvent does not become
hot, since it absorbs little of the microwave radiation. The sample, which
usually contains water or other high-dielectric components, absorbs the micro-
wave radiation and releases the heated analytes into the surrounding liquid,
which is selected for good analyte solubility. The latter approach is gentler
because it is performed under atmospheric or low-pressure conditions and can
be used with thermally labile analytes. Examples of the use of non-microwave-
absorbing solvents include extractions of lipids from fish [70] and organo-
chloropesticides from sediment samples [71].

MASE uses less solvent than do conventional Soxhlet or liquid-liquid
extractions. Extraction can be controlled by a number of variables: choice of
extraction solvent, heating time, pulsed heating vs. continous heating, stirring
vs. no stirring, closed container vs. open container (pressure), and external
cooling of vessel vs. no cooling. In a typical microwave oven, multiple samples
can be extracted simultaneously for increased throughput. MASE users are not
exposed to the (often toxic) extraction solvents; however, safety precautions
should be exercised when dealing with microwave radiation and closed pres-
surized containers.

4.5.2.3 Accelerated Solvent Extraction. The extraction vessel can be heated
in a conventional oven instead of using microwave radiation. Accelerated
solvent extraction (ASE) (Dionex Corp., Sunnyvale, California), also known
as enhanced solvent extraction, in closed extraction vessels uses common or-
ganic solvents at high temperature (50 to 200°C) and pressure (150 to 2000 psi)
to extract soluble analytes from solid samples [72,73]. Analyte recovery is
enhanced and accelerated by the higher temperatures, and solvent volume
can be reduced because of the high solute capacity in the heated solvents.
The experimental apparatus used in ASE is similar to that used in SFE: a
pump for transporting solvent into and out of the extraction vessel, extraction
vessels with an automated sealing mechanism to withstand high pressures,
an oven for heating the sample compartment, and collection vials to hold
the collected extracts. ASE consists of the following steps: (1) sample cell load-
ing (typical sample sizes 5 to 20 g); (2) solvent introduction and pressuriza-
tion; (3) sample cell heating (under constant pressure); (4) static extraction;
(5) transfer of extract to sealed vial with fresh vent wash of solid sample;
(6) nitrogen purge of cell; and (7) loading of the sample. Once the sample is
loaded into the extraction cell, the entire process is automated and time
programmable. ASE provides unattended preparation for up to 24 samples se-
rially.

Typical enviromental applications of ASE include the extraction of bases,
neutrals, and acids (BNA), polyaromatic hydrocarbons (PAHs), organophos-



154 SAMPLE PREPARATION

phorus and chlorinated pesticides, and polychlorinated biphenyls (PCBs) from
solid waste samples. Other applications include unbound fat in food and PCBs
in animal tissue tissue [74,75].

4.5.3 Comparison of Methods for Extraction of Solids

Table 4.13 provides a comparison of popular methods for the extraction of
solids. With the exception of microwave-assisted extractions in open contain-
ers, and SFE which uses supercritical CO,, the extraction solvents used in
these techniques are the same. Method-development times, recoveries, and
reproducibility for these methods are roughly equivalent. Main differences
are in speed, organic solvent use, degree of automation, and cost. SFE method
development takes longer because of possible matrix effects and lack of a
thorough understanding of the effect of co-solvents on analyte extraction.
However, optimized SFE methods provide recovery and reproducibility equiv-
alent to these more conventional extraction techniques. ASE, modern Soxhlet
extraction, and SFE are more automated than MASE. MASE, sonication,
and some SFE instruments have the advantage over ASE in that multiple
extractions can take place simultaneously. All of these newer methods save
time, labor, and solvents compared to older extraction methods.

4.6 COLUMN SWITCHING

Column switching (also called multidimensional column chromatography,
coupled-column chromatography, and “boxcar” chromatography) is a power-
ful technique for the separation and cleanup of complex multicomponent
samples. In this approach a portion of the chromatogram from an initial
column (column 1) is transferred selectively to a second column (column 2)
for further separation (see Fig. 4.14a). Column switching (CS) is used for:

- Removal of column killers prior to column 2

- Removal of late eluters prior to column 2

- Removal of interferences that can overlap analyte bands in column 2
- An alternative to gradient elution

- Trace enrichment

The achievement of one or more of these goals often results in increased
sample throughput compared to single-column operation. The basic goal of
CS is to maximize the injection of the analyte band onto column 2 while
minimizing the injection of interfering compounds (i.e., the same goal as in
sample preparation using SPE).

In HPLC, CS is achieved by connecting column 1 to column 2 via a high-
pressure switching valve. In this way, the sample is partially separated on
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TABLE 4.13 Comparison of Extraction Methods for Sample Preparation of Solids

Soxhlet Soxhlet Microwave-Assisted Microwave-Assisted
Parameter (Traditional) (Modern) SFE ASE (ESE) (ceoy (0C)?
Sample size (g) 10-20 10-20 5-10 5-15 2-5 2-10
Solvent volume 200-500 50-100 10-20 10-15 30 20-30
(mL)
Temperature Ambient-40  40-100 40-100 50-150 50-200 100-200 Ambient
o)
Pressure Atmospheric Atmospheric Atmospheric  2000-4000 psi  1500-2000 psi 1500-2000 psi Atmospheric
Time (hr) 12-24 1-4 0.5-1.0 0.2-0.3 0.2-0.3 0.1-0.2
Degree of 0 ++ +++ +++ ++ +4
automation® «
No. samples? 1 6 44 24 12 12
Cost® Very low Moderate High High Moderate Moderate

¢ Closed container.
® Open container.

¢ For the most complete commercial instrument; 0, no automation; +, some automation; + +, mostly automated; +++, fully automated.

4 Maximum number that can be handled in commercial instruments.
¢ Very low, < $1000; low, < $10,000; moderate, $10,000-20,000; high, > $20,000.
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column 1, and a fraction containing the analyte(s) is directed column 2 for
final separation. CS can involve combinations of LC, GC, TLC, SFC, and
CE. In this section, only LC-LC will be disussed. While CS is similar to the
HPLC analysis of fractions provided by SPE (see Section 4.4.2), two major
differences exist:

1. SPE cartridges are used only once and discarded; column 1 in CS is
used repeatedly, although often for fewer injections (e.g., 50 to 100)
than for the usual HPLC column. Therefore, in CS extra washing
steps may be required to ensure that interferences are removed from
column 1. Otherwise, these impurities can impair the performance of
column 1 or show up as extraneous peaks that elute from column 2
in later analyses.

2. Column 1 has a higher efficiency (d,, in the range 5 to 10 um) compared
to an SPE cartridge (d, in the 40-um range). Thus, analyte bandwidths
from column 1 are narrower , which allows better resolution on column
1 compared to an SPE cartridge and cleaner samples for easier final
HPLC separation.

Table 4.14 summarizes some other advantages and disadvantages of CS.
Before making a decision to employ CS, compare these features against
those for off-line separation using SPE or other sample pretreatment
(Table 4.12).

TABLE 4.14 Characteristics of Column Switching vs. SPE plus HPLC

Advantages

Disadvantages

Easy to automate, especially with
modern chromatographs

Less chance of sample loss since
experiment carried out in closed
system

Can configure switching system that
best suits needs (e.g., backflush, heart
cutting, on-column concentration)

Decreased total analysis time

More reproducible

Higher sample throughout

Requires more complex hydraulics (or
pneumatics), switching valves, more
expense

Difficult to handle trace compounds
since very dilute and in large volume;
can compensate for by on-column
concentration (trace enrichment)
method

Solvents from primary and secondary
modes must be compatible both as to
miscibility and strength requirements
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4.6.1 Principle of Operation

Column switching can be carried out either manually or automatically, but
most applications of CS are fully automated. Low-dead-volume switching
valves are used, automatically actuated by timers or time-programmable
events from a microprocessor-based chromatograph. An important experi-
mental requirement for CS is the complete transfer of analyte from column
1 to column 2. This requires close control of the switching time. High-pressure
switching valves are commercially available with from 2 to 10 {(or more)
ports. CS can be carried out with a single pump, but multiple pumps are
usually prefered.

The simplest CS system (see Fig. 4.14a) uses a single pump with a three-
or four-port valve placed between column 1 and column 2. In Fig. 4.14a, the
valve position allows mobile phase from column 1 to bypass column 2 and
flow directly to waste or the detector. In Fig. 4.14b the valve position is
changed to allow mobile phase to pass from column 1 to column 2. An
illustration of the operation and value of CS is provided by Fig. 4.15a—c
This hypothetical sample contains an analyte that elutes at 4.9 min in this
chromatogram. However, late eluters require a run time of 60 min, which is
excessive for a good method. These late eluters can be removed by means of
the CS system of Fig. 4.14a. The same column packing is used in columns 1
and 2 (e.g., 5-um Cg), but the length of column 1 is 3-cm and that of column
2 is 15 cm. Because of the shorter length, the sample clears column 1 in about
12 min (Fig. 4.15b). However, the analyte is poorly resolved from adjacent
bands with this shorter column (and smaller value of N), as indicated by the
peaks with the arrow in Fig. 4.15b. If column 1 is vented to waste prior to
0.5 min, then connected to column 2 for 1 min, and finally vented again to
waste for the next 10 min, a fraction (0.5 to 1.5 min) containing the analyte
is sent to and held in column 2, while the rest of the sample is discarded. This
analyte (arrow) fraction is further separated on column 2 [after returning the
valve to the position shown in (b)], producing the chromatogram of Fig. 4.15¢.
The analyte now is resolved to baseline for accurate quantitation in a run
time of about 9 min. The overall assay time is the sum of the run times in
Fig. 4.15b and c, or about 20 min. This is much shorter than the 60-min run
time in Fig. 4.15a without CS.

The run time of Fig. 4.15¢ with CS can be shortened further if a four-way
valve is used with a second HPLC pump (Fig. 4.14¢). In this way the separations
of samples on columns 1 and 2 can be carried out simultaneously, with a
resulting total run time of about 12 min. An important additional advantage
from the use of two pumps and simultaneous flow through each column is
that pressure pulses due to abrupt changes in flow can be minimized, thus
avoiding a possible loss of column efficiency due to void formation (Section
5.4.3.4). Pressure pulses can also adversely affect the detector baseline. A
restrictor or dummy column is used in Fig. 4.14c¢ to equalize the pressure drop
for either position of the four-way valve. Most practical CS systems use two
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pumps, since by judicious plumbing of columns and valves, a number of
different column-switching operations can be carried out.

4.6.2 Developing a Column-Switching Method: General Considerations

Column switching is simplest and easiest to apply when the same mobile phase
flows through each column, as in the example of Fig. 4.15. In this form of
CS, assuming that columns of the required length are available, the major
requirement is to select valve-switching times that allow the diversion of all
the analyte(s) to column 2 while sending early- and late-eluting interferences
to waste. The switching times can be determined by connecting column 1 to
the detector, as in the dashed line of Fig. 4.144, to obtain a corresponding
chromatogram (as in Fig. 4.15b). For method development, it is best to inject
the analyte standards rather than an actual sample, to avoid problems with
band overlap or misassigned peaks. In the example of Fig. 4.15b, the analyte
band leaves column 1 between 0.9 and 1.1 min. A close control of retention
on column 1 is not always possible, because of changes in the column with
use, as well as the effect of other sample components on retention. Therefore,
a wider window (0.5 to 1.5 min in this example) is usually accepted to ensure
complete transfer of the analyte to column 2.

The procedures of Fig. 4.14 can be extended to other applications, where
different column packings and/or different mobile phases can be used for
columns 1 and 2. Here, the major requirement is that the sample fraction sent
to column 2 be in a solvent that is compatible with the mobile phase used for
column 2. For example, an ion-exchange packing can be used for column 1
and a reversed-phase (RP) packing for column 2, if the mobile phase for
column 1 is an aqueous buffer. In this case, an aqueous sample fraction is sent
to column 2, and thus the sample solvent is weaker than the organic-water
mobile phase for column 2. Similarly, a RP cyano packing could be used for
column 1 and a Cg or C;3 packing for column 2, because the mobile phase
for a cyano column will be weaker than that for a Cg or Cig column (Section
6.2.2). The use of different packings in column 1 vs. column 2 also allows a
change of selectivity between the two columns, which can be used to separate
the analyte from a large number of interferences, as might be found in very
complex samples. An example of this approach is provided in Fig. 6.26 for
the CS assay of parts per trillion of a herbicide in a sample of green oats.

4.6.3 Examples of Column Switching for Sample Cleanup

Some samples contain components that can damage the column if the un-
treated sample is injected. Two rather common examples are found in pharma-
ceutical analysis: (1) the assay of drugs in blood or plasma, and (2) the assay
of drugs in a cream or lotion matrix. Plasma samples contain protein that can
build up on a RPC column and quickly lead to a loss of efficiency. Cream
and lotion formulations contain oils or waxes that are very hydrophobic and
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are retained on RP columns quite strongly. Figure 4.16 illustrates two CS
schemes that were designed to deal with each of these kinds of sample.

The CS arrangement of Fig. 4.16a is used for plasma samples [76]. A Cg
or Cys packing is used in both columns and with the valve position shown in
part (a) the sample leaves the sample valve (I1) and is washed to valve I and
column 1 with an aqueous buffer. The analyte is retained at the inlet of column
1 under these conditions, but protein washes through to waste. Although the
passage of protein through column 1 leads to a loss of its efficiency, this has
no practical impact, because column 1 serves only to “‘trap” the analyte. When
the valve is rotated to the alternate position (dashed lines in Fig. 4.16a), mobile
phase from pump 2 is diverted to valve I so as to backflush the analyte
from column 1 onto column 2 and complete the separation. During further
separation of the analyte on column 2, valve I is returned to its original
position and a new sample is introduced to column 1.

In the system of Fig. 4.16b, a cream formulation serves as sample {77].
Column 1 contains a packing of the same bonded-phase type as in column 2
(e.g., Ci5). However, the packing in column 1 is much less retentive: either
nonporous or a wide-pore, low-surface-area material. The switching valve is
positioned for flow of mobile phase from column 1 to column 2, allowing the
analyte(s) to pass through to column 2, while the strongly retained cream
components are held on column 1. When the analyte has left column 1, the
valve position changes so that pump 1 sends the mobile phase directly to
column 2 for the further separation of the analyte. In the meantime, pump 2
backflushes column 1 to remove the cream components and prepare column
1 for the next sample.

47 DERIVATIZATION

Derivatization involves a chemical reaction between an analyte and a reagent
to change the chemical and physical properties of an analyte. The four main
uses of derivatization in HPLC are to:

1. Improve detectability

2. Change the molecular structure or polarity of analyte for better chroma-
tography

3. Change the matrix for better separation

4. Stabilize a sensitive analyte

Ideally, a derivatization reaction should be rapid, quantitative, and produce
minimal by-products. Excess reagent should not interfere with the analysis or
should be removed easily from the reaction matrix [78-81].

Derivatization often is a last resort when developing a method. The intro-
duction of a reaction pre- or post-column adds complexity plus other sources
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of error to the analysis, and increases the total analysis time. Although these
procedures can be automated, the analyst must ensure that the derivatization
step is quantitative (if necessary), and that no additional impurities are intro-
duced in the analysis. Although derivatization has drawbacks, it may still be
required to solve a specific separation or detection problem.

4.7.1 Detectability

Unlike GC, where derivatization is generally used to improve the volatility
or change the polarity of an analyte, derivatization in HPLC (with the excep-
tion of chiral analysis in Section 4.7.3) is used predominately for the enhance-
ment of analyte detectability. HPLC offers a wide range of separation modes
(i.e., normal- and reversed-phase, chiral, and ion chromatography), and types
of stationary phases and mobile-phase modifiers that can be used to minimize
chemisorption, adsorption, and tailing.

The first consideration in choosing an HPLC derivatization method for
detection enhancement is to decide which type of detection is best. In addition,
a choice of pre- or post-column detection is needed (Section 4.7.2). Many
classes of compounds can be derivatized (Table 4.15), including acids, alka-
loids, amines, antibiotics, barbiturates and related compounds, hydroxy com-
pounds, and steroids [79,82].

The two most common types of derivatization—the addition of a chromo-
phore or fluorophore—allow detection of an analyte that cannot be detected
in its normal form or to increase its sensitivity. Also, several derivatizing
reagents permit electrochemical detection [78]. General considerations in
choosing a derivatizing reagent are [80]:

1. The derivatizing agent must be stable.

2. The derivatizing agent and by-products formed during derivatization
should not be detectable or must be separable from the analyte.

3. The analyte must be reactive with derivatizing reagent under conve-
nient conditions.

4. If possible, reagents should be non-toxic.

5. The procedure should be adaptable to automation.

Many organic reactions can be used for analyte derivatization. However,
for routine use, the best approach is to choose the proper derivatizing reagent
using preprepared derivatization kits with step-by-step instructions. Several
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TABLE 4.15 Functional Group and Derivatization Reagents

Functional Group Chromotags® Fluorotags®
Carboxylic acids, Fatty PNBDI BrMaC
acids, Phosphonic acids DNBDI BrMmC
PBPB
Alcohols DNBC
Dabsyl-Cl
NIC-1
Aldehydes, Ketones PNBA Dansyl hydrazine
DNBA
Amines Fluorescamine
1° OPA
1° and 2° DNBC NBD-Cl1
SNPA NBD-F
SDNPA Dansyl-Cl
Dabsyl-Cl
NIC-1
Amino acids (peptides) SBOA Fluorescamine
SDOBA OPA
Dabsyl-Cl NBD-CI
NBD-F
Dansyl-Cl
Isocyanates PNBPA
DNBPA
Phenols DNBC NBD-CI
Dabsyl-Cl NBD-F
NIC-1 Dansyl-Cl
Thiols Dabsyl-Cl NBD-Cl
NBD-F
OPA

% Chromotag abbreviations: Dabsyl-Cl, 4-dimethylaminiazobenzene-4-sulfinyl; DNBA, 3,5-
dinitrobenzyloxyamine hydrochloride; NIC-1, 1-naphthylisocyanate; PBPB, p-bromophenacyl
bromide; PNBA, p-nitrobenzyloxyamine hydrochloride; PNBDI, p-nitrobenzyl-N,N’-diiso-
propylisourea; DNBDI, 3,5-dinitrobenzyl-N,N’-diisopropylisourea; PNBPA, p-nitrobenzyl-
N-n-propylamine hydrochloride; DNBPA, 3,5-dinitrobenzyl-N-n-propylamine hydrochloride;
SNPA, N-succinimidyl-p-nitrophenylacetate; SDNPA, N-succinimidyi-3,5-dinitrophenylacetate;
DNBGC, 3,5-dinitrobenzy! chloride.

b Fluorotag abbreviations: NBD-Cl, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; NBD-F, 7-fluoro-
4-nitrobenzo-2-oxa-1,3-diazole; fluorescamine, 4-phenylsprio(furan-2(3H),1’-phthalan-3,3-dione;
OPA, o-phthaldehyde; dansyl-Cl, 5-dimethylaminonaphthalene-1-sulfonyl chloride; BrMmC, 4-
bromomethyl-7-methoxycoumarin; BrMaC, 4-bromomethyl-7-acetoxycoumarin.

Source: Ref. 83.
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reagents and derivatization methods are available from commercial sources
(e.g., Regis Technologies, Inc., Morton Grove, Illinois, and Supelco, Belle-
fonte, Pennsylvania).

4.7.1.1 UV Detection. Typically, a reagent used for UV-visible detection
will have two important functional groups. One functional group controls the
reaction of the reagent with the analyte of interest, and the second is used
for UV detection. The chromophore should have a large molar absorptivity,
with an adsorption band that can be used to maximize detection and minimize
background noise. Table 4.16 lists some of the common chromophores used
for UV detection along with their maximum absorption wavelength and their
molar absorption coefficient at 254 nm [80]. Reagents having a molar absorp-
tion coefficient of 10,000 or more allow detection in the low-nanogram range
[78]. Table 4.15 lists commercially available derivatization reagents for UV
detection. The analyte functional groups that these will derivatize are also
shown in this table.

4.7.1.2 Fluorescence Detection. In addition to the considerations above for
derivatizing reagents, fluorescent derivatization reagents require a fluorophore
that possesses intense absorption bands and a large quantum yield [79]. Due
to the special properties required for strong fluorescence response, there are
fewer fluorescent derivation reagents than there are for UV detection [78]
(Table 4.16). An example of the selectivity of fluorescence detection is the
derivatization of catecholamines in biological samples. The reagents that are
commonly used for the derivatization of amino compounds do not provide
sufficient reaction selectivity for the catecholamines. However, reactions have
been developed with trihydroxyindole (THI), ethylenediamine (ED), and 1,2-

TABLE 416 Chromophores of Interest for Enhanced UV Detection

Wavelength of Maximum Molar Absorption

Chromophore Absorption (nm}) Coefficient at 254 nm
Benzyl 254 200
4-Nitrobenzyl 265 620
3,5-Dinitrobenzyl — >10,000
Benzoate 230 Low
4-Chlorobenzoate 236 6,300
4-Nitrobenzoate 254 >10,000
24-Dinitrophenyl — >10,000
Toluoyl 236 5,400
Anisyl 262 16,000
Phenacyl 250 10,000
4-Bromophenacyl 260 18,000
2-Naphthacy) 248 12,000

Source: Ref. 81.
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diphenylethylenediamine (DPE) that are highly selective for catecholamines
(Fig. 4.17). THI provides the most selectivity but does not provide fluorescence
with dopamine. For practical use, DPE is the best choice as the most sensitive
tag for all the catecholemines. This method has been used to measure amines
in human plasma (Fig. 4.18) [84]. The separation can be achieved on a RP
column and requires a simple cleanup step with a cation-exchange solid-phase
extraction cartridge [85].

4.7.2 Pre- and Post-column Derivatization

4.7.2.1 Pre-column Derivatization. There are several advantages for pre-
column derivatization compared to post-column derivation. Pre-column deri-
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FIGURE 4.18 Chromatogram of DPE derivatives of catecholamines in human
plasma. Column: TSK gel ODS-120T (5 um; 150 X 4.6-mm ID); mobile phase: ACN-
MeOH-50 mM tris-hydrochloric acid buffer (pH 7.0) (5:1:4 v/v/v). Peaks with concen-
trations (pmol/mL plasma) in parentheses: 1, norepinephrine (1.72); 2, epinephrine
(0.56); 3, dopamine (0.21); 4, isoproterenol (internal standard, 0.5). (Reprinted with
permission from Ref. 84.)
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vatization has fewer equipment and reaction chemical restrictions; the analyst
can perform the derivatization, then transfer the sample to the appropriate
vial for analysis. Pre-column derivatization can be performed manually or
automated. Several manufacturers of analytical instrumentation or robotics
offer automated pre-column derivatization. There are no time constraints on
the kinetics of the derivatization reaction, provided that all the reagents,
analytes, and derivatized species are stable. Finally, sample preparation proce-
dures described in this chapter can be used to remove undesired by-products,
sample interferences, and if necessary, change the sample solvent to be compat-
ible with the HPLC mobile phase {79,80].

Some drawbacks of pre-column derivatization are the introduction of con-
taminants and loss of analyte through adsorption, undesired side reactions,
possible sample degradation, sample transfer, and incomplete reactions. Also,
additional time is required for derivatization, and the added complexity can
result in poorer method precision.

4.7.2.2 Post-column Derivatization. Post-column derivatization is com-
monly accomplished using a reaction detector where the analyte is derivatized
after the separation but prior to detection. Reaction detector design takes
into account the dispersion of the sample within the reaction system [79]. The
three most common approaches to reactor design are capillary, packed bed,
and air segmented for fast (< 1 min), slow (1 to 5 min), and slower (5 to
20 min) reactions rates, respectively. The main advantages of post-column
derivatization are minimal artifact formation; complete reaction is not essential
as long as it is reproducible and the chromatography of analyte is unaffected.

The drawbacks to post-column derivatization are band broadening for all
but very fast reactions, and the added complexity for both method develop-
ment and routine applications. Important considerations are the kinetic re-
quirements (a maximum reaction time of 30 min for completion) and possible
incompatibility between the mobile phase and derivatizing reagents. Ensuring
reagent and mobile-phase compatability can also complicate HPLC method
development, because the requirements of the derivatization must be consid-
ered along with those of the separation. The best mobile phase for separation
may be incompatible for an optimized derivatization reaction [78].

TABLE 4.17 Functional Groups and Their Derivatives for Chiral Analysis

Functional Groups Derivative

Amino groups Amides, carbamates, ureas, thioureas, sulfamides
Hydroxyl groups Esters, carbonates, carbamates

Carboxy groups Esters, amides

Epoxides Isothiocyanates, olefins (chiral platinum complexes)
Thiols Thioesters

Source: Ref. 79.
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TABLE 4.18 Characteristics of Chiral Analysis via Derivatization

Advantages Limitations

The technique has been studied For diastereomeric compounds the
extensively and there is a wealth of compounds of interest must be
information, making the technique isolated and then derivatized, making
easy and accessible. automation difficult.

The methods use standard HPLC The purity of the derivatizing reagent is
supports and mobile phases. critical, since the presence of

enantiomeric contamination can yield
false measurement.

If detection is a problem, derivatization Enantiomers that have different rates of
for detection and separation can be reaction and/or equilibrium constants
accomplished in one step. give results that do not provide the

true enantiomeric ratios.
Possible racemization of the product
during sample processing.

4.7.3 Chiral Analysis by Derivatization

Unlike derivatization for nonchiral separations, the major use of chiral deriva-
tization is to enhance the separation, not to improve detection. The separation
of chiral compounds by non-derivative means is discussed in detail in Chapter
12. However, the oldest method of chiral separation is derivatization {86].
Thus there is a wealth of information available and several functional groups
have been derivatized, as shown in Table 4.17. Chiral derivatization has been
applied to both reversed- and normal-phase liquid chromatography. The key
to chiral analysis is the ability to react an optically active target molecule with
an optically active reagent.

There are several advantages and limitations to chiral analysis via derivati-
zation (Table 4.18).

TABLE 4.19 Functional Groups and Achiral Reagents®

Functional Group Electron-Accepting CSP Electron-Donating CSP
Carboxylic acids NMA-1 DNA
Alcohols NIC-1 ICDNA
. DNBC
Amines NIC-1 ICDNA
NC-2 DNBC
Amino acids NC-2 DNBC
Thiols NIC-1 ICDNA
DNBC

* Abbreviations in Table 4.15.
Source: Ref. 83.
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In addition to the derivatization of chiral compounds, the use of achirai
reagents can increase the selectivity of the chiral stationary phase (CSP)
toward a chiral analyte. Some compounds do not have distinct enough binding
sites to obtain adequate resolution on a CSP, and derivatization with achiral
reagents allows their separation [83]. Table 4.19 (on page 169) lists the func-
tional group and the reagent of choice as a function of the CSP that will be
used for the separation. Further information on direct chiral separations is
provided in Chapter 12.
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51 INTRODUCTION

The column is the heart of HPLC separation processes. The availability of a
stable, high-performance column is essential in developing a rugged, reproduc-
ible method. Commercial columns can differ widely among suppliers, and
even between supposedly identical columns from a single source. Such differ-
ences can have a serious impact on developing the desired HPLC method.
Specifically, different columns can vary in plate number, band symmetry,
retention, band spacing, and lifetime. In this chapter we give information about
various column supports, stationary phases, and column packings. Problems in
the use of columns are discussed, with appropriate remedies to ensure rugged,
reproducible methods. We also consider the role of “‘good” columns in opti-
mizing a routine HPLC procedure for best results.

When selecting an HPLC column, most users consider column-to-column
reproducibility as very important when developing a method [1]. Chromatog-
raphers dislike having to redevelop HPLC methods for a new column after
they standardize on a particular system. Several manufacturers guarantee the
reproducibility of certain column performance criteria, such as column plate
number (N), selectivity for certain samples and conditions, backpressure (pres-
sure drop), and retention (k) values for specified test solutes. Therefore, the
reputation of the manufacturer for producing superior products is important
to many users. Price is an important factor to some, but the other factors
discussed above usually are more important in developing a rugged, satisfac-
tory method. Column cost is only a small part of the total expense in developing
and using a rugged, dependable HPLC method (see Section 5.3).

52 CHARACTERISTICS OF COLUMNS AND
COLUMN PACKINGS

52.1 Column-Packing Particles

Most column packings used for HPL.C separations make use of a silica particle
(support). Columns based on porous-polymer supports or other materials also
are commercially available for use in certain separations. These non-siliceous
packings are discussed later in terms of their desirability for particular applica-
tions. However, because of widespread use, we emphasize particles with a
silica support and a bonded organic surface layer such as C;g or Cg [1].

Several particle types are available for HPLC applications, as illustrated
in Fig. 5.1. Totally porous microspheres are most commonly used because of
the favorable compromise of desired properties: efficiency, sample loading,
durability, convenience, and availability. These particles are available in a
variety of diameters, pore sizes, and surface areas, so that all types of HPLC
methods can be developed with these materials.
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FIGURE 5.1 Particle types for HPLC. Figures represent approximate relative sizes
of particles used.

Micropellicular particles have a solid core with a very thin outer skin of
interactive stationary phase. These silica-or polymer-based particles, usually
available in 1.5- to 2.5-um sizes, display outstanding efficiency for macromole-
cules because of fast mass transfer kinetics [2,3]. These solid ultramicroparti-
cles have limited sample load characteristics because of low surface areas,
thus are best suited for analysis only. Columns of these ultramicroparticles
generate very sharp (low volume) peaks. Therefore, HPLC equipment with
minimum extra-column band broadening is required to ensure that sharp peaks
are not broadened unnecessarily.

Perfusion particles contain very large pores (e.g., 4000 to 8000 A) through-
out the support and also include a network of smaller interconnecting pores
(e.g., 300 to 1000 A) between these large throughpores. At high flow rates,
solutes can enter (and leave) this pore structure through a combination of
convective (flow) and diffusion [4]. This effect minimizes band broadening,
so that large porous particles resemble smaller particles in terms of column
efficiency but with a fraction of the pressure drop. Experiences with this
particle type are still quite limited, so that practical implications are incom-
plete. However, applications appear to be best suited for the preparative
isolation of macromolecules such as proteins. Perfusion particles are less used
for developing routine analytical separations of small molecules.

Particle size is very important in HPLC. Particle diameters of about
5 wm represent a good compromise for analytical columns in terms of column
etficiency, backpressure, and lifetime. Smaller porous particles (e.g., 3 pm)
are available for faster separations. Pellicular particles as small as 1.5 um are
useful for extremely rapid separations of macromolecules such as proteins
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TABLE 5.1 Desired Particle Characteristics for HPLC Analytical Columns

Feature Utility

5-um totally porous particles Most separations

3-um totally porous particles Fast separations

1.5-um pellicular particles Very fast separations (especially

macromolecules)

+50% (from mean) particle-size Stable, reproducible, more efficient columns
distribution with lower pressure drop

7- to 12-nm pores, 150 to 400 m?/g Small molecule separations

(narrow pore)
15- to 100-nm pores, 10 to 150 m?/g ~ Macromolecular separations
(wide pore)

[2,3]. A narrow particle-size distribution (< *£50% from mean) in all materials
ensures stable, high-efficiency packed beds with minimum pressure drop. On
balance, columns of the 3- or 5-um totally porous microspheres meet the
requirements for most HPLC separations, and we recommend these for most
method-development applications.

Table 5.1 summarizes the desired physical characteristics of particles for
HPLC analysis and the importance of each feature. For separating small
molecules, totally porous particles with 7- to 12-nm (70- to 120-A) pores
typically are used. Porous particles with surface areas of 150 to 400 m?/g are
advantageous for separating small molecules. Table 5.2 lists typical physical
properties for some of the narrow-pore, commercially available C;g3 columns.
Molecules with molecular weights greater than 10,000 Da require particles
with pore diameters larger than 15 nm, to allow easy access of these larger
solutes to interactive surfaces within the pore structure. In every case, the
goal is rapid solute diffusion within the pores and good column efficiency.
Pore diameters at least four times the hydrodynamic diameter of the solute

TABLE 5.2 Physical Properties of Silica Supports for Some C,3 Columns

Surface Area Percent Volume

Column Pore Diameter (nm}) (m%/g) Porosity (mL/mL)
Hypersil ODS 12 170 S7
LiChrosorb Cig 10 355 71
Novapak Cg 6 N/A? N/A?
Nucleosil Cyg 10 350 69
Symmetry C,g 10 335 66

Zorbax ODS 6 300 55

Zorbax Rx, SB, XDB 8 180 50

Source: Taken in part from Ref. 5.
2N/A, not available.
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ensure that restricted diffusion of the solute does not degrade column efficiency
[6]. Surface areas of wide-pore particles range from 10 to 150 m%g, depending
on pore size; wider pores mean smaller surface areas.

5.2.1.1 Silica Packing Particles. As mentioned previously, silica-based
packings are presently the most popular HPLC column packing materials.
This acceptance is based primarily on the favorable physical characteristics
of silica supports. Totally porous silica particles can be prepared with a narrow
pore-size distribution in a wide choice of pore sizes (e.g., 8, 30, 100 nm) and
particle sizes (e.g., 10, 5, 3 uwm). Thus, appropriate packings are available for
both small and large molecules for both analytical and preparative applica-
tions. A strong advantage of most silica particles is their high mechanical
strength. This permits the formation of efficient packed beds that are stable
under high operating pressures for long periods. A major advantage of silica-
based columns is that they provide the highest column efficiency of any of
the materials used to produce packings for HPLC. Rigid, high-strength particles
also produce columns that exhibit lower backpressures and longer lifetimes [7].

Although chromatographic silica is available in both spherical and irregu-
larly shaped particles, columns of spherical particles have some inherent ad-
vantages. The stronger spherical particles are more easily and reproducibly
packed into efficient columns. Columns of irregular particles can initially
exhibit efficiency comparable to that of spherical particles of the same particle
size, but irregular particles often develop higher backpressures during use
(because of ‘““fines” that may form from the fracturing of random-shaped
particles). Larger, irregular particles are used extensively in preparative and
process applications because of lower cost and other considerations (see Chap-
ter 13).

A desirable property of silica supports is that the surface can be chemically
modified with a large variety of bonded phases having different functionalities.
Silica-based packings are compatible with water and all organic solvents, and
no dimensional variation (e.g., swelling) in silica packings occurs with change
in solvents. This feature permits the formation of packed beds that are stable
during use with various solvent types and during gradient elution.

However, silica is not a perfect support for HPLC columns. An unfavorable
characteristic of silica is its solubility at high pH [8]. For satisfactory lifetime,
some silica-based columns (i.e., so-called “‘sil-gel” or xerogel types usually
formed by the precipitation of soluble silicates) should not be used above pH
8. However, columns based on particles formed by the aggregation of silica
sols (called sol-gel types) allow operation to at least pH 9 [S]. At pH > 9 the
silica support can solubilize rapidly in some mobile phases, eventually causing
the packed bed to collapse, with a drastic decrease in column efficiency and
increased peak asymmetry. (However, when used with certain mobile phases,
some sol-gel-based columns can be operated at pH 11 with good results; see
Section 5.2.3.4.) Another undesirable characteristic of some silicas is a surface
acidity that causes problems when separating basic compounds. Fortunately,
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as discussed below, newer, highly purified silica supports are less acidic, thus
minimizing potential problems with basic solutes.

Spherical porous silicas for HPLC are specially synthesized by several
different methods [9]. Figure 5.2 compares the visual appearance (surface
topography, shape, and particle-size distribution) of some commercially avail-
able silica particles. These materials can show different chromatographic prop-
erties because of variations in surface area, purity, pore-size distribution, and
surface chemistry.

The importance of the chemical nature of the unmodified silica surface
resulting from differences in manufacturing procedures has been discussed
[11-14]. Hydrated silicas contain a surface layer of —SiOH (silanol groups).
Silicas heated above 800°C lose most of these silanol groups, and such materials
are of no value in HPLC. For optimum use, silicas for HPLC should be fully
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FIGURES.2 Transmission electron r:nicrographs of some porous silica microparticles.
(Reprinted with permission from Ref. 10.)
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hydroxylated, that is, hydrated with a maximum surface silanol concentration
of about 8 wmol/m?.

The hydrated silica surface can contain various kinds of silanol groups, as
illustrated in Fig. 5.3. As shown at the top of Fig. 5.3, individual silanols exist
as three general types [11,13,15]. These different silanol types can be identified
and measured by magic-angle-spinning (MAS) #Si NMR [16] and diffuse-
reflectance infrared spectroscopy with Fourier transform (DRIFT) [11]. Free
or isolated (non-hydrogen-bonded) silanols generally occur in low concentra-
tions. However, these free silanols can cause strong, deleterious binding of
basic solutes because of their very acidic nature. Therefore, silicas with a higher
concentration of free, more acidic silanols often show increased retention and
broad, tailing peaks for basic samples.

Fully hydroxylated, silica-based packings with the highest concentration of
geminal and associated silanols (Fig. 5.3) are most favored for the chromatog-
raphy of basic compounds. These silica surfaces often contain a significant
concentration of geminal silanols (Fig. 5.3), sometimes 25 to 30% of the
total. Geminal silanols are less acidic than isolated silanols and generally
are “friendly” for separating basic solutes. Associated or hydrogen-bonded
silanols are in the highest concentration for the most desirable, fully hydroxyl-
ated HPLC silicas. These less acidic silanols also are “friendly” for separating
basic solutes. Some commercial silica packings are in a partially hydroxylated
state [11]. Packings from these materials usually are more acidic and less
desirable for separating basic compounds.

The purity of the silica support is of strong concern in separating many
polar compounds. As illustrated at the bottom of Fig. 5.3, some silicas are
contaminated with certain metals (Fe, Al, Ni, Zn, etc.). These metal contami-
nants can complex with chelating solutes, causing asymmetrical or tailing
peaks, or completely retaining compounds so that elution does not occur.
Other metals in the silica lattice (especially aluminum) activate surface silanol
groups so that they are highly acidic [17]. Therefore, highly purified silicas

OH HO OH OH -+ OH
| N/ I I
——§j—— ——Si—— ——Si Si——
Free silanol Geminal silanols Associated silanols
+ OH
M + |
—_———— —_——M—Si——
Surface metal Internal metal

(activated silanol)
FIGURE 5.3 Surface of silica supports for HPLC.
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TABLE 5.3 Typical Trace Element Analysis
of Zorbax Rx-SIL Silica by ICP-AES/MS

Element Content® (ppm)
Na 10

Ca 2

K <3

Al 1.5

Fe 3

Mg 4

Zn 1

“Total: < 35 ppm (no other elements detected, < 1
ppm); 99.995% silica.
Data from Ref. 18.

are needed for many HPLC separations, especially with basic and highly polar
compounds. Some silicas have extremely high purity, as shown by the analysis
in Table 5.3 for one type [5]. Tests have been reported to characterize silicas
for chromatographic properties such as surface acidity and chelation or com-
plexation effects [15,18].

Some chromatographic silicas have been ranked according to their desirabil-
ity as supports in columns for separating basic and acidic compounds. Older,
less-pure, more-acidic silicas (called type A silicas) can be useful for separating
neutral and nonionizable compounds. Newer, highly purified, less-acidic silicas
(called type B) give generally better separations and are recommended for
separating ionic and ionizable compounds, and especially basic materials.
Table 5.4 lists some of these newer silicas that are claimed by manufacturers
to be useful for separating basic compounds. This is a partial list in alphabetical
order of type B silicas for the separation of basic compounds. The list of
Table 5.4 continues to grow rapidly as users and manufacturers recognize the
advantage of columns made from these high-purity chromatographic silicas.

TABLE 5.4 Some Silica-Based Supports and
Columns Proposed for Separating Basic Compounds

Altima RSIL

Betasil Supelcosil ABZ+
DeltaBond Supersphere RP
Encapharm RP Symmetry
Hypersil-BDS Synchropak RP-SCD
Inertsil Techsphere-BDS
Kromasil Vydac

LiChrospher Select B YMC-Basic

Nucleosil AB Zorbax Rx, SB, XDB

Source: Refs, 20 to 23.
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Figure 5.4 compares separations for some basic drugs with C;g columns based
on either type A or type B silica. The column with the less acidic silica support
(type B) produces peaks with superior band shape and column efficiency.
Large differences in retention, band spacing, and peak tailing often occur for
separations performed with different silica supports. Techniques to minimize
these differences are discussed in Section 7.3.3. Because of the inherent advan-
tages of the type B silicas of Table 5.4, it is likely that most HPL.C methods
will be developed with these materials in the future (for both basic and non-
basic samples).

5.2.1.2 Porous Polymers. Columns packed with porous, polymeric particles
can also be useful for developing HPLC methods. Some of these polymer
particles (e.g., polystyrene) are hydrophobic, meaning that they can be used
directly for reversed-phase separations without the addition of a surface
coating. Most polymer particles for reversed-phase HPLC are made of
divinylbenzene-cross-linked polystyrene, similar to those used for resin ion
exchangers. Particles of other polymers, such as substituted methacrylates and
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FIGURE 5.4 Comparison of tricyclic antidepressant separations with columns
of type A and type B silica supports. Columns: 15 X 0.46 cm; mobile phase: 30%
acetonitrile-70% 0.025 M sodium phosphate buffer, pH 2.5 + 0.2% each of triethyla-
mine and trifluoroacetic acid; flow rate: 1.0 mL/min; 40°C; 254 nm detection; 5 uL
injected. (Reprinted with permission from Ref. 19.)
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polyvinyl alcohols, also are commercial but are used less frequently. Both
totally porous and pellicular particles are available. As with silica supports,
porous polymer particles are made with narrow pores for small solutes and
large pores for marcromolecules. The main advantage of porous polymers
is that they are applicable in the pH range 1 to 13. These columns can be
used for separating highly basic solutes at high pH, where compounds exist
in the free or non-ionized form. The use of porous polymers at high pH often
produces good peak shape with highly basic compounds in the non-ionized
state (free base), and Fig. 5.5 illustrates such an application. This approach rep-
resents an alternative to ion-pair chromatography for such compounds
(see Section 7.4 for the ion-pair separation of basic compounds), and has the
advantage that no ion-pair agents must be maintained in the mobile phase.
Another potential advantage is that porous polymers have strong hydrophobic
retention (relative to silica-based C,g columns), which may be useful for ade-
quately retaining highly hydrophilic compounds. Wide-pore porous polymers
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FIGURE 5.5 Chromatogram at pH 11 with porous polymer column: mexiletine with
tablet matrix spiked with 1% of an impurity (I). Column: 12.5 X 0.4-cm Ashipak ODP-
50; mobile phase: 28:72 (v/v) acetonitrile—water pH 11 with diethylamine; flow rate:
0.9 mL/min; 264 nm detection; injection: 20 uL. Note larger extinction coefficient for
impurity. (Reprinted with permission from Ref. 24.)
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also are useful for separating protein samples (see Section 11.2). Because of
their stability at high pH, porous polymers allow the purging of strongly
retained material from the column with 0.1 M sodium hydroxide.

Limitations of porous polymer columns are based on lower column effi-
ciency, compared to silica-based columns with the same particle size. Published
applications typically show less than one-half the plate number for analogous
silica-based columns. A special problem with polymer columns is that this
support swells differently in the presence of various organic modifiers. This
property may contribute to the lower efficiency of polymer columns, since
the packed bed can shift as a result of changes in particle swelling. Particle
swelling can be more noticeable in gradient elution, where the organic solvent
concentration changes during the separation. To minimize possible difficulties,
some workers prefer to dedicate a polymer-based column to an isocratic
separation with a single organic modifier.

Stationary-phase functionality can be changed in silica-based columns so
as to vary selectivity in reversed-phase separations (Section 6.3.3). Porous
polymer particles modified with other functional groups such as C;g, NH,,
and CN also can provide changes in stationary-phase selectivity. However,
only a few functionalities for polymer columns are currently available.

Modified polymer-column packings have a distinct edge for certain ion-
exchange applications. Porous polymers (e.g., divinylbenzene-cross-linked
polystyrene) with ionizable functional groups such as —COOH, —SO;H, NH,,
and NR;* provide the basis for separating a wide range of acidic and basic
compounds. These column packing materials are most used for separating
and isolating materials from biological sources. Here, high-pH operation often
is required for some separations, and for cleaning out endotoxins and other
biological contaminants. In such applications, porous polymers have an advan-
tage of longer stability, compared to silica-based columns. But compared to
silica-based ion exchangers, polymeric ion exchangers usually suffer from the
same limitations as other polymeric column packings: lower column efficiency
and slower separations.

5.2.1.3 Other Inorganic Supports. Columns with other inorganic supports
also are commercially available for developing HPLC methods. These columns
generally are useful for specific applications because of special properties.
However, there is much less experience with these materials than with the
widely used silica-based and porous polymer columns. Underivatized, graphi-
tized carbon is gaining increased acceptance as a column packing for reversed-
phase chromatography. This material is prepared synthetically in porous
spheres with various particle sizes. Separations with this packing are somewhat
different than with silica-based, alkyl bonded-phase columns. The surface of
the graphitized carbon provides the basis for retention—no other stationary
phase is required. This column packing is generally more retentive than alkyl
bonded-phase silicas or porous polymers. Graphitized carbon has proved useful
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for separating certain geometric isomers, as illustrated in Fig. 5.6 (see also Ref.
26). Graphitized carbon columns also are useful for retaining and separating
compounds that are too highly hydrophilic for adequate retention on Cig
bonded-phase columns. For example, polar compounds such as pharmaceuti-
cals have been separated. A specific advantage of these columns is that they
are useful at any pH and temperature, since dissolution in mobile phases used
for HPLC is not a problem.

Limitations of graphitized carbon columns are their lower efficiency and
higher fragility compared to silica particles. Obtaining good peak shapes can
also be a problem with some mobile phase/solute systems, particularly for
components with larger k values. Because of their highly retentive nature,
graphitized carbon columns require the use of highly purified mobile phases.
Impurities tend to collect on the column bed and eventually elute as unwanted
detector background. Adsorbed impurities can irreversibly alter column per-
formance, so a sample cleanup step often is useful in extending column lifetime.
Columns of this material are available only in short lengths and are expensive.
A variety of pore sizes are not available at this time.

Both narrow- and wide-pore alumina particles are available for HPLC.
Alumina is produced in different particle sizes but not in such variety as
chromatographic silicas. Alumina particles are rather strong, so stable column
beds can be prepared with these materials. Untreated aluminas can be used for
normal-phase separations of weakly polar solutes (Section 6.6). For reversed-
phase separations, the alumina support can be coated with a polymeric phase
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FIGURE 5.6 Separation of cis-trans isomers on graphitized carbon column. Sample:
antiasthma agent (LY-170680); column: 10 X 0.46-cm Hypercarb; mobile phase:
630 mL of methanol and 320 mL of dichloromethane, plus 6.8 mL of trifluoroacetic
acid; 1.0 mL/min; UV detector, 238 nm. (Reprinted with permission from Ref. 25.)
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such as polybutadiene [27]. Covalent bonding of alkyl stationary phases
also can be performed through olefin hydrosilation on silicon hydride~
modified alumina support [28]. However, the range of commercially available
stationary-phase functionality is limited.

An advantage of alumina-based packings is that they are useful with mobile
phases up to pH 12. Highly basic compounds can be separated using high-pH
mobile phases without ion-pairing agents. Alumina-based packings cannot be
used for carboxylic acid samples, because these compounds bind irreversibly
to the alumina. Some commercial aluminas also are quite active toward basic
compounds. Except for mobile phases with pH values above 10, alumina-
based packings have applications quite similar to those for silica, with no
obvious advantages. Consequently, alumina columns have not reached the
general level of acceptance of popular silica-based units.

Zirconia-based packings are available for HPLC columns. The preparation
and application of both porous microspheres [29] and nonporous ultramicro-
spheres [30] have been described. However, only columns of polymer-coated
porous zirconia microspheres are commercially available now. These strong
packings are useful with all known HPLC eluants throughout the pH range
1 to 14 and at temperatures up to 100°C. The ability to operate zirconia-based
columns at high pH permits their use for separating highly basic compounds
in the nonionized state. This approach provides an alternative to low-pH or
ion-pair chromatography methods that are commonly used with silica-based-
columns for such compounds. Because developments with zirconia packings
are recent, different particle sizes, porosities, and stationary phases are not
now available. As a result, the important applications and advantages for
zironia column packings over silica- and polymer-based materials are not
yet defined.

An experimental complication with zirconia-based columns is that carbon
dioxide must be rigorously excluded. Otherwise, the zirconia surface strongly
binds carbon dioxide and chromatographic properties change during use [31].
Another cons$ideration is that zirconia also strongly binds fluroide, phosphate,
and other hard Lewis acids. This property suggests that the surface of this
support must be carefully preconditioned with mobile phases containing these
anions, to ensure repeatable separations. Zirconia surfaces also strongly bind
carboxylic and sulfonic acids, perhaps precluding the possibility of separating
mixtures containing these compounds [31].

5.2.2 Column Configuration

Most columns for HPLC method development use straight lengths of stainless-
steel tubing with highly polished interior walls. Compression end fittings attach
these columns to the HPLC apparatus. Stainless steel is useful with ali organic
solvents and most aqueous buffers. However, chloride-containing mobile
phases can slowly cause “‘halide cracking” of the stainless steel (particularly
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at low pH), so these should be used with caution. On balance, however,
stainless-steel columns are recommended for most HPLC applications.

Commercial columns made from glass, glass-lined stainless steel, and plastic
also are available for special applications where samples might interact delete-
riously with stainless steel. However, few problems of this type with stainless-
steel columns are documented. The surface area of the column internal wall
is quite small, so the opportunity for unwanted interaction is low. Samples
that strongly complex with the components of stainless steel (iron, chromium,
and nickel) are most likely to cause problems.

Porous frits close the ends of columns and retain the packing particles.
Typically, 2- and 0.5 um-porosity stainless-steel frits are used for 5- and
3-um particles, respectively. Any problems arising from stainless-steel columns
usually can be traced to the inlet stainless-steel frit, which has a much higher
surface area than column walls for possible deleterious sample interaction.
Poor peak shapes and low sample yields are indications of possible frit prob-
lems. Less-interactive porous titanium and polymer frits are available for this
infrequent problem.

Glass columns, recommended by some for samples of biological origin, are
pressure limited (e.g., << 1000 psi) and restricted in their applications. Glass-
lined stainless-steel columns allow conventional HPLC pressures, but these
units are somewhat fragile and require careful handing. Experiences have
shown that glass columns rarely are needed for separating biological samples
and that (more convenient) stainless steel columns are adequate for most
applications. Rigid polymer (PEEK) columns with polymer fittings are avail-
able for applications where other materials are not appropriate. These columns
have aluminum outer shells that provide additional strength at high operat-
ing pressures.

Columns with soft outer polymer shells also are available. Radial compres-
sion columns (Waters Associates) allow in situ compression of the packing
material by application of hydraulic pressure to the radius of the column.
These columns are available for both analytical and preparative applications.
The advantage of this column type is lower cost and a nonmetal construction.
However, column efficiency and column-to-column reproducibility may be
poorer with this approach, because of potential difficulties in forming an
optimally packed column bed. Thermostatting these columns is also awkward,
and additional hydraulic forming devices are required to connect columns for
longer lengths.

Compression-fitting column types are available with the widest selection
of different packing materials. Well-made columns of this type provide the
highest level of performance and reproducibility. Alternatively, less-costly
stainless-steel cartridge columns also are available in various dimensions with
a wide range of packing materials. Cartridge columns are essentially blank
tubes (without end fittings) filled with packing. Reusable holders or end fittings
connect these packed tubes to the HPLC instrument. These generally less-
costly cartridge columns are attractive for more routine measurements, partic-
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ularly when highest performance is not required. To reduce cost, manufactur-
ers typically do not measure the performance of individual cartridge columns.
Instead, columns are tested by a random selection from a production lot.
However, minimum performance is usually specified and sometimes warranted
for each unit.

Table 5.5 summarizes column configurations that are commercially avail-
able for column packings. Analytical methods usually are best developed with
0.46- or 0.3-cm-ID columns having particles in the range 3 to 10 um. Columns
with 5-um particles generally give the best compromise of efficiency, reproduc-
ibility, and reliability. Columns of 3-um particles allow faster separations or
higher efficiency, as discussed in Section 2.3.3.1. However, a typical complaint
about 3-um particle columns is that they have a tendency to plug more easily,
which greatly reduces column lifetime. Columns with compression fittings are
favored for most applications, particularly those in longer lengths requiring
higher operating pressures. The availability of a variety of analytical column
lengths allow optimization for almost any application.

Columns packed with 3.5-um particles appear to be a good compromise
between high performance and column lifetime [32]. This particle size substan-
tially improves performance over columns of 5-um particles; for the same
column length, equivalent resolution is available in one-half the separation
time [33]. Also, higher flow rates can be used without significant loss in column
efficiency, so that even faster separations can be performed if needed (see
Fig. 5.18). Since 2-um porosity inlet frits are used in columns of 3.5-um
particles, these have much less tendency to plug than the 0.5-pm frits used in
traditional columns of 3-um particles. Columns of 3.5-um particles require a
narrow particle-size distribution with no “fines,” which results in columns
with modest back pressures:”

Columns of 0.3 cm ID reduce solvent consumption to one-half of that of
widely used 0.46-cm units. A fourfold decrease in solvent use occurs with
narrow-bore columns of 0.21 cm, compared to 0.46-cm-ID columns. Microbore
columns of = 0.1 cm ID use even less solvent for separations, and some of
these units are available in lengths up to 25 cm with particles in the range 3

TABLE 5.5 Column Configurations (Stainless Steel)”

Inner

Type Diameter (cm) Length (cm) Particle Size (um)
Analytical

compression fittings 0.3-0.46 3-25 3-10

cartridge 0.3-0.46 7.5, 10 3-10
Microbore 0.1, 0.21 15, 25 3-8
Semipreparative 0.8-1.0 10-25 5-20
Preparative 2.0-50 10-25 5-20

¢ Glass, glass-lined, plastic, and PEEK also available in some configurations.
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to 8 um. A major advantage of microbore columns is higher sample mass-
detection sensitivity. These configurations are best suited for applications
where the sample is mass (not volume) limited. Small-ID columns are espe-
cially useful (and often necessary) when interfacing an HPLC instrument
with mass spectrometers and other instruments requiring small solvent input
volumes. Because of limitations in obtaining homogeneous packed beds with
these narrow-diameter columns, plate numbers sometimes are less than that
obtained with comparable 0.46-cm-ID columns. Also, extra-column effects are
often of overriding importance here, and special instrument components may
be required for acceptable results, especially for column diameters of less
than 0.3 cm.

As indicated in Table 5.5, semi-preparative and preparative stainless-steel
columns with compression fittings are widely available in internal diameters
ranging from 0.8 to 5.0 cm. (Even larger internal diameters are commercial,
but these usually are more suited for pilot-plant and process operation.)
Larger, less efficient particles (e.g., 10 to 15 um) often are packed in these
semipreparative and preparative columns. Column efficiency is not as impor-
tant when separating with a higher sample load (see Section 13.4).

Not listed in Table 5.5 are packed capillary columns of fused silica with
internal diameters as small as 50 um. Available from a few suppliers, these
columns largely are used to interface with mass spectrometers and are not
well suited for most routine applications. A typical column dimension for this
application is 25 or 50 cm X 380 um ID. Particles used in this configuration
generally are 3 or 5 um, but smaller particles have been reported. Special
instrumentation is definitely required when using these columns because of
very small peak volumes and the likelihood of extra-column peak broadening.

5.2.3 Stationary Phases

5.2.3.1 Bonded Silanes. Silica-based reversed-phase packings typically are
made by covalently bonding an organosilane or by depositing a polymeric
organic layer on the support surface. Most widely used are packings with
surface-reacted organosilanes using the reactions shown in Fig. 5.7. Many
bonded-phase packings are made with monofunctional reagents, as shown in
Fig. 5.7a. Some commercial packings use a polymerized surface layer resulting
from the reaction of trifunctional (also sometimes bifunctional) silanes with
the silica surface (Fig. 5.7b and ¢). The approach in Fig. 5.7¢ is typically carried
out with R groups that would react with chlorosilanes (e.g., amino or diol
phases). These reactions usually involve trifunctional silanes [e.g., (EtO);—
Si—(CH,);—NH;] that are more difficult to reproduce.

Figure 5.8 shows various types of covalently bonded silanes used with silica
supports. Figure 5.8a illustrates the lightly vertical-polymerized phase from
the reaction of di- or trifunctional silanes. Polymeric bonded phases from such
reactions may be more stable than monomeric phases at low pH. However,
packings made in this manner can be more variable with respect to retention
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FIGURE 5.7 Chemistry of bonded-phase packings. (a) Reaction of surface silanol
with chlorodimethylsilane; (b) reaction of surface silanols with trifunctional silane;
(c) reaction of surface silanols with trifunctional alkoxysilane.

and selectivity compared with monofunctional phases. Figure 5.8b shows an-
other type of bonded silane surface, called horizontal polymerization. These
materials have been reported to exhibit superior stability in low- and high-
pH environments [35], but definitive application data regarding retention,
stability, and reproducibility characteristics are not available.

A wide variety of column packings with the menomeric structures illustrated
in Fig. 5.8c and d are commercially available- The most commonly used process
(Fig. 5.7a) involves the reaction of monofunctional chlorodimethylsilanes with
silanol surface groups. Various alkyl and substituted alkyl silicas are made
by this reaction, for example, n-octadecylsilane (ODS or C;g) bonded-phase
materials. An advantage of monofunctional silane reactions as in Fig. 5.7a is
that they are reproducible. One silanol group reacts with one silane molecule,
producing predictable structures. Packings made by this route often exhibit
the highest efficiency because of fast diffusion in and out of the thin stationary-
phase layer (favorable kinetics). Available in this group are both dimethyl-
substituted and the sterically protected structures discussed below.

Many manufacturers attempt to densely (“‘completely”) react the silica
surface with the silane. However, because of the steric bulk of the bonded-
phase ligands, all of the silanol groups on the surface cannot be reacted. As
shown in Table 5.6, as the chain length or bulk of the silane increases, the
percent of reacted silanol groups decreases. Even with the smallest silane
(trimethyl or C,;), almost 50% of the silanol groups remain unreacted on the
surface. These silanol groups are located under an ‘“umbrella” of organic
silane ligands but are still available for electrostatic interaction with appro-
priate solutes. Techniques to minimize the undesired effects of residual silanol
groups while developing reproducible and rugged methods are the subject of
Chapter 7.
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FIGURE 5.8 Types of Cys silane bonded phases. (Reprinted with permission from
Ref. 34.)

Some manufacturers of columns with silane bonded phases (e.g., Cs Cis)
use a process called endcapping to fully react (silanize) the silica support
surface. Endcapping consists of a subsequent reaction of the bonded packing
with a small silane such as trimethylchlorosilane, dimethyldichlorosilane, or
(less often) hexamethyldisilazane. This approach increases coverage of the
support by reacting some residual silanol groups to minimize unwanted interac-
tions with solutes. However, endcapping cannot completely overcome the
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TABLE 5.6 Effect of Silane Bonded-Phase Chain Length and Bulk on Silica
Surface Coverage

Bonded Phase Surface Coverage (umol/m?)  Reacted Silanols® (%)
Trimethyl 4.1 51
Dimethyl-3-cyanopropyl 3.6 45
Dimethyl-n-butyl 35 44
Dimethyl-n-octyl 32 40
Dimethyl-n-octadecyl 2.7 34
Triisopropyl 22 28
Diisopropyl-3-cyanopropyl 21 26
Diisopropyl-n-octyl 2.0 25
Diisobutyl-n-octadecyl 1.9 25

Source: Taken partially from Ref. 36.
2 Based on 8 umol/m? for fully hydrolyzed, unmodified silica.

disadvantages of an acidic silica support. Unfortunately, the small endcapping
group can be readily hydrolyzed from the packing in reversed-phase separa-
tions at low pH, making this approach of questionable merit for rugged, long-
term applications at pH < 3 [36]. Studies suggest that endcapped columns
may be more stable at intermediate and higher pH (6 to 9) because of better
protection of the silica support against dissolution [37]. /

5.2.3.2 Other Stationary Phases. Other methods of covalently attaching
organic stationary phases have been reported [38,39], but commercial products
based on these procedures are not now available. As mentioned previously,
some column packings contain stationary phases prepared by polymerizing
various monomers on a support. Polybutadiene-modified alumina and zirconia
column packings and other polymeric stationary phases have been commercial-
ized [40,41]. However, columns with these types of polymeric stationary phases
have not reached a high level of popularity, perhaps because they offer no
distinct advantages over more conventional bonded-phase column packings.

5.2.3.3 Retention of the Bonded Phase in RPC. The concentration of or-
ganic stationary phase (e.g., percent carbon) for a bonded-phase packing is a
rough guide to the level of retention provided by a particular column. The
surface area of the bonded-phase support is a major factor; the larger the
surface area, the greater is retention (k). For separations involving only hydro-
phobic interactions, retention tends to increase with percent carbon, as long
as the organic ligands are completely accessible to solutes. Solute retention
sometimes takes place by a mixed mechanism involving hydrophobic interac-
tions with the organic stationary phase and normal-phase interaction with the
silanol groups on a silica support (Fig. 6.27¢ and related discussion). In this
case, percent carbon will be less significant as an indicator of column retention.
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Sample retention normally increases for bonded phases of greater length
(Cig > Cg > C; > Cy), but there is not much difference among longer-chain
packings (i.e., Cg = Cig). Sample retention can be controlled to a limited
extent by the choice of bonded phase, but retention changes also result from
changes in the surface area of the column packing and the type of silica
support used. Figure 5.9 shows k values for several neutral, basic, and acidic
compounds on a wide variety of bonded-phase C;5 and Cg columns from many
manufacturers. Also given are the void volumes for these columns (measured
by the unretained uracil marker), and whether the test compounds produced
tailing peaks with the mobile phase used. The columns in this figure are
arranged in decreasing order of retention for the neutral solute, toluene,
representing retention only by hydrophobic interaction. The retention order
of pyridine and phenol and pyridine and 4-butylbenzoic acid are indicative
of different column selectivities. Peaks with tailing factors above 2.0 are listed
as tailing peaks. Tailing peaks do not necessarily indicate a “bad” column,
since the mobile phase was not optimized for these columns. The tests probes
were chosen to show column differences and to test column performance.

5.2.3.4 Stability of Bonded-Phase Columns. The stability of bonded-phase
packings is especially important in method development. Once the desired
separation is obtained, column characteristics should remain unchanged for
as long as possible. Good column stability minimizes the need for further
adjustment of separation conditions or replacement of the column. When used
under the same conditions, longer-chain alkyl-bonded-phase packings (e.g.,
C,s and Cg) are more stable than short-chain bonded phases. This feature is
illustrated by the data in Fig. 5.10. Here a series of monomeric, dimethylsilane-
modified phases were challenged continuously with aggressive 0.1% trifluoro-
acetic acid—acetonitrile (pH ~ 2) gradients at 50°C. Following each gradient,
the & value for a neutral solute, 1-phenylheptane, was measured isocratically
with a 1:1 mixture of 0.1% trifluoroacetic acid—water and acetonitrile. Figure
5.10 plots % k (value of k divided by value of k at the beginning of the
experiment) for each organic stationary phase as a function of the column
volumes of mobile phase passing through the column. (Note: 3000 column
volumes for a 15 X 0.46-cm column are about equivalent to 4500 mL of mobile
phase or 2 weeks of 8-hour working days). The % k values in this figure are
proportional to the quantity of stationary phase left in the column. The longer-
chain C;3 and C; ligands clearly are more stable in this test (less change in
retention because of bonded-phase loss), which is one reason these phases
are preferred by many users. As chain length decreases, the stability of the
stationary phase also decreases, with the C; (trimethyl) phase being the
least stable.

The stability (and lifetime) of silica-based bonded-phase columns is directly
related to the types of silica supports and bonded phases. Column stability
also is strongly dependent on mobile-phase pH and the type of buffer and
organic modifier used. Loss of silane bonded phases (as in Fig. 5.10) results
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FIGURE 5.9 Retention, selectivity, and peak shape for C;3 and Cg columns. Columns:
15 X 0.46 cm, except AlphaBond Cig and and uBondapak C;g 30 X 0.39 cm, and
Symmetry Ciz and Cg, 15 X 0.39 cm; mobile phase: 65% acetonitrile-35% 0.05 M
potassium phosphate buffer, pH 3.2; 1.0 mL/min; UV detector, 254 nm; 1, uracil; 2,
pyridine; 3, phenol; 4, N,N-dimethylaniline; 5, 4-butylbenzoic acid; 6, toluene. (Re-
printed with permission from Alltech Associates, Inc.)
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FIGURE 5.9 (Continued)
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FIGURE 5.10 Effect of silane chain length on bonded-phase stability at pH 2. Col-
umns: 15 X 0.46 cm; test: 0.1% trifluoroacetic acid—acetonitrile gradient, 0 to 100% in
80 min, flow rate: 1.0 mL/min; measurement: & of 1-phenylheptane at 50% acetonitrile-
water with 0.1% trifluoroacetic acid; 50°C. (Reprinted with permission from Ref. 36.)

from hydrolysis of the Si—O—Si bond that binds the silane to the support.
This degradation is accentuated at higher temperatures, low pH, and highly
aqueous mobile phases, which are preferred conditions for many separations
(see Section 7.3). As mentioned previously, polymerizing the silane stationary
phase improves the stability of the bonded phase at low pH; however, column
reproducibility may be compromised.

Another way to improve the stability of silane stationary phases at low pH
is to use sterically protected functional groups [36,42,43]. Bulky monomeric
silanes can minimize the hydrolysis of a silane convalently attached to the
silica support, as illustrated in Fig. 5.11. Each Si—O—S8i bond is individually
protected because of the size of the two isobutyl groups attached to the silane
Si atom. The use of sterically protecting functional groups is well known in
solution chemistry, and this concept has been extended to the surface of
chromatographic packings. Because of the steric bulk of the sterically protect-
ing silane groups (e.g., diisopropyl, diisobutyl), packings made with this ap-
proach contain less carbon (lower surface coverage) and exhibit less retention
than the conventional dimethyl-substituted bonded phases, as suggested by
data in Table 5.6.
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Sterically Protected Silane
Resists Hydrolysis

Unprotected Sterically
Bonded Protected
Phase BondedPhase
0—Si —C,
0—Si —C,,
OH
0
0—Si—C,
0—3Si —C,

FIGURE 5.11 Hydrolysis of Si—O—Si bond of silane bonded phases. (Reprinted
with permission from Ref. 44.)

The higher stability of sterically protected silica-based stationary phases is
illustrated in Fig. 5.12, which compares different commercial C;g column pack-
ings tested under highly aggressive conditions. Diisobutyl-C;g columns made
with both 8- and 30-nm pore size silica support show essentially no change in
relative toluene retention after purging with more than 27,000 column volumes
of a methanol-1% trifluoroacetic acid (pH =~ 0.9) mobile phase at 90°C.
Sterically protected stationary phases are especially useful with short-chain
silanes, shown previously (Fig. 5.10) to be less stable to degradation by hydroly-
sis. Figure 5.13 compares the stability of 3-cyanopropylsilane (CN) phases for
monomeric dimethyl- and diisopropyl-substituted bonded silanes (pH 2.0,
50°C). The higher stability of sterically protected bonded phases is especially
useful for maintaining stable and reproducible separations of biologicals such
as peptides and proteins (Section 11.2). For these separations, the mobile phase
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FIGURE 5.12 Silane bonded-phase degradation at low pH, high temperature. Col-
umns: 15 X 0.46 cm; mobile phase: 50% methanol-water + 1.0% trifluoroacetic acid
(pH = 0.9); flow rate: 1.0 mL/min: 90°C; test with toluene as in Fig. 5.10. (Data taken

with permission partly from Ref. 34.)
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FIGURE 5.13 Comparison of stability for short-chain cyano-bonded phases. Col-
umns: 15 X 0.46 cm; mobile phase: 28: 72 acetonitrile—0.1% trifiuoroacetic acid adjusted

to pH 2.0 with triethylamine; flow rate: 1.0 mL/min; 50°C.
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is usually maintained at a low pH (typically, pH = 2), and it is often desirable
to carry out such separations at higher temperatures (see Ref. 45 and Sec-
tion 11.2).

Although most separations are best performed at low pH (pH = 3; see
Chapter 6), some separations are performed at higher pH because:

1. Compounds of interest are unstable at low pH.

2. Needed selectivity is not available at low pH (and a pH change must
be used).

3. Protonated (hydrophilic) basic compounds are too poorly retained at
low pH.

As mentioned previously, some silica-based columns should not be used
at pH > 8 because of rapid dissolution of the silica support and a resulting
collapse of the column bed. Studies with higher pH mobile phases have shown
that the Si—O—Si group connecting the silane to the silica support is slowly
(if at all) attacked [5,34]. Rather, loss of silane bonded phase with higher
pH mobile phases apparently is caused by dissolution of the silica support.
In this way, bonded silane is undermined and ultimately falls from the
surface.

Other studies suggest that column degradation at high pH is highly
dependent on the type of silica support and the nature of the silane
stationary phase [5,37,46]. For example, the data in Fig. 5.14 show that
densely bonded dimethyl-C;g phases on certain highly purified silicas (open
symbols) exhibit unusual stability at pH 9, based on changes in column
efficiency (plate heights). (Since k values for bonded phases decrease only
slowly with aging at high pH, retention is a less accurate measure of
column stability. Plate height and peak symmetry are better guidelines.)
The data in Fig. 5.14 and other reports suggest that silica supports made
by the sol-gel process (i.e., aggregation of silica sols) are useful up to at
least pH 9 with certain mobile phases. Columns of fully reacted, endcapped
alkyl bonded phases on sol-gel silicas can be routinely used up to at least
pH 11, providing organic buffers and < 40°C operation are maintained
[46,46a]. On the other hand, packings with silicas made by the silicate-gel
process (gelation of soluble silicates—solid symbol in Fig. 5.14) degrade
more rapidly [5].

Degradation of silica-based columns at intermediate and high pH is mini-
mized by using endcapped column packings [37,46a). Apparently, the added
reaction of silanol groups by small endcapping silanes creates a more effective
hydrophobic barrier that retards dissolution of the silica support. Figure 5.15
shows that the k increase of a strongly basic drug, trimipramine, for an end-
capped Cg column in much lower than that for a comparable non-endcapped
Cs column when both were purged with a strongly aggressive pH 7 phosphate
mobile phase at 60°C. These results indicate that acidic silanol groups exposed
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FIGURE 5.15 Comparative stability of non-endcapped and endcapped Cg columns.
Columns: 15 X 0.46 cm, dimethyl-Cs and double-endcapped dimethyl-Cy (Zorbax
XDB-C8) purge: 20% methanol-80% 0.25 M sodium phosphate buffer, pH 7.0; 60°C;
1.0 mL/min; test: 60% acetonitrile—40% sodium phosphate buffer, 0.01 M, pH 7.0;
1.5 mL/min; 40°C. (Reprinted with permission from Ref. 37.)

by dissolution of the silica support surface by this mobile phase caused addi-
tional retention of the basic drug. This undesirable effect was inhibited by
endcapping groups on the endcapped column.

The rate of degradation for silica-based columns at intermediate and
high pH also is strongly influenced by the mobile phase used and the
operating temperature [46,46b]. Therefore, steps should be taken to reduce
the rate of solubility of the silica support used for bonded-phase columns.
Systematic silica-support dissolution and chromatographic column stability
studies at intermediate and high pH have shown that the approaches in
Table 5.7 should be followed for developing rugged HPLC methods at pH
7 or greater [5,46).

Although further studies are needed to better define the conditions and
limits of high-pH operation with silica-based columns, it is now clear (utilizing
the conditions listed above) that certain silica-based columns can be used
routinely at pH 9 and even higher pH. Figure 5.16 shows that the solubility
of a silica-based C;g bonded-phase column is measurably decreased (and
column lifetime increased) by using borate or glycine buffers (also other
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TABLE 5.7 Approaches for Developing Rugged Methods at pH 7 or Greater

Use densely bonded (full reacted) long-chain alkyl stationary phases (Cig, Cq, etc.)
for best column lifetime.

Use silica supports made from the sol-gel process (Hypersil, Kromasil, Spherisorb,
Zorbax) to minimize silica support degradation.

Use organic, citrate, and borate buffers to minimize silica support dissolution (avoid
phosphate, ammonium, and carbonate, if possible). ~

Maintain buffer concentration at 0.01 to 0.05 M.

Set column temperature at < 40°C.

Use buffer cations Li* > Na* > K* > NHj for best column stability.

Use endcapped columns for greater column stability.

Add basic mobile-phase modifier (e.g., triethylamine) for superior long-term
separation reproducibility.

organic-based buffers) rather than commonly used carbonate and phosphate
buffers. Columns with silica supports made by aggregating silica sols (Zorbax,
Hypersil, Spherisorb, Kromasil) are much more stable at intermediate and
higher pH than are those prepared from conventional chromatographic silicas
of the xerogel type (silicate gel) [37,46].

Densely bonded and carefully endcapped alkyl-bonded columns made from
sol-based silicas can be used routinely to at least pH 11, provided that appro-
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FIGURE 5.16 Effect of pH 10 buffer anions on silica support dissolution. Columns:
Zorbax Rx-C18, 15 X 0.46 cm; continuous nonrecycled purge: 50% methanol-50%
0.1 M buffers, pH 10; 1.0 mL/min; 25°C. Dissolved silica by silicomolybdate color
reaction. (Reprinted with permission from Ref. 46.)
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priate operating conditions are used [37,46a]. High-pH conditions are favor-
able for separating basic compounds, since they are in a free, non-ionic state.
Also, with silica-based columns, unreacted silanol groups are totally ionized
at high pH, creating a less interactive surface than at intermediate pH where
silanol groups can be only partially ionized. However, for high-pH operation
with silica-based columns, certain operating conditions apparently must be
used to minimize silica support dissolution:

+ Less-soluble supports made from sol-gel silicas

- Densely bonded, highly endcapped packings with longer-chain alkyl li-
gands

+ Organic or borate buffers (avoid phosphate and carbonate!)

- Operating temperature of < 40°C

Figure 5.17a shows the initial separation of a mixture of strongly basic 8-
blocker drugs (pK, = 9.5 to 9.7) for a densely bonded and endcapped Cg
column, using the above conditions. Figure 5.17b shows the same column after
about 31,000 column volumes of a pH 11 mobile phase (approximately three
months of 8-hour-day operation). Even under these high-pH conditions, this
silica-based column exhibited excellent peak shape, good efficiency, and ade-
quate stability for routine operation. Note, however, that shorter column
lifetime can always be expected when operating silica-based columns at pH
values above 8.

5.2.4 Sources of Retention and Selectivity Variability

Changes in retention and selectivity due to differences in bonded-phase col-
umns with the same functionality (i.e., Cy3, Cg, etc.) come from several sources:

- Differences in the silica support

+ Choice of silane: monofunctional or polyfunctional
- Completeness of bonding: partially or fully reacted
+ Presence or absence of endcapping

+ Bonding chemistry

* Support surface area

Each of these factors can render the final HPLC method less reproducible.
Retention and selectivity variations due to differences in the silica support
were discussed earlier in the chapter. For example, retention variations can
be caused by surface area differences. Increasing the surface area of the
support increases the amount of organic stationary phase and retention. Both
retention and especially selectivity differences can arise from differences in
the type and concentration of silanol groups on the silica support surface.
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FIGURE 5.17 Stability of silica-based bonded-phase column at pH 11. Column:
15 X 0.46 cm, double-endcapped dimethyl-C8 (Zorbax XDB-C8); mobile phase:
55% methanol-45% 0.05 M 1-methylpiperidine—-HCIl, pH 11.0; flow rate: 1.0 mL/
min; 24°C; UV detector, 215 nm; sample: pindolol, metoprolol, oxprenolol, and
propanolol, pK, = 9.5 to 9.7 (0.165, 0.413, 0.413, and 0.083 mg/mL, respectively);
5-uL injection. (Adapted from Ref. 46a)

Separations of basic compounds with columns made from the less acidic, more
highly purified (type B) silica supports show less variation from lot to lot,
even from different manufacturers. In any case, methods developed on a given
column should be confirmed (validated) for at least two other lots before
adoption (see Section 15.9). Columns of the same kind (e.g., Cys) from different
manufacturers rarely will give the same separation [47].

Separations with columns made from monofunctional silanes are more
reproducible from batch to batch than are columns prepared from polyfunc-
tional silanes. Fully reacted (densely bonded) packings are more reproduc-
ible and more stable than are packings with partially reacted (lower-silane-
concentration) surfaces. (Partially reacted supports can usually be identified
when the coverage is substantially less than the values given in Table 5.6).
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Significant selectivity differences may also occur for fully vs. partially reacted
packings of the same bonded phase (e.g., Cy3). Selectivity and peak shape
differences can be seen between packings that are endcapped, depending on
the particular sample being separated. Finally, differences in the silanization
reaction conditions can result in retention variations between similar bonded-
phase packings from different manufacturers. For method development, many
users prefer monofunctional-silane bonded-phase packings that are fully re-
acted. Column packings that have different stationary-phase functionalities
are summarized in Table 5.8 with comments on their applicability for
method development.

5.3 COLUMN SPECIFICATIONS

The requirements for a given separation usually determine the type and con-
figuration of the column to be used (particle size, length, internal diameter,
etc.). In Section 2.3.3 we discuss the value of columns with different lengths
and particle sizes. There are many possible suppliers for a given type of
column; however, these columns can vary greatly in performance. Therefore,
certain information concerning column specifications and performance is
needed for use in method development and subsequent routine operation.
Column requirements of interest include:

- Plate number N for a given value of k
- Peak asymmetry factor (A;)
+ Selectivity (a) value for two different solutes

+ Column back pressure

+ Retention (k) reproducibility

- Bonded-phase concentration (if applicable)
- Column stability

Where possible, information on these features should be obtained from
the column manufacturer before purchase. Many manufacturers provide data
on individual columns for the first four items above, including a test chromato-
gram for each column. Some manufacturers include data regarding retention
reproducibility. Data on bonded-phase concentration and column stability is
rarely available but may be found for some columns in scientific publications.
Some suppliers warrant their columns (e.g., 60 days) so that the user is assured
of a certain level of performance and lifetime.

5.3.1 Plate Number

The column plate number (N) is an important characteristic of a column. N
defines the ability of the column to produce sharp, narrow peaks for achieving
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TABLE 5.8 Useful Column Packings for HPLC®

Method Comments
Reversed-phase (and ion-pair)
method \
C;z (octadecyl or ODS) Rugged; highly retentive; widely available
Cs (octyl) Similar to but slightly less retentive than Cig
GCs, Cy Less retentive; used mostly for peptides and
proteins
C,[trimethylsilyl (TMS)] Least retentive; least stable
Phenyl, phenethyl Moderately retentive; some selectivity differences
CN (cyano) Moderately retentive; used for both reversed and
normal phase
NH; (amino) Weak retention; used for carbohydrates; less
stable
Polystyrene® Stable with 1 < pH < 13 mobile phases; better
peak shape and longer column life for some
separations
Normal-phase method
CN (cyano) Rugged; fairly polar; general utility
OH (diol) More polar than CN
NH,; (amino) Highly polar; less stable
Silica® Very rugged; cheap; less convenient to operate;

used in prep LC
Size-exclusion method

Silica® Very rugged; adsorptive

Silanized silica Less adsorptive, wide solvent compatibility; used
with organic solvents

OH (diol) Less stable; used in aqueous SEC (gel filtration)

Polystyrene® Used widely for organic SEC (GPC); generally

incompatible with water and highly polar
organic solvents
Ion-exchange method
Bonded phase Less stable and reproducible
Polystyrene® Less efficient; stable; more reproducible

“ Silica-based bonded phases, except as noted.
£ No bonded phase on these packings.

good resolution of band pairs with small « values. The measurement of column
plate number is discussed in Section 2.3.3. Table 5.9 shows typical plate num-
bers (small, neutral sample molecules, MW = 200) for well-packed HPLC
columns of various lengths and particle sizes. Note that these values are
obtained under “optimum” conditions—low-viscosity mobile phases and a
flow rate of 0.5 to 2.0 mL/min. The following equation can be used to estimate
the column plate number for small molecules under these optimum conditions:
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__3500L (cm)

N == ()

(5.1)

Where L is column length and d, is the particle diameter.

Most manufacturers specify the conditions they use to measure N. This
test can be repeated if a problem arises with the column. If the plate
number for a new column is significantly lower (N < 80% of the claimed
value), the column should be returned to the manufacturer for replacement
or refund once the possibility of an instrument problem has been eliminated.
Instrument and related extra-column problems are common with very short
or small-bore columns, resulting in lower-than-expected column plate
numbers.

For an existing HPLC method, the plate number of a new column
should be determined for a particular sample compound, using standard
(specified) separation conditions. Since column plate number is dependent
on specific experimental factors, values for compounds of interest may be
smaller than the optimum value measured for a small neutral solute. For
large solute molecules or viscous mobile phases, the value of N may be
only a fraction (e.g., one-half or one-third) of the optimum value. Secondary
retention for some solutes (i.e., from silanol effects) also can cause broader
peaks and a smaller-than-expected plate number. Possible problems should
be anticipated, and appropriate columns and mobile phases should be
selected accordingly. If deleterious silanol effects are still found as method
development proceeds, corrective action should be taken at the earliest
possible time. The use of certain columns and the addition of certain
mobile-phase modifiers can often correct such problems, as discussed in
Section 7.3.

Some users maintain a systematic record of N values vs. time or number
of injected samples for compounds of interest, so that column efficiency is

TABLE 5.9 Plate Number for Well-Packed HPLC
Columns Under Optimized Test Conditions

Particle Column
Diameter (um) Length (cm) Plate Number N

10 15 6,000-7,000

10 25 8,000-10,000
5 10 7,000-9,000
5 15 10,000-12,000
S 25 17,000-20,000
3 5 6,000-7,000
3 7.5 9,000-11,000
3 10 12,000-14,000
3 15 17,000-20,000




208 THE COLUMN

known at any time. This record helps the operator to monitor column perfor-
mance and anticipate when column replacement (or repair) is required. A
record of N values vs. some measure of use also is useful for judging the
overall performance of columns from a particular manufacturer.

As discussed in Section 9.1.1.2, 15- or 25-cm columns of 5-um particles z&e\
preferred as a starting point for method development. This configuration
provides a large enough N value for most separations, and such columns are
quite reliable. A particular advantage of initially using a column with large
N values is that closely overlapping peaks are more easily recognized. If a
larger N value is required for a particular separation, additional column lengths
can be connected with low-volume fittings.

Short columns of 3-um particles are useful for carrying out very fast separa-
tions (e.g., < 5 min.). However, columns of particles smaller than 3 um often
are less suited for routine applications since they are (1) more susceptible to
sampling problems, (2) more operator dependent, and (3) more affected by
instrumental band-broadening effects. However, as mentioned previously
(Section 5.2.2), studies suggest that the use of closely sized 3.5-um particles
is a practical alternative that minimizes these problems [32]. Figure 5.18 shows
an example of a rapid separation produced by a column of 3.5-um particles.
With this separating system, good plate numbers and band symmetries were
found for large acidic antibiotics separated rapidly at a high mobile-phase
flow rate.

5.3.2 Peak Asymmetry and Peak Tailing

While the column plate number is a useful measure of column quality, peak
shape is equally important in method development. Columns and experimental
conditions that provide symmetrical peaks always are preferred. Peaks with
poor symmetry can result in:

- Inaccurate plate number and resolution measurement

- Imprecise quantitation

- Degraded resolution and undetected minor bands in the peak tail
- Poor retention reproducibility

A useful and practical measurement of peak shape is the peak asymmetry
factor, A,, calculated as in Fig. 5.19 [48]. Peak asymmetry is measured at 10%
of full peak height. Good columns produce peaks with A, values of 0.95 to
1.1 (exactly symmetrical peaks have an A, of 1.0). For accurate measurement
of symmetry, bands should be measured with a magnified time scale. Asymmet-
rical bands often appear symmetrical when observed in a compressed (long-
time-scale) chromatogram.
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FIGURE 5.18 High-speed separation of antibiotics. Column: 8.0 X 0.46-cm Zor-
bax SB-C8 (3.5 um); mobile phase: 8:92 acetonitrile—~0.1% trifluoroacetic acid;
flow rate: 3.0 mL/min; sample: 1 uL containing 0.40, 0.36, 0.10, and 0.35 pg each
of 1 to 4, respectively; 60°C; 260-nm detection. (Reprinted with permission from
Ref. 33)

Figure 5.20 shows the effect of shape and width of bands for a range
of A; values. Manufacturers sometimes specify A, values of 0.95 to 1.3 for
new columns. Samples of interest generally should have A, values of <1.5.
The separation of Fig. 5.18 shows peaks with A, values of about 1.0 for
antibiotic drugs. Another useful way to define peak shape is by the peak
tailing factor (PTF) calculated as shown in Fig. 5.19. Some groups, such
as the U.S. Pharmacopeia, prefer to specify peak symmetry by this method.
In this approach the value is calculated at 5% of full peak height. Peak
asymmetry and the peak tailing factors are easily interconverted, as shown
in Table 5.10.
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FIGURE 5.19 Determining peak asymmetry and peak tailing factors. (Reprinted
with permission from Ref. 48.)

5.3.3 Column Failure: How Long Should a Column Last?

The stability and useful lifetime of a well-made column are dependent on
how the operator uses and treats the column. All columns are expected to
“die” eventually. A column should be replaced when it no longer provides
the performance needed for the particular analysis. If the plate number de-
creases by 50%, or resolution falls to about three-fourths of the original value
(e.g., to R, = 1.5 from an initial 2.0 value), a new column may be required.
A column whose performance has degraded somewhat may still be useful for
a given assay. Increased peak asymmetry value, A;, to >1.5 may also be a
sign that the column should be changed. Although techniques described later

Excellent Acceptable Unacceptable Awful
A, = 1.0-1.05 A, =12 A, =2 A, =4

ﬂﬂﬂ/\k

FIGURE 520 Peak shapes for different asymmetry factor values.
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TABLE 5.10 Peak Asymmetry and Peak Tailing
Factor Relationship

Peak Asymmetry Factor Peak Tailing Factor
(at 10%) (at 5%)

1.0 1.0

13 12

1.6 14

1.9 1.6

22 1.8

25 2.0

in this chapter are useful for rejuvenating columns whose performance has
degraded, many labs do not attempt the regeneration of low-performance
columns. The requirement to produce needed results rapidly often dictates
that the column be replaced with a new one, so that the routine assay can be
reestablished as soon as possible.

How long the column lasts before replacement is largely a function of
the type of samples injected. Typically for clean samples, 1000 to 2000
analyses per column is reasonable. A clean sample refers to a homogeneous
solution whose components are completely eluted during the time between
sample injections (e.g., a formulated sample, a drug, or a reaction intermedi-
ate). However, the cautions discussed in preceding sections must be followed
closely. For clean samples, column cost per analysis is about $0.20, represent-
ing only about 1% of the total cost per analysis. For more complex and

dirtier samples, or those in marginal assay conditions, 200 to 500 samples

per column are reasonable. Here, column cost per analysis is about $1,
representing about 4% of the total cost per analysis. For samples of biolog-
ical origin or highly complex materials (e.g., extracts of liver, highly organic
soil, etc.), S0 to 200 samples per column is more typical. For these
situations, column cost per sample is about $3, representing only about 10%
of the total cost per analysis. Since column costs per analysis are small,
this is a strong argument that an efficient, well-performing column should
always be in place during use of a developed method, to provide timely,
high-quality results.

Note that the low cost of the column per sample combined with the high
cost of sample pretreatment (filtration, extraction, etc.; see Chapter 4) may
make some sample pretreatment procedures uneconomical. In those cases, it
may be cheaper to minimize sample pretreatment and accept a shorter column
life. Pretreatment steps also can decrease analysis precision and sometimes
do not fit well into the routine of the laboratory. Of course, no compromise
in other separation goals should be accepted merely to reduce column cost.
Many labs also do not use guard columns because of cost and the inconvenience
of knowing when to change guard columns and their cost. To increase column
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lifetime, some laboratories use specially designed low-volume precolumn fil-
ters at the column inlet to remove particulates. However, these devices must
be replaced periodically before they become plugged. Therefore, whether or
not a sample should be pretreated depends on the sample itself and the analysis

goals. Chapter 4 can help determine whether a sample should be pretreated.

prior to the analytical separation, and which approach might be best for a
particular sample.

5.3.4 Retention Reproducibility

The reproducibility of retention times or k values among different columns
can be specified by chromatographing a series of standards, preferably includ-
ing both polar and nonpolar molecules. The column manufacturer often de-
scribes a test that can be used to evaluate the original column performance.
This test can be repeated in the user laboratory periodically to determine the
retention performance of different columns or the performance of a single
column during use. Often, a more practical approach is for the user to identify
a compound of interest (e.g., a drug), and to use this compound with typical
operating conditions to follow retention reproducibility. Closely similar reten-
tion times (or k values) should be found for test compounds when run under
standard conditions. The use of system suitability tests for routine analyses
(Section 15.11) can provide these data if the separations are designed properly
and the data recorded appropriately.

Long-term reproducibility of columns from the same manufacturer is an
important factor for developing a rugged, repeatable method. Several manu-
facturers now claim long-term reproducibility of their bonded-phase columns.
For example, Fig. 5.21 shows the manufacturing reproducibility for one com-
mercial Cig column over a four-year period. Minor and equivalent changes
in k values for toluene (neutral) and N,N-dimethylaniline (basic) indicate
variations in the surface areas of the silica support during this period. The
important requirement is that the selectivity value («) for these two solutes
remained stable during this production period. Few manufacturers supply
information of this type, so the user must conduct such tests, if needed.

5.3.5 Pressure Drop

Similar column permeabilities or backpressures will be found for well-packed
columns having the same operating conditions, column dimensions, and parti-
cle size. The pressure drop for columns packed with spherical particles can
be approximated by

_ 3000Ln7

P
tod,?

(5.2)
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FIGURE 5.21 Four-year reproducibility of monomeric silane bonded-phase columns.
Zorbax Rx-C18 production, 1990-1994; columns: 15 X 0.46 cm; mobile phase: 50: 50
acetonitrile—0.1 mM NaH,PO,: flow rate: 1.6 mL/min; test solutes: N, N’-dimethylaniline
and toluene; 22°C. (Reprinted with permission from Ref. 44.)

where P is the pressure (psi), L the column length (cm), n the mobile-phase
viscosity (cP), t, the column dead time, and d, the particle diameter (um).
New spherical-particle columns should have a pressure drop no greater than
about 30% in excess of that predicted by Eq. 5.2. Columns packed with irregular
particles may give higher backpressures. Some suppliers report a backpressure
measured for a particular column under specified operating conditions.

5.3.6 Bonded-Phase Concentration (Coverage)

Well-made bonded-phase silica columns have a dense population of organic
groups attached to the surface of the silica support. The actual coverage
depends on the size of the organic ligand: high surface concentrations are
more difficult to obtain with larger silane groups because of steric hindrance.
Fully (densely) bonded packings will have surface concentrations for the
different silane groups (micromoles of bonded phase per square meter of
packing surface area) equivalent to those in Table 5.6, or greater. Columns
with densely reacted, sterically protected groups have a lower concentration
of silane groups (1.9 to 2.2 wmol/m?) because of additional steric hindrance
by the large protecting groups [36]. Better column-to-column retention repro-
ducibility and column life can be expected for column packings with fully
reacted surfaces as defined in Table 5.6.
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5.4 COLUMN PROBLEMS AND REMEDIES

Problems often arise during the use of a column. In this section we consider
how to recognize these problems and deal with them so that effective method
development is possible. We now discuss the three most important kinds of
problems in HPLC method development: (1) variability in retention and
resolution, (2) band tailing, and (3) short column lifetime. Reference 49 should
also be consulted for routine procedures relating to the preventive mainte-
nance and repair of columns and equipment.

5.4.1 Retention and Resolution Irreproducibility

Reproducible retention and resolution for the peaks in a chromatogram are
very important when developing routine methods. If sample retention is not
repeatable from run to run, it is impossible to draw accurate conclusions
concerning a desirable change in conditions for improved separations. For
this reason it is important to check column retention during method develop-
ment at least daily, using a particular set of conditions for this purpose. Values
of k and « should not change by more than 2 to 3% over time. Changes in
resolution (arising from change in &, N, or a) can be a function of (1) the
column and its operation, (2) instrumental effects, or (3) variations in separa-
tion conditions. Table 5.11 summarizes the types of retention and resolution
variation that can occur in HPLC and the causes for each variation.

TABLE 5.11 Retention and Resolution Variations in HPLC

Main
Effect Cause Changes
Column-to-column  Variation in support, bonding k a
differences
Column changes Disturbance in bed N
during use Loss of bonded phase k, «
Dissolution of silica support N
Buildup of noneluted material k, N
Extra-column From system to system: large injection volume; N
effects large tubing volume between injection valve
and column and/or column and detector; large
detector volume; large volume fittings
Poor control of Changes in mobile phase, composition k o
separation Changes in flow rate N®
Changes in temperature k, o, N*
Slow column Insufficient re-equilibration time k o
equilibration
Column overload Too large a sample mass k, N

“Changes in N usually are small.
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Columns must maintain constant retention and acceptable resolution
during use. Otherwise, the accuracy and precision of the method are
compromised, and new columns may be required frequently. Sometimes,
a new column may give a different (unsatisfactory) separation. This may
mean that the operating conditions for the method must be modified to
reestablish the required separation. Often, the developed method will be
transferred to another laboratory, where an equivalent column is required
for acceptable results. Therefore, the operator should be alert to sources
of column irreproducibility. Discussed below are practical remedies for
handling this problem.

Retention reproducibility can be a major problem in developing a good
HPLC method. Problems associated with irreproducibility are usually
solved by:

1. Initially selecting a good column of less-acidic highly purified support
(if silica based) and maintaining the same stationary phase, particle size,
and column dimensions throughout the application.

2. Eliminating ‘“‘chemical” or silanol effects for silica-based columns by
using favorable mobile-phase conditions (pH, buffer type and concentra-
tion, additives, etc.).

3. Making sure that the column is properly equilibrated with the mobile
phase (Section 9.1.1.5).

4. Using proper laboratory techniques that ensure stable day-to-day oper-
ation.

5. Using retention mapping to provide corrective action when required
(Section 10.6).

6. Stockpiling columns, or establishing a continuing supply of the same
column; alternatively, testing several column lots to ensure that the
particular column selected will work for the final method.

As described earlier, the same type of column (e.g., Cig) from different
manufacturers often shows substantial differences in both retention and
resolution. These differences are due to variations in silica substrate and
bonding chemistry. As a result, columns from different manufacturers are
rarely interchangeable (see Ref. 50). Figure 5.22 shows that the two Cj;
columns from different manufacturers gave entirely different separations
for a plant hormone mixture. Separations on a C;z column from com-
pany X often differ markedly from those obtained on a C;g column from
company Y, and this is often due to differences in the silica supports
used.

As discussed in Section 5.1 and illustrated in Figs. 5.9 and 5.22, column-
to-column variations in retention can occur because of various chemical (sila-
nol and other) effects. For basic samples, these variations are minimized by
using separation parameters that include:
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FIGURE5.22 Selectivity differences for different C,3 bonded-phase columns: separa-
tion of plant hormones by reversed-phase gradient elution. Columns: (a) Hypersil
ODS, (b) Spherisorb ODS; mobile-phase gradient: 0 to 50% methanol-water (pH 3.3).
Compounds: TA A, indole-3-acetic acid; Z, zeatin; ZR, zeatin riboside; ABA, abscisic
acid; ZOG, zeatin-o-glucoside. (Reprinted with permission from Ref. 51.)

- A less-acidic, highly purified silica support (Table 5.4)
- pH = 3 mobile phase (for reversed phase)

- Buffer concentration = 20 mM (K* often preferred because of higher
solubility and better suppression of unwanted silanol interactions)

Initally, the mobile phase should be kept as simple as possible to facilitate
good reproducibility and fast column equilibration. If tailing or misshapen
peaks occur, the operator then has the additional options to:

- Add 30 mM triethylamine (for basic compounds) or ammonium acetate
(for acidic compounds) to the mobile phase (triethylamine acetate for un-
knowns)

- If tailing persists, replace the triethylamine with 10 mM dimethyloctylam-
ine (or dimethyloctylamine acetate)

- Reduce sample mass to < 1 ug

In effect, the steps above create conditions for a “‘generic column” that
minimize the difference between bonded-phase columns from different manu-
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facturers for separating basic compounds. One study has shown [20] that the
use of a non-acidic column plus low-pH mobile phase gave some lot-to-lot
variation in the retention of basic compounds, but these variations were re-
duced to acceptable levels by adding triethylamine to the mobile phase. Section
7.3.3.2 should be consulted for further details on optimum conditions for
separating ionic or ionizable compounds.

Poor retention reproducibility and tailing peaks often occur in poorly buf-
fered mobile phases, that is, selection of the wrong buffer (Section 7.2.2), too
low a buffer concentration, or a pH out of the effective range of a buffer
(keep within 1 pH unit from the pK, of the ionizable buffer constituent!).
Increasing the buffer concentration (or decreasing sample size) usually im-
proves this situation. Some of these approaches in developing acceptable
retention behavior for more than 150 drugs of pharmaceutical interest are
discussed in Ref. 52. The use of mobile-phase modifiers to minimize silanol
effects is described in Section 7.3.3.2.

Changes in retention and resolution often occur from poor control of
experimental condtions. Changes in the mobile phase can cause variations in
the chromatogram, either during the day or from day to day. Manually pre-
pared mobile phases should be carefully blended using solvents at the same
temperature (weighing is the most accurate). On-line mixing of the solvents
by the instrument often minimizes compositional errors. However, if results
are unexpected, instrument mixing accuracy should be checked manually.
The proportioning valves in some low-pressure mixing units are prone to
malfunction, particularly when buffers of high concentration are used. Also,
when delivery is less than 10% of any one solvent, on-line mixing is less
accurate than manual preparation of the mobile phase. If an error in mobile-
phase composition is suspected, carefully prepare a new batch of mobile phase
and repeat the separation. Manually blended solvents should be used to check
suspect on-line-mixed solvents.

Variations in retention also can take place because of selective solvent
fractionation by evaporation. This effect can occur either during degassing of
the mobile phase or on standing. Note, however, that this problem is of minor
significance in reversed-phase HPLC [53], except for the case of volatile buffers
such as ammonia and bicarbonate. Solvent degassing, either by vacuum or
preferably by helium purge (=5 min of vigorous sparging with a gas-dispersion
tube), should be carried out by the same procedure each time. This approach
ensures repeatability even if some selective solvent fractionation occurs. Up-
take of carbon dioxide, which can change the pH of the mobile phase, is
minimized by slowly and continuously bubbling helium though the mobile-
phase reservoir during use, to blanket contents of the reservoir. Commercial
on-line solvent degassers often are effective. However, with these devices,
changing solvents involves large hold-up volumes that require extensive purg-
ing before the new solvent is properly equilibrated in the system.

Flow-rate variations from equipment problems cause sudden changes in
the retention of all bands and random fluctuations in peaks from run to run.



218 THE COLUMN

If a flow-rate variation occurs, the detector baseline may shift or larger-than-
normal baseline noise may occur. Also, the backpressure on the column inlet
may show larger-than-usual variations. Flow-rate changes due to check valve
problems also can create pressure surges that can be detrimental to column
performance and lifetime. Flow-rate accuracy (within ~1%) can be determined™ —
by measuring the volume of column effluent for a specific time period and
calculating the mL/min (e.g., time to fill a 2- or 5-mL volumetric flask). Note,
however, that this method may not detect short-term flow variations since
this flow-rate measurement integrates over a finite time period. Reference 49
provides additional insight on how to detect and solve such problems.

Too large a sample mass can cause retention times and/or N values to
decrease for peaks that are overloading the column. The usual solution to this
problem is to find empirically the maximum sample size that gives maximum
retention times and plate numbers for peaks of interest. Typically, this sample
size is 10 to 50 ug of sample for column internal diameters of about 0.46 cm;
less than 1 ug of a basic sample may overload the column when silanol
interactions are a major factor in the retention process. A useful approach is
to start with a larger sample (10 to 50 ug, unless this overloads the detector)
and then decrease the size until constant retention times are found.

Column temperature change is a common cause of varying retention (see
Figs. 7.6 and 11.9). This is especially the case when separating ionic or ionizable
compounds where significant variations in o can occur with temperature
change. For maximum precision, the column should be thermostatted to main-
tain the temperature to *0.2°C. If no thermostat is available, an insulated
column reduces the effect of laboratory temperature changes. Separations by
ion-pair HPLC and RPC with ionic or ionizable compounds should always
use thermostatted columns.

Retention variations with unthermostatted columns are reduced by mini-
mizing changes in laboratory temperature. A constant-temperature environ-
ment is particularly important to minimize column temperature changes when
using automatic sampling and unattended operation. Here, column tempera-
ture variations will result in drifting retention times that may fall outside the
narrow ‘“‘windows” required by some automatic data-handling systems.

Should variations in retention occur as a result of column change during
use of a method, predictable modifications in operating conditions (solvent
strength, solvent mixture, etc.) can be used to re-establish an acceptable separa-
tion. This goal can often be realized without re-developing the method if
knowledge of the effects of the various operational variables is available.
Retention “maps” for the compounds of interest are helpful for this purpose;
see Section 10.3 and the discussion of Fig. 1.5. Documentation of the effect of
minor changes in operating variables during method development is especially
valuable for making appropriate adjustments when resolution degrades.

As mentioned previously, columns of a given type from the same manufac-
turer can show significant batch-to-batch retention and selectivity variations.
A particular separation developed on one column may not be the same when
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using a second column of the same type from a new lot. A preferred way to
test whether a method will function reliably is to evaluate columns from
several (three or more) different lots or batches. Acceptably reproducible
retention and selectivity should occur with all lots before the method should
be considered sufficiently rugged (robust) for routine application. Peaks of
interest should be separated with at least the minimum resolution required
for the desired measurement, taking into account a reasonable loss in resolu-
tion with use. Reproducibility problems are minimized by using columns from
a manufacturer who can deliver (and warrant) a high-quality, reproducible
product. Some manufacturers can provide columns from the same (large) lot
over a several-year period when lot-to-lot variations cannot be avoided by
optimizing the mobile phase. Columns from a single lot should be closely
similar with respect to retention and chromatographic performance.

5.4.2 Band Tailing

Conditions resulting in tailing or asymmetrical peaks should be avoided. Band
tailing causes inferior separations and reduced precision (especially when
using automatic data systems); poor column-to-column reproducibility may
also be associated with tailing bands (silanol interactions). In this section,
band tailing in method development is discussed as a function of the column
and its history. Reference 49 contains a general discussion of the problems
and solutions associated with tailing bands (see also Section 7.3.3.2).

Column plate numbers and band resolution are overestimated when tailing
peaks are involved. Tailing peaks can trail into a closely eluting following peak,
reducing the ability to quantitate each peak accurately. For band asym-
metries of 1.2 (peak tailing factor ~1.15), the peak-half-width method (Eq.
2.8a) can produce positive plate numbers as large as 30%, resulting in calculated
resolution errors of up to 15% [48]. Therefore, peaks with good symmetry are
always desired when initially developing methods that require a high level of
precision and long-term repeatability.

Peak asymmetry or band tailing can arise from several sources, as summa-
rized in Table 5.12. An initial bad column (poorly packed) from the manufac-

TABLE 5.12 Causes of Asymmetrical
(Tailing) Peaks

Bad column; plugged frit or void

Buildup of “garbage” on column inlet

Sample overload

Wrong solvent for sample

Extra-column effects

Chemical or secondary retention (silanol) effects
Inadequate or inappropriate buffering
Contaminating heavy metals
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turer is an occasional source of asymmetrical peaks. New columns showing
undue peak asymmetry with neutral compounds should not be used for method
development. Such columns should be returned to the manufacturer for re-
placement after possible system problems have been eliminated.

Tailing peaks are common with heavily used columns. During use, columns—
can develop severe band tailing (Fig. 5.23a) or even double peaks for each
component (Fig. 5.23b). Such effects usually arise from a void in the inlet of
the column and/or a dirty or partially plugged inlet frit. Difficulties associated
with a plugged inlet frit often can be eliminated by carefully replacing the
inlet frit of the column (without disturbing the packing!). Problems due to
voids at the column inlet sometimes are reduced by filling the inlet void with
additional packing. The original performance of the column rarely is achieved
or maintained by this approach, although reversing the direction of flow
through the column is helpful [54]. Filling a column void is most practical for
the case of expensive columns (e.g., chiral or preparative columns). In other
cases, this approach should be used only in an emergency or as a last resort.

The development of broader tailing peaks (as in Fig. 5.23) during use may
also indicate the buildup of strongly retained sample components (‘“‘garbage™)
on the column inlet. This buildup sometimes can be eliminated by purging
the column with a strong solvent. A 20-column-volume purge (about 30 mL
for a 15 X 0.46-cm column) with a mixture of 96% dichloromethane and 4%
methanol with 0.1% ammonium hydroxide is often effective for reversed-
phase columns; methanol can be used for a normal-phase column. In difficult
cases, backflushing the column at a low flow rate with a strong solvent may
be necessary. In developing a routine method, an effective approach is to
reduce the possibility of strongly retained sample component buildup by using
a guard column, as discussed in Section 5.4.3.2. Some methods also require
an effective pretreatment procedure (see Chapter 4).

Overloading the column with sample also causes broadened tailing (or
fronting) peaks. This undesirable effect usually can be eliminated by reducing
the sample mass injected (increase detector sensitivity, if required), until plate

Double peaks
Seyere for each
tailing component

. Nun.

(a) (&)
FIGURE 5.23 Some symptoms of column problems.
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number, peak shape, and retention are constant. See Section 2.4 and Chapter
13 for further information on column overload.

Injecting the sample in a solvent that is stronger than the mobile phase
usually results in early bands that are distorted and tailing, as illustrated in
Fig. 5.24. In this example, injecting a sample in pure acetonitrile produced
broader asymmetrical bands than did a separation in which the sample was
injected with the appropriate 18% acetonitrile—water mobile phase. When the
sample is poorly soluble in the mobile phase (or weaker solvents), small
volumes in a stronger solvent can be injected (e.g., < 25 uL for a 0.46-cm-
ID column). However, poorer band shapes, sample precipitation, column
blockage, and compromised quantitation may result. For poorly soluble mate-
rials, dissolving the sample in a strong solvent, then diluting with an equal
volume of the mobile phase often is successful for sample injection.

Extra-column effects associated with the HPLC equipment can cause
band tailing and broadening. These band-spreading effects are associated
with (1) large sample-injection volumes, (2) too much volume in the lines
between the sampling valve, the column, and the detector, and (3) the
volume of the detector flow cell. All such extra-column effects combine
to increase peak tailing and decrease apparent column number, as discussed
in Section 2.3.3.3. This type of tailing is most pronounced for early-eluting
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FIGURE 5.24 Sample-solvent injection effects. 30-uL sample volume; mobile phase:
18% acetonitrile—water; caffeine (peak A) and salicylamide (peak B) injected in pure
acetonitrile and in 18% acetonitrile-water mobile phase. (Reprinted with permission
from Ref. 55.)
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peaks, since they have the smallest volume (narrowest peaks). Figure 5.25a
illustrates this effect. Here the early-eluting, narrower peaks from this
column of 3-um particles show significant tailing because of extra-column
band broadening associated with this “‘standard” HPLC system. Later-eluting
peaks of increasing volume exhibit progressively less tailing. When
early peaks tail the most, it is a good indication that extra-column effects

are present. In Fig. 5.25b, peak tailing is less pronounced and retention
times are shorter because of the use of a lower-dead-volume microbore
HPLC apparatus. Note especially that the plate numbers for the peaks
with the microbore hardware in Fig. 5.25b are significantly larger than the
peaks formed with the standard hardware in Fig. 5.254.

Peak broadening and tailing due to extra-column effects should be elimi-

nated or minimized before attempting to develop a separation by:

+ Injecting small sample volumes (typically, < 25 uL)

+ Using short connecting tubing of small internal diameter (e.g., < 20 cm
of 0.007 in. ID) between the sample valve and the column and between
the column and the detector

NITROBENZENE TOLUENE
N = 11400 m-TERPHENYL N = 4970
k‘=1.6 N=5640 k'=04 z
k=07 STANDARD 5
EXTRA-COLUMN &
HARDWARE z
(@)
TOLUENE
N =17200
:l:gcl)gggzene m-TERPHENYL | *= 0!
s 14 N=19200 z
k=03 MINIATURE 5
EXTRA-COLUMN =
HARDWARE =
|
(6)

FIGURE 5.25 Band tailing from extra-column effects. Column: 15 X 0.45-cm, 3-um
Spherisorb silica; mobile phase: hexane-acetonitrile (99:1 v/v); flow rate: 2.0 mL/min.
(a) Commercial chromatograph with 10-uL sampling valve and 8-uL detector cell;
(b) low-volume system with 0.5-uL sampling valve and 1-uL detector cell. (Reprinted
with permission from Ref. 56.)
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- Making sure that all tubing connections are made correctly from
“matched” fittings

- Using a cleanly swept, low-volume detector cell (< 8 uL) (for useful
discussions of extra-column effects, see Refs. 49 and 56)

Tailing or asymmetrical peaks can occur because of various chemical effects,
including a mismatch between the mobile/stationary phase combination and
the sample. Such undesirable effects often are eliminated by using mobile
phases that contain acetate plus triethylamine (resulting in the “‘generic col-
umn” of Section 5.4.1). Sometimes, the problem with tailing peaks only is
eliminated by changing to an entirely different mobile phase—stationary phase
combination (e.g., from reversed phase to normal phase).

Contaminating metals (Al, Fe, Ni, etc.) in the column can produce band
tailing for certain compounds. The tailing of basic drugs due to metal contami-
nation of a C;3 packing is illustrated in Fig. 5.26. The use of highly purified
silica supports generally eliminates possible problems with heavy-metal com-
plexation.

5.4.3 Why Do Columns Die?

Columns for normal-phase separations often are more stable than are columns
used for the other HPLC procedures. Some normal-phase columns (e.g., silica,
cyanopropyl) have useful lifetimes of more than one year when used with clean
samples. Polymeric ion-exchange (resin) columns display similar stability. On the
other hand, silica-based columns for reversed-phase, ion-pair, and ion-exchange
chromatography are less rugged in the aqueous environments required for these
separations. Even so, well-made columns can be stable under reversed-phase
conditions for several months of continuous use (many hundreds or thousands of
samples) if appropriate conditions are employed (Section 5.2.3). In the following
sections we discuss briefly the main problems found with columns, and useful
techniques for minimizing and correcting these problems.
Columns degrade (or “‘die”’) for several reasons:

- Partially blocked (plugged) frit or column bed

- Adsorbed sample impurities (“garbage”)

+ Initially poorly packed column

- Mechanical or thermal shock creating voids

- Chemical attack on the support or stationary phase

Some symptoms of impending column death are:

+ Column backpressure increase

- Tailing bands
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FIGURE 5.26 Tailing of basic drugs due to metal contamination of Cg silica.
(a) Initial silica support; (b) after acid washing the silica support; mobile phase,
20 mM trimethylamine. (Reprinted with permission from Ref. 57.)

- Loss in plate number
- Loss of selectivity

- Retention (k) decrease (or increase for basic compounds on a silica-
based column)

Table 5.13 summarizes common causes for column problems and the experi-
mental condition by which this problem is recognized. For example, plugging
of the frit or column bed will usually increase column backpressure (X) and

normally will strongly affect band shape (tailing) and column plate number
(X X).

5.4.3.1 Column Frit Problems. The most frequent column problems en-
countered by practitioners are those associated with plugged inlet frits. The
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TABLE 5.13 Troubleshooting Column Problems

Cause Pressure Tailing Plates Selectivity Retention
Plugging X XX XX

Voids XX XX

Adsorbed sample ? X X XX
Chemical attack X X XX XX

plugged frit often is associated with the inlet of a guard column, if used
(Section 5.4.3.2). As discussed above, unusual band shapes often arise from
either a partially plugged inlet frit or a void in the inlet of the column. If a
plugged frit is suspected, it can be confirmed by running a standard sample
with known operating conditions. Problems associated with a dirty inlet frit
often are eliminated by carefully replacing the inlet frit of the column without
disturbing the packing. While changing the frit (don’t try to clean!), the inlet
of the column should be checked for a void. If the packing is not flush with
the top of the column, settling of the packed bed is indicated. As discussed
above, problems with voids at the column inlet sometimes are reduced by
filling the inlet with more packing. If changing of the frit is not allowed, the
column should be reverse-flushed with a strong solvent to see if the inlet frit
can be freed of obstructing material. (Note: The column should be disconnected
from the detector when attempting to flush out the frits to prevent possible
plugging of the detector cell.)

Injection of samples containing particulates ultimately will block the column
inlet, reducing the normal lifetime of the column. Particulates also arise from
the wear of sample injector and pump seals. The use of a 0.25- or 0.5-um in-
line filter between the injection value and the column inlet usually eliminates
these problems. These low-volume filters are designed to minimize extra-
column effects but must be replaced after a series of injections. Continued
increase in column backpressure usually signals that the inlet filter needs
replacing. In-line filters do not eliminate the desirability of removing obvious
particulates from the sample. This is accomplished by filtering or centrifuging
the sample before injection. Opalescent or cloudy samples should be treated
with a 0.25-um filter. The small filters that attach to hypodermic syringes are
convenient for this operation. Finally, changing pump seals and sample-valve
rotors regularly will minimize problems with frit pluggage. Particulates from
worn seals and rotors are a major source of material that can plug frits.

5.4.3.2 Strongly Held Sample Components. Column life often can be short-
ened significantly by a buildup of strongly sorbed sample components at the
column inlet. This buildup of noneluted components is especially a problem
with complex samples such as extracts of biological tissues or fluids (e.g.,
serum), oil-containing formulations, and so on. Column contamination often
is not a serious problem with essentially pure samples such as synthetic drugs.
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The development of broader tailing peaks (as in Fig. 5.23) during the use of
a column often signals the buildup of strongly retained contaminants on the
column inlet. This buildup can be reduced by inserting a guard column between
the sampling valve and the analytical column. The guard column is a well-
packed short length (e.g., 1 to 2 cm) containing a packing equivalent to (or
similar to) that in the analytical column. This unit captures strongly retained
sample components and prevents them from entering the analytical column.
Guard columns must be replaced at regular intervals, before strongly retained
components elute into the analytical column. Some users prefer not to utilize
guard columns because of the added expense and inconvenience of determin-
ing when to change to a fresh unit. The questionable quality of some guard
columns also inhibits their use, particularly with low-volume, high-efficiency
columns whose performance is especially affected by extra-column band
broadening effects.

Flushing the column at least daily with a strong solvent (guard column
removed!) enhances column life in isocratic separations. This preventive main-
tenance approach removes strongly retained components that slowly build up
on the column inlet (see also Section 5.3.2). (Use methanol or acetonitrile for
reversed phase; methanol for normal phase). In extreme cases, the column
can be backflushed with a strong solvent. In gradient separations, cleansing of
the column by strong solvents is conveniently accomplished by periodically
allowing 100% of the strong (B) solvent at the end of the gradient to purge
through the column for at least 20 to 30 column volumes. Dirty samples should
be pretreated to remove strongly retained components (late eluters), also
particulates. In Chapter 4 we discuss sample pretreatment methods. Alterna-
tively, the proper use of a guard column is effective and strongly recommended
for routine applications.

5.4.3.3 Poorly Packed Columns. The initial condition of the packed column
and the way in which it is used largely determine column lifetime. Compaction
of the packed bed after relatively short use usually results in a void in the
column inlet and a sudden decrease in column plate number. A void can result
when the column has been poorly packed. Unfortunately, the initial condition
of a column (i.e., plate number, asymmetry factor, etc.) often is not a good
indicator of whether the column bed will be stable. Bed stability can only be
determined under the stress of actual use.

5.4.3.4 Pressure Effects. Sudden pressure surges and any kind of mechani-
cal or thermal shock should be avoided to minimize changes in peak shape
or N values that might require column replacement. All types of sudden
mechanical and thermal shock (e.g., dropping the column on the lab bench
or rapidly changing column temperature) also should be minimized. Voids
can be caused by pressure surges that result from slow valve actuation
during sample introduction, which is a special problem with some autosam-
plers. Pressure surges also can be a special problem with column switching
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methods (Section 4.6). Special valves are available (e.g., Rheodyne MBB)
that avoid the pressure surge of valve switching. Losses in resolution from
pressure surges are minimized by using well-packed columns and by operat-
ing at lower column pressures. Pressure-related precautions usually are of
minor importance for extending column life for silica-based HPL.C columns;
well-made columns are rugged. However, columns with other types of
particles sometimes are too fragile to withstand significant flow, pressure,
and temperature variations.

5.4.3.5 Chemical Attack. Useful column lifetime can be reduced signifi-
cantly by loss of the stationary phase during separations. Stationary/mobile
phase combinations that lead to a rapid loss of bonded phase should be
avoided. (Follow the column manufacturer’s recommendations.) Reversed-
phase columns with short-chain silane groups are the least stable. In highly
aggressive mobile phases (e.g., pH < 2.0), some columns of this type can
lose most of the organic phase within a few hours [36]. Reversed-phase
columns with long alkyl groups (Cg or Cig) are usually considered relatively
stable. However, even these columns will lose bonded phase when used
at very low or high pH. Use of sterically protected silane stationary phases
will provide additional stability in aggressive low-pH environments (Fig.
5.12). Nevertheless, many Cg and C;g columns usually show good long-
term stability, provided that proper operating procedures are followed (2.5
= pH = 8.0).

5.4.3.6 Other Factors. The stability of the bonded organic ligand on a
reversed-phase column depends on the type and acidity of the silica used as
the support [5,11,46]. Packings made with fully hydroxylated silicas having a
homogeneous distribution of surface silanol groups show superior stability.
Studies suggest that the stability of reversed-phase packings may be a function
of the pH of the silica surface [12]. Higher bonded-phase stability apparently
can occur for columns made with highly purified silica supports having a lower
surface acidity (see Table 5.4).

Loss of stationary phase from silica-based columns is accelerated at
higher temperatures. Figure 5.27 shows the large difference in the dissolution
of the silica support for a densely bonded dimethyl-C;g column when the
temperature is increased from 40 to 60°C while using a pH 7 phosphate
buffer. Temperatures above about 40°C should be used with caution when
operating at intermediate and high pH with phosphate buffers [46]. Use
of organic buffers (e.g., TRIS, HEPES, citrate) can significantly increase
column lifetime over that when phosphate buffers are used at intermediate
pH (6 to 9) [46,46a]; see also Fig. 5.16. Columns operated at pH 4 to 6
are more stable at higher temperatures because of the lower silica solubility
associated with the buffers commonly used in this pH range (acetate,
citrate). Higher-temperature operation at pH = 3 can degrade the bonded
stationary phase more rapidly and cause retention reproducibility problems



228 THE COLUMN

500
g’ —o— 60°C
- 400 —o0— 40°C
©
(0]
=
2
@ 300
0
8
= 200 +
wn
—
(o]
g 100 -
(o]
£
< W
0 o=07 T T ; T T T
0 2 4 6 8 10 12 14 16

Volume of Eluent, Liters

FIGURE 5.27 Effect of temperature on silica support dissolution with pH 7.0 phos-
phate buffer. Columns: Zorbax Rx-C18, 15 X 0.46 cm; continuous nonrecycled 20%
acetonitrile—-80% sodium phosphate.buffer, 0.25 M, pH 7.0; 1.0 mL/min. (Reprinted
with permission from Ref. 46.)

over the long term. An exception is columns of sterically protected stationary
phases (Section 5.2.3). Silica-based columns of diisobutyl-C;3 packings have
been operated for long periods at 90°C and pH 0.9 without deterioration (see
Fig. 5.12 and Ref. 45).

The insertion of a precolumn (saturation column) packed with silica before
the sampling valve sometimes increases the stability of silica-based columns
used under harsh operating conditions, particular at pH > 8.0 [58]. This
column (which can be packed with coarser particles) apparently conditions
the incoming mobile phase with dissolved silicate, retarding silica dissolution
from the analytical column. (A 0.2-um filter should be installed after this
precolumn to exclude particles from the injector.) However, several disadvan-
tages are associated with the use of precolumns:

- Higher overall column backpressures

- Inability to monitor analytical column pressure
- Slower column changeover and equilibration

- Gradient elution not practical

The result is that we do not recommend the general use of precolumns; using
a more stable column or less aggressive mobile phase is a better approach.
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Microbial growth often occurs in buffers and aqueous mobile phases that
are prepared and stored at ambient temperature for more than a day. Particu-
lates from this source can plug the column inlet and reduce column life
significantly. As a result, mobile phases that are free of organic solvents should
be discarded at the end of each day. Alternatively, 200 ppm of sodium azide
can be added to aqueous mobile phases to retard bacterial growth. (Careful
disposal of aqueous mobile phases containing azides—toxic and potentially
explosive—is mandatory). Alternatively, about 20% of organic modifier in
the mobile phase retards bacterial growth. The organic modifier also assists
in the mobile-phase degassing process.

The performance and lifetime of bonded-phase columns are best preserved
by storing them in 100% organic solvent (preferably acetonitrile) where possi-
ble. Storage with buffered solutions (particularly those containing high concen-
trations of water and alcohols) should be avoided. When buffers are used,
columns should be flushed with 15 to 20 column volumes of the same aqueous-
organic mobile phase without buffer before converting to 100% organic for
storage. Flushing densely bonded C;s columns with pure water should be
avoided. Columns should be capped tightly during storage, to prevent the
packed bed from drying out.

Table 5.14 summarizes steps to ensure good column lifetime and continued
good performance. Reference 49 should be consulted for a detailed account
of problems with columns and how to troubleshoot, minimize, and fix these dif-
ficulties.

5.4.4 Suggested Column for Method Development

Most HPLC methods use silica-based bonded-phase columns as the separating
medium. For separations not requiring other types of column packings, we

TABLE 5.14 Steps for Ensuring Best Column Lifetime and Performance

1. Use well-packed columns.

. Minimize pressure surges; avoid mechanical and thermal shock.

. Use a guard column and an in-line filter.

. Flush column frequently with strong solvent.

. Pretreat dirty samples to minimize particulates and strongly retained

components of no interest.

Use stable stationary phase (C,g best).

. Use organic buffers when operating at intermediate pH (6 to 8).

. Use column temperatures of < 40°C (except sterically protected at low pH).

. Keep mobile-phase pH between 3.0 and 8.0 for most silica-based columns.

. Add 200 ppm sodium azide to aqueous mobile phases and buffers.

. For overnight and storage, purge out salt and buffers, leave in pure organic
(preferably acetonitrile).
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recommend the following column specifications as a starting point for most
method-development studies:

+ Column configuration: 25 or 15 X 0.46 cm

- Support particles: 5-um porous silica microspheres

- Pore size: 80 to 100 A (except for macromolecules)

- Particle surface area: 150 to 350 m?%/g

+ Bonded phase: Cg or Cy5 (reversed phase); CN or diol (normal phase)

Columns with the properties listed above are widely available with good use

properties. As method development proceeds, other column configurations,

pa

rticle size, and so on, may be indicated.
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6.1 INTRODUCTION

As discussed in Section 1.4, the nature of the sample determines the best
approach to HPLC method development. The method-development strategy
recommended in this book is summarized in Fig. 1.3, where various samples
are classified as regular or special. Regular samples are divided further into
neutral and ionic samples. Ionic samples contain one or more compounds that
are ionic or ionizable (acids, bases, organic salts). This chapter deals with
the separation of neutral samples containing only non-ionizable compounds.
Method development for samples that contain ionic compounds is discussed
in Chapter 7; however, many of the approaches described in this chapter for
modifying the separation of neutral compounds are applicable to ionics as
well. The recommended initial approach to method development for both
neutral and ionic samples is provided in Chapter 9.

Part I - Reversed-Phase Chromatography
Reversed-phase chromatography (RPC) is the first choice for most regular
samples. RPC is typically more convenient and rugged than other forms
of LC and is more likely to result in a satisfactory final separation. High-
performance RPC columns are efficient, stable, and reproducible (Section
5.3). Detection often is easier in RPC (especially for UV detectors) because
of the solvents used. Finally, most workers have more experience with RPC
than with other HPLC methods.

Although many organic compounds have limited solubility in the (aqueous)
mobile phase, this is not a practical limitation because only small amounts
(nanograms or micrograms) of sample are usually injected (see Section 2.4).
In those cases where sample solubility in RPC mobile phases is exceptionally
poor, normal-phase chromatography (NPC) is a preferred alternative. Simi-
larly, samples that are unstable in aqueous media can also be separated by
NPC using non-aqueous solvents.

Some samples cannot be easily separated by RPC and must be handled in
a different manner. Special samples (Fig. 1.3) contain compounds that fall into
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one of the following categories: very hydrophilic or hydrophobic compounds,
achiral isomers, chiral isomers (enantiomers, Chapter 12), or biomolecules
(Chapter 11). Inorganic ions and synthetic polymers are also “‘special” but
are not discussed in this book. Very hydrophobic compounds are strongly
retained in RPC and may require the use of non-aqueous conditions (non-
aqueous reversed-phase chromatography or NARP, Section 6.5). Alterna-
tively, such separations can be carried out by normal-phase chromatography
(NPC) (see Part II of this chapter). Some very hydrophobic biological mole-
cules can be separated by hydrophobic interaction chromatography (HIC); this
is discussed in Chapter 11. Very hydrophilic samples may not have sufficient
retention in RPC, even with mobile phases containing little or no added
organic solvent. The separation of hydrophilic ionic samples is discussed in
Chapter 7. Neutral hydrophilic compounds are best separated by NPC (Sec-
tions 6.6 and 6.7) because of their strong retention on NPC columns. Certain
hydrophilic compounds can also be separated by hydrophilic interaction chro-
matography (HILIC), which is discussed in Section 6.6.5 and Chapter 11.

Achiral isomers (stereoisomers, diastereomers, positional isomers, etc.) can
be separated in some cases by RPC. However, the separation of isomeric
mixtures often requires either NPC (Section 6.7) or RPC with a cyclodextrin
bonded phase (Section 6.3.3). The separation of enantiomers requires the use
of special conditions, as discussed in Chapter 12.

6.2 RETENTION IN REVERSED-PHASE CHROMATOGRAPHY

The basis for RPC retention is shown schematically in Fig. 6.1. Separation by
RPC is similar to the extraction of different compounds from water into
an organic solvent such as octanol, where more hydrophobic (non-polar)
compounds preferentially extract into the non-polar octanol phase. The col-
umn (typically, a silica support modified with a Cg or C;3 bonded phase) is
less polar than the water—organic mobile phase. Sample molecules partition
between the polar mobile phase and non-polar Cg or Cig stationary phase,
and more hydrophobic (non-polar) compounds are retained more strongly.
For a given mobile-phase composition, the result is a differential retention of
samples according to their hydrophobicity, with a resulting chromatogram
such as that shown in Fig. 6.1. Hydrophilic (polar) compounds are less strongly
held and elute from the column first; more hydrophobic (non-polar) com-
pounds elute last. Compounds of intermediate polarity elute in the middle of
the chromatogram.

The RPC retention of a compound is determined by its polarity and experi-
mental conditions: mobile phase, column, and temperature. As shown in Table
6.1, there are several ways to change retention of most compounds in RPC.
The detailed nature of reversed-phase retention is not understood completely
[1-3], but it appears that retention can be approximated by a partition process.
Regardless of the fundamental basis of retention, the consequences of changes
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FIGURE 6.1 Schematic representation of reversed-phase process for non-ionic com-
pounds. A solid dot refers to a sample molecule partitioning between the polar mobile
phase and the non-polar stationary phase.

in experimental conditions (mobile phase, column, temperature) have been
well studied and can lead to a systematic approach to RPC method develop-
ment as described in this chapter and Chapter 9.

6.2.1 Mobile-Phase Effects

Retention (compound k values) is preferably adjusted by changing mobile-
phase composition or solvent strength. In RPC, retention is less for stronger,
less polar mobile phases. Solvent polarity can be measured by the polarity
index P’ (Table I1.2 of Appendix II). Solvent strength depends on both the

TABLE 6.1 Techniques to Modify Retention in RPC

Decrease Retention Increase Retention

More polar column (cyano, C,) Less polar column (Cg, Cs)

Less polar mobile phase More polar mobile phase
(higher % B—more organic) (lower % B—more water)
(less polar organic solvent) (more polar organic solvent)

Higher temperature Lower temperature
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choice of organic solvent and its concentration in the mobile phase: % B,
where A is water, B is organic, and % is volume %. An initial (and primary)
goal in method development is to obtain the adequate retention of all sample
compounds. As described in Chapter 2, a retention range of 0.5 < k < 20 is
allowable for samples to be separated using isocratic conditions although
1 < k < 10 generally is preferred.

6.2.1.1 Choice of % B. An effective approach to method development be-
gins with a very strong mobile phase (e.g., 100% ACN in Fig. 6.2). The initial
use of a strong mobile phase makes it likely that the run time of the first
experiment will be conveniently short, and strongly retained compounds will
all be eluted. (Note that if no peaks are observed after 30 to 40 min with
100% ACN, another method may be needed; see Chapter 9 for proposed next
steps.) For 100% ACN, the entire sample elutes near 7, (k < 0.2), so a weaker
mobile phase is required. Successive reductions in % ACN by 20% result in
the 80% and 60% ACN separations of Fig. 6.2, neither of which is acceptable
in terms of the retention of the first band (¢, = 1.0 min, & < 0.5). Adequate
retention is achieved for both 50% and 40% ACN (0.5 < k < 20 for both
cases). If the mobile phase is much weaker (< 30% ACN), the retention for
compound D would be unacceptably long (k > 20, as shown by plot D in Fig.
6.3). Note for both 50% and 40% ACN that the separation of all four com-
pounds has been achieved, with slightly better resolution for 40% ACN
(R; = 2.0 for compounds B and C) at the cost of a longer run time. Many
samples can be adequately separated by this simple approach of retention
adjustment using solvent strength.

In Fig. 6.3, the retention data of Fig. 6.2 are plotted as log k vs. % B. The
horizontal dashed lines for k = 0.5 and 20 define minimum and maximum %
B values for acceptable retention: 30 to 56% B (dotted vertical lines). The
dependence of RPC retention on % B has been studied exhaustively, as
reviewed in Ref. 4. As a first approximation, plots of log k vs. % B are linear
(as in Fig. 6.3):

log k = log k, — S¢ (6.1)

Here k, is the theoretical value of k for only water as mobile phase (0% B),
§ is a constant for a given sample compound (conditions other than % B
constant), and ¢ is the volume fraction of organic in the mobile phase [¢ =
(% B/100)]. For most low-molecular-weight compounds (< 500 Da), S = 4.

A consequence of Eq. 6.1 and S = 4 is that & increases by a factor of 2 to
3 for a decrease of 10% B, as illustrated in Fig. 6.2 for compounds A to D.
For example, the value of k for compound D increases from 9 to 23 as the
mobile phase is changed from 40 to 30% B (Fig. 6.3). This rule of 3 (approxi-
mate three-fold increase in k for a 10% B decrease) is useful in quickly
estimating the best value of % B for acceptable retention of all sample com-
pounds.
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FIGURE 6.2 Effect of a change in percent organic on RPC separation of a hypotheti-
cal sample. Conditions: 15 X 0.46-cm C;g column, 1.5 mL/min flow rate (fy = 1.0 min).
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Log k

% B

FIGURE 6.3 Plot of compound retention (log k) vs. mobile phase strength (% B)
for sample of Fig. 6.2. See the text for further details.

Systematic decrease of % B (as in Fig. 6.2) to investigate sample retention
is a simple and convenient way to determine the best mobile-phase composi-
tion for a given sample. A faster alternative procedure uses gradient elution
(Section 8.2.2).

6.2.1.2 Mobile-Phase Strength. Mobile-phase strength in RPC depends on
both % B and the type of organic solvent. These effects are illustrated in the
solvent-strength nomograph of Fig. 6.4 for three commonly used RPC solvents:

0 10 20 30 40 50 60 7O 80 90 100
— ACN/H,0
0 20 40 €0 80 100
———t— MeOH/H,0

0 10 20 30 40 5 60 70 80 9 100

I 1 $ + $ 4 4 4 $ 4 i THF/H,0
FIGURE 6.4 Solvent-strength nomograph for reversed-phase HPLC. (Adapted from
data of Refs. 5 and 6.)
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acetonitrile (ACN), methanol (MeOH), and tetrahydrofuran (THF). A verti-
cal line connects % B values for mobile phases having the same strength
(giving similar values of k). For example, 40% ACN should provide similar
values of k and run time as 50% MeOH and 30% THF. Slightly different
scales of mobile-phase strength have been reported by other workers [7,8].
These various scales are at best approximate for any particular sample and
should be used only as a rough guide (+5% B accuracy). The use of Fig. 6.4
in RPC method development is discussed further in Sections 6.3.2 and 6.4.2.2.

Figure 6.4 and other literature data suggest that RPC solvent strength varies
as water (weakest) < methanol < acetonitrile < ethanol < tetrahydrofuran
< propanol < (methylene chloride) (strongest). Thus, solvent strength in-
creases as solvent polarity decreases. Appendix II includes polarity values P’
for a number of common solvents.

Any of the foregoing solvents might be used with water for RPC, except
methylene chloride, which is not water miscible. Because it is quite strong, meth-
ylene chloride-modified solvents can be used to clean RPC columns that have
become contaminated by strongly retained sample components (Section
5.4.3.2). Acetonitrile (ACN) is the best initial choice of organic solvent for the
mobile phase. ACN-water mixtures can be used with UV detection atlow wave-
lengths (185 to 210 nm), which may be necessary for some samples (Section
3.2.2). ACN-water mixtures also have much lower viscosities, resulting in some-
what higher plate numbers and lower column pressures (both desirable). The
next best organic solvent is methanol (MeOH), followed by tetrahydrofuran
(THF). These three solvents are widely used to control selectivity and separation
in RPC (Section 6.3.2). THF has some disadvantages: higher UV absorbance, reac-
tivity with oxygen, and slower column equilibration when the mobile phase is
changed. However, many workers have reported unique selectivity with THF.

Occasionally, a sample cannot be eluted from a column using 100% ACN.
These very hydrophobic samples require the use of even stronger mobile
phases (e.g., high-% THF-water, or THF-ACN). When the mobile phase
contains no water, the HPLC mode is referred to as non-aqueous reversed-
phase LLC (NARP), as discussed in Section 6.5.

6.2.2 Column and Temperature Effects

RPC separations are usually carried out with silica-based, bonded-phase col-
umns (Section 5.2.3). Sample retention depends on three characteristics of
the column: type and concentration of bonded phase and column surface area.
Retention varies with the nature of the bonded phase [9-11] and generally
increases as the chain length or hydrophobicity of the bonded-phase group
increases. For example, retention on a Cg column is usually slightly greater
than on a Cg column (other conditions, including bonded-phase density, being
the same). RPC retention for non-polar, non-ionic compounds generally fol-
lows the pattern [9-12]
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(weak) unbonded silica << cyano < C; (TMS) < G; < C, <

phenyl < Cy = Cy3 (strong)

(6.2)

This retention relationship is illustrated in Fig. 6.5 for both non-polar (anthra-
cene) and polar (diethylphthalate) compounds on different commercial col-
umns. Polystyrene and porous graphitic carbon columns (Section 5.2.3.2) are
even more retentive than a C,g column, other factors being equal [13]. Column
strength can be defined in terms of the bonded phase, a cyano column being

weak and a C;g column strong.
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FIGURE 6.5 Retention of anthracene and diethyl phthalate on columns from differ-

ent commercial sources. (From Ref. 12.)
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Values of k are also proportional to column surface area. A typical column
packing (8-nm pores) will have a surface area of about 250 m? per gram of
packing, while particles with 30-nm pores will have a surface area of about
60 m?/g. Other conditions being the same, k values for a 30-nm-pore (low-
surface-area) column will be about one-fourth as large (60:250) as k values
for an 8-nm-pore column. Therefore, a wide-pore (low-surface-area) cyano
column is quite weak and much less retentive than a narrow-pore (high-
surface-area) C;g column.

A change in column strength can be used to control sample retention (k
range), but in most cases a change in solvent strength (% B) is more effective
and convenient. Two exceptions can be noted, however. Very hydrophobic
samples are strongly retained, and in some cases their elution from a strong
column (e.g., narrow-pore C;g) may not be possible, even with NARP condi-
tions (Section 6.5). In this case, the use of a weaker column (e.g., wide-
pore cyano) may allow the convenient elution of the sample. Similarly, very
hydrophilic samples may benefit from the use of a narrow-pore, highly reten-
tive Cg or (especially) graphitic carbon column.

An increase in temperature by 1°C will usually decrease values of k by 1
to 2% for non-ionic compounds. Thus, a change in temperature can be used
to control sample retention (k range), similar to a change in % B. This is
seldom used in RPC, however, since it is more effective to vary solvent
strength. For very hydrophobic samples it can be useful to operate at higher
temperatures with a very strong mobile phase (NARP, Section 6.5) and a
very weak column.

6.3 SELECTIVITY IN REVERSED-PHASE CHROMATOGRAPHY

Adjusting the sample k range is only the first step in achieving adequate
separation. Once overall sample retention is acceptable (0.5 < k < 20), it
may be necessary to change the band spacing or selectivity («) of different
bands. Three main variables can be used in RPC to change selectivity for
neutral samples: mobile-phase composition, column type, and temperature.
A change in mobile-phase composition is generally the most effective and
convenient and should be tried first. Changes in temperature are especially
convenient but provide generally smaller changes in «. However, small
changes in « are adequate for separating many samples.

6.3.1 Solvent-Strength Selectivity

The primary effect of a decrease in % B is to increase k for every sample compo-
nent. In Fig. 6.2 a change in % B results in a similar change in k& for compounds
A to D. The selectivity («) of adjacent peak pairs (e.g., compounds B/C) does
not change much as % B is varied from 30 to 56% B (the range for which 0.5 <
k < 20), although resolution continues to increase as % B is decreased. In other
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cases, however, the spacing of adjacent bands can change markedly as a function
of % B. This solvent-strength selectivity is illustrated in the example of Fig. 6.6.
Band pair A/B is critical for the 60% and 50% ACN separations (i.e., the resolu-
tion of compounds A and B is poor for a mobile phase of > 50% ACN). Since
the separation of A and B improves for a decrease in % ACN, a further decrease
in solvent strength to 40% ACN is expected to give even better resolution of
this band pair, as observed in Fig. 6.6. However, the separation of band pair C/
Dbecomes worse assolvent strength decreases, so that at 40% ACN, compounds
Cand D become the critical band pair.

When the resolution of one band pair increases and the resolution of
another band pair decreases with a change in % B (as in Fig. 6.6), the identity
of the critical band pair is changed. The best sample resolution will then occur
for a % B value where both band pairs have the same resolution (where both
pairs are critical). In the example of Fig. 6.6, the best separation is obtained
for an intermediate solvent strength, namely 45% ACN.

There is generally some range of % B values that provide acceptable values
of k for all compounds of a given sample. Within this range, a particular
mobile phase (% B) will provide the best overall sample resolution (45% ACN
in Fig. 6.6). The selection of an optimum solvent strength (% B) as in Fig. 6.6
can be achieved by systematic trail-and-error experiments. Thus, the runs for
40% and 50% ACN suggest that an intermediate % ACN value will provide
a better separation of both band pairs, A/B and C/D. Computer programs as
described in Section 10.2 can also be used to determine the optimum % B
value more precisely and with a minimum of experiments.

Many different studies have shown that changing selectivity by changing
solvent strength is often significant for RPC [14-19]. A big advantage of this
approach for adjusting peak spacing is that it can be explored while % B is
varied for optimum sample retention (0.5 < k < 20). Thus, little experimental
effort is normally required in adjusting selectivity for adequate resolution. An
example of solvent-strength selectivity is shown in Fig. 6.7 for the separation
of a mixture of nitro-substituted benzene derivatives [16]. For 60% MeOH as
mobile phase (Fig. 6.7a), band 7/8 (arrow) are critical, while for 50% MeOH
(Fig. 6.7¢), bands 2/3 (arrow) are critical. For this sample, the best separation
is for an intermediate mobile-phase composition: 55% MeOH in Fig. 6.7b.

The use of solvent-strength selectivity is limited mainly by the retentionrange
of the sample [i.e., the ratio k,/k, for the first (a) and the last (z) bands in the
chromatogram]. This ratio can be 40 at most if 0.5 < k < 20 is maintained. When
thisratioislarge (e.g., > 20), the acceptable variation of % B is small and possible
changes in selectivity by changing % B are also small. However, this limitation
becomes much less important when gradient elution is used (Section 8.4.2).

632 Solvent-Type Selectivity

A change in organic solvent type is often used to change peak spacing and im-
prove resolution [5,20-25]. The selection of different RPC solvents for this pur-
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FIGURE 6.6 Solvent-strength selectivity: effect of a change in percent organic on

RPC separation for a hypothetical sample. Conditions: 15 X 0.46-cm C3 column,
1.5-mL/min flow rate.
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FIGURE 6.7 Separation of nitro-substituted benzenes as a function of solvent
strength (percent methanol). Arrows show critical band pairs. (From Ref. 16.)
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pose has been guided by solvent properties that are believed to affect selectivity:
acidity, basicity, and dipolarity. Various organic solvents can be classified ac-
cording to these properties [26], asshown in Figs. 2.6 and 6.8. This representation
of selectivity, the solvent-selectivity triangle, is explained in more detail in Section
2.3.2. The key feature of this classification of solvents for practical method devel-
opment is that only three solvents should routinely be chosen to provide the best
opportunity for selectivity changes. Three water-miscible solvents in Fig. 6.8
differ significantly in their selectivity properties (shaded area) and are also ac-
ceptable in terms of UV absorptivity and viscosity: acetonitrile (ACN), metha-
nol (MeOH), the tetrahydrofuran (THF). Therefore, these three solvents are
recommended for solvent-type selectivity investigations in RPC. Intermediate
selectivity (if needed for a particular sample) can be obtained by blending appro-
priate amounts of each of these solvents, as described more fully below.

A striking example of solvent-type selectivity is shown in Fig. 6.9. Here a
change from 50% MeOH to 25% THF results in a complete reversal of the
elution order of these four compounds! It should be noted, however, that
changes in selectivity that do not involve band reversal can still be highly
advantageous. Only a slight increase (2 to 5%) in the selectivity (or « value)

ACIDIC

FIGURE 6.8 Modified solvent-selectivity triangle. Cross-hatched area reters to selec-
tivity provided by MeOH, ACN, and THF. (Reprinted with permission from Ref. 26.)
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FIGURE 6.9 Solvent-type selectivity in RPC. (a) 50% MeOH-water; (b) 25% THF-

water. Bands are: 1, p-nitrophenol; 2, p-dinitrobenzene; 3, nitrobenzene; 4, methyl
benzoate. (Reprinted with permission from Ref. 22.)

for a critical band pair (by some change in experimental conditions) may be
necessary to achieve acceptable resolution.

A more complex example of solvent-type selectivity is shown in Fig. 6.10
for a mixture of substituted benzenes. For 50% MeOH (Fig. 6.10a), overlapped
peaks 1/2 are critical. Replacing MeOH in this mobile phase with THF requires
a change in % B to maintain the same solvent strength (see Fig. 6.4). For 32%
THF (Fig. 6.10b), peaks 1/2 are well separated, but now peaks 2/3 are critical.
Therefore, some mixture of these two mobile phases should provide a better
separation of the sample, and this is seen for a 1:4 blend of 50% MeOH and
32% THF (Fig. 6.10c). Note also in this example that the relative retention
of peaks 4 to 6 reverses in going from 50% MeOH to 32% THF.

Solvents other than ACN, MeOH, and THF have found occasional use
as a means of optimizing selectivity (e.g., dioxane, propanol, dimethylsulfox-
ide, 2-methoxyethanol) [27]. While useful differences in selectivity are
observed for some samples with these alternative solvents, their use must
be weighed against their less desirable properties: higher UV absorbance,
higher column backpressure, and issues of purity and stability. Changing
solvent type in RPC is usually the most effective procedure to alter
selectivity and achieve the separation of multi-component neutral samples.
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FIGURE 6.10 Solvent-type selectivity in RPC. (a) 50% MeOH-water; (b) 32% THF-
water; (¢) 10% MeOH-25% THF-water. Bands are: 1, benzyl alcohol; 2, phenol;
3, 3-phenylpropanol; 4, 2,4-dimethylphenol; 5, benzene; 6, diethylphthalate. (Re-
printed with permission from Ref. 6.)

We emphasize this approach as a major tool in developing reversed-phase
separations for complex samples.

6.3.3 Column-Type Selectivity

A change in column type can produce useful changes in selectivity [9-12,28,29].
In Fig. 6.11, changes in band spacing are evident in each chromatogram for
these three different column types. For example, bands 6 and 7 are better
separated on the phenyl and Cg columns than on the cyano column. Con-
versely, bands 5 and 6 are better separated on the cyano column than on the
C; column. The phenyl column provides the best separation of this particular
sample for this particular mobile phase. A change in either % B or solvent
type is likely to change selectivity further for each column, so it is possible
that the phenyl column is not the only (or the best) column for the sample
of Fig. 6.11.

A change in column type can also change overall sample retention as
described in Section 6.2.2. This effect is illustrated in Fig. 6.11 for the separation
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FIGURE 6.11 Effect of column type on selectivity. Columns: Zorbax SB-CN, SB-
phenyl, SB-C8, 15 X 0.46 cm; 35% ACN-65% water; 1.0 mL/min; 22°C; 254-nm UV

detection. (Reprinted with permission from Ref. 28.)
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of a series of herbicides on three columns with different bonded-phase func-
tionalities using 35% ACN-water. Retention is greater (and run time longer)
on the “stronger” Cg and phenyl columns vs. the ‘“weaker’” cyano column. A
change of the column is usually less useful than a change in the mobile-phase
type. For this reason, a change in column type for the purpose of improving
selectivity and separation should be tried after the use of solvent-strength or
solvent-type selectivity has failed. If the column is changed, the mobile phase
must be reoptimized for the new column. Other studies [9,10,29] have shown
that column selectivity is quite different for cyano, phenyl, and either Cg or
Cis columns. Usually, a Cg or C;g column should be tried first, followed by a
cyano, then by a phenyl column.

A change in selectivity by changing column type may also be advantageous
if only one organic solvent can be used. For example, low-wavelength UV
detection (< 210 nm) may be required, in which case only ACN and water
are usable. If some or all of the sample components are unstable or
potentially reactive with the mobile phase, a specific organic solvent may
also be required. Band spacing changes in RPC can also be affected by
changing the source of a given column type. For instance, a brand X Cig
column could be replaced with a brand Y C;g column of the same length
and column diameter. While selectivity changes may result in this case
(especially for the case of ionic samples), we do not recommend this
approach. Selectivity differences of this type can arise for a number of
different reasons, such as type of silica used, technique and type of bonding
chemistry, the presence or absence of endcapping, and other factors (see
Chapter 5 for a more complete discussion). These differences are often
difficult to control from batch to batch of column packing, are therefore
less reproducible over time, and can result in RPC methods that are less
rugged. This topic is discussed more fully in Section 7.3.3.

There is an important exception to the recommendation above not to
use columns from a different source as a means of changing selectivity.
Wide-pore RPC Cjg3 columns prepared from polyfunctional (polymeric)
silanes appear to provide a unique selectivity for polyaromatic hydrocarbons
(PAH) that differ in “shape,” due to intramolecular crowding [30]. For this
reason, wide-pore columns made with polyfunctional silanes are preferred for
the separation of mixtures of PAH samples. It is also possible to characterize
differences in C;3 bonding and resulting column selectivity by means of
the PAH test mixture described in Ref. 30; see Appendix V. RPC columns
of similar selectivity, which may be interchangeable for some HPLC methods,
can be inferred from the grouping of columns in Table V.2 of Appendix
V (see also Fig. 5.9).

Column packings bonded with cyclodextrin (CD) are also used in RPC,
especially for the separation of enantiomeric isomers (Section 12.5). These
CD columns have also been found to be quite effective in separating other
(achiral) isomers [31-33]. In this regard, CD-bonded columns compare favor-
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ably with the use of normal-phase HPLC for isomer separation (Section 6.6.1).
An example is shown in Fig. 6.12.

6.3.4 Temperature Selectivity

Values of k typically decrease at higher temperatures for the RPC separation
of neutral compounds (Section 6.2.2). However, large changes in selectivity
with temperature are less common with non-ionic solutes. Thus, a change in
temperature is in most cases less effective for non-ionic compounds as a means
of altering selectivity for improved separation. However, some examples exist
such as the one shown in Fig. 6.13. Compounds 2 and 4 are twisted molecules
(0- and m-terphenyl), while the remaining four compounds are planar, fused-
ring polyaromatics. As the temperature is increased, the relative retention
of the planar compounds decreases more rapidly than for the non-planar
compounds. As a result, the critical bands 2 to 4 change their spacing as
temperature is varied. Band 3 overlaps band 4 at 36°C, but moves toward
band 2 as the temperature is raised and overlaps band 2 at 48°C. An optimum
band spacing for this mobile phase/stationary phase system is obtained with
a temperature of 42°C.
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FIGURE 6.12 Separation of isomers with a cyclodextrin-bonded column. Conditions:
25 X 0.46-cm Cyclobond I column; 30% ACN-buffer (pH 4.5); 2.0 mL/min; 35°C.
(Reprinted with permission from Ref. 32.)



252 NON-IONIC SAMPLES: REVERSED- AND NORMAL-PHASE HPLC

36°C 4
3
1 6
2 5
1 —
i0
3
2
10 ’

1
42°C 4
1 6
5
L

48°C .

2
+
3
1 6
M
[l
10

Time (min)

FIGURE 6.13 Effect of a change in temperature on selectivity for a mixture of
polyaromatic hydrocarbons. Sample: 1, anthracene; 2, o-terphenyl; 3, fluoranthene;
4, m-terphenyl; 5, triphenylene; 6, chrysene. Conditions: 31.4 X 0.46-cm C;5 column; '
80% ACN-water; 1.0 mL/min; temperature as indicated. (Chromatograms recon- i
structed from data of Ref. 34.) i
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6.4 OPTIMIZING THE SEPARATION OF NON-IONIC SAMPLES IN
REVERSED-PHASE CHROMATOGRAPHY

The recommended initial approach for RPC method development, summa-
rized in Chapter 9, is applicable for regular samples of any type (ionic or
neutral). While adequate separation of most neutral samples should be achiev-
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able in this way, the chromatographer can carry out effective method develop-
ment in other ways as well. In this section we describe some of these techniques,
especially for those samples that require additional method-development ex-
periments aimed at changing selectivity. These include:

+ Use of solvent type plus % B (Section 6.4.2.2)

- Use of organic solvent mixtures (Section 6.4.2.3)

- Change in column type plus change in % B (Section 6.4.2.4)

- Combined use of different solvents plus column types (Section 6.4.2.5)

6.4.1 Getting Started

Recommended starting conditions for developing RPC methods for non-ionic
compounds are summarized in Table 1.3. These parameters are selected to
offer a good compromise among resolution, run time, and pressure [35]. A
15- or 25-cm, 5-um Cg or C;g column is preferred initially, with unbuffered
ACN-water as the mobile phase. The flow rate should be 1 to 2 mL/min. The
column temperature should be controlled at some temperature between 35
and 45°C, to avoid possible changes in retention and selectivity as room
temperature varies. However, temperature control is less critical for separating
non-ionic samples. If the optimum wavelength for UV detection is not known
initially, detection at 210 nm is probably the best first choice (Section 3.2.2).

The recommended approach to RPC method development for the isocratic
separation of neutral samples is outlined in Table 6.2 The first experiment
can be carried out in either an isocratic or gradient mode. An initial
isocratic experiment is assumed here; see the discussion in Section 8.2.2
and Section 9.2.1 for the (preferred) use of an initial gradient run. Figures
6.2 and 6.6 illustrate both the initial isocratic run (100% ACN) and the
subsequent trial-and-error experiments that lead to satisfactory sample

TABLE 6.2 Recommended Approach for
Reversed-Phase Method Development

1. Adjust % B for 0.5 < k < 20 (preferably,
1 <k <10)
2. Check for band tailing or low plate number
3. Adjust selectivity if necessary
a. Fine-tune % B
b. Change organic solvent
¢. Mix organic solvents
d. Change column type
e. Vary temperature
4. Optimize column conditions (column length,
particle size, flow rate)
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retention (0.5 < k < 20). Samples that are retained either too strongly
or too weakly for any value of % B require special handling (Section
9.2.2). In addition, if tailing bands, low column plate numbers (N), or
other undesirable peak shape effects are observed, they should be dealt
with before proceeding with further method development. Often, this will
require remedies discussed in Chapter 7.

6.4.2 Optimizing Selectivity

Once the % ACN for acceptable sample retention has been established, it
may be necessary to adjust selectivity for improved separation (i.e., either a
shorter run time or better resolution). As described earlier in this chapter,
there are many ways to change selectivity; a list of these possibilities is given
in Table 6.3. Means of changing selectivity are listed in rough order of priority
and are considered next.

TABLE 6.3 Options for Improving Selectivity*

Vary solvent strength Advantages: easy and convenient; « can be explored by
varying % B for 0.5 < k < 20.

Disadvantages: provides less control over « than a
change of solvent, especially if isocratic elution is used
for samples where k(last band) >> k(first band).

Change solvent type Advantages: preferred procedure for changing o when a

(ACN, MeOH, THF) change in % B is inadequate (possible changes in «
are greater than for a change in % B alone).

Disadvantages: less convenient than a change in % B—
more runs required.

Mix different solvents Advantages: provides intermediate selectivity for
separating more than one critical band pair; expands
the value of changing solvent type.

Disadvantages: less convenient—requires a larger
number of experimental runs.

Change column type Advantages: change in selectivity comparable to that for
a change in % B; a change in column type is useful
when only one solvent type can be used (e.g., ACN).

Disadvantages: less convenient because a new column
must be installed and equilibrated; use of different
column types connected in series for intermediate
selectivity is less practical (mixed solvents are
preferable).

Vary temperature Advantages: convenient if column temperature control is
available.

Disadvantages: changes in « with temperature are
usually smaller than for other variables.

“ In rough order of priority. Two or more options can be combined (e.g., varying solvent strength
and/or changing solvent type when changing column type).
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6.4.2.1 Solvent-Strength (% B) Effects. The use of solvent-strength selectiv-
ity (varying % B) is the first choice for separating unresolved bands, because
of ease and simplicity. Selectivity effects based on solvent strength will usually
be obvious during the adjustment of % B for acceptable retention (0.5 <
k < 20), as in the examples of Figs. 6.6 and 6.7. The final choice of % B should
take into account retention range (0.5 < k < 20), resolution, and run time.
If no value of % ACN provides acceptable selectivity (unresolved bands),
further changes in experimental conditions must be investigated. Whenever
another means of changing selectivity is investigated, it is desirable to re-
optimize % B for both 0.5 < k < 20 and improved selectivity. Examples of
this approach are given below.

6.4.2.2 Solvent-Type Effects Plus % B Effects. For most neutral samples, a
change in organicsolvent from ACN toMeOH or THF is likely to result in major
changes in band spacing and the resolution of band pairs that were unresolved
with ACN as solvent. This is illustrated for the separation of a steroid sample
inFig. 6.14. The three chromatograms on the left side of Fig. 6.14 for 24% ACN,
45% MeOH, and 19% THF each have k& = 20 for the last band (same solvent
strength). Whereas bands 1 and 3 are unresolved for 24% ACN, these two bands
are baseline resolved with 45% MeOH and 19% THEF. In addition, bands 4 to 6
change relative positions between the MeOH and THF runs.

Figure 6.14 also shows the benefit of optimizing % B for selectivity as well
as for 0.5 < k < 20 when the solvent is changed. For the case of ACN as
solvent, band pair 1/3 is unresolved for both 24% ACN (k = 20 for last band)
and 42% ACN (k = 0.5 for first band). In this case, any adjustment of % B
(same modifier) to change selectivity will be unsuccessful for this mixture.
With methanol as solvent, band pair 4/5 is critical for 45% MeOH (k = 20
for last band), but band pair 1/2 is critical for 65% MeOH (k = 0.5 for first
band). Whenever a change in the critical band pair occurs on changing % B,
an intermediate value of % B will give better resolution. In this case, the
separation shown for 48% MeQOH is optimum (R, = 1.5). For THF as solvent,
0.5 < k <20 for 19% < % B < 37%. Band pair 1/2 is critical for 19% THF
and band pair 4/6 is critical for 37% THF. The best resolution is found for an
intermediate % B: 24% THF with R, = 1.9.

The separations of Fig. 6.14 suggest a simple method development strategy
that is useful for samples with about 10 or fewer components [16,36]. The
first experiments aim at understanding separation (R;, run time) as a function
of % ACN. Usually, four or five runs will identify the best % ACN value, as
in the examples of Figs. 6.2 and 6.6. If an acceptable separation results, no
further experiments are required. For the steroid sample of Fig. 6.14, separa-
tion is not achieved as % ACN is varied, and solvents other than ACN are
tried next. Use of the solvent nomograph (Fig. 6.4) allows a quick estimate
of the best % MeOH value in a smaller number of runs. In Fig. 6.14, 48%
MeOH provides R, = 1.5 in a run time of 12 min.
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FIGURE 6.14 Solvent-strength and solvent-type optimization for a steroid sample. Sample:
1, prednisone; 2, cortisone; 3, hydrocortisone; 4, dexamethasone; 5, corticosterone; and 6,
cortexolone. Conditions: 15 X 0.46-cm Zorbax C8 column; 2.0 mL/min; 35°C. (Chromato-
grams reconstructed using data from Ref. 16.)
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If either resolution or run time is unacceptable for ACN or MeOH as
solvents, then a few additional experiments will provide the best value of
% THF. In this case, 24% THF gives R, = 1.9 and a run time of 9 min.
Although this is the best separation shown in Fig. 6.14, there is no way of
predicting in advance which solvent (ACN, MeOH, THF) will be best. The
stepwise procedure of Fig. 6.14 ensures that a minimum number of experiments
will be required to achieve an acceptable separation, assuming that some
combination of solvent type and % B will be successful.

6.4.2.3 Use of Organic Solvent Mixtures. Another powerful approach to
optimizing solvent-type selectivity is outlined in Fig. 6.15. This procedure
holds solvent strength constant while blending ACN, MeOH, and THF in all
possible proportions. Run 1 in Fig. 6.15 is the result of first adjusting % ACN
so that 0.5 < k < 20. If this separation is inadequate, further experiments
(runs 2, 3, . . .) are carried out until an acceptable separation results. The
mobile phases for runs 2 (MeOH) and 3 (THF) are selected from the solvent-
strength nomograph (Fig. 6.4), based on the best % ACN value of run 1.
Mobile phases for runs 4 to 7 are prepared from the mobile phases for runs
1 to 3 as follows:

Volume of Indicated Mobile Phases to

Be Combined
Mobile Phase Run 1 Run 2 Run 3
Run 4 1 1
Run 5 1 1
Run 6 1 1
Run 7 1 1 1

For example, the mobile phase for run 4 is prepared by blending equal volumes
of the mobile phases for runs 1 and 2.

Once the seven runs of Fig. 6.15 are completed, one can readily select a
mobile-phase composition that provides the best resolution of the sample. As
described originally [23], this procedure used a computer program for auto-
matic method development (Section 10.3). However, the example of Fig. 6.16
illustrates step-by-step method development that does not require the use of
a computer and may not require all seven runs of Fig. 6.15.

The nine-component sample of Fig. 6.16 is a mixture of substituted naphtha-
lenes. Initial experiments with varying % ACN were used to obtain 52% ACN
for 0.7 < k < 8 (acceptable retention): run 1 in Fig. 6.16. Two overlapped
band pairs (2/3, 6/7) are observed with 52% ACN, so a change in selectivity
is needed for acceptable separation. Use of the solvent nomograph (Fig. 6.4)
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FIGURE 6.15 Plan for selectivity optimization in RPC based on mixtures of acetoni-
trile (ACN), methanol (MeOH), and tetrahydrofuran (THF). All mobile phases are
of equal strength (see Fig. 6.4).
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FIGURE 6.16 Seven chromatograms for solvent-selectivity experiments for substi-
tuted naphthalenes. Column 15 X 0.46-cm Zorbax-C8, flow rate 2.0 mL/min; 40°C.
(Chromatograms from data in Ref. 23.)
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suggests the use of 63% MeOH for the next experiment (run 2). Peak pairs
2/3 and 6/7 overlap in this run. Since peak pair 6/7 is unresolved in both runs
1 and 2, it is unlikely that a mixture of MeOH and ACN will be successful
in separating all the components in this sample. (This conclusion is confirmed
in the chromatogram of run 4 of Fig. 6.16, but in practice this experiment
would not be required.)

Since mixtures of ACN and MeOH cannot separate the present sample,
the next experiment is run 3 with a new solvent: THF. Again, the solvent
nomograph provides an estimate of the required value of % B (39% THF).
Note that for some samples the approximate nature of the nomograph of Fig.
6.4 may require one or two additional experiments to obtain values of %
MeOH or % THF that give a similar run time as for run-1 with ACN, but in
this case these additional experiments were not needed. In run 3 band pairs
3/4 and 8/9 overlap, but these are different critical band pairs than were observed
inrun 1 (2/3,6/7) orrun2 (12, 6/7). Therefore, some improvement in separation
can be expected by blending the mobile phase for run 3 with that for either run
1or2

If a blend of mobile phases from runs 2 and 3 (run 6: MeOH-THF) is
tried, band pair 3/4 is overlapped and band pair 1/2 is barely resolved. Further
blending of mobile phases for runs 6 and 3 will still leave band pair 3/4
unresolved, while blends between runs 6 and 2 can provide only marginal
separation of band pair 1/2. For this reason, a mixture of mobile phases from
runs 1 and 3 should be tried next. This separation (run 5) shows baseline
separation of all nine bands in the chromatogram. Further minor improve-
ments in separation might be achieved by blending a little of the mobile phase
for run 3 with more of the mobile phase for run 2, because the critical band
pair for run 5 (6/7) is better resolved in run 3. For separations such as this
that involve more than one critical band pair, the best mobile-phase composi-
tion will be the one that provides equal resolution for the two most critical
band pairs in question (6/7 and either 3/4 or 8/9, in this case).

Several studies have demonstrated that an optimum mixture of these or-
ganic solvents (ACN, MeOH, THF) rarely requires all three solvents. How-
ever, for difficult separations, run 7 can provide additional selectivity informa-
tion regarding the relative movement of the critical band pairs. Therefore,
RPC method development can be carried out more efficiently by focusing first
on conditions represented by the edges of the triangle in Fig. 6.15 (runs 1 to
6 only). The four-solvent run 7 should be run last, and only if needed.

The method-development approach of Fig. 6.14 can be used as a beginning
for the procedure of Fig. 6.15. Thus, the experiments of Fig. 6.14 define the
best values of % B for runs 1, 2, and 3 of Fig. 6.15. For (difficult) samples
that require a combined approach (varying both solvent strength and type;
Fig. 6.14 and Fig. 6.15), best values are obtained of % ACN, % MeOH, and
% THF in the final mobile phase. Thus, the two procedures represented by
the separations in Figs. 6.14 and 6.15 are highly complementary and extremely
powerful. More important, samples that do not require this much control over
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selectivity can be separated with just a few experiments, as in the examples
of Fig. 6.6 (change in % B) or Fig. 6.14 (use of different solvent types).

6.4.2.4 Column-Type Effects Plus % B Effects. Columns of different type
(Cs or Cyg, phenyl, cyano) can also be used to change selectivity, and this can
be especially useful when combined with changes in % B. For a particular
type of column, a certain selectivity will be observed and the adjustment of
% B can be used to further “fine-tune” the selectivity, change retention times,
and potentially reduce separation time. This is illustrated in the separations
of Fig. 6.17 for a sample composed of substituted benzoic acids. Although
this sample does not fit our definition of “neutral,” under the low-pH condi-
tions used for the separation, all compounds are protonated and uncharged
(i.e., are effectively neutral).

Chromatograms are shown in Fig. 6.17a for the separation of this sample
by three different columns (Cg, phenyl, and cyano), using % MeOH values
that give maximum sample retention (k = 20 for the last band). For these
conditions, we might conclude that the phenyl column gives the best
separation, since bands 4/6 partially overlap on the Cg column and bands
1/2 are unresolved on the cyano column. However, the simplicity of this
sample and its limited retention range allows the use of stronger mobile
phases, as shown in Fig. 6.17b, where % B has been adjusted for each
solvent to give k& = 0.5 for the first band {e.g., 52% MeOH (b) vs. 26%
MeOH (a) for the Cyg column].

A comparison of runs on the same column with different % MeOH values
(Fig. 6.17a vs. b) shows significant changes in band spacing (i.e., solvent-
strength selectivity). These two runs on each column allow the systematic
adjustment of % MeOH for maximum resolution, leading to the chromato-
grams of Fig. 6.17¢. The benzoic acid sample is better separated on the cyano
column when the optimum value of 32% MeOH is selected. That is, resolution
is acceptable and equal to that for the phenyl column (R, = 2.0), but run time
is shorter (5 min vs. 13 min).

6.4.2.5 Combined Use of Different Solvents Plus Column Types. The com-
bined use of solvent- and column-type selectivity may be useful for the separa-
tion of extremely difficult samples. This approach is outlined in Fig. 6.18.
Solvent-type selectivity is first investigated for a Cg or C;g column using the
approach of Fig. 6.15. If a satisfactory separation is obtained, no further
improvement in selectivity is attempted. If separation is inadequate, the ap-
proach of Fig. 6.15 is repeated using a cyano column. (Note: The optimum
mobile phase for one column will differ from that for another column.) If
these experiments are unsuccessful, the procedure of Fig. 6.15 is repeated
with a phenyl column.

The procedure of Fig. 6.18 has been used to separate a mixture of 20 PTH
amino acids [29]. Figure 6.19 shows the best separations for each column, and
the best overall resolution (R, = 1.2) used a benzyl (similar to phenyl) column
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FIGURE 6.17 Separation of a mixture of substituted benzoic acids on three different
column types. Conditions: 15 X 0.46-cm, 5-um columns; mobile phase as indicated,
buffer is 25 mM citrate (pH 2.5); 2.0 mL/min; 35°C. (a) % MeOH adjusted to give
k = 20 for last band; (b) % MeOH adjusted to give k = 0.5 for first band; (¢) % MeOH

adjusted to give maximum resolution. (Chromatograms are simulations based on data
of Ref. 11.)
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FIGURE 6.18 Method development using combined solvent- and column-type selec-
tivity. Schematic diagram of experimental approach using Cg, cyano, and phenyl (¢)
columns with mobile phases containing ACN, MeOH, and THF. Solvent strength and
run time held constant. (Reprinted with permission from Ref. 29.)

and a mobile phase of 5% ACN, 15% MeOH, and 13% THF. Note that this
separation is only marginally better than that for the Cg (R, = 0.9) or cyano
(R; = 1.0) columns.

6.5 NON-AQUEOUS REVERSED-PHASE HPLC

Non-aqueous reversed-phase (NARP) is reserved for very hydrophobic sam-
ples that are retained strongly or not eluted with 100% acetonitrile as the
mobile phase (e.g., lipids or synthetic polymers) [37-40]. The mobile phase
for NARP separations will be a mixture of more polar (A) and less polar (B)
organic solvents. Often the A-solvent will be ACN or MeOH, while the B-
solvent can be THF, chloroform, methylene chloride, acetone, methyl-#-butyl
ether (MTBE) or various mixtures of these solvents. Sample retention again
is controlled by varying % B and the type of strong solvent B.

FIGURE 6.19 Application of procedure of Fig. 6.18 to the separation of 20 PTH
amino acids. Best mobile phase used for each separation on different columns. Condi-
tions: 25 X 0.46-cm columns, 6-um particle size. Bonded phase: (a) CN; (b) benzyl;
(c¢) Cg. Mobile-phase flow rate 2.0 mL/min, column temperature S0°C. Mobile phases:
A/B/C/D: methanol/acetonitrile/tetrahydrofuran/pH 2.1 phosphoric acid. (a) A =
9.2/B = 1.3/C = 21.0/D = 67.6; (b) A = 152/B = 54/C = 13.4/D = 66.0; (c) A =
0.8/B = 26.5/C = 4.5/D = 68.2. (Reprinted with permission from Ref. 29.)
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Figure 6.20 shows an example of NARP for the separation of various
carotenes (@) in a mixture of standards (b) and in an extract from tomato (¢).
Lycopene (peak 1) is the main carotene present in the sample of Fig. 6.20c.
Very hydrophobic samples are often insoluble in aqueous solvents, which is
another reason to use NARP for such samples. A further illustration of the
use of NARP for these types is described in Ref. 40, where a change in
temperature was also used to obtain an optimum separation.

Method development for NARP is similar to that for RPC with the usual
water-organic mobile phases. Mixtures of ACN (A) and THF (B) as mobile
phase are a good starting point. If the sample is retained too strongly with
100% THEF, less polar (stronger) B-solvents such as methylene chloride or
chloroform can be tried instead. However, the use of methylene chloride
or chloroform restricts UV detection to wavelengths higher than 236 or
250 nm, respectively.

NARP is less commonly used today, possibly because favored B-solvents
such as methylene chloride preclude low-wavelength UV detection. Many
samples that have been separated by NARP can be handled conveniently by
means of normal-phase chromatography.

Part II Normal-Phase Chromatography
In normal-phase chromatography (NPC) the stationary phase is more polar than
the mobile phase, the opposite of RPC. Usually, the mobile phase is a mixture
of organic solvents without added water (e.g., isopropanol plus hexane) and the
column packing is either an inorganic adsorbent (silica or occasionally alumina)
or a polar bonded phase (cyano, diol, or amino) on asilica support. Regardless
of the mobile or stationary phase used, sample retention in NPC increases as the
polarity of the mobile phase decreases (the opposite of RPC).

NPC has been used for separating both neutral and ionic (or ionizable)
compounds, but neutral samples predominate. NPC for ionic samples can
involve the use of water in the mobile phase [41-45], and the retention process
is then somewhat complex [45]. When ionic samples are separated by NPC,
it is usually advisable to add triethylamine to the mobile phase for basic
compounds and acetic or formic acid for acidic compounds. Neutral samples
are often separated equally well by either RPC or NPC, the main difference
being a reversal of elution order for the two HPLC methods. In NPC, less
polar (hydrophobic) compounds elute first, while more polar (hydrophilic)
compounds leave the column last: this behavior can be contrasted with the
opposite RPC behavior of Fig. 6.1. The reasons for using NPC were noted
earlier and are summarized in Table 6.4.

The advantages and disadvantages of NPC are summarized in Table 6.5.
Usually, RPC separation should be tried first, but an initial NPC separation
may be preferred for reasons given in Table 6.4. More often, the need for a
change from RPC to NPC will become apparent after initial RPC experiments
show either inadequate retention or poor selectivity for different solvents and/
or columns. A brief comparison of the selectivity differences of RPC and NPC
is shown in Table 6.6.
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FIGURE 6.20 Non-aqueous reversed-phase (NARP) separations of carotenes. Con-
ditions: 25 X 0.46-cm C,g column; 8% chloroform-ACN mobile phase; 2.0 mL/min;

ambient temperature; UV detection at 470 nm. (Reprinted with permission from
Ref. 39.)
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TABLE 6.4 Reasons to Use Normal-Phase Chromatography

. The sample is unretained by RPC (too hydrophilic).

. The sample is too strongly retained by RPC (too hydrophobic).

. RPC separation is unable to achieve adequate band spacing (a = 1).

. The sample contains positional isomers, stereoisomers, or diastereomers.

. Recovery of significant amounts of organic-soluble sample components is desired
(preparative HPLC, Chapter 13).

6. The sample is dissolved in a non-polar solvent (causing direct-injection problems

if using a RPC column).

DN s W

6.6 RETENTION IN NORMAL-PHASE CHROMATOGRAPHY

6.6.1 General Aspects

While retention in RPC is believed to resemble a partition process (Fig. 6.1),
retention in NPC, on the other hand, appears to occur by an adsorption
process. This is illustrated in Fig. 6.21a for the retention of a sample molecule
S from a mobile phase containing polar solvent molecules E. Prior to retention,
the surface of the column packing (adsorbent) is covered with a layer of

TABLE 6.5 Characteristics of Normal-Phase Chromatography

Advantages Disadvantages

1. Very large changes in separation 1. Ionic samples are more easily
selectivity are possible by changing separated by RPC.
either the mobile phase or column 2. Controlling solvent strength can be
packing (especially for inorganic less predictable and more tedious
packings such as silica). than in RPC.

2. Columns are quite stable when using 3. Column plate numbers in NPC are
non-aqueous mobile phases. sometimes lower than in RPC.

3. Many organic compounds are more 4. Lower-boiling solvents are more
soluble in normal-phase solvents (a prone to evaporation and bubble
special advantage in preparative formation, especially at higher room
HPLC). temperatures (less convenient).

4. Pressure drop is lower due to lower- 5. For unmodified silica:
viscosity solvents. a. Retention can be variable because

5. Useful for samples which may of water uptake by the column
decompose in aqueous solutions. packing.

b. Gradient elution may not be
practical because of solvent
demixing and water uptake by
silica columns.

6. Higher cost of purchase and disposal
of organic solvents.
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TABLE 6.6 Comparison of Selectivity of NPC and RPC

Compounds having different functional groups
Larger a values for silica vs. Cyg; more similar « values for polar-bonded-phase
NPC columns vs. Ci5 in RPC.
Homologs or compounds differing in carbon number
Larger a values for RPC vs. NPC
Isomers
Much larger « values for silica vs. Cyg; larger « values for polar-bonded-phase
columns vs. Cs.

solvent molecules E. The retention of a sample molecule S then requires the
displacement of molecules E, to provide a space for the adsorption of S.

6.6.1.1 Sample and Solvent Localization. Polar sample and solvent mole-
cules (S and E in Fig. 6.21) are strongly attracted to polar groups (adsorption
sites) on the surface of the column packing. The adsorption sites are silanols
(—SiOH) in the case of silica. For cyano, amino, or diol columns commonly
used in NPC, the bonded-phase ligands and/or silanols can be the adsorption
sites. Polar sample molecules consist of one or more polar functional groups
attached to a hydrocarbon residue such as hexane or benzene. The non-polar

(a)

x—@ v-{) x-@—v., ,x—@—v

V/W/ W/W W

FIGURE 6.21 Hypothetical representatlon of normal-phase retention. S, sample
molecule; E, molecule of strong solvent (B); X and Y are polar functional groups. See
the text for details.
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hydrocarbon will be attracted to adsorption sites only weakly, in contrast to
the attached polar groups. This is illustrated in Fig. 6.21b for various benzene
derivatives substituted by polar groups X and Y.

In the case of the mono-substituted compounds X-benzene and Y-benzene
(Fig. 6.21b), the polar group X or Y is attracted to an adsorbent site A. When
group X or Y is very polar, this attraction will be quite strong, and group X
or Y becomes attached or localized onto an adsorbent site. When two or more
polar groups are present in the same molecule, it may not be possible for
each of these groups to localize at the same time, as illustrated in Fig. 6.21b.
Localization of very polar solvent molecules is also possible, with the important
practical consequence of enhanced selectivity control.

Polar sample and solvent molecules interact strongly with the stationary
phase in NPC. As a result, NPC usually allows more control over selectivity
than RPC, by changing either the strong solvent (B) or the column. This is
illustrated in Table 6.7 for the NPC separation of two compounds on alumina
with two different mobile phases. For 5:10: 85 ACN~benzene—pentane (ABP)
as mobile phase, the solutes 1,3,5-trinitrobenzene (TNB) and N, N-dimethyl-
1-naphthylamide (DMN) have similar retention (o = 1.2). When the mobile
phase is changed to benzene, there is an extreme change in selectivity (o =
290"). This change in selectivity arises from the differences in localization of
the two solutes and the two strong solvents in each case; benzene does not
localize, whereas ACN localizes strongly. The localization of the solvent aceto-
nitrile competes with and reduces the strong localization of DMN, so that its
retention is reduced. Since TNB is not highly localized (no very polar substitu-
ent group), the localization of ACN has less effect on the retention of TNB.
These important solvent-selectivity localization effects are discussed further
in Section 6.6.2.

For a detailed discussion of the fundamental nature of NPC separations,
see Refs. 47 to 53. The strong interaction of solvents and solutes with NPC
stationary phases requires a somewhat different approach to solvent classifica-
tion and method development (Section 6.7 and Refs. 47 to 49) than was
presented for RPC (Fig. 6.15).

TABLE 6.7 Selectivity in NPC Separation: Effect of a Change in Mobile Phase®

Value of k for
mobile phase indicated

Compound 5/10/85 ABP® Benzene

1,3,5-Trinitrobenzene 59 0.3

N,N-dimethyl-1-naphthylamide 7.1 88
a=12 290

“ Column: 25 X 0.38-cm packed with water-deactivated basic alumina.
b A, acetonitrile; B, benzene; P, pentane.

Source: Ref. 46.
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6.6.2 Mobile-Phase Effects

The mobile phase for NPC is chosen in the same general way as for RPC. A
weak (non-polar) solvent A and a strong (polar) solvent B are first selected
and then blended to obtain a mobile phase of intermediate polarity that will
provide 0.5 < k < 20 for the sample. During the adjustment of % B for
adequate retention, changes in selectivity with % B should be noted so that
the resolution of the critical band pair can be optimized (solvent-strength
selectivity; compare the discussion of Figs. 6.6 and 6.7 for RPC). If separation
is still inadequate, a different strong solvent can be selected for additional
changes in selectivity. If further improvement in separation is required, mix-
tures of the latter strong solvents can be explored as in Fig. 6.16 for RPC.

6.6.2.1 Solvent Strength. The strength of different solvents or solvent mix-
tures for NPC can be represented by a parameter &° [47,50] which can be
measured experimentally. Values of £° for some commonly used HPLC sol-
vents are listed in Table 6.8 for silica as column packing (additional &° values
are given in Ref. 47 for both silica and alumina). Relative solvent strength
for other NPC column packings (alumina, polar bonded phases) follows the
same trend as in Table 6.8 (larger values of &° for more polar solvents). This

TABLE 6.8 NPC Solvent Strength (£°) and Selectivity”

Solvent g° Localization Basic? uve
Hexane, heptane, octane 0.00 No ¢ 201
1,1,2-Triflurotrichloroethane 0.02 No ¢ 235
(Freon FC-113)
Chloroform 0.26 No ¢ 247
1- or 2-Chloropropane 0.28 No i 225
Methylene chloride 0.30 No ¢ 234
2-Propyl ether 0.32 Minor ¢ 217
1,2-Dichloroethane 0.34 No ‘ 234
Ethyl ether 0.38 Yes Yes 219
MTBE* 0.48 Yes Yes 225
Ethyl acetate 0.48 Yes No 256
Dioxane 0.51 Yes Yes 215
Acetonitrile 0.52 Yes No 192
THF 0.53 Yes Yes 230
1- or 2-Propanol 0.60 Yes ¢ 214
Methanol 0.70 Yes € 210

“Silica used as absorbent.

% Minimum UV wavelength; assumes that maximum baseline absorbance (100% Bj) is 0.5 AU.
¢ Solvent basicity is irrelevant for non-localizing solvents.

4 Methyl r-butyl ether.

¢ Different selectivity due to presence of proton donor group.

Source: Refs. 47 and 48.
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similar trend allows the easy selection of stronger (or weaker) B-solvents as
required for NPC.

Once the weak and strong solvents have been selected, these can be blended
to provide appropriate retention. This approach is illustrated in Fig. 6.22 for
the separation of a two-component sample on a cyano column with mixtures
of MTBE (polar) and hexane (nonpolar) as mobile phase. As % MTBE is
increased from 3% to 12%, the run time decreases from 8 min to 4 min. For
silica as adsorbent, a large number of studies have shown that retention is
governed by the Soczewinski equation [54]:

log k = ¢~ nlog Xp (6.3)

Here c and n are constants for a particular solute, B-solvent, and column, and
Xg is the mole fraction of B-solvent in the mobile phase. The quantity n
corresponds approximately to the number of polar, localizing groups in the
solute molecule. A more convenient form of Eq. 6.3 which is of comparable
reliability is

log k = ¢’ — n' log(% B) (6.3a)

where ¢’ and n’ are also constant for a particular solute, B-solvent, and column.

A large number of NPC studies that verify Eq. 6.3 or Eq. 6.3a for silica as
packing have been summarized [55,56]. Experimental data points for a solute
fall close to a straight-line plot of log & vs. log % B (Eq. 6.3 or Eq. 6.3a) over

[a]
P A
p A
A
A
o]
3% S5 % 7 % 12 %
MTBE MTBE MTBE MTBE
N | U | I

T 1 I T 1 1 T 1 r 1
4 8 O 4 8 O 4 8 0 4

RETENTION TIME (minutes)

FIGURE 6.22 Solvent-strength effects in normal-phase chromatography. Separation
of aniline (A) and phenol (P); 25 X 0.46-cm cyano column, MTBE-hexane mobile
phases, 1.0 mL/min [S1].
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a wide range in % B. The slopes of these plots typically vary from about 1 to
2, which gives rise to a “rule of 3” for the prediction of NPC retention as % B
is varied: a twofold increase in % B will cause about a threefold decrease in k.
The applicability of Eq. 6.3 or Eq. 6.3a for NPC with polar-bonded-phase
columns has not been studied in as much detail, but some workers have
reported that Eq. 6.1 (for RPC) also applies for NPC with polar bonded
phases [57]. While Eqgs. 6.3 and 6.3a have a sound fundamental basis, the
important conclusion is that change in retention is a regular function of % B.
In particular, the rule of 3 is widely useful for the practical adjustment of
NPC retention when changing % B.

When changing the B-solvent for a change in selectivity, it is convenient
to be able to adjust % B for similar retention (as in the RPC solvent-strength
nomograph of Fig. 6.4). Figure 6.23 provides a solvent-strength nomograph
for NPC separation with silica, while Fig. 6.24 provides a similar nomograph
for NPC separation with any polar-bonded-phase column. The solvents de-
scribed in Figs. 6.23 and 6.24 include preferred solvents for NPC, as discussed
in the following section. The relationships shown in Figs. 6.23 and 6.24 are
more approximate for NPC than those in Fig. 6.4 are for RPC, due to the
much larger solvent selectivity effects encountered in NPC (e.g., as in Table
6.7). Similarly, when NPC mobile phases of the same strength (equal &°) are
mixed, the strength of the resulting mixture often changes (usually to a higher
value of £° and therefore a higher strength). As a result, adjusting mobile
phase strength in NPC usually requires more trial-and-error experiments than
in RPC.

6.6.2.2 Mobile-Phase Selectivity. Asin the case of RPCseparation, selectiv-
ity for NPC can be altered by varying % B or changing the B-solvent. Figure
6.22 shows a reversal of two bands as % MTBE is varied from 3% to 12%.
Therefore, when initially adjusting % B for 0.5 < k < 20 in NPC, attention
should also be paid to selecting % B for maximum resolution of the critical
band pair.

Large changes in NPC selectivity can be achieved by an appropriate change
of B-solvent type. Whereas the basicity, acidity, or dipolarity of the solvent
govern RPC selectivity, solvent localization is more important in NPC
[47,48,60]. Therefore, a change from a non-localizing solvent such as methylene
chloride to a localizing solvent such as ACN (see Table 6.8) can be expected
to cause large changes in selectivity. For example, 1,5-dinitronaphthalene
(DNN) and 2-acetonaphthalene (AN) are unresolved on silica (o = 1.0) with
3% ACN-hexane as strong solvent (localizing), but these two compounds are
separated with « = 3.1 with 58% CH,Cl,-hexane (non-localizing) [60]; see
also the example of Table 6.7.

Basic localizing solvents such as amines and ethers (see Fig. 6.8) differ in
selectivity from non-basic localizing solvents such as esters, nitriles, and nitro
compounds. Table 6.8 summarizes some common HPLC solvents in terms
of these selectivity-related properties: non-localizing, basic-localizing, and
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FIGURE 6.23 Solvent-strength nomograph for normal-phase HPLC and silica as
column packing. Solvents are methyl--butyl ether (t{BME), ethyl acetate (EtOAc),
and 2-propanol (IPA). (Reprinted with permission from Ref. 58.)
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FIGURE 6.24 Solvent-strength nomograph for normal-phase HPLC and cyano or
diol columns. Hexane (A) and B-solvent indicated in figure. MTBE, methyl-r-butyl
ether; EtOAC, ethyl acetate; MC, methylene chloride; PrOH, propanol. (Compiled
from data in Ref. 59 and unpublished data.)

non-basic-localizing. As an example of the importance of basicity in a localizing
B-solvent, the separation on silica of the two compounds DNN and AN gives
a = 1.0 for 3% ACN as B-solvent (nonbasic localizing), and « = 1.3 for 4%
MTBE as B-solvent (basic localizing) [60]. Changes in « of this magnitude
are very useful in HPLC method development.

The use of solvent-type selectivity in both NPC and RPC can be effected
in similar fashion. Figure 6.25 for optimizing NPC selectivity resembles the

non-localizing
solvent

~
~
(P nonpolar

’ solvent
|
|
|
ba§i9 nonbasic
localizing localizing

solvent solvent

FIGURE 6.25 Plan for selectivity optimization in NPC based on mixtures with hexane
of a non-localizing solvent (CH,Cl,), a basic-localizing solvent (MTBE), and a non-
basic-localizing solvent (ACN or ethyl acetate). All mobile phases are of equal strength
(Fig. 6.23 or 6.24). (From Ref. 60.)
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approach of Fig. 6.15 for RPC. Three B-solvents are used: non-localizing,
basic localizing, and non-basic localizing. Mixtures of these three B-solvents
allow the controlled variation of selectivity for maximum changes in resolution.

6.6.3 Column-Type Effects

Commonly used NPC columns include cyano, silica, diol, and amino (roughly
in this order of decreasing utility for analytical separation). Column strength
can be defined as for the case of RPC separation [52]: silica (strong) = alumina
>> amino > diol > cyano. NPC with unmodified silica (compared to polar-
bonded-phase) columns has advantages and disadvantages, as summarized in
Table 6.9. Generally speaking, the use of silica columns is less convenient for
analytical applications. However, isomer and preparative separations favor
the use of unmodified silica.

Just as a change in strong solvent can have a major effect on NPC selectivity,
so achange in column type can have similar effects. This has been documented in
several systematic studies [47, 51-53]. Basic compounds (amines, ethers, esters,
ketones, etc.; see Fig. 6.8) are preferentially retained on amino and diol columns
(compared to cyano), while dipolar compounds (chloro, nitro, nitrile substitu-
ents) are more strongly retained on cyano columns (compared to amino or diol).
The selectivity of each of these three columns is quite different [53].

An example of column-type selectivity in NPC is shown in Fig. 6.26 for
the separation and analysis of a herbicide in a sample of oats. The oats sample
was first extracted to recover the analyte, but the complexity of this natural

TABLE 6.9 Comparison of Silica vs. Polar-Bonded-Phase (PBP) Separations for
NPC Separation

Feature Comment

Convenience and reproducibility PBP (cyano, diol, amino) columns
preferred; silica columns require
control of mobile-phase water

content.

Column equilibration after change of Silica columns may require longer

mobile phase equilibration.

Column stability Both silica and PBP columns are stable,
but silica columns are more long
lived.

Isomer selectivity Silica columns preferred

Use with gradient elution Not recommended with silica columns.

Preparative separation Silica is usually favored because of

lower cost, greater stability, higher
loadability, and less danger of
contaminating collected sample
fractions.
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FIGURE 6.26 Separation of a herbicide contained in a green oats extract by sequen-
tial separation on a cyano, diol, and silica column. (¢) Chromatogram from the cyano
column; (b) chromatogram from the diol column; (¢) chromatogram from the silica
column. See the text for details. (Adapted from Ref. 61.)

product combined with the low concentration of the herbicide (100 ppb)
makes this an impossible one-step HPLC separation. The initial separation
of the sample was performed on a cyano column (Fig. 6.26a), but the herbicide
was overlapped by a number of endogenous interferences. A fraction that
included the herbicide and these interferences was collected (column switch-
ing), as indicated by the arrow in Fig. 6.26a. This fraction was diverted to a
diol column for further separation with the same mobile phase (Fig. 6.26b).
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The latter chromatogram shows the separation of the herbicide peak from
several of the interferences from the cyano column. However, there is still a
substantial coelution of herbicide and interference peaks. The herbicide frac-
tion indicated in Fig. 6.26b was collected and reseparated on a silica column
(Fig. 6.26¢). At this stage the herbicide peak is substantially resolved from a
number of additional interferences. This example shows the considerable
difference in selectivity of these three NPC columns, since compounds that
coelute on one column are separated on another.

6.6.4 Temperature Effects

A change in temperature usually will have only a minor effect on band spacing
in NPC [62]. Therefore, temperature changes are rarely used for changing
NPC selectivity. Temperature-related changes in o may occur for mobile
phases that contain localizing solvents such as acetonitrile. These changes
in « are probably due to the desorption of the localizing solvent at higher
temperatures, with an accompanying increase in the relative retention of
localizing sample compounds. However, it is likely that such band-spacing
changes as a function of temperature can be duplicated more effectively by
changes in the mobile phase (i.e., changing from a localizing to a non-localizing
B-solvent). It should be noted that although temperature does not often
change selectivity in NPC, temperature changes can markedly change the
overall retention of all compounds. Therefore, it is important to control the
temperature of the separation.

6.6.5 Use of Aqueous Mobile Phases for Hydrophilic Samples

Very hydrophilic samples may be unretained in RPC, but these samples should
be well retained under NPC conditions. Unfortunately, very hydrophilic sam-
ples may not dissolve well in the non-aqueous mobile phases typically used
in NPC. One solution to this problem is the use of special NPC columns
that can be used with aqueous mobile phases. Carbohydrates are commonly
separated on an amino column with mobile phases that consist of 60 to 80%
ACN-water. Because carbohydrates are quite hydrophilic, and amino columns
are relatively polar and therefore weak for RPC separation, the RPC retention

FIGURE 6.27 Normal-phase separations with water—organic mobile phases.
(a) 25 X 0.46-cm amino column, 75% ACN-water mobile phase, 1.0 mL/min, 40°C;
compounds: 1, fructose; 2, glucose; 3, sucrose; 4, maltose; (b) same conditions as in (a),
except 65% ACN-water; compounds are oligosaccharides of indicated polymerization
number; glucose (G) and maltose (M) indicated in each chromatogram [63]; (¢) log k&
vs. % MeOH for crown ether sample DB18C6 and different RPC columns [64]. See
the text for details. (Reprinted with permission from Refs. 63 and 64.)
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of these compounds under the latter conditions is unlikely. Furthermore,
carbohydrate retention increases for an increase in % ACN, which is again
unexpected for RPC separation.

Figure 6.27a and b show the separation of several sugars on an amino
column for 65% and 75% ACN as mobile phase. The compounds glucose (G)
and mannose (M) have shorter retention times (4 and 5 min, respectively)
for 65% ACN than for 75% ACN (6 and 10 min). This decrease in retention
for a more polar mobile phase (65% ACN) confirms NPC behavior in this
system. NPC behavior has also been noted for Cg- and Cyg-silica RPC columns,
as seen in Fig. 6.27¢ for the retention data of the neutral crown ether DB18C6.
The retention of DB18C6 (log k) is plotted in Fig. 6.27¢ vs. % MeOH-water
(see scale at top of figure) for two Cyg-silica (ODS) columns and two polymeric
columns (Styragel and Amberlite). Retention on the C;g columns passes
through a minimum at about 80% MeOH, whereas on the two polymeric
columns retention decreases continuously as % MeOH increases.

The behavior in Fig. 6.27c¢ has been interpreted as follows. On the
polymeric columns, RPC behavior (k decreasing for higher % MeQH) is
observed for all values of % MeOH, as expected. On the silica-based C;g
columns, similar RPC behavior is noted at low % MeOH values, whereas
NPC behavior is seen at high % MeOH (retention increasing for higher
% MeOH). The latter NPC behavior is believed due to interaction of this
sample with residual polar silanols on the column packing. Similar behavior
(retention minimum at intermediate percent organic) has been observed
for the separation of peptides under RPC conditions and also attributed
to silanol interactions [65].

NPC separation with aqueous mobile phases has been defined as hydro-
philic interaction chromatography (HILIC) and special HILIC columns
have been designed for such separations [66] (e.g., poly-2-hydroxyethylaspar-
tamide). Such columns are usually used with a decreasing organic gradient
or increasing salt gradient. Volatile mobile phases can also be used. The
order of elution is from least polar to most polar. Figure 6.28 shows the
separation of a derivatized oligosaccharide mixture as a function of
% ACN-water, using a HILIC column. NPC retention behavior is observed;
retention decreases for lower % ACN. The excellent separation of this
sample in this manner also should be noted, although gradient elution is
required for the separation of all sample compounds. HILIC separations
have been described for the separation of a broad range of samples of
biological origin (e.g., peptides, amino acids, carbohydrates [66-68]; see
also Chapter 11).

Amino or special HILIC columns with water—organic mobile phases offer
a convenient approach to the separation of neutral, hydrophilic samples. 1f
an initial gradient run is used to start method development, the gradient
should be carried out from organic (weak) to water (strong). If an initial
isocratic run is used, water can be used at first, with subsequent increase in
percent organic, to achieve progressive separations resembling those of Fig.
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FIGURE 6.28 Normal-phase separations of derivatized oligosaccharide mixture on
a HILIC column. Numbers in chromatograms refer to polymerization number for each
compound. Conditions: 20 X 0.46-cm PolyHydroxyethyl A column (PolyLC Inc.),
acetonitrile—water mobile phases (% ACN shown for each separation), 2 mL/min,
ambient. (Reprinted with permission from Ref. 66.)
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6.2 for RPC. However, the bimodal (RPC/NPC) retention behavior illustrated
in Fig. 6.27¢ is a potential complication for certain columns in such experi-
ments.,

6.7 OPTIMIZING THE SEPARATION OF NON-IONIC SAMPLES IN
NORMAL-PHASE CHROMATOGRAPHY

6.7.1 Initial Conditions

The general approach to NPC method development is similar to that for RPC
(Table 6.2) and is summarized in Table 6.10. Whereas the selection of the
best column and initial mobile-phase solvents for RPC is somewhat restricted
(typically, Cg or Ci4 column, ACN-water), there is a wider choice for NPC.
Table 6.11 summarizes some considerations that are important for the choice
of initial NPC separation conditions.

6.7.1.1 Choice of Column. For an analytical procedure based on NPC, a
cyano column will usually be the best initial choice; silica may be preferred
for isomer separations or for the preparative recovery of organic-soluble
compounds. Silica also offers potentially larger values of o compared to a
cyano column. Diol and especially amino columns are somewhat less stable
and are used primarily when separation on a cyano column is unsuccessful as
a result of band overlap (Section 6.7.3). A 25 X 0.46-cm column initially
is preferred.

If silica (or alumina) is used for analytical separations, run-to-run changes
in retention can be anticipated unless special precautions are taken (Section
6.7.4.2). Separation with one of the newer, less-acidic type B silicas (Section
5.2.1.1) can be advantageous for some samples. The potential difference in
performance between a more-acidic type A silica and a less-acidic type B
silica is illustrated in Fig. 6.29. With the type A silica column, benzanilide
(peak 2) elutes after phenol (peak 3) as a strongly tailing band. Conversely,
the column of highly purified type B silica exhibits elution of benzanilide prior
to phenol with a symmetrical band.

TABLE 6.10 Recommended Approach for Normal-Phase Method Development

1. Adjust % B for 0.5 < k < 20 (cyano column, hexane—propanol as mobile phase).
2. Check for band tailing.
3. Adjust selectivity if necessary:
a. Fine-tune % B.
b. Change organic solvent (MC, MTBE, ACN); fine-tune % B.
c. Mix organic solvents.
d. Change column type (diol, amino, silica); fine-tune % B.
4. Optimize column conditions (column length, particle size, flow rate).
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TABLE 6.11 Normal-Phase HPLC Method Development: Conditions for the

Initial Separation

Parameter

Comment

Column size and
flow rate

Column type
Cyano

Silica

Diol
Amino

Alumina

A-solvent
Hexane

FC113

Methylene
chloride
B-solvent
1- or 2-Propanol

Methylene
chloride

MTBE
Ethyl acetate
ACN

Mobile-phase
additives
Temperature
Sample size
(for 0.46-cm-1D
column)

25 X 0.46-cm, 5-um column preferred, 2 to 4 mL/min.

Best choice for analytical method. Stable column,
convenient operation.

Best choice for preparative separation, especially for
organic-soluble sample. Can provide maximum «, but
analytical application requires control of mobile-phase
water content (inconvenient).

Alternative to cyano column for a change in «, but less
stable.

Alternative to cyano column for a change in «, but much
less stable.

Very little used in HPLC at present; unique selectivity but
more potential problems (low plate number, variable
retention, low recovery of sample).

Preferred for low-UV detection (> 200 nm) and less-polar
samples; for ACN or MeOH as B-solvent requires
addition of a co-solvent (e.g., methylene chloride).

Can be used with UV detection above 235 nm; excellent
solubility characteristics (preparative separation); miscible
with all B-solvents (convenient); nonflammable; use may
be restricted because of its ozone-depletion properties.

Can be used for more polar samples with detection above
235 nm.

Preferred for low-UV detection (> 215 nm) and separation
of more polar samples; good choice for initial gradient
run with polar-bonded-phase column to characterize
sample retention.

Good first choice for detection above 235 nm; may not be
strong enough to elute very polar samples from a silica
column.

Good alternative for change in «; detection above 225 nm.

Good alternative for change in «; detection above 255 nm.

Equivalent to ethyl acetate for change in «, but requires
co-solvent for mixtures with hexane; detection above
195 nm.

Triethylamine for basic samples, acetic acid for acidic
samples (if peak tailing is observed).

Ambient, 35 or 40°C.

< 50 uL, < 50 ug.
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FIGURE 6.29 Difference in silica columns for NPC separation. (a) Acidic type A
silica; () less acidic type B silica. Conditions: 15 X 0.46-cm silica columns, 0.05%
methanol-methylene chloride, 1.0 mL/min. Sample: 1, toluene; 2, benzanilide; 3, phe-
nol; 4, benzyl alcohol; 1, impurity. (Reprinted with permission from Ref. 69.)

6.7.1.2 Mobile-Phase Solvents. Table 6.11 summarizes possible choices of
the A- or B-solvent. If detection at wavelengths < 225 nm is required,
the best choice is hexane (A) and propanol (B). Hexane-propanol mobile
phases also provide a wide range of solvent strength, especially for use
with a cyano or other polar-bonded-phase column; this system should
therefore provide effective separation of samples of quite different
polarity.

1,1,2-Trifluorotrichloroethane (FC113) also has been used as the A-solvent
in NPC [70]. It absorbs more strongly than hexane at low wavelengths, so UV
detection is restricted to values above 235 nm. FC113 has better sample
solubility than hexane and is miscible with all the B-solvents of Table 6.11;
this represents a considerable experimental convenience. However, FC113 is
on the list of ozone-depleting compounds whose use will be increasingly
limited. Therefore, FC113 should be considered only when its properties
are highly advantageous for a particular separation problem, especially for
preparative applications.

6.7.2 Adjusting Retention

For isocratic separations, the next step is to adjust percent propanol to give
0.5 < k < 20 for the cyano column. This can be done by beginning with 100%
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propanol, then decreasing percent propanol (% B) by successive factors of 2:
50%, 25%, 12%, 6%, 3%, and so on. If o changes with % B, as in the example
of Fig. 6.22, the value of % B can be further adjusted for both the desired
range in k and for maximum « and resolution. For silica columns, propanol
as B-solvent may be too strong, in which case a less polar solvent such as
methylene chloride (MC) can be used instead (see Table 6.8). An initial
gradient from 0 to 100% propanol-hexane can be used instead of the decreas-
ing % B isocratic procedure, similar to the case for RPC separation (Section
8.2.2). An initial gradient run allows a decision as to whether isocratic or
gradient elution is best and can provide an estimate of the best % B for
isocratic separation.

6.7.3 Optimizing Selectivity

A change in « for NPC is best effected by a change in solvent type. After a
value of percent propanol has been selected for 0.5 < k < 20, the B-solvent
can be changed [see Fig. 6.23 (silica) or Fig. 6.24 (polar bonded phases)]. For
a cyano column, the approach of Fig. 6.25 is recommended, using MC as the
non-localizing solvent (run 1), MTBE as the basic localizing solvent (run 2),
and ACN or ethyl acetate as the non-basic localizing solvent (run 3). The use
of ethyl acetate instead of ACN is more convenient, since ACN-hexane
mixtures require MC as co-solvent. However, ethyl acetate restricts detection
to > 256 nm. For ACN as B-solvent (with MC added to run 3 as co-solvent),
detection can be carried out above 234 nm.

The procedure of Fig. 6.25 is illustrated for the separation of 11 substituted
naphthalenes using silica as adsorbent in Fig. 6.30. The mobile-phase composi-
tions for these separations are summarized in Table 6.12. Run 1 in Fig. 6.30 uses
58% MC-hexane as the mobile phase, but bands 8 and 9 overlap. Therefore, a
change in the B-solvent type is suggested. Run 2 was carried out with 4%
MTBE, the % B value being selected from Fig. 6.23. Now the critical band
pair is 4/12. A blend of these two mobile phases is suggested, but the resulting
mobile phase (for run 4) was found to be too strong. This often occurs for
silica as column packing, when localizing and non-localizing solvents are mixed
(as in this case; MC, non-localizing; MTBE, localizing). Therefore, the percent
hexane was increased for the actual run 4 shown in Fig. 6.30 to give a run
time similar to those for runs 1 and 2. The critical band pair for run 4 is 3/2;
band pairs 4/8 and 9/12 also exhibit marginal resolution.

Runs 1, 4, and 2 of Fig. 6.30 show very large changes in « for several
band pairs, but these runs do not suggest an optimum mobile phase for
separating this sample. This situation is the result of both sample complexity
and many large changes in relative band position. A further change in the
B-solvent is suggested, namely run 3 with ACN. This run provides the
best resolution seen so far; R, = 0.7 for the resolution-limiting band pair
11/4. Therefore, mixtures of the mobile phases for run 3 with either run
1 or 2 are considered next.
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FIGURE 6.30 Seven chromatograms for solvent-selectivity experiments of Fig. 6.25
and Table 6.12. 15 X 0.46-cm silica column, mobile phases as in Table 6.12, 2.0 mL/
min, 35°C. Compounds are substituted naphthalenes: 1, 2-OCHj; 2, 1-NOy; 3, 1,2-
(OCHj;);; 4, 1,5-(NO,)2; 5, 1-CHO; 8, 2-CHO; 9, 1-CH,CN; 10, 1-OH; 11, 1-COCH3;
12, 2-COCHs;; 13, 2-OH. (Chromatograms reconstructed from data in Ref. 60, omitting
compounds 6 and 7.)

Mixing the mobile phases for runs 1 and 3 (run 6) produces complete
overlap of bands 2 and 3 and marginal separation of bands 9 and 12. So
the mixture of mobile phases for runs 2 and 3 is tried next. This separation
(run 5) shows the best resolution so far; baseline resolution is achieved
(R, = 1.6). Had this not been the case, the mobile phases for runs 1, 2,
and 3 could have been combined for run 7 (band-pair 4/11 overlapped).
As in the case of RPC, mixing all three B-solvents (MC, MTBE, ACN)
will seidom provide the best mobile phase. Therefore, changes in the mobile
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TABLE 6.12 Summary of Separations of Fig. 6.25

Mobile Phase (Vol %)* Critical Bands®

Run Hexane MC MTBE ACN No. R,
1 42 58 0 0 8/9 03
2 96 0 4 0 412 0.3
3 87 10¢ 0 3 11/4 0.7
4 77 22 1 0 3n 0.8
5 92 5 2 2 11/4 1.6
6 69 30 0 1 2/3 0.1
7 89 9 1 1 411 0.4

2 Mobile-phase composition; MC, methylene chloride; MTBE, methyl-t-butyl ether; ACN, acetoni-
trile.

b Critical band pair and its resolution R; are indicated.

¢ Methylene chloride was added as co-solvent to allow miscibility of hexane and ACN.

phase usually should be restricted to three-solvent (ternary) mixtures: two
of these B-solvents plus hexane.

A similar procedure as in Fig. 6.30 for a cyano column has been reported
[49], although changes in selectivity with change in the B-solvent were less
pronounced than those observed in Fig. 6.30 with a silica column.

6.7.4 Other Considerations

6.7.4.1 Slow Column Equilibration and Solvent Demixing. Polar solvents
can interact strongly with the surface of a NPC column, especially in the case
of unmodified silica (or alumina). When a mobile phase containing a very
polar, localizing B-solvent is replaced by a weaker mobile phase, the equilibra-
tion of the column with the new mobile phase (for constant sample retention)
may take much longer than in RPC (>> 20 column volumes). Therefore,
equilibration of the column by a new mobile phase should be checked by
replicate injections of the sample. No data should be used until retention
times are constant (i.e., the column is equilibrated for use).

Gradient elution with unmodified silica or alumina columns is to be avoided
if possible, especially if A- and B-solvents are of very different strength. The
reason for this is the phenomenon of solvent demixing. When NPC gradient
elution is carried out with a weak A-solvent and a strong (localizing) B-
solvent, the B-solvent may be taken up by the column until the surface of the
stationary phase is saturated. This would be the case, for example, if a 0 to
100% propanol-hexane gradient were carried out with a silica column. The
mobile phase initially leaving the column would be pure hexane, as propanol
is adsorbed by the silica packing. When column saturation occurs, there will
be a sudden increase in % B (propanol) in the exiting mobile phase, and this
sudden change in solvent strength can elute some sample components with
low k values and poor separation [71].
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6.7.4.2 Changes in Stationary-Phase Water Content. Water is the most
polar common solvent, and it binds to unmodified silica (or alumina)
columns quite strongly. Due to ambient humidity, non-aqueous NPC mobile
phases will take up a certain quantity of water from the surrounding
atmosphere. This dissolved water will then be extracted from the mobile
phase by the column. As the water content of the column increases, sample
retention times can be greatly reduced compared to a dry column. This
is illustrated in Fig. 6.31 for the retention k& of phenyl propanol as a
function of the percent water added to the methylene chloride mobile
phase (0.15% water saturates methylene chloride). As the water varies from
0 to 0.15% (0 to 100% saturation), k decreases from 18 to 4 for water-
equilibrated columns.

Ambient humidity seldom remains constant, and because the equilibration
of the column with water in the mobile phase can be a very slow process,
column water content can vary from run to run. This effect will cause sample
retention to vary, which is commonly seen with unmodified silica columns.
One answer to this problem is to equilibrate the mobile phase with a certain
(intermediate) quantity of water [e.g., 50% water saturation (or 0.075% water
in Fig. 6.31)]. This procedure is somewhat tedious; for further details, see
Appendix VI. Alternatively, the addition of 0.1 to 0.5% propanol or methanol
to the mobile phase can sometimes be used to mimic the effects of added
water and is much simpler to carry out [69].

% water
0 0.075 0.15

H (cm)

(N N T T N I N
0O 10 20 30 40 50 60 70 80 90 100
% water saturation

FIGURE 6.31 Retention of phenyl propanol on silica as a function of the water
content of the mobile phase (methylene chloride). (Reprinted with permission from
Ref. 62.)
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7.1 INTRODUCTION

The discussion of Fig. 1.3 divides regular samples into two groups, depending
on whether the sample is neutral or ionic. An ionic sample is any mixture
containing one or more ionized or ionizable organic compounds. The separa-
tion of neutral samples is treated in Chapter 6; this chapter covers the separa-
tion of ionic samples by reversed-phase, ion-pair, or ion-exchange HPLC.
Some ionic samples are also included in the special sample categories of Fig.
1.3: biological samples (Chapter 11), chiral samples (Chapter 12), and inorganic
ions. The separation of inorganic ions is not discussed in this book.

HPLC separations of ionic samples tend to be more complicated and diffi-
cult to understand. Also, these separations are often associated with problems
not encountered with neutral compounds. On the other hand, band spacing
is much more easily manipulated for ionic than for neutral samples, which
improves the likelihood of a successful final separation.
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7.2 ACIDIC AND BASIC SAMPLES

For the purposes of this chapter, the definition of an ionic solute is an organic
molecule that contains one or more functional groups capable of acidic or
basic behavior in the usual pH range: 2 < pH < 8 for most silica-based
columns and 1 < pH < 14 for pH-stable columns. Strong acids or bases are
compounds that are completely ionized in the pH range under investigation
[e.g., alkane sulfonic acids (pH > 2), or tetraalkylammonium salts (pH < 13),
or most alkyl amines for pH < 8]. Compounds whose ionic charge changes
as a function of pH under the conditions of HPLC separation will be referred
to simply as acids or bases. If the mobile-phase pH is restricted within narrow
limits, the retention behavior of a particular acid (e.g., acetic acid) may resem-
ble that of a strong acid (pH > 7, complete ionization), an acid (3 < pH < 7,
ionization varying with pH), or a neutral compound (pH < 3, no ionization).
Bases can be classified in similar fashion.

7.2.1 Acid-Base Equilibria and Reversed-Phase Retention

In reversed-phase chromatography (RPC), sample retention increases for
more hydrophobic compounds (Section 6.2.1). When an acid (HA) or base
(B) undergoes ionization (i.e., is converted from an uncharged species) it
becomes much less hydrophobic (more hydrophilic). As a result, its retention
k in RPC will be reduced 10- to 20-fold.

HA <——> A +H' (7.1)
B + H* e BH* (72)
hydrophobic hydrophilic
(more retained in RPC) (less retained in RPC)

Acids lose a proton (and become ionized) as pH increases; bases gain a
proton (and become ionized) as pH decreases. As pH increases, RPC retention
for an acid decreases and retention for a base increases. This retention behavior
is illustrated in Fig. 7.1, which plots the RPC retention of five different com-
pounds as a function of mobile-phase pH. For 3 < pH < 9, compounds 1 and
2 are acidic, compounds 4 and 5 are basic, and compound 3 is neutral.

This acid-base behavior is further illustrated in Fig. 7.2a for the (idealized)
retention of a basic compound as a function of pH. When pH is varied over
a sufficiently wide range, sample ionization and retention exhibit a characteris-
tic S-shaped plot as shown (see also compound 4 in Fig. 7.1). At the midpoint
of this retention—-pH curve (dashed line in Fig. 7.2a), the pH is equal to the
pK, value of the compound (i.e., BH* in the case of a base). Values of pK,
for different acids or bases in the literature usually refer to the value measured
in an aqueous buffer. If the HPLC mobile phase contains an organic solvent,
the pK, value can vary somewhat with % B (Section 7.2.3).
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FIGURE 7.1 Effect of mobile-phase pH on reversed-phase retention as a function
of sample type (acid, base, neutral). Column, 30 X 0.4-cm uBondapak Cg; mobile
phase, 0.025 M phosphate, 40% methanol; compounds: 1, salicylic acid; 2, phenobarbi-
tone; 3, phenacetin; 4, nicotine; 5, methylamphetamine. (Reprinted with permission
from Ref. 1.)

When pH = pK, for a compound, it is half ionized (i.e., the concentrations
of B and BH" in the mobile phase are equal). Almost all of the pH-
related change in retention occurs for pH values within *1.5 units of the
pK, value (region B of Fig. 7.2a). Outside this range (pH < 2.5 or pH
> 5.5 in Fig. 7.2a), the compound is either ionized or non-ionized, and
its retention does not change much with pH (ie., its retention behavior
resembles that of a neutral compound). This situation is seen in Fig. 7.1
for compound 1 when pH > 6 and for compound 2 when pH < 7. For
a detailed theoretical treatment of RPC retention of acids and bases as a
function of pH, see Refs. 2 to 4.

The relationship between RPC retention and mobile-phase pH is more
complicated for compounds that contain multiple acidic and/or basic groups
[5]. When these groups are all the same (acidic or basic), retention as a
function of pH is generally similar, as seen in Fig. 7.3a for a series of
compounds [(pteroyloligo)glutamates] that contain one, three, five, or seven
ionizable acid (—COOH) groups. When one acidic and one basic group
are present in the same molecule, a more complex (amphoteric) retention
behavior is observed. This is illustrated in Fig. 7.3b for the RPC separation
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FIGURE 7.2 Retention and buffer capacity as a function of pK, and pH. (a) Idealized
dependence of retention on pH for a basic compound with pK, = 4.0; (b) deterioration
of peak shape as mobile-phase buffer capacity decreases; 3,5-Dimethylaniline solute
(pK, = 3.8); 25 X 0.46-cm cyano column, 25% MeOH-buffer (25 mM potassium
phosphate), 1 mL/min, 35°C. (Reprinted with permission from Ref. 3.)

of several amino acids. Here minimum retention is observed at intermediate
pH values, because for 4 < pH < 8, both the carboxyl and amino groups
are ionized; thus the molecule is maximally ionized and hydrophilic (even
though the net charge is zero).

7.2.2 Choice of Buffers

Whenever acidic or basic samples are separated, it is strongly advisable to
control mobile-phase pH by adding a buffer. The measurement of pH (by
a pH meter) for a mobile phase that contains organic solvent is imprecise,
because electrode response tends to drift. Consequently, if a pH meter is
to be used, it is strongly recommended that the pH of the buffer be adjusted
before adding organic. This approach leads to some uncertainty in the
actual pH value of the final mobile phase (because the addition of organic
solvent can change the pH), but this problem is much less important than
poor reproducibility of the mobile-phase pH (when pH is measured after
addition of the organic solvent).

In selecting a particular buffer, several considerations should be kept in
mind:

- Buffer capacity
+ UV absorbance
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FIGURE 7.2 (Continued)

- Other properties: solubility, stability, interaction with the sample and/or
column, volatility, corrosion of HPLC system, and so on.

7.2.2.1 Buffer Capacity. Buffer capacity is determined by pH, buffer pK,,
and buffer concentration. As for the case of a sample compound, buffer
ionization occurs over a range in pH given by pK, = 1.5. Only in this pH
range can the buffer be effective in controlling pH. Therefore, to be on the
safe side, the buffer selected for a particular separation should be used to
control pH over a range =~ pK, = 1.0 (see the discussion below of Fig.
7.2b). For RPC separations, a buffer concentration of 10 to 50 mM is usuvally
adequate. This assumes that the volume of injected sample is small and/or
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TABLE 7.1 Buffers for Use in HPLC Separation

Buffer pK,  Buffer Range’ UV Cutoff?
Trifluoracetic acid >>2 1.5-2.5 210 nm (0.1%)
Phosphoric acid/mono- or di-K 21 < 3.1 < 200 nm (0.1%)
phosphate 7.2 6.2-8.2
12.3 11.3-13.3 < 200 nm (10 mM)
Citric acid/tri-K citrate 31
47 21-64 230 nm (10 mM)
54
Formic acid/K-formate 38 2.8-4.8 210 (10 mM)
Acetic acid/K-acetate 4.8 3.8-5.8 210 nm (10 mM)
Mono-/di-K carbonate 6.4 5.4-7.4¢ < 200 nm (10 mM)
10.3 9.3-11.3 < 200 nm (10 mM)
Bis-tris propane® - HCl/Bis-tris 6.8 5.8-7.8 215 nm (10 mM)
propane 9.0 8.0-10.0 225 nm (10 mM)
Tris? - HCl/tris 83 7.3-93 205 nm (10 mM)
Ammonium chloride/ammonia 92 82-10.2 200 nm (10 mM)
1-Methylpiperidine - HCI/1-
Methylpiperidine 10.1 9.1-11.1 215 nm (10 mM)

Triethylamine - HCl/triethylamine ~ 11.0 10.0-12.0 < 200 nm (10 mM)

“ pH range allowed with this buffer (conservative estimate).
b Absorbance <0.5 A; from Ref. 7.

¢ Requires addition of an acid (e.g., acetic or phosphoric).

4 Tris(hydroxymethyl)aminomethane.

¢ 1,3-bis [Tris(hydroxymethyl)methylamino] propane.

the sample is not heavily buffered at a pH quite different from that of the
mobile phase. Higher buffer concentrations (> 50 mM) provide increased
buffer capacity but may not be soluble in the mobile phase for high % B.
Higher buffer concentrations also may adversely affect the operation of HPLC
systems constructed of stainless steel. A buffer concentration of 25 mM is
usually a good compromise. Table 7.1 summarizes data on the usable pH
range for several buffers that are popular for use with HPLC.

A mobile phase with marginal buffer capacity will give less reproducible
separations for compounds that are partially ionized at the pH of the mobile
phase. In this case, retention may change from run to run, and distorted peaks

FIGURE 7.3 Dependence of retention on pH for the case of sample molecules
substituted by more than one acidic or basic group. (a) Sample: pteroyl-oligo-y-L-
glutamates [one (= FA, folic acid), three, five, or seven carboxyl groups] vs. pH;
Partisil ODS-2 column; mobile phase: 6% acetonitrile-buffer (0.1 M phosphate); 45°C.
(Reprinted with permission from Ref. 5.) (b) Samples: amino acids (phenylalanine,
leucine, valine, alanine); XAD-4 column packing; 40 mAM phosphate buffer. (Reprinted
with permission from Ref. 6.)



300 IONIC SAMPLES

may result. This is illustrated in Fig. 7.2b for the RPC separation of 3,5-
dimethylaniline (DMA) for pH values between 3 and 4 using a 25 mM phos-
phate buffer. The pK, of the buffer is 2.1, so buffer capacity will be reduced
significantly when the mobile phase pH is > 3.1. For these experimental
conditions (25% MeOH-buffer), the pX, of the solute (DMA) is 3.8 (i.e., it
will be partially ionized for 2.8 < pH < 4.8). In Fig. 7.2b the peak shape of
the solute deteriorates progressively as the pH is increased above 3 (reduced
buffer capacity), and the peak becomes quite distorted for pH > 3.5 (very
little buffer capacity; see the further discussion of Section 7.2.2.4).

7.2.2.2 Buffer UV Absorbance. 1deally, the buffer should transmit light at
or below 220 nm so as to allow low-UV detection. All of the buffers of Table
7.1 except citrate meet this criterion. Sometimes it is necessary to carry out
UV detection at 200 nm or lower. Several buffers from Table 7.1 qualify for
very low UV detection (phosphate, carbonate, ammonia). However, buffer
absorbance at low UV wavelengths can be strongly increased by the presence
of impurities. The UV-cutoff values of Table 7.1 are for purified reagents.

7.2.2.3 Other Buffer Properties. Buffer solubility and stability, possible in-
teraction with the equipment, sample, and/or column, and volatility are also
of interest for some applications. Inorganic buffers such as phosphate are
marginally soluble in solutions that contain high concentrations of organic.
Methanol-water mobile phases provide higher solubility than acetonitrile—
water or THF-water solutions, and for this reason methanol may be the
first choice of organic solvent. Inorganic buffers are usually relatively stable,
although with volatile buffers it may be difficult to maintain a constant pH
(especially with helium sparging). For example, mobile-phase pH tends to
increase on standing for carbonate buffers, due to loss of CO; over time.
Trifluoroacetic acid (TFA) is largely ionized and relatively non-volatile when
pH < 2.5 (as is typical for peptide and protein separations with this buffer;
Section 11.2.1). Some buffers degrade on standing and may increase their UV
absorbance during storage or long-term use (e.g., TFA, triethylamine).
Citrate buffers have been claimed to attack stainless steel, but other reports
[8] suggest that citrate can be used with HPLC equipment if the system is
flushed to remove citrate at the end of each day. The main disadvantage of
a citrate buffer is its higher UV absorbance, which limits UV detection to
wavelengths above 230 nm. Some buffers are able to interact with the sample
by means of ion pairing (e.g., trifluoracetate buffers with cationic samples [9],
triethylamine with anionic samples, etc.). Although such ion-pair interactions
are not undesirable per se, occasionally they may complicate the interpretation
of the chromatogram as separation conditions are changed (see Section 7.3).
Volatile buffers are useful for two kinds of applications. If purified sample
components are to be recovered (preparative HPLC, Chapter 13), it is conve-
nient to be able to remove the buffer by evaporation or lyophilization. Buffers
such as ammonium carbonate, ammonium formate, ammonium acetate, and
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trifluoroacetic acid are useful in this regard. Volatile buffers may also be
required for use with some detectors [e.g., light scattering (Section 3.3.1) or
mass spectrometer (Section 3.3.4)].

7.2.2.4 Preferred Buffers. Reversed-phase HPLC separations generally are
carried out with Cg or C;g bonded-phase silica-based columns that are less
stable outside the pH range 2 to 8. Therefore, the buffer (or buffers) should
be able to control pH between 2 and 8. It is also desirable if the buffer allows
detection at 210 nm or lower. Table 7.1 suggests the use of a phosphate buffer
for controlling pH in the range 2.1 to 3.1 or 6.2 to 8.2. Acetate is an acceptable
choice for 3.8 < pH < 5.8, and phosphate plus acetate in combination can
control pH reasonably well over the range 2 < pH < 8. (Note that silica-
based columns are less stable with phosphate buffers in the pH 6.2-8.2 and
11.3-13.3 ranges; see Sections 5.2.3.4 and 5.4.3.6).

Citrate has the advantage that a single buffer can be used to explore a
wide range in pH: 2.1 < pH < 6.4. A further characteristic of this buffer is
that if citric acid (A, pH 2.5) and trisodium citrate (B, pH 6.5) buffers having
equal concentrations are blended, pH varies almost linearly with % B over
this pH range (see Appendix IV for details). This approach can provide a
convenient and rapid means of varying pH predictably during method develop-
ment, simply by blending pH 2.5 and pH 6.5 buffers. Once an optimum pH
value has been established, it may prove desirable to substitute acetate or
(especially) phosphate for citrate to allow detection at a lower wavelength.
However, it should be noted that a change in buffer can result in a change
in selectivity [10,11]. Appendix IV provides more detailed information on the
preparation of buffers having a desired pH.

723 pK, as a Function of Compound Structure

When optimizing mobile phase pH, it is useful to know the approximate pK,
values of the various sample components. This information allows mobile-
phase composition to be restricted to a useful range of pH values (e.g., pK,
* 1.5 for the variation of band spacing as a function of pH, or a pH outside
this range can be used if the effect of pH on retention is to be minimized for
greater method ruggedness). If pK, values for the various sample components
are unavailable, they can be approximated from the structures of the sample
molecules. Table 7.2 summarizes pK, values in water for some common acid
or base substituent groups in typical sample molecules. More reliable estimates
of pK, as a function of molecule structure can be obtained from Ref. 12 for
various pharmaceutical compounds or by computer calculation (e.g., using
the pKalc software from CompuDrug (Budapest) [13].

For several reasons, the data of Table 7.2 should be used with caution.
First, values of pK, for a substituent group (e.g., —COOH) can vary greatly,
depending on the electronegativity of adjacent substituent groups. For exam-
ple, the pK, value of acetic acid is 4.8, while the pK, value of trichloroacetic
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TABLE 7.2 pK, Values for Acidic or Basic Functional Groups
pK,
Acid Base
Group Aliph® Arom? Aliph® Arom’®

Sulfonic acid, —SO;H 1 1
Amino acid, —C(NH;)—COOH 2-4
Carboxylic acid, —COOH 4-5 4
Thiol, —SH 10-1 6
Purine 2—
Phenol, —OH 10
Pyrazine

Sulfoxide, —SO 1-2
Thiazole 1-3
Amine, —NH,, —NR;, pyridine 8-1
Imidazole 7
Piperazine 10

9-12

[eory

—
w

Source: Ref. 13.

“ Aliph, aliphatic substituent (e.g., acetic acid for —COOH).
b Arom, aromatic substituent (e.g., benzoic acid for —COOH).

acid is 0.7. Second, as organic solvent is added to the mobile phase, there is
a further change in values of pH and pK, [14]. When the mobile-phase pH
is adjusted as recommended above (before adding organic), data from one
study [3] show little difference between pK, values measured in water and in
water—methanol mixtures for acidic samples (benzoic acid derivatives). This
same study showed a decrease in apparent pK, for basic samples (anilinium
derivatives) of about 0.3 units per 10% added methanol. Other studies [14,15]
show a decrease in pK, for pyridine derivatives: —0.1 to —0.3 units in pK,
for each 10% addition of methanol, acetonitrile, or THF.

It is also possible to infer compound acidity or basicity and approximate
values of pK, from separations where pH is varied as in Fig. 7.2a (i.e., pK,
= pH for retention that is halfway between the highest and lowest values at
extreme pH values). For example, in Fig. 7.1 the pK, value of compound 4
(a base) is about 7. Similarly, compound 1 is an acid with pK, < 4. Computer
software has been described [3] which allows the estimation of pK, values
from three experimental RPC runs where pH is varied (as part of method
development, see Section 10.2.1.1). Another study [16] describes the classifica-
tion of all sample components as either acidic, basic, neutral, strongly acidic,
or strongly basic by means of isocratic HPLC experiments where pH and ion-
pair-reagent concentration are varied. The latter procedure has also been
extended for use with gradient elution [17].

7.2.3.1 Preferred Mobile-Phase pH., The most common acid or base substit-
uents in a sample molecule are amine [ —NH,, —N(CHjs),, etc.), basic heterocy-
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clic, and carboxylic acid (—COOH) groups. Aromatic amines, pyridines, and
both aromatic and aliphatic carboxylic acids have aqueous pK, values in the
range 4 to 5, while aliphatic amines have pK, = 8 to 11. RPC columns normally
are used in the pH range 2 to 8, which largely eliminates any control of
ionization and retention for aliphatic amines. Therefore, changes in retention
as a function of pH are most likely to be found in the pH range 3 to 6 for
compounds other than alkyl amines.

The choice of a “best” starting pH for HPLC method development is
affected by several considerations. For the optimization of band spacing and
separation, it is desirable that sample retention changes as pH is varied. In
this case, pH should be varied over the range =~ pK, * 1. In other cases, we
might want a more rugged separation that remains the same for small changes
in pH; this would suggest a pH < (pK, = —2) or > (pK, = +2). Whether
we are dealing with known samples (where pK, values can be estimated
in advance of separation) or unknown samples (whose pK, values can be
approximated experimentally), it is usually best to begin RPC method develop-
ment with a mobile phase whose pH can vary somewhat without affecting
separation (pH < 3; see the discussion in Section 7.3.1).

7.2.4 Which HPLC Method Is Best for Ionic Samples?

For regular ionic samples, we have a choice of three HPLC methods: reversed-
phase, ion-pair, or ion-exchange chromatography. Because of its simplicity,
freedom from problems, and better column performance, RPC usually is the
best starting point. If RPC separation proves inadequate, the addition of an
ion-pair reagent to the mobile phase can be considered next. The extent of
ion-pair vs. reversed-phase separation can be controlled by the concentration
of the ion-pair reagent; there is therefore a continuous transition from RPC
to IPC retention as the reagent concentration is increased from zero to some
maximum value. So initial reversed-phase experiments can be quite useful for
the later optimization (if needed) of an ion-pair HPLC separation. Special
considerations may suggest starting with either ion-pair or ion-exchange chro-
matography, as discussed in Sections 7.4 and 7.5.

7.3 OPTIMIZING THE REVERSED-PHASE SEPARATION OF
TIONIC SAMPLES

7.3.1 Initial Experiments

Reversed-phase method development for ionic samples proceeds in a manner
somewhat similar to that for neutral samples (Section 6.4). The choice of
experimental conditions for the first separation can be guided by the recom-
mendations of Table 1.3. The primary difference between this initial experi-
ment for ionic vs. neutral samples is the need for (1) a buffered mobile phase
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and (2) a reversed-phase column that exhibits minimal silanol effects (i.e., a
“basic” RPC column; Section 5.2.1). Alternatively, a column with a non-silica
matrix can be used instead (e.g., polystyrene, graphitized carbon, etc.; Section
5.2.1). However, best results usually will be obtained with a less acidic silica-
based column from Table 5.4.

For basic samples, silanol interactions (Section 7.3.3.2) can lead to poor
band shape and reduced column efficiency. A low-pH mobile phase usually
will give better column performance for these samples (Section 7.3.3.2). Also,
a low-pH method generally will be more rugged, because small changes in
pH are less likely to affect the retention of most samples. Finally, when first
beginning HPL.C method development, it is not known that pH variation will
be required to achieve an acceptable separation; so a mobile-phase pH < 3
is recommended for initial experiments.

The next step is to adjust mobile-phase strength (% B) to provide an
acceptable k range for the sample: 0.5 < k£ < 20. Ionic samples are less likely
to be retained strongly, and also are more likely to give a wide range of k
values. For these reasons, the best approach in method development is an
initial gradient elution run. If a wide-range gradient is used (e.g., 5 to 100%
B), care must be taken to avoid precipitation of the buffer at high % B. This
may require a lower buffer concentration (e.g., 5 to 10 mM ), or a more soluble
buffer (e.g., 0.1% trifluoracetic acid). An initial gradient run can be followed
by estimating the % B for good isocratic retention (0.5 < k < 20, Section
8.2.2). The use of an initial gradient also provides information on the sample
k range (i.e., is an isocratic separation practical?). If an isocratic separation
appears unfeasible for the pH value initially chosen, it is possible that a change
in pH or the addition of an ion-pair reagent will reduce the sample retention
range and still allow isocratic separation (as discussed below). Alternatively,
if the k range is too wide, the sample can be separated using gradient elution
(Chapter 8).

After mobile-phase strength (% B) has been selected for acceptable reten-
tion, band spacing may require adjustment—either to maximize sample resolu-
tion or to reduce the retention range so as to allow isocratic separation. Finally,
column conditions can be varied to provide the best compromise between
resolution, run time, and column pressure (Section 2.3.3).

7.3.2 Controlling Selectivity

Compared to method development for neutral samples, controlling band spac-
ing in the reversed-phase separation of ionic samples involves additional op-
tions in the choice of separation conditions. Changes in selectivity also can
be more predictable if the acidic or basic properties of the sample (pK, values)
are known. Often, a change in pH is the most effective way to vary separation
selectivity. Other variables that are also effective in varying band spacing are
% B, solvent type (methanol, acetonitrile, THF), and temperature, as well as
column type (Cs or Cyg, phenyl, cyano) and buffer concentration. Note that
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the use of higher temperatures with buffered mobile phases can adversely
affect column lifetime, especially for pH < 3 or > 7.

7.3.2.1 pH. As can be seen from Fig. 7.1, a change in pH can result in a
10-fold or greater change in k for an ionic compound. It may therefore be
necessary to adjust % B at the same time pH is varied. On the other hand, if
neutral compounds are present in the sample, a change in pH will not have
much effect on run time if the last-eluting band is neutral. In the latter case,
pH can be varied without a need to adjust % B.

On the basis of an initial gradient run (methanol-buffer at pH 2.5) and
Table 8.2, the isocratic separation of Fig. 7.4a was carried out. The retention
range is adequate (2 < k < 10), but bands 6/7 are unresolved. At this point,
if the effect of pH is to be studied, it is best to carry out one or two additional
runs with pH varying by about 1 unit. Figure 7.4b and ¢ show these separations
for a pH equal to 3.5 and 4.5. The retention range for pH 3.5 is still satisfactory
(0.8 < k < 6), but now bands 5/6 are unresolved and bands 8/9 overlap.
Because the critical band pair has changed from 6/7 (pH 2.5) to 5/6 (pH 3.5),
it is likely that a better separation can be obtained at an intermediate pH.
The separation at pH 4.5 (Fig. 7.4c) provides inadequate sample retention
(0.4 < k < 1.8) and resolution. If separation at this pH is to be investigated
further, the methanol concentration must first be decreased from that used
in Fig. 74 (35% B).

Examining the three separations of Fig 7.4a—c, the logical choice for the next
experiment is a pH value between 2.5 and 3.5 (e.g., pH 3.0). This separation is
shown in Fig. 7.4d, with acceptable resolution for all bands (R, = 1.8 for
critical band pair 3/4). A slight improvement can be achieved by moving band
4 equidistant between bands 3 and 5. This can be accomplished (not shown,
but note Fig. 7.4a and b) by an increase in pH to 3.1, for which R; = 1.9
(critical band pairs 3/4 and 4/5).

Figure 7.4 illustrates the remarkable control over band spacing that is
possible by varying pH for the separation of a group of compounds of similar
acid-base functionality (i.e., in this case, a mixture of benzoic acids). When
mixtures of acids, bases, and/or neutrals are involved, even more significant
changes in band spacing can be expected, as suggested by the data of Fig. 7.1.
However, the use of pH optimization for purposes of controlling band spacing
and separation must always be balanced against method ruggedness [i.e., the
effect of small, unavoidable variations in mobile-phase pH on retention and
separation when a new batch of mobile phase is prepared (Section 7.3.3.1)].

Even for simple pH-dependent separations as in Fig. 7.4, it may be difficult
to keep track of peak identity between chromatograms. Some acidic or basic
samples undergo a change in absorbance as pH is varied, so that band size
for a given compound may not remain constant between runs at different
values of pH. For these and other reasons, it is sometimes necessary to carry
out several experiments using rather small changes in pH (e.g., 0.2 to 0.5
units). Injecting standards to confirm peak identity in all runs may also be
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required for the logical optimization of pH. See the discussion of peak tracking
in Section 10.7.

7.3.2.2 Solvent Strength (% B) When varying pH for purposes of changing
band spacing, it may be necessary to change % B at the same time to maintain
a satisfactory k range. This adjustment can lead to additional changes in
selectivity. Thus, band spacing is expected to vary with % B as in the case of
neutral samples (Section 6.3.1). This is illustrated in Fig. 7.5 for the separation
of a mixture of substituted anilines at pH 3.5 with methanol-buffer mobile
phases. For a change from 20% to 40% methanol, the separation order of the
last four bands changes from 5 < 6 <7 < 8t0 6 < 5 = 8 < 7. Because of
additional sample-stationary phase interactions involved in the reversed-
phase separation of ionic samples (vs. neutrals), the resulting changes in
selectivity when % B is varied should be generally larger for ionic samples.
Therefore, the importance of solvent strength as a variable for optimizing
selectivity should always be kept in mind.

The discussion of the paragraph above might suggest that the simultaneous
variation of pH and % B will be generally advantageous by taking advantage
of the independent optimization of « for each variable. This appears to be
the case for acidic samples (benzoic acid derivatives [19] but not for basic
samples (aniline derivatives [20]). After % B was adjusted for 0.5 < k < 20
and an optimum pH was selected for a and resolution, it was found for
the latter sample (anilines) that further adjustment of % B did not improve
resolution. Conversely, if the pH was not changed and % B was optimized
for selectivity, further changes in pH did not improve separation. This interest-
ing result appears related to the observation that pH and pK, do not vary
much with % B in the case of acidic samples, whereas pH and pK, do vary
with % B in the case of basic samples [3,14]. Thus, a change in % B to change
selectivity for basic samples will in some cases be equivalent to a change in
pH, due to the variation of pH and/or pK, with % B. That is, either pH or
% B can be changed for a similar change in selectivity, but the combination
of these two variables may not provide further improvement in separation.

7.3.2.3 Solvent Type. Solvent type (acetonitrile, methanol, THF) is ex-
pected to affect selectivity for ionic samples in much the same way as for
neutrals. Therefore, a change in solvent is a potentially useful variable for
optimizing separation. Methanol may be preferred to acetonitrile for separat-

FIGURE 7.4 Separation of substituted benzoic acids as a function of pH. Sample:
1, 2-nitro; 2, phthalic; 3, impurity; 4, 2-fluoro; 5, 3-cyano; 6, 2-chloro; 7, 3-nitro; 8, 3-
fluoro; 9, 2,6-dimethyl. Conditions: 25-cm Zorbax C8 column; 35% methanol-buffer
(25 mM sodium acetate); 35°C; 1.0 mL/min. (Simulated chromatograms based on
experimental data of Ref. 18.)
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FIGURE 7.5 Separation of substituted anilines as a function of percent methanol
(% B). Sample: 1, 4-methoxy; 2, N-ethyl; 3, 3-methyl; 4, 3,5-dimethyl; 5, 4-chloro;
6, 3-cyano; 7, 3-chloro; 8, 2-chloro. Conditions: 25-cm Zorbax SB-C8 column; metha-
nol-buffer (25 mM sodium citrate, pH 3.5); mobile phases; 35°C; 1.0 mL/min. (a) 20%
methanol; (b) 40% methanol. (Simulated chromatograms based on experimental data
of Ref. 3.)

ing some ionic samples (more hydrophobic samples that require a larger % B),
because of the greater solubility of most buffers in methanol-water mixtures
compared to mobile phases that contain acetonitrile or THF.

7.3.2.4 Temperature. As noted in Section 6.3.4, temperature generally has
a minor effect on band spacing for the RPC separation of neutral samples.
This is not the case for ionic samples, because several different retention-
related processes can be involved in these separations, each responding differ-
ently to a change in temperature [21] (e.g., changing ionization of sample
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compounds, hydrophobic retention of ionized vs. non-ionized molecules of
the same compound, silanol interactions involving the ionized species, and
change of pH and pK, with temperature). It can be expected that maximum
changes in selectivity with temperature will occur for pH values that result in
the partial ionization of compounds of interest (i.e., intermediate values of
pH). This effect is illustrated in Fig. 7.6 for the separation of the benzoic acid
sample of Fig. 7.4 as a function of temperature. For pH 3.2 that is equal to
the average pK, value of this sample (so all compounds are partially ionized),
the best separation is observed for an intermediate temperature (40°C, Fig.
7.6b). Note that the combination of either low or high pH with elevated
temperatures can lead to a rapid loss of bonded phase with most RPC columns
(Section 5.4.3.6).

7.3.2.5 Buffer Concentration. The effect of buffer concentration on the
RPC retention of ionic samples is expected to be relatively minor, as suggested
by the data of Ref. 18 for the separation of substituted benzoic acids. An
important exception to this generalization can be expected, however, for the
combination of basic samples and silica-based columns whose silanols are
significantly ionized. Silanol ionization (Eq. 7.3a) can be expected at any pH
for acidic (type A) RPC columns and for any silica-based column when
pH > 6. These ionized silanols can strongly retain protonated bases or other
cations by means of an ion-exchange process (Section 7.3.3.2; see Eq. 7.3).
Anincrease in buffer concentration will then selectively decrease the retention
of all cationic sample ions, due to increasing competition from buffer cations.
An example of this effect for the separation of PTH-amino acid samples with
a Zorbax C8 column has been reported (Ref. 22 and Fig. 1.5b). A change in
buffer concentration as a means of changing selectivity is usually not advisable,
however, because silanol ionization is generally not reproducible from one
batch of columns to the next, leading to variable sample retention and sepa-
ration.

7.3.2.6 Amine Modifiers. The addition of amine modifiers to the mobile
phase can affect the separation of basic samples, often resulting in much
improved peak shapes (Section 7.3.3.2). Often, the retention of basic com-
pounds will decrease as the concentration of an amine additive is increased,
due to blockage of ionized silanols by the amine. This can lead to useful
changes in selectivity. One study [23] described the simultaneous optimization
of % B, pH, and methylamine concentration for the separation of a drug that
contained 13 metabolites. The use of amine modifiers to affect selectivity also
depends on the presence of ionized silanols (as in Section 7.3.2.5), and these
tend to vary from column to column of the same type. For this reason, varying
the amine concentration is not a first choice for the control of selectivity.
Rather, if an amine is added to the mobile phase, its concentration should be
large enough to suppress silanol effects as much as possible.
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FIGURE 7.6 Separation of substituted benzoic acids as a function of temperature.
Sample and conditions as in Fig. 7.4, except that pH is 3.2. (a) 30°C; (b) 40°C;
(c) 50°C. (Simulated chromatograms based on experimental data of Ref. 18.)
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7.3.2.7 Column Type. Section 6.3.3 gives examples of useful changes in
band spacing for neutral samples as a result of a change in column type (Cs,
phenyl, cyano). Similar selectivity changes for columns of different type have
been reported for ionic samples [24]. Because of the many other variables
that are available for changing the band spacing of ionic samples and their
greater convenience in method development, a change in column type usually
should be reserved for samples that show poor band spacing after optimizing
other variables.

Separations of basic samples have been carried out using “‘bare” silica
columns and organic-buffer mobile phases [25]. It appears that retention
occurs by an ion-exchange process that involves protonated bases and ionized
silanols (Eq. 7.3). The use of a silica column is recommended only when more
conventional RPC conditions with a bonded-phase column are unsuccessful.

7.3.3 Special Problems

RPC methods for ionic samples are subject to a number of problems that are
either not found for neutral samples or are more important for ionic samples.

7.3.3.1 pH Sensitivity. When the mobile-phase pH is close to the pK,, values
of one or more sample components, small changes in pH (as little as 0.1 unit)
can have a major effect on band spacing and sample resolution. This pH
sensitivity is compounded by difficulty in formulating buffers to a precise pH;
many laboratories will not be able to measure buffer pH more accurately than
+ 0.05 to 0.1 unit. For this reason, the ruggedness of the final method in terms
of pH should be a major concern during method development for ionic samples.

There are several ways in which the problem of pH sensitivity can be
minimized. First, determine the pH sensitivity of the method. If the mobile-
phase pH must be held within narrow limits (=0.1 unit or less), precise pH
control can be achieved by accurately measuring the buffer ingredients (by
weight or volume) rather than by using a pH meter to titrate the buffer to
the desired pH. Second, if a precise adjustment of pH in this way cannot be
assured, carry out separations with mobile phases that are 0.2 unit higher or
lower than the target pH and include these chromatograms in the method
procedure. Such separations can be used by the operator to adjust the mobile-
phase pH when sample resolution is inadequate, due to an incorrect pH; see
the example of Fig. 1.5d. Finally, the best approach for a method that is pH
sensitive is to design or rework the method to make it more rugged. Often,
the exact conditions (especially pH) that favor maximum resolution may not
favor method ruggedness. Minor changes in separation conditions sometimes
result in a much more rugged method with only a small sacrifice in resolution.
See the discussion in Refs. 19 and 26 and Section 10.6.

7.3.3.2 Silanol Effects. Ionic samples, especially basic compounds, can in-
teract with the silanols of silica-based columns (Section 5.2.1.1). This can lead
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to increased retention, band tailing, and column-to-column irreproducibility.
It is generally desirable to minimize these silanol interactions by an appropriate
choice of experimental conditions. Usually, the most important silanol-sample
interaction is caused by ion exchange. A protonated base (BH*) in the sample
exchanges with a sodium, potassium, or other cation that is attached to an
ionized silanol in the column packing; for example,

BH* + SiO"K* <—==—=> K* + SiO"BH* (1.3)

Because the capacity of the column to retain basic sample compounds
according to Eq. 7.3 can be very limited (e.g., < 1 ug), a normal-size sample
injection (> 1 ng) can overload the column and produce tailing bands (Section
2.4). To minimize this and other problems, experimental conditions should
be selected so as to minimize sample retention by the ion-exchange process
of Eq. 7.3.

Silanol interactions can be reduced by selecting a column that is designed
for basic samples (Table 5.4). The silica used for such column packings is
usually manufactured to minimize the number of very acidic silanols that favor
the retention process of Eq. 7.3. All silica-based columns contain accessible
silanols, but their effect on sample retention can be reduced by using a low-
pH mobile phase (2.0 < pH < 3.5) to minimize the concentration of ion-
ized silanols:

H* + SiO"K* <&———==>K* + SiOH (7.3a)
(high pH) (low pH)

Silanol effects can be further reduced [27] by using a higher buffer
concentration (> 10 mM) and choosing buffer cations that are strongly held
by the silanols (Na* < K* < NHj < triethylammonium* < dimeth-
yloctylammonium*) and therefore block sample retention by ionized sil-
anols. A 25 mM concentration of potassium phosphate is usually adequate
" for most basic samples. Buffers in the potassium form are also more soluble
in organic—water mobile phases than are buffers in the sodium form, which
makes mobile phase formulation more convenient for potassium buffers.

If the tailing of basic compounds persists with the latter conditions, the use
of triethylamine (TEA) or hexylamine in place of potassium may solve the
problem. Dimethyloctylamine (DMOA) has been reported as even more effec-
tive, but its use as a mobile-phase modifier can lead to other problems. TEA,
hexylamine, and especially DMOA can cause slow column equilibration when
changing mobile phases, and for this reason their use should be avoided until
other approaches have been tried.

The use of sample weights less than 1 ug (for the basic compound in
question) can further reduce band tailing, while in some cases an increase in
sample weight also works. For extreme cases it may be necessary to try a
different column, as the tailing of a given compound tends to vary among
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different “basic” RPC columns [27a]. Alternatively, the use of a polymeric
(non-silica) RPC column eliminates problems due to silanols, if the separation
can be achieved with a lower plate number (polymeric columns typically are
less efficient than comparable silica-based columns).

Some workers recommended working at high pH (e.g., > 7) for the separa-
tion of basic compounds [15]. Weak bases (e.g., anilines, pyridines) may be
non-ionized at higher pH values, thereby eliminating retention according to
Eg. 7.3 and its attendant problems. Some columns also show less tailing at
high pH than at low pH, possibly because enough silanols are ionized so as
to no longer limit column capacity. For high-pH separations, one study [15]
reported more tailing for acetonitrile as solvent vs. methanol or THF. For
further information, see Refs. 27 to 32. Silica-based columns are less stable
for pH over 6 and often cannot be used for pH greater than 8. However,
densely bonded alkyl, endcapped columns made with sol-gel silica supports
apparently can be routinely used up to at least pH 11 when organic buffers and
temperatures < 40°C are used [32a,32b; see also Section 5.2.3.4 and 5.4.3.5].

An alternative approach for suppressing silanol interactions with basic
compounds has been proposed recently [33]. The addition of 0.02 to 0.05%
hexanenitrile to the mobile phase gave much improved peak shapes for several
aniline derivatives and a moderately acidic column (Spherisorb Cg). Whether
this procedure will also be effective for aliphatic amines (which interact more
strongly with silanols) was not determined. “Dynamically modified” silica has
also been suggested for the improved RPC separation of basic compounds
[34,35]. Bare silica is used as column packing, and 0 to 20 mM of a quaternary
long-chain alkyltrimethylammonium ion is added to the mobile phase. This
additive apparently blocks the silanols while covering the surface of the pack-
ing with an alkyl layer that mimics C;s packing. Reproducibility and peak
shape are claimed to be superior to separations carried out with basic RPC
columns [34].

Occasionally, acidic compounds are observed to give tailing or excessively
broad bands in RPC separation. The addition of acetic acid or acetate to the
mobile phase has proven beneficial in such cases.

7.3.3.3 Temperature Sensitivity. As seen in Fig. 7.6, a small change in tem-
perature for the separation of an ionic sample can have a noticeable effect
on sample resolution. Therefore, the need for column thermostatting is greater
for the separation of ionic compounds than for neutral samples. If the column
is to be maintained at ambient temperature, the effect on separation of a
change in temperature should be investigated. This precaution will anticipate
possible problems due to uncontrolled ambient temperature fluctuations.

1.3.4 Summary

Method development for the reversed-phase separation of ionic samples pro-
ceeds in similar fashion as for non-ionic samples (Section 6.4) but with some



314 IONIC SAMPLES

important differences. This is summarized in Fig. 7.7. If an acceptable separa-
tion is obtained at any stage of this series of studies, further work can be
omitted or proceed to step 8 (vary column conditions).

sTep 1. Carry out an initial gradient from 5 to 100% methanol in 60 min, with
a 25 mM potassium phosphate buffer (pH 2.5), a 15 X 0.46-cm less acidic Cg
or Czcolumn at 2 mL/min, and the other conditions of Table 1.3. Alternatively,
carry out an initial isocratic separation with 60% methanol (other conditions
the same). A lower starting % B value can be used for ionic samples (60%
B) compared to neutral samples (80 to 100% B, Section 6.2.2.1), because ionic
samples are usually less strongly retained.

sTEP 2. Use the initial gradient chromatogram to determine whether isocratic
elution is possible (see Fig. 8.6 and related discussion). If isocratic elution is
possible, estimate the best % B for isocratic separation (Table 8.2). If isocratic
elution is not recommended, go to step 2a below.

Alternatively, from the initial isocratic separation, estimate a % B value
that will give k = 10 for the last band; assume that a 10% reduction in % B
(e.g., change from 60% B to 50% B) will increase k by a factor of 3 (‘“rule of
3,” Section 6.2.1.1).

STEP 2a. If isocratic elution is not recommended on the basis of an initial
gradient run, or if no isocratic run results in acceptable retention (0.5 < k < 20)
due to an excessive retention range for the sample, there are three alternatives:

+ Adjust pH and % B together to give a good retention range (0.5 < k < 20).
+ Develop a gradient elution method (Chapter 8).
» Use ion-pair HPLC to obtain a good retention range (Section 7.4.3.1).

The likelihood that a pH change or the use of ion pairing can improve the
retention range can be inferred from the pK, values of early and late bands
in the chromatogram (if known). For example, for a mobile phase pH of 2.5,
if the first band has & < 0.5 and is a pyridine derivative, while the last band
has k > 20 and is neutral, an increase in pH to 6 or 7 should result in decreased
ionization for the pyridine derivative and an increase in its retention without
affecting the retention of the last band. Then, an increase in % B can be used
to adjust the retention of all bands into a range of 0.5 < k < 20. See the
additional discussion in Sections 7.2.1 and 7.4.1 and the example of Fig. 7.8.

sTEP 3. Perform an isocratic separation with a % B value suggested by the
first experimental run (if gradient elution is used for further method develop-
ment, the approach is similar, but see the discussion in Chapter 8). If necessary,
adjust % B to give a k range of 0.5 to 20. If an improvement in selectivity is
needed, further vary mobile-phase strength (=5 to 10% B) to determine the
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FIGURE 7.7 Summary of method development for the reversed-phase separation
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FIGURE 7.8 Separation of a proprietary mixture of acids, bases, and neutrals. Sam-
ple: X, basic drug substance; X1 to X3, basic drug degradates; HB, acidic degradate
of neutral preservatives MP and PP; B, acidic preservative. Conditions: (a) 15 X
0.46-cm Zorbax SB-C8 column; gradient from 5 to 100% methanol-buffer (25 mM
potassium acetate, pH 3.5) in 20 min; 1.0 mL/min; 30°C; (b) same as (a), except
isocratic separation with 30% B; (c¢) same, except isocratic ion-pair separation with
40% methanol-buffer (65 mM octane sulfonate) at 1.5 mL/min. (Unpublished data
from the laboratory of LC Resources, McMinnville, Oregon.)
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effect of % B on band spacing and separation. Adequate separation may be
achieved by selecting a value of % B that provides both acceptable retention
and good resolution. If an acceptable retention range is not possible, return
to step 2a.

sTEPS 4 AND 5. If an adequate separation is not obtained in step 3 because of
poor band spacing, change to acetonitrile as solvent (use Fig. 6.4) and adjust
% B as needed for good retention and separation. Alternatively, vary pH as
in the example of Fig. 7.4, to determine an optimum pH for the separation.
For most samples the recommended change in pH is as shown in Fig. 7.4: 2.5,
3.5, 4.5. If it is known that the pK, values for the sample are > 5, try pH
values of 4, 5, and 6 instead. During the variation of pH, it may be necessary
to change % B to maintain 0.5 < k < 20. At the same time, fine-tuning % B
for further control over band spacing should be investigated.

sTEP 5a. If the pK, value of an acidic sample is < 2 or that of a basic sample
is > 8, it may be necessary to use ion-pair HPL.C (or a pH-stable, polymeric
column) for further control of band spacing (Section 7.4).

sTEPS 6 AND 7. Further changes in band spacing are possible by changing
column type, temperature, or (less frequently) buffer concentration.

sTEP 8. When band spacing has been optimized, consider a change in column
length, flow rate, or particle size to improve the separation further. See the
related discussion in Section 2.3.3.1.

7.4 ION-PAIR CHROMATOGRAPHY

Ion-pair and reversed-phase HPLC share several features. The column and
mobile phase used for these separations are generally similar, differing mainly
in the addition of an ion-pair reagent to the mobile phase for ion-pair chroma-
tography (IPC). For most applications that involve ionic samples, RPC separa-
tion as in Section 7.3 should be explored first, before considering IPC. IPC
separations are more complicated to develop and use and are subject to
additional experimental problems (Section 7.4.5). If RPC method develop-
ment (Fig. 7.7) is unable to provide an adequate separation due to poor band
spacing, IPC provides an important additional selectivity option. Thus IPC is
a logical follow-up for RPC separations that need improvement.

For some samples the first chromatogram may suggest that isocratic RPC
is not an alternative to gradient elution, as illustrated in Fig. 7.8. The initial
gradient separation of Fig. 7.8a indicates that a satisfactory isocratic separation
will not be possible with this mobile phase (see discussion of Fig. 8.6), as
confirmed in the isocratic separation of Fig. 7.8b with 30% B. In Fig. 7.8b the
first band elutes with k¥ < 0.5 and the last band has & > 20. However, a
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consideration of the acid—base nature of early and late eluting bands points the
way to narrowing of the retention range for satisfactory isocratic separation.

Early bands X to X3 are strongly basic, therefore ionized and weakly
retained over the pH range 2 to 8; a change in pH will not affect their
separation. Late bands MP and PP are neutral (and hydrophobic), so their
retention is also unaffected by pH. However, the use of ion pairing with an
anionic reagent can selectively increase the retention of these early cationic
bands relative to later neutral bands, allowing the desired isocratic separation
of this sample (Fig. 7.8¢; see the following discussion).

7.4.1 Basis of Retention

Sample retention in IPC is illustrated in Fig. 7.9. The surface of a Cg or Cjg
column packing is shown schematically in Fig. 7.9a as a rectangle covered by
sorbed molecules of a negative ion-pair reagent (e.g., hexane sulfonate). The
ion-pair reagent is attracted to the stationary phase because of its hydrophobic
alkyl group, and the charge carried by the reagent (Cs—SO53) thereby attaches
to the stationary phase. This negative charge on the stationary phase is bal-
anced by positive ions (Na*) from the reagent and/or buffer. A positively
charged sample ion (protonated base, BH*) can now exchange with a Na*
ion as shown (arrows), resulting in the retention of the sample ion by an ion-
exchange process. lon-pair HPLC carried out as in Fig. 7.9a bears a close
resemblance to ion-exchange chromatography, as described in Section 7.5.

7.4.1.1 pH and Ion Pairing. Further detail describing retention in IPC is
shown in Fig. 7.9 and c for the case of an acidic (anionic) sample RCOOH
and a positively charged ion-pair reagent (tetrabutylammonium, TBA*). In
Fig. 7.9 no ion-pair reagent is added to the mobile phase (simple RPC
separation). At low pH, the non-ionized RCOOH molecule is strongly retained
vs. the ionized acid RCOO, so retention vs. pH under these conditions
exhibits the characteristic pattern of Fig. 7.2a (reversed for the acidic sample
of Fig. 7.9b vs. the basic sample of Fig. 7.2a). For the example of Fig. 7.9b,
maximum retention occurs at low pH and minimum retention at high pH. In
Fig. 7.9¢, enough ion-pair reagent TBA* is added to the mobile phase so as
to cover the stationary phase completely, thereby minimizing the retention
of the neutral molecule RCOOH. However, the resulting positive charge on
the stationary phase (from adsorbed TBA*) causes a strong attraction of the
negatively charged RCOO~. When sample retention is plotted vs. pH under
these ion-pairing conditions, maximum retention now occurs at high pH
(where the sample is completely ionized), and minimum retention occurs at
low pH (no sample ionization).

The nature of IPC as illustrated in Fig. 7.9¢ results in a retention process
that is very different from reversed-phase HPLC in Fig. 7.9b. Therefore, large
changes in separation selectivity for ionic samples can be anticipated upon
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FIGURE 7.9 Pictorial representation of ion-pair chromatography retention. (a) Re-
tention of a protonated base (BH*) during IPC; Na* is the mobile-phase cation; ion-
pair reagent is hexane sulfonate; (b) reversed-phase retention of carboxylic acid sample
RCOOH on Cg stationary phase as a function of pH; (c) sorption of ion-pair reagent
(TBA*) onto stationary phase and retention of carboxylic acid sample (RCOO~) as
a function of pH.
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adding an appropriate ion-pair reagent to the mobile phase used for reversed-
phase HPLC.

7.4.1.2 Ion-Pair Reagent Concentration. It is possible to vary the retention
process continuously from reversed-phase toion-exchange separation by chang-
ing the amount of ion-pair reagent taken up by the stationary phase. This is
effected by varying the concentration of reagent in the mobile phase. Consider
first the uptake by the Cg column of the sulfonate reagent P~, as shown in
Fig. 7.10a. The concentration of reagent in the stationary phase (P~), is plotted
vs. the concentration of reagent in the mobile phase (P7),,, for two different
reagents: Cs—sulfonate and Cg—sulfonate. For each reagent, column uptake
increases for higher reagent concentrations in the mobile phase, but then
levels off as the column becomes saturated with the reagent. Because the
Cg-sulfonate is more hydrophobic, it is retained more strongly and saturates
the column at a lower mobile-phase reagent concentration. Therefore, a given
reagent uptake by the column (e.g., 50% of saturation) is achieved with a
lower concentration of the more hydrophobic Cg—reagent than with the less
hydrophobic C¢-reagent. Sample retention is determined primarily by the
uptake of reagent and the resulting charge on the column. Therefore, similar
separations will result for either reagent (Cg or Cg) when the reagent concentra-
tion in the mobile phase is adjusted to give the same molar uptake by the
column (see also Fig. 7.12¢ and related discussion). For a more detailed discus-
sion, see Ref. 36.

Next, consider the change in sample retention as the sulfonate ion-pair
reagent concentration is increased (Fig. 7.10b). For an ionic, hydrophilic sam-
ple compound BH*, retention occurs mainly as a result of the ion-exchange
retention process of Fig. 7.9a or Fig. 7.10b. Thus, as the charge on the column
increases due to an increase in [P, & for the compound BH" also increases.
Once the column becomes saturated with the reagent (maximum column
charge), sample retention levels off. Because IPC retention involves an ion-
exchange process, further increases in reagent concentration lead to an in-
crease in the counterion concentration (Na*), which competes with the reten-
tion of the sample ion on the column. Retention therefore goes through a
maximum as the reagent concentration is increased. In IPC method develop-
ment, the reagent concentration is usually varied from zero to a value that
provides maximum retention of oppositely charged sample ions. This approach
provides a wide range of separation selectivity, thereby improving chances
for a good separation while avoiding excessive reagent concentrations that
are expensive and conducive to poor separation.

When pH and ion-pair reagent concentration are varied simultaneously,
considerable control is achievable over both retention range and band spac-
ing. This is a result of the simultaneous retention of the sample by both
reversed-phase and ion-exchange (or ion-pair) processes. As the uptake of
reagent by the column increases, ion-exchange retention becomes more im-
portant, and reversed-phase retention becomes less important. This effect is
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FIGURE 7.10 Effect of ion-pair reagent concentration on separation. (a) Sorption
of the ion-pair reagent as a function of concentration for reagents of differing hydropho-
bicity (Cs- and Cg-sulfonates); (b) retention as a function of reagent concentration.

See the text for details.
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illustrated in Fig. 7.11 for the separation of a mixture of bile acids [plots of
log k vs. pH; note that the y-axis starts at —0.5 unit in (a) and —0.2 unit in
(b)]. Figure 7.11a shows the reversed-phase retention of the sample as a
function of pH with no reagent added. Maximum retention of all components
occurs at low pH and minimum retention at high pH. Upon the addition of
1 mM tetrabutylammonium ion (TBA*) to the mobile phase, there is a small
uptake of reagent by the column (5 to 10% saturation). This uptake increases
sample retention at high pH by a factor of about 5. A small decrease in
retention is found at low pH, due to the partial blockage of the stationary
phase by the sorbed reagent. Usually, a much higher concentration of the ion-
pair reagent (TBA*) would be used to create a larger ion-pairing effect (see
the discussion of Fig. 7.13c, which recommends about 100 mM for the example
of Fig. 7.11 with 45% acetonitrile—buffer as mobile phase). Larger k values
for the sample would then occur at high pH vs. low pH (as in Fig. 7.9¢).

7.4.1.3 Ion-Pair Reagent Type. The change in sample retention as the ion-
pair reagent concentration is varied is illustrated further in Fig. 7.12 for the
separation of a positively charged base (Adr*), a negatively charged acid
(NpS7), and a neutral compound (BzOH). With no added ion-pair reagent,
the separation of Fig. 7.12a results. The protonated base Adr* is unretained
(k = 0), and the other two compounds (BzOH and NpS~) are retained ade-
quately (k = 5). The addition of 14 mM octane sulfate as ion-pair reagent to
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FIGURE 7.11 Effect of mobile-phase pH and ion-pair reagent concentration on
the retention of different bile acids. Conditions: C;g column; 45% acetonitrile—buffer
(phosphate); ambient temperature. (@) No ion-pair reagent; (b) 1 mM tetrabutylam-
monium (TBA) ion added. (Reprinted with permission from Ref. 37.)
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FIGURE 7.12 Effect of ion-pair reagent concentration and type on the separation of an
jonic sample. Sample: adrenaline, Adr*; benzyl alcohol, BZOH; naphthalene sulfonate, NpS-~.
Conditions: C;5 column; 20% methanol-buffer (20 mM phosphate, pH 6); 25°C. (a) No added
jon-pair reagent; (b) 14 mM octane sulfate [1.6 umol/m? in (c)]; (c) plot of solute retention
vs. reagent uptake by column (umol/m?®); (Reprinted with permission from Ref. 38.)
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the mobile phase (1.6 umol/m? uptake by the column) changes the separation
as seen in Fig. 7.12b. The neutral compound BzOH is retained somewhat less,
while the two ionic species change places in the chromatogram. The much
increased retention of Adr* in Fig. 7.12b is due to its attraction by the negative
charge on the column (the result of sorbed, negatively charged reagent). The
strongly decreased retention of NpS~ is due to its repulsion by this same
negative charge on the stationary phase.

Figure 7.12c shows that separation as a function of added reagent depends
only on the resulting charge on the column. Retention data for each of the
three compounds are plotted vs. the umoles of reagent taken up by the
column for three different reagents: Cs—, Cyo—, and C,—sulfates. For a given
concentration of sorbed reagent (wmoles per column), the retention times for
each compound are approximately the same (i.e., the same separation results).
This means that identical separations can be achieved with different ion-pair
reagents. To achieve the same separation as with the C,y reagent, a larger
mobile-phase concentration of the Cg reagent is required or a lower concentra-
tion of the C;, reagent. This can also be seen in Fig. 2 of Ref. 39 and is
discussed further in Ref. 40. In some cases, two ion-pair reagents will differ
greatly in hydrophobicity, so that no reasonable concentration of the less
hydrophobic reagent can provide the same column uptake and charge on the
column packing as the more hydrophobic reagent. An example [41] is provided
by trifluoroacetate (TFA) and heptafluorobutyrate (HFBA), two ion-pair
reagents that are used commonly in the separation of peptides and proteins
(Section 11.2). TFA is absorbed much less than is HFBA, and no concentration
of TFA can provide a separation similar to that of HFBA when the latter is
present at >10 mM in the mobile phase. For a more detailed description of
the theory of ion-pair retention, see Refs. 38 and 42 to 44.

7.4.2 Initial Experiments

For an ionic sample, the conditions of the initial experiment for IPC will
normally be the same as for reversed-phase separation (Fig. 7.7). That is, no
ion-pair reagent will be used initially. Once it has been determined that IPC
may be appropriate, a suitable ion-pair reagent is then added to the mobile
phase. Other conditions remain the same, so the question is: what ion-pair
reagent and what concentration?

Most ion-pair reagents used today are either alkyl sulfonates or tetraalkyl
ammonium salts, either of which allow UV detection above 210 nm. Alkyl
sulfates and perchlorate (ClO;) have been used occasionally for the separation
of basic compounds, but usually these IPC reagents have no special advantage.
Sulfonates should be used for basic samples, to provide increased retention
of protonated bases and other cations. Tetralkylammonium salts are used for
acidic samples, providing increased retention for ionized acids and other
anions. The choice of reagent type (anionic or cationic) for mixtures of acids,
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bases, and/or neutrals will depend on the initial chromatogram, as in the
example of Fig. 7.8.

Mixtures of ion-pair reagents with opposite charge (e.g., a sulfonate plus
a quaternary ammonium compound) are normally counterproductive, since
the two reagents will associate and hence tend to neutralize the effect of each
on sample retention. One study [45] reported the use of cetyltrimethylammon-
ium (CTMA) and dodecanesulfonate (DS) in combination for the separation
of basic samples, where the primary role of the CTMA was to reduce the
effect of stationary-phase silanols. This study also reported that the use of
two IPC reagents allowed further control over retention and selectivity.

The discussion of Section 7.4.1.3 makes it clear that similar separations
can be obtained with ion-pair reagents differing in chain length, if reagent
concentration is varied to provide the same stationary phase charge [e.g.,
Cg— vs. Cig—sulfonates (as in Fig. 7.12c¢), or tetraethyl vs. tetrabutyl ammonium
salts]. The choice of a particular ion-pair reagent (more or less hydrophobic)
depends on mobile phase strength (% B), as discussed in Ref. 46. This is
summarized in Fig. 7.13. Figure 7.13a, which shows reagent uptake by the
column vs. the mobile-phase concentration of octane sulfonate. The different
curves (0, 10, 25, 40) are for different percent methanol concentrations in the
mobile phase. As expected, reagent uptake (retention) is less for higher % B
values (just as for the retention of a sample compound).

The objective in selecting a particular ion-pair reagent is to be able to
achieve a significant column uptake of the reagent for a reasonable reagent
concentration. This approach allows a wide range of ion-pair selectivity to be
explored by varying reagent concentration. The curves of Fig. 7.13a appear
to level off at a maximum column uptake of about 300 umol/g, which can be
achieved with a reagent concentration of about 40 mM for the case of 0%
methanol. If the mobile phase is 40% methanol, a much higher concentration
of this reagent (>>40 mM) will be required to achieve maximum uptake by
the column. Therefore, octane sulfonate is a less suitable reagent choice for
a mobile phase containing more than 40% methanol. In this case, separation
may benefit from the use of a more strongly retained reagent (e.g., Cyo— or
Cy,—sulfonate).

Figure 7.13b summarizes the preferred sulfonate reagent and a concentra-
tion that can provide effective ion pairing (significant reagent uptake) for
mobile phases that contain different concentrations of methanol. For example,
if the mobile phase is 25% methanol-water, either Cg— or Co—sulfonate is
recommended, with initial concentrations of about 30 or 10 mM, respectively.
These initial concentrations (which provide about one-third of maximum re-
agent uptake by the column) can in each case be varied up or down so as
to change the extent of reagent uptake and ion pairing, and thereby vary
band spacing.

If acetonitrile or THF is used instead of methanol, Table 7.3 can be used
to estimate the change in recommended reagent and its concentration. For
example, for 25% acetonitrile as mobile phase, the equivalent percent metha-
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TABLE 7.3 Solvent-Strength Relationships (in
percent) for Ion-Pair HPLC Using Anionic Ion-Pair
Reagents (e.g., Alkyl Sulfonates)”

Methanol Acetonitrile THF
0 0 0
10 3 1
20 8 4
30 13 8
40 19 14
50 25 21
60 32 30

70 39 (40)?
80 (46) (51)
90 (53) (64)
100 (60) (78)

Source: Ref. 40.

2 For example, if 20% methanol provides a good retention
range (0.5 < k < 20), then 8% acetonitrile or 4% THF should
provide similar run times.

b Approximate value.

nolis 50%. Figure 7.13b then suggests C;o— or C,—sulfonate at an initial concen-
tration of 25 or 5 mM, respectively. Figure 7.13¢ provides similar guidelines for
the use of tetraalkyl quaternary ammonium reagents for separating acids.

7.4.3 Controlling Retention Range and Selectivity: Changes in % B, pH,
and Ion-Pair Reagent Concentration

7.4.3.1 Retention Range. The separation of neutral samples allows the easy
control of retention range during RPC method development. Mobile-phase
composition (% B) is varied first to obtain 0.5 < k < 20. If solvent type is
varied, Fig. 6.4 can be used to estimate the change in % B required for the
same retention range. There is, therefore, no special problem in finding and
maintaining a % B value that provides a good retention range.

The situation can be somewhat different for the separation of ionic samples.
Here, unexpectedly large changes in retention and retention range may occur

FIGURE 7.13 Selection of ion-pair type and concentration as a function of sample
type and mobile phase strength (% B). Conditions: methanol-buffer mobile phase,
Cys column. (a) Uptake of Cg-sulfonate vs. reagent concentration for different %
B values; (b) recommended alky! sulfonate type and concentration for different %
B values (basic samples); (¢) recommended tetralkylammonium ion and concentration
for different % B values (acidic samples). (Reprinted with permission from Ref. 46.)



328 IONIC SAMPLES

during attempts to vary selectivity via changes in pH, ion-pair reagent concen-
tration, and so on. This makes method development for IPC somewhat more
complicated than for RPC. On the other hand, these same extreme changes
in retention can be used to advantage. For example, the use of ion-pair
conditions for an tonic sample that appears initially to require gradient elution
may permit isocratic separation with 0.5 < k < 20. Also, if the acid—base
properties (pK, values) of sample bands are known in IPC, there is a high
degree of predictability with regard to the effects of different variables on the
relative retention of these bands. These observations are illustrated by the
separations of Fig. 7.8.

In the gradient separation of Fig. 7.8a and the isocratic separation of Fig.
7.8b, the four compounds X to X2 and HB are weakly retained, while MP
and PP are strongly retained. Isocratic separation with 0.5 < k£ < 20 is not
possible for this mobile phase. However, compounds X to X2 are all strong
bases (pK, = 10, Table 7.2), so these compounds will be positively charged
for all reasonable pH values, while compounds MP and PP are neutral. This
means that the addition of a sulfonate ion-pair reagent will selectively increase
the retention of bands X to X2, while moderately decreasing the retention of
bands MP and PP (as in Fig. 7.12¢), thereby decreasing retention range to
allow isocratic separation. Isocratic separation with addition of an ion-pair
reagent is shown in Fig. 7.8c, and a reasonable retention range is now observed
for this sample: 0.8 < k£ < 15.

The adjustment of retention and retention range by means of pH changes
or ion pairing can be pursued for other samples in similar fashion as in the
example of Fig. 7.8. Keep in mind that sulfonate reagents strongly increase
the retention of positively charged species and strongly decrease the retention
of negatively charged species (and vice versa for tetraalkyl ammonium re-
agents). Any ion-pair reagent may reduce the retention of neutrals, but to a
lesser degree. Similarly, an increase in pH results in increased ionization of
acids and decreased ionization of bases. Thus, predictable changes in retention
result, depending on the pK, values for each compound, as mobile-phase pH
and/or the type of concentration of the ion-pair reagent are varied. For further
examples and discussion, see Ref. 16.

The preceding approach (prediction of changes in sample retention as pH or
IPC reagent concentration is changed) requires a knowledge of the acid-base
properties (pK, values) of each band in the chromatogram plus peak tracking
as discussed in Section 10.7. Alternatively, when sample pK, values are not
known initially, experiments where pH is varied (as in Fig. 7.1 or 7.4) allow
estimates of acid—base behavior for each band. Once approximate pK, values
have been assigned to each band in this way, the predictable adjustment of
retention and retention range (via changes in pH or reagent concentration)
can proceed as above.

7.4.3.2 Selectivity. An alternative approach to the optimization of pH and
ion-pair reagent concentration can be used [43] as outlined in Fig. 7.14. Buffers
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(B)pH = 2.5

(C)pH=75 (D) Hexane
Sulfonate
FIGURE 7.14 Experimental design for rapid optimization of retention range and
selectivity in ion-pair HPLC. Simultaneous variation of mobile-phase pH and ion-pair
reagent concentration. (Reprinted with permission from Ref. 43.)

at low pH (B), high pH (C), and lightly buffered intermediate pH plus ion-
pair reagent (D) are blended with organic solvent (methanol, A) in a systematic
manner that allows wide variations in both pH and ion-pair reagent concentra-
tion. This experimental design is conceptually similar to that discussed pre-
viously for optimizing solvent-type selectivity in reversed-phase HPLC (Fig.
6.15). The percent methanol in mobile phases 1 to 3 is adjusted to provide
roughly equal run times for the sample of interest.

The first experiment in Fig. 7.14 (low pH, no. 1) requires adjustment of
% B (methanol) to provide either a good retention range (0.5 < k < 20) or
a retention for the last sample band of £ = 10 to 20. Once this separation has
been achieved, a similar approach is used for the second and third runs: high
pH, no. 2; ion pairing, no. 3. In some cases, only a small variation in % B will
be required among these three runs to maintain a constant run time. In other
cases, a change of 10 to 20% B may be necessary.

The next step is to blend the three initial mobile phases (1 to 3) to produce
mobile phases 4 to 7 (see the similar discussion of Fig. 6.15). This approach
is conveniently accomplished by using citrate buffers of the same molarity for
buffers 1 and 2, since mixtures of buffers 1 and 2 will vary linearly in pH
according to the proportions of each buffer. Thus, mobile phase 4 will have
a pH that is halfway between that of runs 1 and 2 (once a near-optimum
pH is selected, citrate can be replaced by phosphate or acetate for low-UV
detection). When all seven experimental runs have been carried out, the
resulting chromatograms can be displayed in the format of Fig. 7.14; see
the example of Fig. 7.15. The properties of the resulting mobile phases are
summarized in Table 7.4. Further adjustment of experimental conditions pro-
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TABLE 74
Run pH Ton Pairing (%)*
1 Low (2.5) 0
2 High (7.5) 0
3 Intermediate (5.0) 100
4 Intermediate (5.0) 0
5 High (7.5) 50
6 Low (2.5) 50
7 Intermediate (5.0) 33

2 % lon-pair reagent (based on Run 3).

ceeds as in the example of Fig. 6.16. This experimental approach for IPC is
illustrated by the example of Fig. 7.15, for a mixture of five compounds that
include one or more acids, bases, and neutrals.

The separations of Fig. 7.15 are effective in quickly identifying promising
combinations of pH and ion-pair reagent concentration. Consider first those
separations with a good retention range: 0.5 < k < 20. Runs 1 to 5 in each
case show a band eluting very near to ¢, (k =~ 0), while runs 6 and 7 each
show a first band with k > 1 (acceptable retention). In all seven runs of Fig.
7.15, k for the last band is about 5. From these initial experimental runs
(Fig. 7.15), it can be concluded that a pH of 2.5 to 5 and 33 to 50% ion
pairing reagent (67 to 100 mM hexane sulfonate) is effective in maintaining
a reasonable retention range.

The resolution in runs 6 and 7 (Fig. 7.15) is marginal, however, due to poor
band spacing. The critical band pair differs in these two runs, so an intermedi-
ate pH is expected to provide improved resolution. Alternatively, sample
resolution is good for run 4, which suggests that it might be beneficial to hold
pH at 5.0 and vary the concentration of ion-pair reagent by blending mobile
phases 4 and 7 together for better retention of the first band. The resulting

FIGURE 7.15 Application of optimization scheme of Fig. 7.14 for the separation
of a cold—cough remedy. Sample: a mixture of five compounds: 1, phenylephrine;
2, glycerol guaicolate; 3, pseudoephedrine; 4, sodium benzoate; 5, methylparaben.
Conditions: 15 X 0.46-cm Zorbax C8 column, with mobile phases as follows:

Vol % Solvent in Mobile Phases 1 to 7

Solvent 1 2 3 4 5 6 7
A: methanol 30 27 34 29 30 32 30
B: pH 2.5 buffer 70 0 0 35 0 35 23
C: pH 7.5 buffer 0 73 0 36 36 0 24
D: 200 mM hexane sulfonate 0 0 66 0 33 33 22

(Reprinted with permission from Ref. 43.)
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separation for this 50/50 blend of the two mobile phases is shown in Fig. 7.16
(run 4/7). The retention range for run 4/7 is acceptable (1 < k < 7), and
resolution is almost adequate (R, = 1.3). A comparison of runs 7 and 4/7
shows that a different blending of these two mobile phases can position band
3 halfway between bands 2 and 5 for an excellent final separation.

An alternative experimental procedure for the simultaneous optimization
of pH and ion-pair reagent concentration has been reported [47]. It is better
suited for the quantitative prediction of separation as a function of these
variables. A four-level two-factor factorial design was used that requires 16
experiments with pH and reagent concentration varying. Similar optimization
schemes have been reported by others [17]. The latter approaches require
much more experimental work and should be reserved for very challenging
samples.

7.4.4 Other Changes in Selectivity

7.4.4.1 Solvent Strength (%B). As discussed above, varying pH and ion-
pair reagent concentration together allows a considerable control over both
retention range and band spacing. Simultaneous changes in % B also may be
required as a means of controlling retention range. Further small changes in

poor poor
retention resolution
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FIGURE 7.16 Continuation of method development for cough—cold remedy of Fig.
7.15. Chromatograms repeated for runs 4 and 7; new chromatogram for mobile phase
prepared by blending mobile phases from runs 4 and 7 (4/7). (Reprinted with permission
from Ref. 43.)
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% B (while maintaining 0.5 < k < 20) often result in useful changes in IPC
band spacing [48-50], as illustrated in Fig. 7.17. The critical band pair for this
separation is X3/propyl paraben (last two bands). An increase in percent
methanol leads to a reduction in relative retention for all four protonated
bases (X to X3) and a resulting increase in the resolution of the last two
bands. Eventually, for a methanol concentration of 50%, band X overlaps the
methyl paraben band (resulting in a new critical band pair). A mobile phase
with 45% methanol provides the best separation in this case.

The result of Fig. 7.17 can be generalized as follows. When % B is increased
for the IPC separation of a mixture of ionic and neutral compounds, the
adsorption of the ion-pair reagent to the stationary phase will be reduced (as
in Fig. 7.13a). This will cause a selective reduction in the retention of ionic
compounds that are opposite in charge to the reagent. This in turn will cause
a selective reduction in the relative retention of these ionic compounds as in
Fig. 7.17.

7.4.4.2 Temperature. A change in selectivity with temperature is expected
whenever two or more distinct processes contribute to sample retention. In
the case of ion-pair HPLC, several of the following equilibrium processes
are often involved: sample retention by ion-exchange and/or reversed-phase
processes, ionization of the buffer and sample, and sorption of the ion-pair
reagent. Therefore, it will be rare in IPC that a change in temperature does
not lead to significant changes in band spacing. Several examples of major
changes in « with temperature for IPC have been reported in the literature
[51,52]. There is also a corollary to this frequent change in selectivity with
temperature: For reproducible separations by ion-pair HPLC, it is important
to thermostat the column.

7.4.4.3 Buffer Concentration. An increase in buffer (or salt) concentration
will result in decreased retention for sample compounds that exhibit ion
pairing. The reason is that these compounds undergo ion exchange under the
conditions of separation (Figs. 7.92 and 7.10b). Thus, an increase in buffer
(or salt) concentration in ion-pair HPLC serves mainly to mimic the effect of
a decrease in the ion-pair-reagent concentration. Any selectivity effects due
to a change in buffer concentration can therefore be simulated by varying
reagent concentration. For this reason, buffer concentration is seldom used
as a means of controlling selectivity in ion-pair HPLC.

7.4.4.4 Solvent Type. Changes insolvent type (methanol, acetonitrile, THF)
in IPC have been used occasionally for the purpose of changing selectivity.
In some cases [43,53-55] little change in band spacing was noted upon changing
solvent type. In other studies, however, very significant and useful changes in
selectivity have been observed for a change in solvent type [56]. This effect
is illustrated in Fig. 7.18 for a mixture of catecholamines separated by ion-
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FIGURE 7.17 Effect of solvent strength (% B) on band spacing in ion-pair chromatog-
raphy. Same sample and conditions as in Fig. 7.8c, except for changes in percent
methanol; the separation of Fig. 7.8c is repeated in this figure (40% methanot). (Unpub-
lished data from the laboratory of LC Resources, McMinnville, Oregon.)
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FIGURE 7.18 Effect of solvent type on band spacing in ion-pair chromatography;
separation of catechol amines. Sample: 1, noradrenaline; 2, adrenaline; 3, octopamine;
4, 3,4-dihydroxyphenylalanine; 5, dopamine; 6, isoprenol; 7, tyrosine. Conditions:
15 X 0.46-cm C,g column; buffer, 50 mM aqueous phosphate (pH 2.5); 1 mL/min;
25°C. (a) 10% methanol-buffer; (b) 2.5% THF; (c) 6% acetonitrile. (Reprinted with
permission from Ref. 56.)
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pair HPLC with different solvents: (a) 10% methanol, (b) 2.5% THF, and
(c) 6% acetonitrile. In this example, acetonitrile is the preferred solvent.
However, similar changes in band spacing might be achieved by changes in
any of the variables discussed above (% B, pH, etc.).

Another example of solvent-type selectivity in IPC is shown in Fig. 7.19
for the formulated pharmaceutical product described in Figs. 7.8 and 7.17.
When acetonitrile was used as organic solvent, and % B and the ion-pair
concentrations were optimized, the separation of Fig. 7.19a resulted. The six
intermediate bands (X to X2) are bunched together and marginally resolved.
When methanol was substituted for acetonitrile and % B and ion-pair reagent
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FIGURE 7.19 Effect of solvent type on band spacing in ion-pair chromatography.
Same sample as in Fig. 7.17, except different organic solvents. (a) 15 X 0.46-cm Zorbax
SB-C8 column; 30% acetonitrile—buffer; buffer is 100 mM potassium acetate, pH 3.5,
plus 27 mM octane sulfonate; 45°C; 2.0 mL/min; (b) separation as in Fig. 7.17b (45%
methanol-water). (Unpublished data from the laboratory of LC Resources, McMinn-

ville, Oregon.)
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concentration was again optimized, the basic compounds X to X3 were sub-
stantially more retained, allowing the much improved separation shown in
Fig. 7.19b. In this case, a change in solvent provided an expanded retention
range for a critical group of bands (bands 2 to 6 in Fig. 7.194) and much
greater resolution.

When changing the organic solvent as in Figs. 7.18 and 7.19, it is convenient
to use the solvent nomograph of (Fig. 6.4) as a means of holding solvent
strength and run time constant. As discussed in Ref. 40, however, Fig. 6.4 is
often less reliable for IPC. Therefore, it may be necessary to adjust % B
further after changing solvent type on the basis of Fig. 6.4. When sulfonate
ion-pair reagents are used, the relationships of Table 7.3 have been claimed
to be more reliable than Fig. 6.4 (but not in the example of Fig. 7.19).

7.4.4.5 Buffer Type or Added Salt. The buffer usually is not varied in IPC
for the purpose of changing selectivity. Neither is salt ordinarily added to the
mobile phase. Since IPC is in part dependent on an ion-exchange process,
similar effects as in ion-exchange chromatography (Section 7.4) can be ex-
pected when changing the buffer or adding salt (e.g., a decrease in ionic
strength should lead to an increase in retention for compounds that interact
with the ion-pair reagent).

7.4.4.6 Amine Modifiers. Amine modifiers have been added to the mobile
phase in IPC for the purpose of changing selectivity in the separation of basic
samples [53]. The ion-pair reagent will be anionic in this case (e.g., an alkyl
sulfonate), and the amine modifier tends to ion-pair with the alkyl sulfonate,
thus neutralizing its effect. For this reason it might be expected that a similar
selectivity could be achieved either by adding amine modifier or reducing the
concentration of the ion-pair reagent. In one example [53], however, this was
not the case. That is, additional control over selectivity was provided by the
use of an amine modifier.

7.4.5 Special Problems

The problems that can occur in reversed-phase separations of ionic samples
(Section 7.2) are also applicable for ion-pair HPLC: pH sensitivity, silanol
effects (less serious), temperature sensitivity (more serious), and peak track-
ing. Some additional difficulties can be anticipated.

7.4.5.1 Artifactual Peaks. Both positive and negative peaks sometimes are
observed when the sample solvent is injected in IPC (blank run). These
artifactual peaks can interfere in the development of an HPLC method or its
routine use. For this reason, blank runs should be carried out both before
beginning the development of an IPC method and after a promising separation
has been achieved.
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Problems with artifactual peaks are usually the result of differences in
composition of the mobile phase and the sample solvent, an effect that can
be magnified by the use of impure buffers, ion-pair reagents, or other mobile-
phase additives. A good general rule in IPC is to match the compositions of
the sample solvent and mobile phase as closely as possible (including reagent
concentration), and to inject smaller (more concentrated) sample volumes
(e.g., <50 uL). If the problem persists, a different lot of the ion-pair reagent
should be tried. For a further discussion, see Ref. 57.

7.4.5.2 Slow Column Egquilibration. Both the uptake and release of the
ion-pair reagent by the column can be slow under some circumstances. For
this reason, it is imperative to confirm that sample retention is reproducible
after changing the mobile phase, when one or both mobile phases contain an
ion-pair reagent. Column equilibration is generally slower when the ion-pair
reagent is more hydrophobic (e.g., decane sulfonate vs. hexane sulfonate)
and/or for the case of quaternary-ammonium reagents such as tetrabutylam-
monium [38]. When an IPC mobile phase is to be replaced, it may be advanta-
geous to first remove the previous ion-pair reagent from the column with a
wash solvent, followed by equilibration of the column with the new mobile
phase.

Anionic reagents (e.g., sulfonates) are more readily removed with a wash
solvent composed of 50 to 80% methanol-water. Quarternary ammonium
reagents require the use of 50% methanol-buffer (100 to 200 mM) (e.g.,
100 mM potassium phosphate salt with pH 4 to 5; the added potassium phos-
phate serves to reduce the interaction of the reagent ammonium group with
silanols). In either case, a minimum of 20 column volumes of wash solvent
should be used before checking for retention reproducibility (column equili-
bration) with the new mobile phase.

The initial equilibration of the column with a mobile phase that contains
an ion-pair reagent may also be slow. The IPC method of Fig. 7.17b was
believed initially to equilibrate after washing the column with 20 to 30 column
volumes of mobile phase [58]. When samples were subsequently run for an
extended period, however, it was found that a very slow decrease in retention
for the basic compounds X to X3 occurred over a period of 11 h. To avoid a
12-h equilibration of the column at the beginning of every series of runs, it
was necessary to store the column in the mobile phase upon completion of a
series of runs. The latter expedient can allow a much more rapid column
equilibration during startup.

The slow equilibration of the column with many ion-pair reagents can
create problems if gradient elution is used under these conditions. Retention
may be less reproducible, baselines can be more erratic, and other separation
problems may arise. For this reason, ion-pair HPLC in a gradient mode is
usually not recommended. An exception can be noted for the case of smaller
ion-pair-reagent molecules such as trifluoracetate (TFA) and triethylamine,
whose equilibration with the column is faster. TFA is commonly used as an
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additive for the gradient separation of peptides and proteins, with few resulting
problems. Triethylamine has also been claimed [59] to work well as an ion-
pair reagent in gradient elution.

7.4.5.3 Poor Peak Shape. Silanol effects can adversely alter peak shape
in IPC, just as in reversed-phase separation. Therefore, when separating
basic compounds, the column and mobile phase should be chosen with
this in mind (Table 5.4, Section 7.3.3.2). When ion-pair reagents are used,
however, silanol effects are often less important. The reason is that an
anionic reagent confers an additional negative charge on the column packing,
and this reduces the relative importance of sample retention by ion exchange
with silanol groups. Similarly, cationic reagents are quite effective at blocking
silanols because of the strong interaction between reagent and ionized
silanol groups.

Some studies have shown peak fronting in IPC that can be corrected by
operating at a higher column temperature [60]. Conversely, the separation of
the sample of Fig. 7.19a is best carried out at a lower temperature. Using
slightly different mobile-phase conditions (39% ACN and 25 mM potassium
acetate with 27 mM octane sulfonate), the last two bands in the chromatogram
are X3 (basic) and propyl paraben (neutral). Figure 7.20 shows the separation
of X3 and propyl paraben using different temperatures; 28°C is the best
temperature for this separation. The reason for this peculiar, peak-shape
behavior is unclear, but it may be related to the presence of reagent micelles
in the mobile phase for some experimental IPC conditions. In any case, when
poor peak shape and/or low plate numbers are encountered in IPC, it is
recommended to investigate the effect of temperature on band shape. Usually,
either a lower or higher temperature will improve peak shape and plate
number.

7.4.6 Summary

Initial experiments should be carried out without ion pairing (RPC conditions).
Because of the added complexity and potential problems in the use of IPC,
an ion-pair reagent should be added only to achieve specific objectives (e.g.,
better control over either retention range or band spacing). Whether or not an
ion-pair reagent is added to the mobile phase, method development proceeds
initially in similar fashion.

sTEP 1. The initial separation (gradient elution preferred) is the same as for
step 1 of reversed-phase method development (Section 7.3.4 and Fig. 7.7).

sTEP 2. Use the initial gradient chromatogram to determine whether isocratic
elution is possible (see Fig. 9.6). If isocratic elution is possible, estimate the
best % B for isocratic separation (see Fig. 9.7). If isocratic elution is not
recommended, go to step 2a.
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35
N = 4400

FIGURE 7.20 Effect of temperature on band shape in ion-pair chromatography.
Separation as in Fig. 7.19a except for temperature and other conditions: 25 X
0.46-cm Zorbax SB-C8 column; 39% acetonitrile—buffer; buffer is aqueous 25 mM
potassium acetate (pH 3.5) with 27 mM octane sulfonate; 2 mL/min. (Unpublished
data from the laboratory of LC Resources, McMinnville, Oregon.)

sTEP 2a, If isocratic separation is desired but not possible for the conditions
of step 1, two options are possible: a change in pH and/or the addition of an
ion-pair reagent. The use of IPC requires the selection of an appropriate
reagent; see Fig. 7.13 and the related discussion.

sTeP 3. Adjust % b for 0.5 < k < 20; fine-tune % B for improved selectivity
and resolution.

sTEP 4. Change solvent to acn and adjust % b for further improvement of
selectivity and resolution.
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STEPS 5 AND 5a. Vary ph and/or ion-pair reagent concentration for optimum
band spacing. If the acid—base properties of each sample band are known,
changes in pH or reagent concentration for desired changes in band spacing
often can be predicted (as in the example of Fig. 7.8). An alternative is to
explore a wide range of pH and reagent concentrations using the experimental
scheme of Fig. 7.14.

STEPS 6 TO 8. Other steps in IPC method development are the same as for
RPC. See Fig. 7.7 and the discussion of this scheme in Section 7.3.4. A change
in column type (step 7) for IPC is expected to be less useful than in RPC,
because the sorbed ion-pair reagent tends to “hide” the stationary phase from
sample molecules (see Fig. 7.9 and related discussion).

7.5 ION-EXCHANGE CHROMATOGRAPHY

Immediately following the introduction of commercial HPLC equipment
in 1968, ion-exchange chromatography (IEC) was an important HPLC
method [61]. During the next decade, however, its application for the
separation of most sample types gradually diminished compared to other
HPLC methods. Today it is used infrequently, except for certain ‘‘special”
samples. These include mixtures of biological origin (amino acids, oligonucle-
otides, peptides, proteins, nucleic acids), inorganic salts, and some organo-
metallics.

Because of the similarity of ion-exchange and ion-pair HPLC retention
(see below), many separations that are possible using IEC can also be
achieved using IPC. For the separation of typical small-molecule samples,
IPC may have certain advantages: higher column efficiencies, easier control
over selectivity and resolution, and more stable and reproducible columns.
Apart from the case of biological samples (Chapter 11), reasons for
using ion-exchange instead of reversed-phase or ion-pair HPLC include
the following.

Detectability. Many inorganic salts are not easily detected using typical HPLC
detectors (Chapter 3). The technique of ion chromatography [62] with conduc-
tivity detection has overcome this problem to a large extent and is one of the
reasons for the widespread use of ion chromatography for such samples.
Organic ions with poor UV absorptivity are also candidates for this approach
(e.g., alkyl amines or sulfonates). Similarly, the use of a mass spectrometer
detector may require a mobile phase that is completely volatile. Ion-exchange
chromatography with a volatile buffer meets this requirement, whereas most
ion-pair reagents are not sufficiently volatile.

Preparative Separations. Once a compound has been isolated or purified by
HPLC separation, it is necessary to remove the mobile phase. This is most



342 IONIC SAMPLES

easily done if the mobile phase is completely volatile. Normally, the use of
ion-pair reagents in preparative HPLC is avoided because of their relative
non-volatility, while volatile buffers for ion exchange are available (e.g., triflu-
oroacetic acid, formic acid, or acetic acid; ammonium carbonate, formate, or
acetate). If it is necessary to use IPC for sample purification and recovery,
the ion-pair reagent can be removed from sample fractions by a subsequent
ion-exchange separation (use an anion-exchange column for anionic reagents
and a cation-exchange column for cationic reagents).

Multi-step Separation. To resolve very complex samples, it may be necessary
in some cases (Section 4.6) to use two or more sequential, on-line separations.
Most commonly an initial low-resolution separation is combined with a subse-
quent HPLC run, but two HPLC separations in series are also possible (Section
4.6). In either case, the mobile phase used for an earlier chromatographic run
must not interfere with the following separation (e.g., the earlier mobile phase
must not behave as a strong solvent in the second separation). The aqueous
buffer—salt mobile phase used for ion exchange will normally allow direct
injection of sample fractions onto a reversed-phase column used to separate
these fractions further. The reason is that aqueous buffers are very weak
solvents for reversed-phase separation.

7.51 Basis of Retention

Columns used for ion exchange are characterized by the presence of charged
groups covalently attached to the stationary phase: anion-exchange columns
carry a positive charge (usually a quaternary ammonium or antine group) and
cation-exchange columns carry a negative charge (sulfonate or carboxylate
groups). Cation-exchange columns are used for the separation of cations such
as protonated bases, and anion-exchange columns are used for anionic or
acidic samples.

If the stationary phase is represented by R~ (cation exchanger) or R* (anion
exchanger), and the sample by X* (cation) or X~ (anion), retention in IEC
can be represented as follows:

X* + R K' <= X'R™ + K* (cation exchange)  (7.4)
X + RCl"<—> X R" + ClI" (anion exchange) (7.5)

Here it is assumed that the counterion in the mobile phase is either K* or
Cl", and the sample ion is univalent.

The effect of the counterion concentration on retention can be generalized
for a sample ion of charge z and a univalent counterion as

B constant
(counterion concentration)?

(7.6)
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Thus an increase in salt or buffer concentration in IEC results in decreased
retention, and the effect is greater for more highly charged sample compounds
(z > 1). The ionic strength of the mobile phase is normally varied to control
sample retention for 0.5 < k < 20, and selectivity will also be affected for
any two compounds of differing charge (Eq. 7.6).

7.5.1.1 pH Effects. IEC is typically used for acidic or basic samples. Since
retention (Egs. 7.4 and 7.5) requires that the sample molecule carry a charge
opposite to that on the column, only the ionized form of the acid or base will
be retained significantly. The discussion of Section 7.2 allows the effects of
pH on retention in ion exchange to be understood and controlled. An increase
in pH leads to greater sample ionization and retention in anion-exchange
separations of acids, while a decrease in pH favors the retention of bases by
cation-exchange HPLC (the opposite of RPC retention). Varying pH is usually
a preferred way to change selectivity in ion-exchange separations.

7.5.1.2 Salt or Buffer Type. Different mobile-phase anions or cations are
retained more or less strongly in ion exchange, and sometimes a particular
salt is selected to provide stronger or weaker retention. Therefore, we can
speak of strong or weak ionic displacers or counterions; a strong displacer
reduces sample retention more than the same concentration of a weak dis-
placer. In general, more highly charged displacers are stronger. The relative
strength of different displacers in anion-exchange chromatography is

F~ (weak) < OH™ < acetate™ < ClI- < SCN~ < Br™ < CrOz < NQO3
< I” < oxalate?~ < SO}~ < citrate®~ (strong)

Similarly, displacer strength in cation-exchange chromatography varies as

Li* (weak) < H* < Na® < NH} < K* < Rb* < Cs* < Ag+
< Mg? < Zn?" < Co** < Cu**< Cd?* < Ni** < Ca?*
< Pb?* < Ba®* (strong)

A change in the salt used for ion-exchange chromatography can also affect
selectivity; see Section 11.2.2 for the ion-exchange separation of protein
samples.

7.5.1.3 Organic Solvents. The addition of an organic solvent to the mobile
phase results in decreased retention, just as in the case of reversed-phase
HPLC. Solvents such as methanol or acetonitrile are also often used in ion
exchange to create changes in selectivity.

7.5.1.4 Column Type. Four kinds of ion-exchange column can be distin-
guished: weak and strong cation exchangers (WCX and SCX, respectively)
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and weak and strong anion exchangers (WAX and SAX, respectively).
Strong ion exchangers carry ionic groups whose ionization does not change
over the usual pH range (2 < pH < 12) [e.g., —SOj3 groups for cation
exchange and —N(CH3)j groups for anion exchange]. Weak ion exchangers
lose their charge and sample retention for certain pH ranges (e.g.,, —COO"
groups for cation exchange show a progressive loss in charge for pH <
5). Most applications of ion-exchange chromatography (except the separation
of biological samples) make use of strong ion exchangers. Weak ion-
exchange columns can be used as a means of changing selectivity or for
reduced retention.

7.5.2 Method Development

The column selected must be matched to the sample components to be sepa-
rated. For acidic or anionic compounds, use a strong anion-exchange column,
For basic or cationic compounds, use a strong cation-exchange column. The
simultaneous separation of sample anions and cations by ion exchange is
usually not attempted. Next, select an aqueous buffer that enables the ioniza-
tion of sample compounds. Typically, pH > 6 is used for anion exchange and
pH < 6is used for cation exchange. If the pK,, values of the sample are known,
pH > pK, for anion exchange and pH < pK, for cation exchange. The buffer
concentration should be relatively low [e.g., 2 to 5 mM to avoid competition
with the retention of sample ions (Egs. 7.4 and 7.5)].

A B-solvent is selected next, typically the buffer plus 0.5 to 1.0 potassium
sulfate or other salt (avoid using halides at pH < 4 with stainless-steel equip-
ment). A 0 to 100% B gradient is used to determine the relative retention
range of the sample, the applicability of isocratic separation, and the best
% B for isocratic separation (similar to the discussion of Section 8.2.2 for
RPC). For samples that do not elute under these conditions or that require
> 200 mM salt in the mobile phase, there are several alternatives: (1) increase
temperature, (2) add methanol, or (3) use a weak ion exchanger at a pH that
results in a reduced charge on the column.

Once adequate retention has been achieved for isocratic elution (0.5 < k
< 20), selectivity can be changed by varying % B or pH, the type of salt used
in the mobile phase, or addition of small amounts (< 25%) of methanol or
isopropanol. Recent work [63,64] suggests that mobile phases containing
> 60% methanol may be well suited to the cation-exchange separation of
strongly basic and quaternary-ammonium compounds. For a further discussion
of ion-exchange chromatography, see Refs. 65 and 66.

7.5.3 Mixed-Mode Separations

Mixed-mode separation refers to the use of columns that take advantage of
more than one retention process. The most common example is a column
that can exhibit both reversed-phase and ion-exchange behavior [67-69]. Com-
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pounds with a charge opposite to that of the column are retained predomi-
nantly by ion exchange, and an increase in mobile-phase ionic strength will
reduce their retention. Neutral compounds are retained predominantly by
hydrophobic attraction, although more weakly than by typical reversed-phase
columns. An increase in organic-solvent concentration (% B) will result in
the decreased retention of neutral compounds. For higher salt concentrations
in the mobile phase, the retention of both ionic and neutral compounds can
increase with ionic strength [70], due to a “salting-out” effect similar to hydro-
phobic interaction chromatography (Section 11.2.3). This will occur at lower
salt concentrations for columns having more hydrophobic or reversed-phase
behavior.

There are two main reasons for the use of mixed-mode columns. First, a
single column can be used for both ion-exchange and reversed-phase separa-
tions, similar to the use of a cyano column for both reversed-phase and normal-
phase applications. Second, mixed-mode columns offer a unique selectivity;
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FIGURE 7.21 Separation of basic compounds on bare silica by ion exchange. Sam-
ple: 1, phendimetrazine; 2, phenylpropanolamine; 3, phentermine; 4, amphetamine; 5,
morphine; 6, ephedrine; 7, methylamphetamine. Conditions: 25 X 0.5-cm columns of
Hypersil (a), Spherisorb S5W (b), Nucleosil 50-5 (¢), and Zorbax BP-SIL (d ); mobile
phase is 90% methanol-ammonium nitrate pH 10.1; 2.0 mL/min; ambient. (Reprinted
with permission from Ref. 71.)
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one example is the clean separation of monoclonal antibodies from other
proteins in cell culture samples [69]. So far, mixed-mode columns have been
used mainly (and to a limited extent) for the separation of samples of biological
interest (Chapter 11). Greater column-to-column variability can be expected,
due to the more complicated reactions required for the production of mixed-
mode columns.

7.5.4 Silica Columns

A less common but interesting form of IEC is carried out with “bare” silica
columns [71-73] for the separation of strongly basic compounds (pK, > 8).
The mobile phase consists of 90% methanol/(ammonium nitrate buffer, pH 9
to 10), and retention is adjusted by varying ionic strength and/or pH. It is
claimed that column efficiency N is comparable to the best values obtained
by reversed-phase separations (Table 5.9), and columns are stable for about
2000 injections at pH 9 [74].

An example of these separations for a mixture of seven strongly basic
compounds is shown in Fig. 7.21 using four different silica columns. The
separations of Fig. 7.21 on bare silica show only minor differences in
retention for four very different columns (Hypersil, A; Spherisorb, B;
Nucleosil, C; and Zorbax, D). The efficiency of the Spherisorb column (B)
is somewhat greater than for the other columns, and this column has been
used for most of the published applications of IEC with bare silica.
Compounds that can chelate with metals may exhibit tailing, but this can
be corrected by washing the column with EDTA [75].
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8.1 INTRODUCTION

As described in earlier chapters, isocratic separation uses the same mobile-
phase composition throughout the separation (e.g., 50% methanol-water). In
gradient elution, the composition of the mobile phase changes during the run
(e.g., from 5 to 100% methanol-water). Binary-solvent mobile phases A and
B generally are used in gradient elution, with the concentration of the strong
solvent B (% B) increasing during the run. This is illustrated in the examples
of Fig. 8.1, which show gradients of various shapes. Linear gradients are used
most often and will be assumed here unless stated otherwise. The examples
of Fig. 8.1 show a change in mobile-phase composition from 0 to 100% B in
20 min (5%/min for the linear plot gradient).

Gradient elution is required for many samples and preferred for others.
Nevertheless, there is a strong bias against the use of gradient elution in many
laboratories. Some of the reasons for preferring isocratic elution are as follows:

- Gradient equipment is not available in some laboratories.

- Gradient elution is more complicated, appearing to make both method
development and routine application more difficult.

- Gradient elution cannot be used with some HPLC detectors (e.g., refrac-
tive index detectors).

- Gradient runs take longer, because of the need for column equilibration
after each run.

- Gradient methods do not always transfer well, because differences in
equipment can cause changes in separation.

- Baseline problems are more common with gradient elution, and solvents
must be of higher purity.

- The use of certain column/mobile phase combinations is not recom-
mended for gradient elution.
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FIGURE 8.1 Various gradient shapes.

While the advantages and disadvantages of gradient elution must be
weighed for each application, many separations are only possible using gradi-
ent elution. In this chapter we will see that separations by gradient elution
are actually quite similar to those carried out isocratically, so that method
development and routine applications of gradient elution are not much more
difficult than for isocratic separation. In Section 8.5 we examine some of the
gradient elution problems noted above and show how they can be avoided
or minimized.

The following discussion is oriented mainly to reversed-phase conditions,
but the use of gradient elution for other HPLC methods is governed by the
same principles. Our present detailed and comprehensive understanding of
gradient elution now permits accurate predictions of separation from a few
initial experimental measurements ([1,2] and Section 10.2.2). For a thorough
discussion of the principles of gradient elution, see Refs. 3-5.

8.2 APPLICATIONS OF GRADIENT ELUTION

The use of gradient elution for routine application is suggested for the follow-
ing kinds of samples:
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- Samples with a wide k range (i.e., where no isocratic conditions result in
0.5 < k < 20 for all bands of interest).

- Samples composed of large molecules [e.g., with molecular weights above
1000 and especially, samples of biological origin (see Chapter 11)].

- Samples containing late-eluting interferences that can either foul the
column or overlap subsequent chromatograms.

- Dilute solutions of the sample dissolved in a weak solvent (e.g., aqueous
sample solutions for injection onto a reversed-phase column).

In addition, an initial gradient elution run is often the best starting point
for HPLC method development, even where a final isocratic method may
be possible.

8.2.1 Gradient Elution for Routine Analysis

8.2.1.1 Sample Retention Range. The usual reason for choosing gradient
elution is that the sample has a wide retention range. This is illustrated in
Fig. 8.2 for the separation of a mixture of dialkylphthalates. This homologous
mixture consists of dimethyl (1), methyl ethyl (2), diethyl (3) through di-n-
pentyl (9) phthalates, separated on a Cg column with different acetonitrile—
water mobile phases. Isocratic separation with 50% B gives good resolution
(Fig. 8.2a; R, = 1.5 for critical band pair 1/2, but the run time is long (70 min);
also, later bands (8 and 9) are broad and marginally detectable. A stronger
mobile phase (65 or 80% B; Fig. 8.2b and c) gives shorter run times, and bands
8 and 9 are now narrower for better detection and quantitation. However,
the resolution of early bands 1 to 4 is much poorer (R, < 0.8 for the critical
band pair). No isocratic conditions result in adequate separation of this sample,
because early bands require a weaker mobile phase (e.g., 50% B), and later
bands are best separated with a stronger mobile phase (80% B).

This same sample is well separated using gradient elution (Fig. 8.2d ): 20
to 100% B in 10 min. Now all bands are well resolved (R, = 1.5 for the critical
band pair 1/2, the run time is only 11 min, and all bands are eluted with
narrow bandwidths for easy detection and accurate quantitation. Gradient
elution is obviously a better choice for this and other samples with a wide
retention range. An additional reason for using gradient elution is that late-
eluting bands with k > 20 often exhibit tailing under isocratic conditions, as
illustrated in Fig. 8.3a for the ion-exchange separation of a mixture of carbox-
ylic acids. Gradient elution for this same sample (Fig. 8.3b) provides narrow,
well-shaped bands at the end of the chromatogram, as well as improved
separation of early bands. However, it should be noted that gradient elution
does not solve all band-tailing problems.

8.2.1.2 High-Molecular-Weight Sample Components. Samples of this kind
(peptides, proteins, synthetic polymers, etc.) are generally better separated
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FIGURE 8.2 Separation of dialkylphthalate homologs by reversed-phase HPLC.
Sample bands are C, (dimethyl, No. 1) through C,, (di-n-pentyl, No. 9); 25 X 0.46-cm,
5-um Cg column; acetonitrile (B)-water mobile phases; 2 mL/min; 60°C. [These chro-

matograms are computer simulations derived from data in Ref. 6 (the accuracy of these
computer simulations has been demonstrated in numerous examples; see, e.g., [1]).]
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FIGURE 8.3 Separation of a mixture of aromatic carboxylic acids by ion-exchange
chromatography. (@) Isocratic separation with 0.055 M sodium nitrate in the aqueous
mobile phase; (b) gradient elution with sodium nitrate varying from 0.01 to 0.10 M.
(Reprinted with permission from Ref. 7.)
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by gradient elution, especially when reversed-phase conditions are used. The
isocratic retention of such samples is often extremely sensitive to small changes
in the mobile-phase composition (% B), making it difficult to control retention
within acceptable limits [8,9]. For example, the isocratic RPC separation of
carbonic anhydrase (a protein with a molecular weight of 29,000 Da) with
propanol-water mobile phases exhibits a =20% change in retention time for
a variation of only +0.1% B (Table VIII of Ref. 10). The HPLC séparation
of large biomolecules also often results in much better peak shapes when
gradient elution is used instead of isocratic conditions.

8.2.1.3 Late Eluters. Some samples are well separated by isocratic elution
(0.5 < k < 20 for bands of interest) but contain late-eluting interferences
that either contaminate the column or interfere with subsequent separations.
Figure 8.4a shows an isocratic separation where the quantitation of a single
compound (shaded band labeled EP) is desired, but where later interference
bands continue to elute indefinitely. Gradient elution would solve this problem
by effecting the rapid elution of these later bands before injection of the next
sample. Figure 8.4b shows the gradient separation of a wood-pulp extract for
the determination of anthraquinone. A broad well-retained band (arrow) did
not elute under isocratic conditions. The initial use of isocratic elution for
these samples resulted in a rapid loss of column activity and inadequate
separation, due to the buildup of strongly retained compounds on the column.
Gradient elution (in place of isocratic separation) achieved the removal of
strongly retained material in each run, thereby solving this problem.

8.2.1.4 Maximizing Detection Sensitivity. Detection sensitivity can be im-
proved in isocratic separation by increasing % B so as to reduce k and band
width (Eq. 2.15). There is often a limit to this approach, however, because
of interference peaks and baseline disturbances near ¢, In gradient elution,
however, it is often possible to use steep gradients to achieve the same advan-
tages of isocratic separation with small £ (k < 2), without interferences of
the kind encountered in isocratic elution (see Fig. 8.5¢ and b, first peak
labeled with an asterisk). A further advantage of gradient elution for enhanced
detection is that sample bands are about two-fold narrower (and peak heights
are two-fold greater) than in corresponding separations (k = k*) by isocratic
elution [5].

8.2.1.5 Dilute Sample Solutions. For dilute samples dissolved in a weak
solvent, gradient elution allows the injection of a large sample volume without
any adverse effect on band broadening. Under these conditions, the sample
undergoes on-column concentration at the column inlet during its injection,
and relatively large sample volumes (e.g., 1 to 10 mL) are then possible.
A similar on-column concentration is also observed in isocratic separation.
‘However, due to the mixing of sample with mobile phase during injection,
more band broadening due to the sample volume is typically observed in
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FIGURE 8.4 Samples with late eluters are good candidates for gradient elution.
(a) Isocratic reversed-phase analysis of plasma extract for drug EP. (Reprinted with

permission from Ref. 11.) (b) Analysis of antraquinone in wood-pulp extract by
reversed-phase gradient elution. (Reprinted with permission from Ref. 12.)

isocratic elution than in gradient elution (where the sample mixes during
injection with the weaker A solvent rather than the stronger isocratic mo-
bile phase).

Gradient elution is not applicable to every situation. The use of strongly
retained additives in the mobile phase (e.g., amine modifiers, hydrophobic
ion-pair reagents) complicates gradient elution, because column regeneration
can be slow and separation can be less reproducible. Normal-phase separation
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FIGURE 8.5 Separation of hypothetical sample by initial isocratic or gradient runs.
Minor early- and late-eluting bands indicated by an asterisk; computer simulations.

on columns of non-bonded silica are subject to similar problems, because of
the very strong retention of many polar solvents (e.g., propanol with silica as
column packing); see “‘solvent demixing” in Section 6.8.4.1.

8.2.1.6 Alternatives to Gradient Elution. Insome cases, an isocratic method
may be preferred, even though the sample retention range is wider than
0.5 < k < 20. The retention range can sometimes be reduced by using a more
polar reversed-phase column (e.g., cyano). Polar, less retained compounds
tend to interact more strongly with a more polar stationary phase, while non-
polar compounds interact less strongly. Figure 6.11 provides an example of
this behavior. Other studies suggest that the use of THF as strong solvent
also tends to reduce the retention range relative to mobile phases that contain
methanol or acetonitrile. Column switching (Section 4.6) is also a convenient
alternative to gradient elution for some samples [13].
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8.2.2 Gradient Elution for Method Development

When starting HPLC method development for a sample whose composition
is undefined, there are several advantages to an initial gradient run, even
when the final separation is to be carried out isocratically:

1. Aninitial gradient elution separation provides an estimate of the approx-
imate retention range of the sample; this allows a choice between iso-
cratic and gradient elution for subsequent experiments. Samples that
are unsuitable for reversed-phase HPLC because of very weak or strong
retention are also recognizable from this first gradient run (see Fig. 9.1¢
and d and related discussion).

2. If isocratic elution is the better choice, the initial gradient run allows an
estimate of the best % B value for the next experiment. If gradient
elution is preferred, the initial run allows an estimate of the best initial
and final values of % B for the next gradient run; see Fig. 8.6, Tables
8.1 to 8.3, and the related discussion below.

3. An initial gradient elution run can provide a better, faster separation
of the total sample (vs. isocratic separation), thereby advancing method
development substantially (Fig. 8.3); the more peaks that can be sepa-
rated in a starting run, the better.

4. An initial gradient run is less likely to overlook low-concentration com-
ponents that elute either early or late; this is illustrated in the hypothetical
separations of Fig. 8.5, where the analyte peaks labeled with an asterisk
are more likely to be missed in the isocratic run.

The use of an initial gradient experiment to guide further HPL.C method
development is described in Ref. 14 and illustrated in Fig. 8.6a. A standard
set of conditions is preferred: 15 X 0.46-cm column, gradient from 5 to
100% acetonitrile in a gradient time tg = 60 min, 2 ml/min (however,
other column lengths, solvents, and flow rates are allowable). If most of
the sample bands cluster near ¢, in this first run, the sample is too hydrophilic
for reversed-phase separation. If no sample bands are observed in the
chromatogram, either the detector response is poor (see Chapter 3) or the
sample is too hydrophobic for reversed-phase separation. In either case,
another approach is indicated; see the examples and discussion of Fig. 9.1¢
and d.

8.2.2.1 Isocratic or Gradient Separation? A chromatogram as in Fig. 8.6,
where early peaks elute later than 21, and later peaks elute before the end of
the gradient, suggests that reversed-phase HPLC is suitable for the sample in
question. The next step is to determine whether gradient or isocratic elution
is preferable. This can be determined by noting the retention times for the
first and last bands in the chromatogram (¢z, and tg, in Fig. 8.6a). If we define
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FIGURE 8.6 Use of an initial gradient run in HPLC method development. Substi-

tuted aniline sample [14,15]; conditions: 15 X 0.46-cm column; 2.0 mL/min; 35°C.

(a) 5 to 100% acetonitrile-water gradient in 60 min; (b) isocratic separation with

37% acetonitrile—water. See the text for details.

the retention time difference Atg = g, — tgs, the ratio Atg/t; determines
whether isocratic separation of the sample will be feasible. The maximum
allowable k range is 0.5 < k < 20, in which case Atg/t; should be less than
0.40. That is, the retention range of the sample should be less than 40% of
the gradient time. Table 8.1 provides a convenient (and more accurate) sum-
mary of allowable values of t5, (for isocratic elution) based on an observed
value of fz,. In Fig. 8.6a, the retention times of the first and last peaks are 9.5
and 24.5 min, respectively (Atg/tc = 0.25). From Table 8.1 and a retention
time of 9.5 min for the first band, isocratic retention is possible as long as the
retention time for the last band is less than 32 min. This is the case for the
sample of Fig. 8.6a (isocratic elution is possible).
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TABLE 8.1 Determining Whether Isocratic
Separation is Possible, Based on an Initial
Gradient Run®

Allowable Values of tg, for k
Range Indicated (min)?

tra (min)? 1<k<10 05<k<20
<15 ¢ €
2 8 17
3 12 21
4 14 24
5 16 26
7 19 29
10 23 33
15 29 38
20 35 44
25 40 49
30 45 54
35 50 59
40 55 64
> 40 4 4

Uncertainty® *+3 min *5 min

Source: Refs. 14 and 15.

4 See Fig. 8.6a. Conditions: 15 X 0.46-cm column, 5 to 100%
ACN-water gradient in 60 min, 2 mL/min; these conditions
are recommended whenever it is not certain that gradient
elution will be required.

bt . = retention time of first peak in separation

tr, = retention time of last peak in separation

< Sample may not be sufficiently retained for reversed-phase
separation; see Section 9.2.2.3.

4 Sample may be retained too strongly for reversed-phase sepa-
ration; see Section 9.2.2.3.

¢ Estimated uncertainty in these values.

Even though isocratic elution may be feasible (because 0.5 < k < 20), it will
sometimes be desirable to use gradient elution instead. In Section 6.3.1 we
pointed out that a change in % B (equivalent to a change in k) can result in useful
changes in selectivity, which for some samples may be the easiest way to achieve
adequate separation. However, when the range in sample k values is large (e.g.,
k. /k, > 20, where k, and k_ refer to isocratic k values for the first band 4 and the
last band z), even small changes in % B will result in some bands falling outside
the range 0.5 < k < 20. This means that sample resolution cannot be altered
very much by a change in % B because the allowable change in % B is limited.
The use of gradient instead of isocratic elution in this situation (for a change in
kand ) allows much larger changes in selectivity by changing gradient steepness
instead of % B (Section 8.3.2). Gradient elution for this purpose (change in k
and selectivity) is recommended whenever Atz/tg > 0.15.



362 GRADIENT ELUTION

TABLE 8.2 Estimation of % B (ACN) for the First Isocratic Run, Based on the
Retention Time 15, of the Last Peak in the Gradient Run®

(% B)cs to Give Indicated k for Last Band in
Isocratic Run

tg. (min) k=5 k=10 k =20

5 6 0 —
10 19 12 5
15 29 2 14
20 37 30 2
25 45 38 30
30 53 46 38
35 61 54 46
40 69 62 54
45 77 70 62
50 85 78 70
55 93 86 78
60 100 94 86
65 — 100 94

Source: Refs. 14 and 15.
“ Required conditions: 15 X 0.46-cm column, 5 to 100% ACN in 60 min, 2 mL/min.

8.2.2.2 Estimating the Best Isocratic Conditions. If the test of Fig. 8.6a
suggests isocratic conditions, the best value of % B for the next (isocratic)
experiment can be determined from Table 8.2. The retention time tg, for
the last band in the gradient separation is used to estimate a % B value
that will provide a desired value of k for the last band in the isocratic
separation of the sample. In the example of Fig. 8.6a, tg, = 24 min. From
Table 8.2, for a 15 X 0.46-cm column, a flow rate of 2 mL/min, and a
gradient time of 60 min, the predicted mobile-phase composition is 37%
B for &k = 10 for the last band. Figure 8.6b shows the resulting isocratic
separation of this sample (37% B). As expected, the k range for this
separation is acceptable (2 < k < 10).

8.2.2.3 Estimating the Best Gradient Conditions. If the test of Table 8.1
suggests that gradient conditions are more appropriate for the sample, we can
estimate the best values of initial and final % B from Table 8.3 for a sample
molecular weight below 2000 Da. As an example, for a sample molecular
weight below 2000 Da, assume that the retention time tg for the first band is
10 min and for the last band 40 min. From Table 8.3 the recommended initial
% B = 11% and the final % B = 68%. When the final gradient conditions
have been selected, these % B values should be adjusted further as described
in Section 8.4.1.
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TABLE 8.3 Estimation of Initial and Final % B
for Gradient Elution, Based on Retention Time ¢
for First (a) and Last (z) Band in the Initial
Gradient Run”® )

tra OT g, (min) Initial % B Final % B¢

5 3 14
10 11 22
15 19 30
20 27 38
25 35 46
30 43 54
35 51 60
40 59 68
45 67 76
50 75 84
55 83 100
607 — —

Source: Refs. 14 and 15.

“ See Fig. 8.6. Required conditions: 15 X 0.46-cm column, 5
to 100% ACN in 60 min, 2 mL/min.

b Retention time for first peak a (for initial % B) or last peak
z (for final % B).

¢ For steeper gradients, % B (final) must be increased (by as
much as 35%).

4 Normal-phase or non-aqueous reversed-phase HPLC may
be required (Section 9.2.2.3).

8.3 PRINCIPLES OF GRADIENT ELUTION

In gradient elution, mobile-phase strength (% B) increases during the
separation. This means that sample retention as measured by k decreases
for each band as it migrates through the column. This situation is illustrated
by the hypothetical plots of Fig. 8.7. It is assumed that band X is the first
sample band to elute, and band Z is the last band. Consider the behavior
of band X first. The solid curve marked “X” represents the fractional
migration of this band from the column inlet (0.0) to the column outlet
(1.0). At the beginning of the separation, % B is low and k for band X
is large. Therefore, band X initially remains close to the column inlet (little
or no migration). After some time, however, the increase in % B results
in a k value for band X that is small enough (k < 10) to allow it to start
moving through the column. The dashed curve marked “k (X)” in Fig.
8.7 represents the value of k for band X at different times during the
separation. As time increases, k for band X continues to decrease and X
migrates faster and faster. Eventually, at the band retention time f,, X
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reaches the outlet of the column and appears in the detector to be recorded
as a peak in the chromatogram.

The value of k for each band in isocratic elution is quite important in
understanding and controlling HPLC separation. In gradient elution, k is
equally important. But what is the k value for X in Fig. 8.7? Simple theory
[3] provides the answer: the effective value of k in gradient elution is equal
to k for the band when it has migrated halfway through the column. This is
illustrated for band X in Fig. 8.7 by the upper dotted line, which in this case
indicates a value of about k = 2 (lower dotted line) at the time the band has
migrated halfway through the column. This average value of k in gradient
elution, defined as k*, determines sample resolution and bandwidth, just as
in isocratic separation (see Egs. 2.3 and 2.15).

In Fig. 8.7 it can be seen that the last band, Z, remains at the column inlet
for a longer time, but eventually the mobile phase becomes strong enough
for kK < 10. Band Z then migrates through the column in similar fashion as
for the first band, elutes at a retention time ¢,, and its effective k value (k*)
is also equal to 2. Approximately constant values of k* for different bands
are typical of reversed-phase separations carried out with linear gradients (as
in Fig. 8.7). As a result, every band in a linear-gradient chromatogram will
have a similar width, and sample resolution will not necessarily be poorer at
the beginning of the chromatogram as is so often the case in isocratic separation
(see Figs. 8.2 and 8.3).

8.3.1 Gradient vs. Isocratic Elution

Each band in an isocratic separation is surrounded by the same mobile-phase
composition (% B) during its passage through the column, and retention as
measured by the capacity factor k does not change for a given band during
separation. In gradient elution, the mobile phase surrounding a band changes
during its elution through the column, as does the instantanecous value of k
for the band. On the other hand, separated bands in an isocratic chromatogram
will usually have quite different values of k, while in gradient elution the
effective value of k (k*) for different bands will be about the same.

When the average value of k* for two adjacent bands in gradient elution
is the same as in isocratic separation (other conditions the same), the resolution
of the two bands will be comparable for both isocratic and gradient separation.
Values of k* in gradient elution can be estimated from experimental conditions
[5]: gradient time t¢; (min), flow rate F (mL/min), column dead volume V,,
(mL, Eq. 2.6), the difference between the initial and final % B values
(A% B), and a property S of the sample compound (Eq. 6.1):

e = _ 81 1GF

" V.(A% B) S (8.1)
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Equation 8.1 applies to bands that are not eluted early in the chromatogram
(under isocratic or ‘‘semi-isocratic” conditions). For any band, the value of k
at elution is given by

1

k= G + (k)

(8.1a)

where k* is calculated from Eq. 8.1 and k; is the value of k at the beginning
of the gradient. For samples with molecular weights of 100 to 500 Da, S =~ 4
and Eq. 8.1 can be approximated by

20tGF

¥ = e
K= Y A% B)

(8.2)

Values of S for larger molecules can vary from 10 to 100, suggesting the use
of less steep gradients for such samples; less steep gradients (smaller values
of %/min = A% B/ts) compensate for larger values of § in affecting k* (Eq.
8.1); see further discussion in Section 11.2.1.1.

The effect of gradient steepness on k* and separation is best measured by
a corrected gradient steepness parameter G,, where

_ V(A% B)
G, = Fig (8.2a)
which allows Eq. 8.2 to be rewritten as
20
* o 22
k G. (8.2b)

G, is a corrected gradient steepness measured by (%/min change in B) times
(column dead volume divided by flow rate); it is also equal to the % B change
per column volume of mobile phase. As long as the flow rate and column
dimensions do not change, the usual measure of gradient steepness (%/min
= A% BJt) can be used to describe changes in separation as a result of change
in gradient steepness. The significance of G, when flow rate or column length
is varied is examined further in Section 8.4.3, which deals with the effect of
column conditions (column length and flow rate) on separation.

Any desired value of k* can be selected by our choice of experimental
conditions. Gradient steepness is usually described in terms of %/min, so Eq.
8.2 can also be expressed as

v,

*
k 20 %/min

(8.3)
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Note that as gradient steepness (%/min) decreases for the same column and
flow rate, k* becomes larger. If it is known that gradient elution will be
required for a given sample, k* = 5 is an attractive choice for the initial run,
since this represents a good compromise in terms of resolution R;, peak height
for good detection, and run time (Section 2.3.1).

A larger value of k* (k* ~ 17) is chosen for the example of Fig. 8.6a (and
Tables 8.1 and 8.2). A larger k* requires a longer run time (larger value
of t), other factors being equal, but provides somewhat increased overall
resolution and is better suited for use in subsequent RPC method development
[15], especially if isocratic separation is possible (0.5 < k < 20).

8.3.2 Effect of Gradient Steepness

Because of the similarity of isocratic and gradient elution, larger values of k*
should lead to the same effects as larger values of k: (1) resolution R, increasing
initially as k* increases, then leveling off; (2) bands becoming broader with
a corresponding reduction in peak height; and (3) longer run times. This is
illustrated in Fig. 8.8 for the separation of a 15-component herbicide mixture,
where gradient time increases from 5 to 100 min and k* increases from 0.7
(5 min) to 14 (100 min). As gradient steepness is reduced from 20 to 5 to 1%/
min, the number of peaks that are clearly resolved increases from 9 to 14 to
15. This increase in resolution as gradient steepness is reduced (or gradient
time is increased) is counterbalanced by a decrease in peak height (due to
wider bands) and an increase in run time, just as in isocratic elution when
% B is decreased. These effects in gradient and isocratic elution are conve-
niently compared as follows:

- An increase in %/min (gradient) is analogous to an increase in % B (iso-
cratic).

- An increase in gradient k* (Eq. 8.2 or 8.3) is analogous to an increase in
isocratic k.

Once the similarity of isocratic and gradient elution is appreciated, method
development for gradient elution can be performed in almost the same way
as for isocratic separation. Retention (k*) is optimized first, then selectivity
(@) is varied as needed, and finally, column conditions (N) may be adjusted
to improve the compromise between run time and resolution. This approach
is examined in Section 8.4 (see also Section 9.5).

8.3.3 Effect of Gradient Range

Gradient range refers to the difference between the initial and final % B of
the gradient. An initial exploratory run can be carried out with a full-range
gradient (i.e., 5 to 100% B). Some C; or C;g columns are poorly wet by
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FIGURE 8.8 Gradient separation of a herbicide sample as a function of gradient
time or steepness. Sample: mixture of nine phenylureas and six s-triazines. Conditions:
25 X 0.46-cm, 10-um C,5; methanol-water gradients as indicated; 1.7 mL/min; ambient
temperature. (Computer simulations based on data reported in Ref. 17.). Arrows
indicate last three bands in chromatogram.
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organic-free water and/or require extensive column equilibration between
runs (Section 8.5.2). Also, some workers have reported ‘“‘dramatically reduced
lifetimes” for columns that have been subjected to 100% water as mobile
phase [16]. These problems can be minimized by beginning the gradient with
5% B or higher; here “full-range gradients” will be understood as either 0 to
100% B or 5 to 100% B. Full-range gradients usually waste time, so the initial
and final % B values should be adjusted during method development. The
example of Fig. 8.8 is used in Figs. 8.9 and 8.10 to illustrate the effect of
gradient range on separation.

Figure 8.9a shows a full-range separation of the herbicide sample for a
gradient of 2%/min. The first band of interest has a retention time of 19 min
(wasted time!), which means that the initial % B value should be increased.
When the initial % B is increased to 40% B while maintaining the same 2%/
min gradient (Fig. 8.9b), the gradient time is reduced from 50 min to 30 min
but there is little change in the chromatogram (apart from a decrease in
retention time for all bands). The critical band pair in these chromatograms
has about the same resolution in the two runs: R, = 1.1 in Fig. 8.94 and 1.0
in Fig. 8.9b.

When the initial mobile-phase composition is changed to 60% B (Fig. 8.9¢,
there is a noticeable loss in resolution (R, = 0.7 for the critical band pair)
along with a general compression of the early part of the chromatogram. That
is, an initial % B value of 60% is too large, despite the further shortening of
gradient time to 20 min in this run. The final run of Fig. 8.94 (initial % B =
50%) represents a reasonable compromise between resolution (R, = 0.9 and
run time for this sample. Note in Fig. 8.9c that when the initial % B value is
increased beyond a certain value, the spacing between bands in the early part
of the chromatogram (and their resolution) is reduced, while the spacing of
later bands remains the same. A sufficiently large value of initial % B mainly
affects early bands in the chromatogram; their k* values are decreased (Eq.
8.1a for smaller k), leading to narrower, less resolved bands.

The separation of Fig. 8.9d can be considered to be optimized in terms of
the initial % B value. However, the last band leaves the column at 18 min,
before the gradient is completed at 27 min (arrow in Fig. 8.10a; same chromato-
gram as in Fig. 8.94). Note that the gradient time is 25 min, but the gradient
is “completed” at 27 min due to the effect of the extra time for the column
dead volume (V,,). The 9-min interval between the last band and the end of
the gradient is wasted; the gradient (and the separation) can be terminated
at 18 min. This can be achieved by ending the gradient at 18 min (80% B)
while maintaining gradient steepness at 2%/min; see Fig. 8.10b. This separation
represents an optimum choice of both initial (50% B) and final (80% B)
mobile-phase compositions.

If the gradient is ended prematurely (before the last band leaves the col-
umn), the usual effect is to increase the run time and to broaden later bands
(with decreased detection sensitivity). This is illustrated in Fig. 8.10c and d
for final % B values of 70 and 60%, respectively. Whereas the run of Fig.
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8.10b is finished in 18 min, at which time column equilibration for the next
run can be begun, the runs of Fig. 8.10c and d require 26 and 70 min, respec-
tively, for their completion. Clearly, ending the gradient before elution of the
last sample band is undesirable.

8.3.4 Effect of Gradient Shape

Most gradient separations involve linear gradients, as in the preceding exam-
ples. Linear gradients are easier to optimize and should be used in the prelimi-
nary stages of method development. However, non-linear gradients can pro-
vide a modest improvement in separation for some cases:

1. Homologous or oligomeric samples, where resolution normally de-
creases with increase in compound molecular weight and retention.

2. Chromatograms that have regions with either a large number of overlap-
ping bands or a small number of widely separated bands.

3. Chromatograms where different regions exhibit optimum selectivity for
gradients of differing steepness.

Optimizing gradient shape may require several experiments, and the poten-
tial advantage of a non-linear gradient is often marginal. The use of non-
linear gradients makes more sense when computer simulation is available for
the quick and convenient selection of the best conditions (Section 10.2.2).

8.3.4.1 Homologous or Oligomeric Samples. The gradient separation of
these samples often exhibits a decrease in band spacing for later sample
components. This is illustrated in Fig. 8.11a for the separation of a polystyrene
sample into its oligomers. While the dimer through tetramer bands are baseline
separated, later bands are increasingly less well resolved. The use of a convex
gradient in Fig. 8.1156 shows a more even spacing of these sample bands. The
steeper initial gradient causes a decrease in k* (Eq. 8.3) and a decrease in
resolution and retention times, while the later less-steep gradient results in
an increase in k* and an increase in resolution and relative retention. The
net result is a somewhat better overall separation in Fig. 8.115, in about the
same run time. Curved gradients as in Fig. 8.11b tend to equalize the resolution
of all bands for samples of this kind.

A further study of oligomeric samples as in Fig. 8.11 has been reported
[18]. It was shown that segmented gradients (as in Fig. 8.1) are able to provide
the same improvement in separation for samples of this kind as can be achieved
by curved gradients. Only two gradient segments are required, and the steep-
ness of each segment must be optimized for best results (second segment less
steep). The choice of initial % B is also critical for a more even band spacing.
The main advantage of segmented gradients is that they are easier to optimize
in a systematic manner. For this and other applications of non-linear gradients,
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we recommend that segmented gradients be explored before trying curved gradi-
ents. See Ref. 18 for further details.

8.3.4.2 Chromatograms with Peak Bunching. This situation also suggests
the use of nonlinear gradients as a means of equalizing sample resolution.
That is, a steeper gradient can be used in that part of the chromatogram where
bands are widely separated (to save time), and/or a flatter gradient can be
used in parts of the chromatogram where peaks are closer together (to increase
resolution). This is illustrated for the gradient separation of 22 peptides in
Fig. 8.12. In Fig. 8.12a the steepness of a linear gradient (0 to 47% B) has
been adjusted to a value (0.63% B/min) that provides optimum band spacing
and maximum resolution for critical band pairs 9/10, 11/12, and 14/15 (see
Section 8.4.2). The resulting separation is adequate (R, = 1.3), but the run
time is somewhat long (75 min).

However, as seen in Fig. 8.12a4, bands after band 15 (~48 min) are much
better resolved, suggesting that this part of the sample can be separated with
a steeper gradient for a reduction in run time. This shortening of the run time
with no loss in sample resolution (R, = 1.3) was achieved (Fig. 8.12b) by
maintaining the original optimized gradient until bands 1 to 15 were eluted,
then increasing gradient steepness for the fast elution of the remainder of the
sample. In this way, the run time was reduced to 53 min, for a 30% savings
in time. The use of non-linear gradients for further controlling selectivity is
illustrated in Fig. 8.13d (Section 8.4.2).

8.4 DEVELOPING A GRADIENT SEPARATION

Method development for gradient elution can be carried out in the same
systematic way as for isocratic separation. Thus, the proven strategies devel-
oped for isocratic method development can be used with equal advantage for
gradient elution. The steps in gradient method development can be summa-
rized as follows: '

1. Select initial conditions in the same way as for isocratic separation:
column, mobile-phase composition, flow rate, temperature, and so on
(Table 1.3); whereas isocratic method development might be initiated
with a strong mobile phase (80 to 100% B), the first gradient run should
use a wide gradient range (e.g., 5 to 100% B). The initial separation

FIGURE 8.12 Gradient separations of a 22-component peptide sample (tryptic digest
of r-human growth hormone). Conditions: 15 X 0.46-cm C;3 column; acetonitrile—water
gradients with 0.1% trifluoracetic acid; 40°C; 1.0 mL/min. (a) 0 to 47% B in 74 min;
(b) 2:32:47% B in 0/48/56 min. (Reprinted with permission from Ref. 19.)
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should be optimized initially for k* (e.g., k* > 2; Eq. 8.2). This requires
a gradient that is not too steep.

2. The gradient range is next adjusted to minimize run time, by eliminating
wasted space at the beginning and end of the chromatogram.

3. If overlapping bands are observed or the run time is too long, vary the
selectivity (o).

4. (optional) Consider the use of a non-linear gradient shape as a means
of further improving separation.

5. When band spacing has been optimized, vary column conditions for
improvement of resolution and/or run time.

6. Determine the best protocol for column re-equilibration and investigate
the effect of equipment differences on the separation (Section 8.5.1).

8.4.1 Selecting Gradient Conditions

Figures 8.8 to 8.10 illustrate the most important steps in the selection of
optimized gradient conditions. These experiments can be compared to the
trial-and-error adjustment of % B in isocratic separation for the purpose of
controlling k.

8.4.1.1 Gradient Steepness. The initial selection of gradient steepness (as
in Fig. 8.8) should be preceded by an estimate of experimental conditions
that will provide k* > 2 for all sample bands (Eq. 8.2). If it is known that
gradient elution will be used for the final method, k* =~ 5 is a good first choice.
The column (and resulting value of V,,) and the flow rate will have been
selected prior to carrying out the first gradient separation; a 15 X (0.46-cm,
5-um Cg or Cig column at 2 mL/min is a good choice. Usually a full-range
gradient will be used for the first separation: [e.g., 5 to 100% B (A% B = 95)].
Therefore, the only variable in Eq. 8.2 that is not specified is gradient time
tc (Eq. 8.2 assumes that § = 4). We can solve Eq. 8.2 for ¢

tg ~ 25% (5-100% B) (8.4)

For example, for a 15 X 0.46-cm column, V,, = 0.1 X 15 = 1.5 mL (Eq. 2.7).
If the flow rate is 2 mL/min, the recommended value of 15 is 25 X 1.5/2 = 19 min.

8.4.1.2 Gradient Range. If an initial gradient run is carried out for the condi-
tions of Table 8.2, (5 to 100% B in 60 min; 15 X 0.46-cm column; 2.0 mL/min;
k* = 17), best values of initial and final % B can be estimated from Table 8.3.
Alternatively, the use of a 20-min gradient (for &* = 5) can be followed by trial-
and-error studies as in Figs. 8.9 and 8.10 to further optimize gradient range. If
it is known that gradient elution will be required prior to an initial run, an initial
20-min gradient is recommended for small molecules (< 2000 Da).
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8.4.1.3 Gradient Shape. The separation of Fig. 8.10b is roughly optimized
for gradient range and steepness. At this point we should consider whether
a non-linear (i.e., segmented) gradient can improve the separation further.
For this example, this does not appear to be the case. That is, no region of
the chromatogram is especially crowded with bands while other regions are
relatively empty. The resolution provided by this separation is marginal, how-
ever; the next step in method development is to investigate conditions for an
improved band spacing (which might be achieved with a segmented gradient;
see Section 8.4.2.1).

8.4.2 Varying Band Spacing

A change in selectivity or band spacing can be achieved in gradient elution
in the same way as for isocratic separation [i.e., by changing &k or k* (% B for
isocratic elution; gradient steepness for gradient elution), solvent type, column
type, pH, HPLC method, temperature, etc.]. The choice of which variable to
study first is governed by the same considerations discussed for isocratic HPL.C
in Chapters 2, 6, and 7. Reversed-phase gradient elution is examined here by
way of illustration, but the extension of this approach to other HPLC methods
should be apparent.

In the reversed-phase separation of neutral samples, variables for changing
selectivity can be prioritized as follows: mobile-phase strength (k*) first, then
solvent type (acetonitrile > methanol > THF), column type (Cg or C;5 > cyano
> phenyl), and finally, temperature. In the case of ionic samples, pH and temper-
ature are important variables for controlling selectivity. Varying the concen-
tration of an ion-pair reagent in gradient elution is also effective for varying
selectivity in the separation of ionic samples. However, because of the slow
equilibration of reagent uptake by the column during the gradient, ion-pair gra-
dient elution should be avoided. The required equilibration volume for ion-pair
gradient elution has been discussed [20}]. This study suggests that 5 to 10 column
volumes are adequate for less hydrophobic ion-pair reagents (e.g., Cg-sulfonate
or smaller); however, longer times are required for C;,-sulfonate.

8.4.2.1 Gradient Steepness. Varying % B in isocratic separation causes k
and « to change. An equivalent effect (change of k* and &) can be achieved
in gradient elution by varying gradient steepness G, (Eq. 8.2). In isocratic
elution, the k range of the sample limits the variation of k for selectivity
control within fairly narrow limits. For example, if 2 < k& < 10, £ can be
reduced by no more than a factor of 4 (k = 0.5) nor increased by more than
a factor of 2 (k = 20). Thus k can be varied by at most a factor of 8 (4 X 2)
in this typical example. In the case of gradient elution, k* (which is roughly
the same for all bands) can be changed from 0.5 to 20, or by a factor of 40.
This means that much larger changes in a and band spacing are possible in
gradient elution by varying gradient steepness (or k*) than in isocratic separa-
tion by varying % B (k). Furthermore, by the use of segmented gradients, k*
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can be optimized for different parts of the chromatogram so as to maximize
overall selectivity and resolution. Therefore, the control of band spacing by a
change in k or k* can be a much more powerful tool in gradient elution than
for isocratic separation.

Some samples show major changes in band spacing as gradient steepness
is varied, whereas other samples do not. The herbicide sample of Fig. 8.8 does
not exhibit significant changes in selectivity as gradient steepness is varied.
The 16-component polyaromatic hydrocarbon (PAH) sample of Fig. 8.13, on
the other hand, provides a good example of changes in band spacing with
gradient steepness. For a gradient time of 7 min (Fig. 8.134, 8.6%/min), the
critical band pair is 3/4 (indicated by an asterisk) with a resolution of R, =
1.0. When the gradient time is increased to 20 min (Fig. 8.13b, 3%/min), the
resolution of band pair 3/4 increases (R, = 1.5), as might have been expected
for a flatter gradient. However, now the critical band pair is 14/15 (indicated
by an asterisk) with R, = 0.9. Thus, bands 3 and 4 are best separated with a
flatter gradient, while bands 14 and 15 prefer a steeper gradient.

In isocratic elution, two chromatograms that exhibit a change in the critical
band pair (when conditions are changed) suggest that an intermediate condition
will give the best overall separation (largest R, for the critical band pair). This
is also the case for the gradient elution example of Fig. 8.13. An intermediate
gradient time (12.5 min in Fig. 8.13¢) gives a greater resolution for critical
band pairs 3/4 and 14/15: R, = 1.4. This separation is clearly better than that
of Fig. 8.13a or b. Many samples show changes in band spacing as gradient
steepness is varied, similar to that of Fig. 8.13 [1,17-19,21,22]; analogous
isocratic examples (Sections 6.3.1, 7.3.2.2, and 7.4.4.1) further support this
conclusion. To conclude, a change in gradient steepness is often the most
effective way to change selectivity in gradient elution. It should be explored
first, before other variables for altering selectivity are investigated.

The two critical band pairs of Fig. 8.13 that occur early and late in the
chromatogram suggest the use of a segmented gradient for the further enhance-
ment of selectivity. An initial flat gradient can be used to optimize the separa-
tion of bands 3/4, while a later steep gradient can be used to optimize the
separation of bands 14/15. This is verified in the separation of Fig. 8.134; a
further increase in resolution is obtained (R; = 1.7 vs 1.4 in Fig. 8.13c¢) in about
the same run time. It is worth noting how much improvement in separation is
possible between the run of Fig. 8.13b (R; = 0.9, run time 18 min) and that
of Fig. 8.13d (R; = 1.7, run time 13 min) as a result of optimizing gradient
steepness and shape.

Whether a segmented gradient as in Fig. 8.13d will be useful in other cases
depends on sample molecular weight and the relative positions of the two or
more critical band pairs in the chromatogram. When the critical band pairs
are closer together, segmented gradients will be less useful, especially for
the case of sample molecular weights below 1000 Da. Before developing a
segmented-gradient method for the purposes of improving selectivity and
resolution, it must first be shown that maximum resolution for two or more
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indenopyrene. Conditions: 15 X 0.46-cm Supelco LC-PAH (reversed-phase) column;
acetonitrile-water gradients; 2 mL/min; 35°C. (Computer simulations based on data
of Ref. 21.)
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critical band pairs occurs for different gradient steepness values. When that
is the case, the initial gradient segment is selected to give acceptable resolution
for the first-eluting critical pair. Shortly before that band pair leaves the
column, the gradient steepness is changed to provide acceptable resolution
of the next critical band pair (and so on for subsequent critical pairs). For a
further discussion of this question and practical rules for optimizing these
segmented gradients, see Refs. 18 and 23.

8.4.2.2 Solvent Type. A change in organic solvent is often useful as a means
of changing selectivity in isocratic separation, especially for non-ionic samples
(Chapter 6); similar effects have been observed for gradient elution [24,25].
An example is shown in Fig. 8.14 for the separation of a mixture of phenols.
In Fig. 8.144, a 0 to 100% acetonitrile—water gradient is used, and only bands
8/9 overlap. Since a change in selectivity is required to improve the resolution
of bands 8/9, methanol was substituted for acetonitrile and the separation
was repeated (Fig. 8.14b). Because there are no bands before 18 min in the
separation of Fig. 8.144, the second gradient (Fig. 8.14b) was started at 20%
methanol-water (instead of 0% acetonitrile in Fig. 8.14b). Now the separation
of bands 8/9 is improved, but band pair (2/3) has become critical.

Two isocratic separations with methanol and acetonitrile as solvents might
give chromatograms similar to those of Fig. 8.14a and b (i.e., with a change
in the critical band pair). When this occurs for isocratic separation, a mobile
phase containing some combination of methanol and acetonitrile (50:50) can
be used to achieve a (slightly) better separation than in either Fig. 8.14a or
b. A similar approach could be used in the gradient separation of Fig. 8.14
(i.e., use some mixture of methanol and acetonitrile as solvent B). A better
approach is indicated, however, by the fact that early bands (2/3) prefer
acetonitrile and later bands (8/9) prefer methanol. This observation suggests
the use of a gradient for which the methanol/acetonitrile ratio increases during
the run. This approach was used in Fig. 8.14c, where the overall separation
of the sample is clearly better than in either of the two preceding runs. In
this case, the separation of band 2/3 is as good as with the acetonitrile—water
gradient (Fig. 8.14a), while the separation of bands 8/9 is as good as for the
methanol-water gradient (Fig. 8.14b). This ability of gradient elution to pro-
vide different selectivity changes for different parts of the chromatogram is a
powerful tool for certain samples. Similar examples are reported in Ref. 25.

8.4.2.3 Other Variables. A number of reported studies have demonstrated
changes in gradient elution selectivity as a function of other variables (applica-

FIGURE 8.14 Effect of solvent type on separation in gradient elution. Sample:
mixture of phenols. Conditions: 30 X 0.42-cm C;g column; gradients as in figure;
1.0 mL/min; ambient. (Reprinted with permission from Ref. 24.)
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ble primarily for ionic samples): pH [26], ion-pairing reagent concentration
(Fig. 11.11), temperature [27]; see also Fig. 11.9. For a prioritization of these
and other variables, see the recommendations of Fig. 7.7 for isocratic separa-
tion. While selectivity effects in isocratic and gradient elution are quite similar,
solvent-strength selectivity (k*) is much more important in gradient elution
than for isocratic separation. The use of buffers and ion-pair reagents in
gradient elution requires more attention than in isocratic separation, due to
poor solubility of some buffers in high-% B mobile phases and varying uptake
of ion-pair reagents as % B is varied (Fig. 7.13, Section 8.5.2.2).

8.4.3 Adjusting Column Conditions

Once retention has been optimized in terms of k* and a (including the possible
use of segmented gradients), further improvements in separation are possible
by varying column conditions: column length, particle size, and/or flow rate.
In isocratic separation, a change in column conditions has no effect on &, so
it is possible to change one column condition at a time (e.g., column length)
without concern for changes in k or «. This is not the case for gradient
elution, because k* depends on column dimensions and flow rate (Eq. 8.2).
Consequently, if only column length or flow rate is changed, the separation
will be affected in two different ways: (a) the column plate number N will
change in predictable fashion (Section 2.3.3.2), but (b) k* (and possibly a)
will change also. This effect is illustrated in Fig. 8.15 for a change in flow rate.

A group of six bands from each chromatogram of Fig. 8.15a (arrows) is
shown in Fig. 8.15b (i.e., part of the whole chromatogram). A change in flow
rate from 0.5 mL/min to 1.5 mL/min (constant gradient time) leads to major
changes in band spacing: bands 5 and 5a coalesce, bands 6 and 6a begin to
separate, and bands 6b and 7 reverse positions. One can take advantage of
these selectivity changes in Fig. 8.15 by changing gradient time, as in Fig. 8.13,
and this is usually the best approach. However, once k* and « are optimized
prior to changing column conditions, the same k* value must be maintained
while changing column conditions. Otherwise, what is gained in terms of N
may be lost in terms of a.

Constant k* is achieved by holding G, = (V,,/F) (A%B/ts) constant. This is
done most conveniently by varying gradient time f; when changing flow rate
(F) and/or column length (V,,,). If column length is increased by some factor x,
gradient time should be increased by the same factor x. If flow rate is decreased
by some factor x, gradient time should be increased by the same factor x. The
effects of a change in flow rate or column length on gradient elution run time
(holding k* constant) are thus the same as in isocratic separation (i.e., longer
run times for longer columns or slower flow rates).

Figure 8.16 and Table 8.4 illustrate the optimization of column conditions
while holding k* and selectivity constant, for the herbicide sample of Fig.

8.8. After optimizing gradient conditions (Fig. 8.16a; 40 to 77% B in 25 min,
2 mL/min), resolution is still marginal: R; = 1.1 (an asterisk marks the critical
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FIGURE 8.15 Effect of a flow-rate change on selectivity in gradient elution. Sample:
peptides from tryptic digest of myoglobin. Conditions: 8 X 0.62-cm Cg column; 10 to
70% acetonitrile—water gradient in 60 min [0.1% trifluoroacetic acid in (@) and (b)];
flow rates as indicated; 35°C. (a) Entire chromatograms; (b) expansions of parts of
each chromatogram from (a) (see arrows). (Reprinted with modifications from Ref. 28.)
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25-cm, 10—um column, 2 mL/min

(a) R, = 1.1, 1040 psi

io 20
25-cm, 10-pm column, 1 mL/min

R, = 1.3, 520 psi

(b)

50-cm, 10-ym column, 2 mL/min

1.5, 2080 psi

(¢)

[

1o 20 30 0 50

5-cm, 5-um column, 1.0 mL/min

2
R, = 2.0, 2080 psi
(d) ﬁ ﬂ
| U A J
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FIGURE 8.16 Gradient separation of a herbicide sample as a function of column
conditions. Conditions of Fig. 8.8, except 40 to 77% B gradient (0.7%/min) and as
noted in figure. See also Table 8.4.

band pair). A reduction in flow rate from 2 mL/min to 1 mL/min is expected
to improve resolution. However, to maintain k* constant, gradient time must
be increased simultaneously from 25 min to 50 min. The resulting resolution
increase in Fig. 8.16b (R, = 1.3) is rather small for this doubling of run time,
as is often the case when varying flow rate with small-particle (< 10-um)
columns. An increase in column length is usually more effective. Figure 8.16¢
shows the separation for a 50-cm column and the same flow rate as in Fig.
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TABLE 8.4 Gradient Separation of a Herbicide Sample as a Function of Column
Conditions, Holding k* Constant”

Column Conditions Separation
Length Particle Flow Rate Time? Pressure
(cm) (pm) (mL/min) R, (min) (psi)
25 10 2.0 1.1 25 1040
25 10 1.0 1.3 50 520
50 10 2.0 15 50 2080
25 5 1.0 2.0 50 2080

@ Separations of Fig. 8.16. Column conditions specified in table; other conditions as in Fig. 8.8,
except 40 to 77% B gradients.
b Gradient time fg.

8.16a. The gradient time must again be increased to 50 min to maintain k*
constant, but resolution is now marginally acceptable (R, = 1.5).

At this point, a decrease in particle size from 10 wm to 5 um can be
considered. Figure 8.16d shows such a separation, with flow rate decreased
at the same time, to maintain an acceptable column pressure. Resolution is
quite good (R, = 2.0) for a gradient time of 50 min. Note that a change in
particle size alone does not require a change in gradient time to maintain k*
constant. In this case, flow rate was decreased because of the need for an
acceptable pressure drop with this 5-um-particle column, which in turn re-
quired an increased gradient time.

The choice of which column condition(s) to vary in gradient elution is the
same as for isocratic separation (Section 2.3.3). In both cases, larger values
of N can be obtained at the expense of longer run times. For minor improve-
ments in resolution (10 to 20%), where an increase in run time is less important,
it is convenient to reduce flow rate. When a larger increase in R; is required,
an increase in column length is generally preferred. If resolution must be
increased without increasing run time or pressure, a decrease in particle size
(accompanied by decrease in column length and/or flow rate) is the only
option. When changing the column (length or particle size), it should be
recalled that this may lead to detrimental changes in selectivity due to small
differences in the column packing from batch to batch (Section 5.2.4). If
resolution is greater than required after optimizing selectivity, this excess
resolution can be traded for a shorter run time by increasing flow rate and/
or reducing column length.

8.5 EXPERIMENTAL CONSIDERATIONS

Gradient elution is subject to the same experimental problems that can arise
in isocratic separation and which adversely affect detection, reproducibility,
precision, and so on. The within-run change in mobile-phase composition that
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is unique to gradient elution can lead to additional effects and potential
problems, some of which were listed at the beginning of this chapter. These
gradient effects are examined in this section.

8.5.1 Effect of Equipment on Separation: System Dwell Volume

8.5.1.1 Eguipment Differences. Two kinds of equipment are used for gradi-
ent elution: high-pressure mixing systems and low-pressure mixing systems,
as illustrated in Fig. 8.17a. High-pressure mixing combines solvents A and B
immediately after the pump (at high pressure), whereas low-pressure mixing

High-pressure Low-pressure
mixing mixing
Mobile Mobile Mobile Mobile
Phase Phase Phase Phase
Component Component Component Component
A B A 8
Electronic |'*+-...
control | Variable Variable
------- Valve Valve
System e Lt L o0 e e Electronic
Pump A Pumps | | T Control
“*1  System
Mixing
Chamber [ .~
ming || [ ]
| Chamber Pump
(a)
Vo
t l
M l S l c l
Column
Mixer Sample
loop
(b)

FIGURE 8.17 Different gradient equipment designs and dwell volume V. M, mixer;
S, sampler; C, column; arrows indicate other modules, such as pump, filters, and so
on. (Reprinted with permission from Refs. 29 and 30.)
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combines the solvents before the pump. In high-pressure-mixing (HPM) sys-
tems, the gradient, once formed, moves directly to the autosampler or sample
valve. For low-pressure-mixing (LPM) equipment, the gradient passes through
the pump and associated modules before arriving at the sample injector.

The main effect on separation of the gradient equipment design is reflected
in the hold-up or “dwell” volume Vp, as illustrated in Fig. 8.17b. Other
factors being equal, LPM systems should have larger values of Vp. Table
8.5 summarizes values of the dwell volume for some representative HPLC
equipment. The use of an autosampler usually adds significantly to Vj, as a
result of the hold-up volume of these devices. With inclusion of an autosam-
pler, values of Vj usually range between 2 and 8 mL, but poorly plumbed
equipment can have a dwell volume above 10 mL. Note that the volume of
the sample loop adds to the dwell volume, so values of V, for an HPLC
system can vary if the loop is changed.

8.5.1.2 Changes in Separation for Different HPLC Systems. The primary
effect of a difference in equipment dwell volume on gradient separations is
to shift sample retention times to higher or lower values (by an amount related
to the dwell time ¢p = Vp/F). Increased dwell volume is also equivalent to
adding an isocratic hold to the beginning of the gradient. These effects are
illustrated in Fig. 8.18a for a hypothetical separation. For a dwell volume of

TABLE 8.5 Values of Dwell Volume V), for Some Representative HPLC
Gradient Systems

VD (mL)
System No Autosampler With Autosampler
Beckman System Gold 23
Bischoff” 1.0
DuPont 8800 5.5
Hewlett-Packard 1090 0.5 2.3
IBM LC/9533 4.5
Perkin-Elmer Analyst? 34 3.9
Perkin-Elmer Analyst* 6.1 6.6
Shimadzu? 3.1
Spectra-Physics 8700 4.5
Varian Star® 1.0
Waters Model 501 5.0 8.0/

Source: Ref. 29.

% Pump model 2250 with Alcott A/S model 2250.

5 Mode! 620 pump, model ISS 100C A/S; mixing coil removed.
¢ Same as footnote b, except with mixing coil.

¢ LC 10AD pump, ICI A/S model AS2000.

¢ Model 9010 pump, model 9090 A/S.

f WISP model 712.
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FIGURE 8.18 Effect of differing dwell times on gradient separation. Hypothetical
samples, 1 mL/min flow rate. (a) Typical sample; (b,c) atypical sample. See the text
for details. (Reprinted with permission from Ref. 29.)

0.5 mL and a flow rate of 1 mL/min, the dwell time {5 = 0.5 min and the last
peak leaves the column at 22 min. The same separation carried out with a
system having Vp = 10 mL and #p = 10 min shows the last band leaving the
column at 31.5 min [i.e., an increase in retention time by an amount (9.5 min)
equal to the difference in ¢p values]. Early bands show longer retention for
the 10-mL system, but the difference in retention times (vs. the 0.5-mL system)
is not as great (= 3 min). In addition, the resolution of early bands is somewhat
better for separation with the 10-mL system. The behavior seen in Fig. 8.18a
is typical of what can be expected when gradient separations are carried out
on HPLC systems having different values of V.

For some samples the effects seen in Fig. 8.18a are accompanied by changes
in band spacing and resolution at the front of the chromatogram. This effect
is illustrated for a different sample in Fig. 8.18b and c. In Fig. 8.18¢, the use
of a system with V, = 5 mL separates bands 1 to 4 with baseline resolution.
However, the use of equipment having different dwell volumes (0.5 or 10 mL)
results in major changes in band spacing and a loss in sample resolution (Fig.
8.18c¢). It is possible to anticipate which samples will behave in this way (Fig.
8.18b and ¢); samples that have early bands whose spacing (selectivity) changes
with either gradient steepness or the value of initial % B are likely to cause
problems of the kind illustrated in Fig. 8.18b. See also the discussion of Ref.
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29. The use of computer simulation (Section 10.2.2) allows the effect of system
dwell volume on separation to be predicted without the need for additional
experiments or the use of a system with a different dwell volume.

A further effect of a change in system dwell volume on gradient separation
is illustrated in Fig. 8.19 for the repetitive analysis of a series of samples. In
Fig. 8.19a for a system with V, = 0.5 mL, the gradient reaches the autosampler
soon after sample injection (marked by arrows). At the end of each gradient
run, the column is reequilibrated by flushing the column with the starting
mobile phase. In Fig. 8.195 the same separation is carried out on a system
with Vp = 10 mL. Because of the delay in arrival of the gradient at the
autosampler, the second and following samples are injected before the previ-
ous gradient is completed. As a result, these samples are eluted under initial
conditions of high % B, and early bands (A to D) are therefore unresolved.

The phasing problem seen in Fig. 8.19b due to differences in dwell volume
for different HPLC systems can be avoided by allowing additional time for
column equilibration. The required additional time is equal to the increase
in dwell time. For the example of Fig. 8.19, the increase in dwell volume is
9.5 mL and the flow rate is 1 mI/min. Therefore, the column equilibration
time should be increased by the difference in tp, equal to the difference in
dwell volume divided by flow rate: 9.5/1 = 9.5 min. See Section 8.5.1.3 and
Ref. 29 for a further discussion of these dwell-volume-related effects.

It should be apparent from the preceding discussion that the final gradient
method must take into account possible differences in dwell volume among
HPLC systems that will be used for the analysis. Otherwise, a method that
works on one HPLC system may be unsatisfactory when used with different
equipment. System-dwell-volume effects become more important as column
diameter is decreased because the lower flow rate required for these columns
leads to a large delay in the arrival of the gradient at the column inlet (¢, =
Vp/F). Therefore, separations that involve columns of narrow diameter (e.g.,
1 mm or smaller) generally require special gradient elution equipment that
has very small values of Vp [31].

8.5.1.3 Minimizing the Effect of Equipment Dwell Volume. Because dwell-
volume differences are a major reason that gradient methods may not transfer
well between different systems, it is important to state the dwell volume of the
original system in the method procedure. In addition, it is helpful to develop
gradient methods that can tolerate differences in dwell volume. Three proce-
dures for minimizing the effects of variable dwell volume on separation have
been reported. First (and best), some system controllers allow the injection of
the sample at a precise time after the gradient is begun. If sample injection is
delayed by the time ¢, the arrival of the gradient and the sample at the column
inlet occurs at the same time. This procedure eliminates the effect of dwell vol-
ume on the separation [32]. The first run (from the start of the gradient) is longer
(because of the larger Vp and ¢, values), but later run times are the same, regard-
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FIGURE 8.19 ‘‘Calamitous” effect of differing dwell times on gradient separation
for sequential sample injection. Hypothetical sample, 35 to 65% B in 20 min, 1 mL/min
flow rate, 5.0-min column equilibration with A-solvent between runs. (a) Separation and
gradient profile for an HPLC system having a dwell volume V, = 0.5 mL;
(b) same for system having Vp = 10 mL (for second and subsequent samples). (Re-
printed with permission from Ref. 29.)
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less of Vp. If calculations are made from the time of sample injection, retention
times for different gradient systems will be the same.

Second, if an initial isocratic step can be incorporated into the gradient,
this step can be shortened for use with systems with larger values of Vp, and
lengthened for systems with smaller V), values. In this manner, the sample
and gradient again arrive at the column inlet at the same time [33]. By way
of illustration, assume that a method is developed using a system with V, =
5 mL. If the initial isocratic step for this method was made equal to 5 mL,
the gradient lags the sample by 5 + 5 = 10 mL. The same gradient lag can
be achieved on other systems (with different values of V) by either shortening
or lengthening the isocratic step. For example, if separation is to be carried
out on a second system with V), = 2 mL, the isocratic step must be increased
to 8 mL for the same separation (8 + 2 = same 10 mL gradient delay).
Similarly, for separation with a system having Vp = 10 mL, the isocratic hold
would be reduced to 0 mL (0 + 10 = 10 mL). With this approach, the run
time for every sample is the same on each HPLC system (of varying Vp).
Sample retention times are also the same from system to system. However,
the run time per sample is longer than for the previous option (injection of
the sample after a time #p).

Third, if the initial mobile phase composition > 20% B, it is advantageous
to start with a steep gradient from 5% B to this initial % B. For example, if
the initial mobile phase is 30% B, precede this gradient with a gradient segment
from 5 to 30% B in 1 to 2 min. This has the effect of holding the sample at
the column inlet until the start of the original gradient (30% B) arrives at the
column inlet. Dwell-volume effects as in Fig. 8.18 are thereby avoided; how-
ever, all retention times will be shifted by an amount equal to the difference
in dwell time for the two systems. The run time for the first sample will be
increased for higher V), systems, but later samples will have the same run
time, regardless of V. Again, the run time per sample is longer than for
injection of the sample after a time ¢ (first option).

8.5.1.4 Determining the Dwell Volume. The value of V), for the equipment
used must be known before developing a gradient method. The dwell
volume of an HPLC gradient system can be measured as follows. Disconnect
the column from the system and connect the column inlet and outlet lines
with a zero-volume connector. Use methanol as A and B solvents, and add
0.1% acetone to the B solvent. Adjust the detector wavelength (=260 nm)
so as to place the B-solvent absorbance at full scale (0.1 AU) and run a
linear gradient from 0 to 100% B in 20 min at 1.0 mL/min. This provides
a graphic display of the gradient, as in Fig. 8.20a (solid curve). Determine
the time when the absorbance is halfway between start and finish, subtract
10 min (half the gradient time), and the result is 1, = Vp/F: see Ref. 29 for
further details.

It is also important to verify that the gradient equipment is operating
properly before beginning gradient method development. The gradient display
determined as in Fig. 8.20a also allows the user to evaluate the performance
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FIGURE 8.20 The gradient profile for an HPLC system and its interpretation.
(a) Gradient delay due to equipment dweli volume; (b) gradient roundin