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organic systems, with special refer- 
ence to the chemistry of clay mineral 
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in polymers. It assesses the nature of 

mineral surfaces, methods for their 
modification, and the effects that the 

surface activity or modifying treat- 

ments might have on the properties of 

commercial formulations. 
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eral surface chemistry of the impor- 

tant clay minerals and pigmentary 
titanias and of some other inorganic 

materials of commercial interest. The 
book illustrates how much of the 

chemical activity may arise from 

common surface features of the vari- 

ous minerals and examines how vari- 

ations in the underlying lattice struc- 

ture affect this activity. With this 

background, the book goes on to 

discuss several methods for the 

surface modification of minerals by 

treatment with inorganic compounds 

and the properties and commercial 

applications of these modified mate- 
rials. Finally, the book concludes with 

a review of the many chemical reac- 

tions that have been reported to occur 

on natural or modified minerals. This 
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understanding of these reactions, 

rather than simply providing a tabu- 

lated record of their occurrence. It is 
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FILLERS will lead to the development 
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FOREWORD 

In 1967 Dr. David H. Solomon authored an outstanding book entitled 

The Chemistry of Organic Film Formers. Now he and his co-author, Dr. D. 

Geoff Hawthorne, have written this book, which is an exceedingly valu- 
able reference for those working in the field of polymer science. Also, it 

should be used by mineralogists, industrial chemists, and engineers who 

have been puzzled by certain interactions between polymers and mineral 

fillers. The term filler is actually a misnomer because in the majority of 

instances the mineral addition performs a function. 

In addition to his excellent research work at CSIRO, Dr. Solomon has 

applied his knowledge in industry. He worked for fourteen years in resin 

and polymer research with Balm Paints Pty. Ltd. (now Dulux Australia 

Ltd.), spent one year with ICI in England in polymer research which re- 

sulted in two patents, and stayed one year with Georgia Kaolin Company 

in the United States working on surface-modified minerals for use in poly- 
meric composites. It was at Georgia Kaolin Company (where I was execu- 

tive vice president) that I really discovered the extent to which Dr. 
Solomon could apply his vast knowledge in polymer chemistry to practical 

industrial chemical problems. 

Dr. Hawthorne has been a senior collaborator with Dr. Solomon for 

many years, and their complementary skills have enabled them to make 

original contributions in the field of mineral organic interactions. 

This book is very well organized and covers the structures and chemical 

activities of mineral fillers and pigments in the first three chapters. In the 

next three chapters the reactions between both unmodified and chemically 

modified mineral surfaces and organic chemicals, with particular empha- 

sis on polymers, are treated. 
Manufacturers of polymers and producers of mineral fillers alike can 

learn many fundamental aspects concerning the interactions between min- 

erals and polymers by reading this outstanding book. It will enable the 
polymer producer to better select functional fillers and pigments and of- 
fers the mineral producer the opportunity to treat and modify the surfaces 

of the mineral so that they can be specifically tailored for certain functional 

applications. Another exceptionally valuable aspect of this book is the 

large number of reference literature citations at the end of each chapter. 

HAYDN H. MURRAY 

Chairman, Department of Geology 

Indiana University 

Bloomington, Indiana a 



Digitized by the Internet Archive 

in 2022 with funding from 

Kahle/Austin Foundation 

httos://archive.org/details/chemistryofpigme0000solo 



PIRESF/ACIE 

The past 15 years have seen significant changes in our understanding of 

the chemical and physical interactions that can occur between organic en- 

tities and the surfaces of mineral or inorganic fillers and pigments. Al- 

though the chemistry and sorptive properties of many of these materials in 

aqueous systems have been extensively studied and are generally recog- 

nized, it is often not appreciated that many common minerals have surface 

activity in nonaqueous media that can affect the chemistry of adsorbed 

monomers or polymers and, indirectly, the serviceability of filled or pig- 

mented paints, plastics, and elastomers. Such chemical activity is often 

wrongly believed to be confined to some exotic inorganic materials used as 

industrial catalysts or to the finely particulate silicas and carbon blacks. 

The growing recognition that other minerals, particularly the alumino- 
silicate clay minerals, pigmentary titanias, and related materials, can re- 

act chemically with organic molecules at near-ambient temperatures has 

resulted in a quickening of interest in mineral-organic chemistry. Many 

advances of theoretical and practical importance have been made in recent 

years. These advances range from esoteric hypotheses concerning pre- 

biotic syntheses and the origin of life on this earth to practical applications 
of the surface activity of aluminosilicates and titanias; the latter include 

the commercial use of minerals or modified minerals as catalysts for a vari- 

ety of synthetic organic and polymerization reactions and as reactive addi- 
tives, for example, in pressure-sensitive copying papers and in many novel 

polymer composites. 

This book provides a critical review of the chemistry of mineral-organic 

systems, with special reference to the chemistry of clay mineral and titania 
pigments and fillers. It has been written with the specific aim of providing 

an understanding of the nature of mineral surfaces, methods for their mod- 

ification, and the effects that the surface activity or modifying treatments 

could have on the properties of commercial formulations. The book should 

be of interest to students, scientists, and technologists in the fields of 

surface-coatings, inks, plastics and rubber, paper, petroleum, and soils, 

and to those who use minerals as additives in commercial formulations. It 

also contains material of interest to those engaged in studies of catalysis, 

in colloid chemistry and adsorption processes, or in the geochemical trans- 

formations of organic compounds. 
We first provide a broad description of the structure and general surface 

chemistry of the important clay minerals and pigmentary titanias and of 

some other inorganic materials of commercial interest. We show that 

vii 
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much of the chemical activity may arise from common surface features of 
the various minerals and examine how this activity can be affected by 

variations in the underlying lattice structure. With this background, we 

then discuss a number of methods for the surface modification of minerals 
by treatment with organic compounds and the properties and commercial 
applications of these modified materials. Finally, we review many of the 
chemical reactions that have been reported to occur on natural or modified 

minerals and discuss these with the aim of promoting a comprehension of 

the reactions, rather than simply providing a tabulated record of their oc- 

currence. 
We trust that the background provided by this book will help give a 

rational chemical explanation for the properties of many important 

mineral-organic systems presently in use. More significantly, it is our aim 
that the information provided should lead to the development of new and 

commercially useful systems, and that the discussion will help (1) to bridge 

the gap between the respective disciplines of the polymer technologist and 

the inorganic chemist and (2) to prompt further studies of a more funda- 
mental nature into the surface chemistry of minerals in general. We believe 

the book to be very timely in view of the increasing cost of synthetic poly- 
mers and the natural desire to control this factor by the use of suitable 
mineral additives. 

We would like to express our thanks for the assistance provided by our 

colleagues in the CSIRO Division of Applied Organic Chemistry: R. A. 
Brett and J. C. Gregg, in the preparation of the illustrations, and Mrs. J. 

Tydens, in the preparation of the indexes and in checking the manuscript. 

D. H. SOLOMON 

D. G. HAWTHORNE 
Melbourne, Australia 

December 1982 
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Silicate minerals comprise one of the largest groups of mineral fillers 

and pigments, both in terms of variety and in tonnage of production. Sales 

during 1980 of one clay mineral, kaolin, amounted to over five million tons 

in the United States alone; this amount does not include the kaolin used in 

the ceramics and related industries. While most of this kaolin was used in 
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2 STRUCTURES AND CHEMICAL ACTIVITY 

the manufacture of paper, approximately 25% of production went to the 

plastics, paint, and rubber industries. Another silicate mineral, talc, is 

used in toiletries and as a dry lubricant, while bentonite and its derivatives 

are widely used as viscosity control agents in drilling muds, paints, and 

lubricating greases [1]. Other silicate minerals, attapulgite and the zeoli- 

tes, are used as sorbents and catalysts and have applications as fillers. 

In this chapter we first outline the basic structural features of the clay 

minerals, with particular emphasis on the hydrated lamellar magnesium 

and aluminum silicates, which are the most commonly used as fillers. Two 
important chemical concepts, layer electronic charge and ion exchange of 
adsorbed cations, are introduced in Sections 1.2.1 and 1.3.5, respectively. 

This is followed by a discussion on the sources of aspects of their chemical 

and potential catalytic activity, with emphasis on aspects relevant to their 
use as fillers and pigments. We deal briefly with the crystallography and 

mineralogical chemistry of the silicate minerals. More detailed informa- 

tion is available in references 2-5 and in various review articles cited else- 
where in this chapter. Discussion of the colloidal properties of aqueous clay 
systems is limited to a few aspects that are relevant to the chemistry of 

fillers and pigments in organic media. 

1.1 CLAY MINERALS: AN INTRODUCTION 

Some of the silicate minerals used as fillers or pigments occur in massive 

crystalline forms, for example, asbestos, feldspar, or mica, but most are 

obtained in finely divided forms as “‘clays.”’ The term “‘clay”’ strictly refers 
to mineral sediments having particles with dimensions of less than 2 um. 

The clay minerals chiefly comprise magnesium and aluminum silicates 

having layered lattice structures [2,3]. The term ‘“‘clay’’ may be loosely 

used as a mineralogical description of the dominant component of the 

deposits of a particular region. In the United States, the term ‘‘clay”’ is 
often used as a synonym for kaolin, whereas in Japan and to a lesser extent 

in Europe, ‘‘clay’’ is acommon name for a different aluminosilicate mate- 

rial, bentonite. The individual components of the clays may be referred to 
in the literature by their “‘rock’’ names or by their ‘‘mineral’’ names. The 
two most important examples in the present context are the minerals 
kaolinite and montmorillonite, which are the respective principal compo- 
nents of the kaolin and bentonite clays (rocks). 

The silicate fillers and pigments comprise a diverse group of minerals or 
modified minerals, most of which have layered crystalline structures. 
These minerals are derived from condensed forms of silicic acid, H,SiO,, 
in which each silicon atom is surrounded by four oxygen atoms which form 
the apices of a tetrahedral structure. These silicate tetraheda are linked 
together in regular arrays by the sharing of common oxygen atoms to form 
chains like those of the pyroxine minerals (Figure 1.1a) or extended two- 
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Figure 1.1 Silicate chains of (a) pyroxines and (b) amphiboles. 

dimensional sheets or layers consisting of annellated cyclic groups of six 

silicate tetrahedra like those of the amphibole minerals (Figure 1.1b). The 

tetrahedra in the silicate layers are usually oriented so that the three oxy- 

gens (the basal oxygens) of the tetrahedra lie on a common plane, with the 

fourth oxygen (the apical oxygen) lying on a second common plane. 

Some metal hydroxides, notably those of aluminum and magnesium, 

may also condense to form two-dimensional layered structures. Each layer 
of brucite, Mg(OH),, consists of a sheet of magnesium ions sandwiched 

between sheets of hydroxide ions. Each magnesium ion is surrounded by 

an octahedral arrangement of six hydroxide ions, while each hydroxide 
ion is shared by three magnesiums. Brucite has a trioctahedral structure, 

that is, a structure in which all octahedral sites are occupied by metal ions. 

Gibbsite, Al(OH),, layers have a similar structure but one-third of the octa- 
hedral sites are vacant. Gibbsite has a dioctahedral structure, that is, one 

in which only two-thirds of the octahedral sites are occupied by metal ions. 

The dimensions of the silicate tetrahedral and metal hydroxide octahe- 
dral layers are sufficiently matched to enable the two layers to condense to 

form a composite hydrated metal silicate layer in which the apical silicate 

oxygens replace a proportion of the octahedral hydroxy] groups. The tetra- 

hedral and octahedral layers may be paired to form a 1:1 layer structure 
like that of kaolin (Figure 1.2), or two tetrahedral layers may flank each 

octahedral layer to form a 2:1 layer structure like that of the magnesium 

silicate, tale (Figure 1.3a) or the aluminum silicate, pyrophyllite (Figure 

1.3b). Various degrees of mismatch between the tetrahedral and octa- 

hedral layers are present in each mineral structure. This mismatch may be 

accommodated by distortion of the arrangements of tetrahedral and octa- 
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al 

or Cae es o> Figure 1.2 The lattice structure of ka- 

olinite. (a) Basal surface view. (b) Layer 

(b) edge view. 

hedral units within the structure and may also cause the morphology and 

chemistry of the mineral to differ from that of the parent species. The com- 

posite layers are described as trioctahedral or dioctahedral, depending on 

the structure of the octahedral layer component. 
The layer silicate crystals are formed by the stacking of a number of 

these composite layers, often with intermediate layers of hydrated metal 
cations to compensate for charge discrepancies arising from structural 

defects in the silicate layers. Most of the silicate minerals used as fillers 
have crystal lattices formed from layered structures or from related struc- 

tures containing arrays of abbreviated metal silicate sheets, or ribbons. 

Attapulgite is an example of a mineral containing a silicate ribbon lattice 
(see Figure 1.12). 

The hydrated metal silicate minerals used as fillers or pigments can be 

divided into several groups based on their crystalline structure. These 
groups, which will be discussed in turn, are: 
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(b) 

Figure 1.3 The conceptual structures of 2:1 layer silicate minerals. (a) The trioctahedral 

structure of talc. (b) The dioctahedral structure of pyrophyllite. (Figure 1.3a adapted, with 

permission, from G. Brown, Ed., X-Ray Identification and Crystal Structures of Clay Miner- 

als, copyright © Mineralogical Society, London, 1961, p. 57.) 

(i) Kaolinite and related 1:1-layer minerals, which include halloysite 

and one asbestos mineral, chrysotile. 

(ii) Smectites and related 2:1-layer minerals, which include montmoril- 

lonite, hectorite (Laponite®), vermiculite, talc, the various chlo- 

rites, illites, and micas. 

(iii) The amphiboles, pyroxines, and related fibrous minerals having 

silicate ring, ribbon, or chain structures. These include wollas- 

tonite, attapulgite (palygorskite), sepiolite, and the remaining 

asbestos minerals. 
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H»O OH, HO OH, 
Se se 

Figure 1.4 The principal surface features of a lamellar silicate mineral. 

(iv) The zeolites, which have a variety of three-dimensional silicate 

cage structures. 

Amorphous silicates are discussed as a group in Chapter 3, principally 

in reference to their use in the surface modification of titanias and other 

pigments. However, some important aspects of their chemistry are intro- 

duced in this chapter because of their relevance to the chemistry of the 

crystalline silicates. Vitreous silica, glasses, and silica gels are also dis- 

cussed in Chapter 3. 

1.1.1 A Model Lamellar Silicate 

Given the diversity of the compositions and structures of the clay min- 

erals, one would expect their chemical properties to be equally diverse. 

While there are certainly quantitative differences between the properties 

of the various minerals, much of the surface chemistry is characteristic of 

the group as a whole or of certain main subdivisions. This is because the 
sources of the various forms of activity are particular types of surface site 

or adsorbed species which may be common to many members of the group. 

The nature of the underlying silicate lattice has an important bearing on 
the magnitude of these effects, but the qualitative similarities can be of 

considerable assistance in obtaining a broad understanding of clay- 
mineral organic chemistry. 

The surface chemistry of a particular mineral filler or pigment is of 

greater interest to the paint or plastics technologist than its detailed lat- 

tice structure. It is possible to describe most of this chemistry by the use, 

as a simplifying and unifying model, of a hypothetical model silicate. Its 
structure can be represented by a “‘box,”’ shown in Figure 1.4, the surface 

of which bears the essential reactive sites or species and other structural 

features which are of relevance to the mineral organic chemistry of the 
group. 
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The model structure contains a series of silicate layers with interlamel- 
lar spaces (1) containing intercalated hydrated exchangeable cations (2) 

These cations and similar exchangeable cations on the exterior surface 

may have acidic potential; the acidity may be protonic (Bronsted) or coor- 
dinative (Lewis). The model structure also contains variable valence spe- 

cies (3) that can act as a source or sink for single-electron transfer with 

adsorbed or intercalated materials. The exterior surface contains reactive 
hydroxylic species, such as AIOH and SiOH groups (4), while the layer 
edges contain Lewis acidic sites (5), anion exchange sites (6), and bridged- 

hydroxyl] groups (7). Not all the features of this hypothetical structure are 

necessarily present in any one mineral; kaolinites and a number of other 

silicate fillers, for example, lack accessible interlamellar spaces. 

1.1.2 Additional Advantages of Using ‘‘Box’’ Model Structures 

The use of ‘‘box’’ model structures in describing the chemistry of the 

clays or of the oxide pigments has additional advantages as the surface of a 
mineral is, inevitably, anomalous and often does not follow the structure of 

the crystal lattice. This is particularly true of modified materials such as 

the alumina-silica-coated titanias described in Chapter 2; in these, while 

the coating accounts for only a few percent of the total composition, it may 
largely govern the surface chemistry of the pigment. The various classes of 

minerals may bear similar or analogous surface species which can give rise 

to similarities in some aspects of their chemistry. Surface hydroxy species 

are found on most practical mineral samples and may be formed as surface 

‘‘anomalies,’’ either by hydration of exposed metal ions or by hydrolysis of 

the crystal lattice of the mineral. The presence of these hydroxylic species, 
as a common feature of most pigments and fillers, is of considerable rele- 

vance to the sorptive properties and surface modifications described in 

Chapter 4. 

1.22 KAOLINITE AND RELATED MINERALS 

Kaolinite is a dioctahedral hydrated aluminosilicate containing alu- 

mina, silica, and water in a molecular ratio of 1:2:2. X-ray crystallography 

shows that the mineral has a 1:1-layer silicate structure. The unit cell of the 

kaolinite lattice has the composition [Si,Al,0,(OH),]. The structure is 
shown in Figure 1.2. The ideal kaolinite crystal consists of an array of 

hexagonal basal aluminosilicate layers, stacked like the pages in a book 

(Figure 1.5), the individual layers having an effective thickness or basal 

spacing of about 7.2 A. They are bound together by hydrogen bonds 

between the hydroxylic gibbsite-like surface of the octahedral layers and 

the oxygen sheet of the adjacent tetrahedral silicate layers. 
The particle sizes of commercial kaolins and of a number of other pig- 
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TYPICAL PARTICLE SIZE ANALYSIS 
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Figure 1.5 Particle size distributions of some commercial kaolins. Copyright © 1976, 

TAPPI. (Reprinted, with permission, from H. H. Murray, Clays, in Paper Coating Pigments, 

R. W. Hagenmeyer, Ed., TAPPI Press, Atlanta, 1976, p. 88.) 

ments are usually expressed in terms of their equivalent spherical diame- 

ter, that is, the diameter of a spherical particle having the same density 

which, according to Stokes law, would sediment at the same rate as the 

dispersed clay particles. The particle size distributions for some typical 

commercial kaolins are shown in Figure 1.5. A typical kaolin used as a filler 

for plastics contains particles having basal cross sections of 1 to 3 ym and 

thickness of about 0.2 ». It should be noted that specific surface areas of 
the minerals obtained from adsorption studies are often considerably 

greater than the values calculated from their particulate equivalent spheri- 
cal diameters. This arises from the less streamlined shapes of the mineral 

particles and porosity associated with the irregular lattice layer edges or 

with the presence of interlamellar spaces. 
Electron micrographs of an extensive range of kaolins show a great 

diversity of particulate forms [6]. Kaolins contain particles that can differ 

markedly in their crystallinity and size. For example, the smaller particles 

of kaolins from Georgia (United States), have greater crystalline perfec- 

tion than the larger particles [7], although this is not necessarily true of the 

finer fractions from other deposits. One of the principal crystalline defects 

that occurs in kaolinites is turbostratic disorder, or irregularity in the 

alignment of adjacent aluminosilicate layers. Highly disordered kaolin- 

ites, for example, those of ball-clays used in the manufacture of earthen- 

ware, are termed turbostratic. The shape and dimensions of the particles 
and the degree of crystallinity can have a marked influence on the colloidal 
properties of the clays. : 

Halloysite (10 A) and Halloysite (7 A) are hydrated variants of kaolinite 
that may contain up to four intercalated water molecules per ideal unit cell, 
accommodated in loosely bound layers between those of the aluminosili- 
cate. The fully hydrated halloysite, also known as endellite, has a basal 
spacing of 10.1 A. This interlamellar water is readily eliminated, and an 
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incompletely hydrated halloysite consists of an interstratified mixture of 

the hydrated (10 A) form and the second, largely dehydrated form of hal- 

loysite; the latter has a basal spacing of approximately 7.2 A [5]. Halloysite 
has a lath-like or fibrous morphology in which the aluminosilicate sheets 

may be curved or coiled to form tubular structures. This curvature arises 

from internal strain caused by the mismatch between the tetrahedral and 

octahedral layers [4]. Halloysites swell on treatment with ethylene glycol, 

with an increase in their basal spacing. This results from the intercalation 
of the larger glycol molecules that displace the interlamellar water mole- 

cules. Halleysite can be readily and irreversibly dehydrated, forming a 

turbostratic kaolin that retains the morphology of the original halloysite 
particles. 

Kaolins and dehydrated halloysites are not swollen by treatment with 

ethylene glycol. The kaolinite crystalline lattice can be swollen by the 
intercalation of small polar molecules that are capable of forming strong 
hydrogen bonds with the hydroxyl sheets. These intercalating molecules 
include dimethy] sulfoxide [8], hydrazine, ammonium acetate, and urea [9]. 

Washing of the expanded kaolinite intercalation complexes with water 

results in removal of the interlamellar polar molecules and the formation of 
a turbostratic kaolinite. Treatment of highly crystalline Cornish kaolin 

with a dimethyl sulfoxide-ammonium fluoride mixture can result in the 

formation of an intercalation complex which, on washing with water, 

forms a 10-A hydrate. This hydrate structure is stabilized because of the 

partial isomorphous replacement of basal surface hydroxyls by fluoride 
ions which have less affinity for the opposing silicate surfaces [10]. 

The serpentine minerals comprise the magnesium analogues of kaolin- 

ite. The dioctahedral aluminum hydroxide layers are replaced by trioctahe- 

dral magnesium hydroxide layers, forming a lattice which has the ideal 
unit cell composition [Si,Mg,O0.(OH),] and which corresponds to that of the 
asbestos mineral, chrysotile. The magnesium silicate layers of chrysotile 

are coiled to form tubular fibrils, with the hydroxide layer providing the 

outermost surface. The fibrous rock consists of loosely demented aggre- 

gates of these micron-sized particles. 

1.2.1 Isomorphous Substitution and Layer Charge 

The crystalline lattice of a layer silicate is largely that of an array of 

bulky oxide and hydroxide anions with smaller lithium, magnesium, alu- 

minum, or silicon cations fitting in the interstices between the oxygen 

atoms. Cations at particular locations can be replaced by a variety of other 

cations having similar ionic radii, without greatly altering the dimensions 

or arrangement of the layer structure. Such isomorphous substitution 

with ions of different valence, for example, aluminum for silicon, magne- 

sium for aluminum, or lithium for magnesium, frequently occurs in the 

structures of the clay mineral lattices. If the replacement cation has a 
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lower valence, the substitution will result in the development of a net 

anionic layer charge which must be compensated for, either by the inclu- 

sion of additional cations or by an opposing matched isomorphous substi- 

tution with ions of higher valence elsewhere in the structure. An example 

of this latter mode of internal compensation is the neutralization of charge 

arising from Al-for-Si substitution in the vermiculite lattice (see p. 21) by 

the isomorphous substitution of an equivalent number of octahedral Mg** 

by Al’* ions. Isomorphous substitution frequently involves the replace- 

ment of ions by others of the same valence, for example, Fe'’-for-Al, or 
Fe''-for-Mg, which does not alter the net layer charge. Isomorphous substi- 
tution by larger cations can result in considerable distortion of the mineral 

lattice. This may be reflected in changes in the chemical activity and other 

properties of the mineral surface; Fe'''-for-Al substitution, for example, 
can impart oxidant properties to the mineral (Section 1.7.2). 

The location of the additional compensating cations depends on the 
charge density of the silicate layers. They may be adequately accommo- 

dated by adsorption on the external crystalline surfaces of minerals that 
have low degrees of isomorphous substitution and charge discrepancy, or 
they may have to be accommodated within the crystal lattice of minerals 

that have high degrees of isomorphous substitution and high layer charge 

densities. In the higher-charged minerals such as the montmorillonites 
and micas, these compensating cations plus associated water or other lig- 

and molecules are largely located in the interlamellar spaces. 

Most pure kaolinites have a low level of isomorphous substitution and 

their cation exchange capacities are usually less than 10 pequiv/g, 

although kaolins containing appreciable impurities may have significantly 
greater cation exchange capacities. The compensating cations of a pure 

kaolinite can be accommodated on the external surface of the crystallites 

and in scattered defects within the lattice. Isomorphous substitution in 
the serpentine minerals occurs with greater frequency, but is internally 

compensated for by matching substitution of the octahedral and tetrahe- 
dral layers. 

Limited SOTO eHOUe substitution can occur between fluoride ions and 
hydroxyl groups in the octahedral layers of clay minerals. This substitu- 

tion has already been noted in the case of kaolinite and can be induced in 

the 2:1-layer minerals, although exchange with fluoride ions is largely lim- 

ited to accessible hydroxyls exposed at the layer edges. Fluorinated smec- 
tites can be synthesized by other means. 

The individual particles of the layer silicates are inherently defective 
because of the disruption of the tetrahedral and octahedral layers at the 
crystal edges. The edges of kaolinite particles have the combined charac- 
teristics of silica, alumina, and a silica-alumina mixed oxide. When kaolin- 
ite particles are suspended in neutral or acidic media, ionization of water 
associated with the AIOH groups at the layer edges causes these to 
develop a positive charge (see Figure 1.10). At the same time, the solvated 
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compensating cations can diffuse from the particle surfaces, causing the 

basal surfaces to develop a negative charge. The development of charge in 
aqueous media has important consequences in the colloidal chemistry of 

the aluminosilicate clay minerals [11-13]. One characteristic of kaolin sus- 

pensions, in both aqueous and organic media, is the formation of thixotro- 

pic, porous structures of mineral platelets. These structures have been 

shown to result from ionic interaction and edge-face, face-face, and 

edge-edge aggregation of the kaolinite particles [14]. 

The presence of the positive charged sites at the edges of kaolinite parti- 
cles can be shown by the preferential adsorption of negative charged gold 
sol on the nonbasal surfaces [15]. The location of the negative charged cat- 

ion exchange sites on practical kaolinite surfaces is still not clarified. 

Weiss and co-workers [16,17] have demonstrated the presence of cation 

exchange sites on the external basal surfaces of kaolinite by electron 

microscopy of oblique-shadowed kaolinite particles treated with a positive 
charged silver iodide sol, by autoradiography of a radionickel exchanged 
kaolinite, and by adsorption of dye-forming aromatic ammonium ions; the 

latter two experiments were done using a rare specimen of massive crystal- 

line kaolin. Weiss and co-workers found that the cation exchange sites 

were located only on the external silicate basal surface of their kaolinite 

samples. They also suggested that the isomorphous substitution was 
largely confined to this external silicate layer. 

The exchange sites on other kaolin clay surfaces do not appear to be 

localized in this manner. Recent esr studies of a Cu- and Mn-exchanged 

kaolinite indicate that the exchangeable cations are evenly distributed 
over the crystal surfaces, with an average separation of 11 to 12 A, and 

that they have a high degree of mobility [18]. The kaolin samples used in 

these esr studies appeared to have a random Mg-for-Al isomorphous sub- 

stitution, unlike the apparently localized Al-for-Si substitution in the mas- 

sive crystalline specimens used by Weiss. It should be noted that the 

location of the cation exchange sites is complicated by the facile hydrolysis 

of the kaolinite surface which can occur in aqueous media or on exposure to 

moisture; this hydrolysis is described in Section 1.7.1. 

1.2.2 Origins and Commercial Exploitation of Kaolins 

Kaolins are the product of the hydrolytic transformation or weathering 
of feldspar and granite, although they may also result from the transfor- 

mation of other aluminosilicate clays [19,20]. The deposits may have been 

transported from other locations, as in the case of the waterborne second- 

ary Georgia (United States) kaolins or, as in the case of the primary Cor- 

nwall deposits, they may have formed from upwelling solutions resulting 

from the decomposition of subterranean granite and deep surface weather- 

ing. The natural kaolins may contain significant amounts of other miner- 

als, including mica, quartz, titania, goethite, tourmaline, and 2:1-layer 
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minerals. As previously noted, the particle size distribution and degree of 

crystallinity of the kaolins can vary significantly, even in neighboring 

areas of the same deposit. These factors can affect the suitability of the 

materials for particular applications. 

Kaolins intended for use as fillers require some beneficiation, even if 

only to remove grit. Most grades used in the plastics, paints, and paper 

industries have been subjected to some form of wet-process beneficiation 

to improve color and dispersion, to enable some classification by particle 

size, and to provide uniformity of properties between batches. Beneficia- 

tion processes for kaolin have been reviewed elsewhere [e.g., 19,20], but are 

briefly outlined here as some of the chemical treatments involved can 

greatly modify the surface chemistry of the beneficiated materials. In a 

typical process, the crude kaolin is dispersed in aqueous soda or an alkaline 

phosphate solution, and then subjected to various physical separation and 

classification processes. The purified kaolin dispersion may be flocculated 

by treatment with acid or aluminum salt solutions, and the slurry dewa- 

tered and then dried at elevated temperatures. The color of the kaolin is 

often improved by the leaching of ferric oxides which may be present, 

together with silica and alumina, as a coating on the clay particles. The 
ferric oxides are not readily removed unless the kaolin is first treated to 

reduce the iron to the ferrous state, which can be removed by treatment 

with dilute acids. Magnetic separation techniques are also frequently used 

to remove iron-containing impurities from the crude clay. For some appli- 

cations, the dewatered slurry may be redispersed using a small amount of 

alkaline polyphosphate, and the mixture spray-dried to produce a neutral- 

ized, aqueous-dispersible grade of kaolin; dispersed kaolins are also sold as 
slurries. 

The kaolins may be ‘‘delaminated”’ by milling their dispersions with 
nylon pellets, glass beads, or other abrasive or nonabrasive grinding aids, 

to produce grades that have the greater brightness and gloss desirable for 

paper-coating [21]. Because of the strong interaction between the kaolinite 

layers, these delamination processes can cause considerable reduction in 

the basal dimensions of the particles. However, the intercalation com- 

plexes of kaolinite have weaker interlayer bonding and can be more readily 

delaminated. Processes for the delamination of kaolin complexes have 

been patented [22,23], but they do not appear to be in commercial use, 

although they may have unknowingly been practiced in the past. For 
example, the ancient Chinese secret for the manufacture of extremely thin- 
walled, hand-molded porcelain partly lay in the use of urine-steeped 
kaolins; the urea-kaolin complexes now believed to have been formed dur- 
ing the steeping process would have been readily delaminated during 
working of the clay prior to molding, thus improving its thixotropy and 
plasticity [24]. The archetypical kaolin from the Kauling, China deposit 
was apparently not a kaolinite, but a dehydrated halloysite [25]. 

The density and light reflectivity of the kaolins can be increased by cal-. 
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cination at about 650°C. This results in the partial dehydration of the 
kaolin lattice and its conversion into the pseudocrystalline ‘‘meta- 
kaolinite’ [4]. Complete dehydration does not occur until the kaolin is 
heated above 900°C, when it decomposes to form other mineral phases. 
Calcined halloysite has also been used as a filler and pigment. 

The surface properties of the kaolin fillers may be modified by coating 

the particulates with inorganic or organic compositions. Kaolins having 
increased compatibility with nonpolar organic media and having reduced 

surface acidity can be prepared by the use of a magnesium-silicate gel 

coating [26], while other products having increased compatibility with 

polar organic media, for example, polyester resins, can be obtained by coat- 
ing the particles with alumina or silica-alumina gels [27]. Oleophilic 

kaolins particularly suited for incorporation in organic media may be 

obtained by the treatment of kaolins or calcined kaolins with organic com- 

pounds; these organic treatments are discussed in Chapter 4. 

Chrysotile is the only other 1:1-layer silicate mineral that is widely used 
as a filler and reinforcement. Chrysotile occurs in the form of fibrous aggre- 

gates in a nonfibrous matrix that requires milling, sieving, and air classifi- 

cation to separate the asbestos fibers. The adhesion between the tubular 

fibrils of chrysotile is relatively weak, and the massive forms can be readily 
disrupted to colloidal microcrystalline state by milling in the presence of 

surfactants. 

1.3 SMECTITES AND RELATED MINERALS 

The smectites are a group of 2:l-layer minerals that includes the 

hydrated aluminum silicate, montmorillonite. For convenience, we have 
chosen to include under this heading other clay minerals having 2:1-layer 

structures such as talc, pyrophyllite, the vermiculites, micas, and chlo- 

rites. In these minerals, each octahedral layer is paired with two tetrahe- 

dral silicate layers (Figure 1.3). 

The smectite group can be broadly divided into dioctahedral (aluminum 

silicate) and trioctahedral (magnesium silicate) minerals. These groups can 
be subdivided into those in which the layer charge arises predominantly 
from isomorphous substitution in the octahedral layer and those with 

charge arising from tetrahedral layer substitution; further subdivisions 

can be made on the basis of layer charge density. While the different miner- 

als of the smectite group could form a continuous multidimensional series, 

they tend to fall into discrete populations differentiated mainly by the 

source and density of their layer charge [4,5]. 
The principal octahedral layer ions of most smectites are Al’* or Mg’*. 

These may be largely replaced by other cations, particularly Fe’* and Fe’*, 

while still retaining the basic 2:1-layer lattice structure and many of the 

chemical characteristics of the parent smectites. These derived minerals 
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(and their substituent ions) include nontronite and glauconite (Fe), 

sauconite (Zn), the less abundant medmontite (Cu), and pimelite (Ni) [4]. 

The trioctahedral and dioctahedral parents of the group are the miner- 

als talc and pyrophyllite (Figure 1.3), with the respective crystallographic 

unit cell compositions [Si,Mg,O,.(OH),] and [Si,A1,O,,(0H),]. The basal 

spacing or effective thickness of the talc or pyrophyllite unit layers is 

about 9.2 A. These minerals are anomalous because they contain little iso- 

morphous substitution in their crystalline lattices and lack the interlamel- 

lar layers of compensating cations that are characteristic of the smectites. 

Montmorillonite and hectorite are more representative species of the 

smectite group of minerals. 

1.3.1 Montmorillonites 

An ideal montmorillonite may be defined as having the unit cell compo- 

sition shown below [4], in which the subscripts (IV) and (VI) in the formula 

denote the respective tetrahedral and octahedral layer cations, and (M*) 

represents a univalent or equivalent compensating cation. 

[(Si,)'Y (Al, 53Mg,67)”'*O29(0H),4] 0.67M* 

The isomorphous substitution consists predominantly of Mg-for-Al in the 
octahedral layer, resulting in a net anionic charge of 0.67 units per unit cell. 

The Mg-for-Al substitution has been shown to result in incomplete neutral- 
ization of the negative charge on the apical oxygens and hydroxide groups 

coordinated to the magnesiums. 

The anionic charge of the aluminosilicate iayers is neutralized by the 

intercalation of compensating cations and their coordinated water mole- 
cules. The montmorillonite crystal structure thus consists of superim- 

posed aluminosilicate layers, each of which is interleaved with a “‘layer’’ of 

hydrated, exchangeable compensating cations. These cations can alterna- 

tively be described as occupying the interlamellar spaces or the regions 

between the basal surfaces of opposing silicate layers. Although the com- 
pensating cations are normally located in the regions adjacent to the 

points of anionic charge on the basal surfaces, small anhydrous cations, 

principally Li* or H* ions, are capable of migrating through the basal sur- 
face oxygen sheet to the neighborhood of the isomorphous substitution 

sites. The protons appear to associate with the octahedral hydroxyl 

groups, instead of forming hydroxyl groups by reacting with the incom- 
pletely neutralized oxygens [28]. 

Most native montmorillonites or bentonites have compositions close to 
that of the ideal mineral, but may contain additional octahedral isomor- 
phous substitution, for example, octahedral Fe!!!-for-Al, as well as some 
tetrahedral Al-for-Si substitution and other structural abnormalities, all 
of which can affect the surface chemistry. Na*, Ca?*, Mg?*, and Al** ions 
are the principal compensating cations in the natural bentonites, the domi- | 
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nant ion depending on the origin of the particular deposit. These cations 
may be exchanged with other ions, either during weathering of the deposit 
or during processing of the clay. 

Wyoming bentonite, which is believed to have been formed by the 

weathering of volcanic ash in an ancient sea, with little subsequent leach- 
ing, has Na” ions as the principal compensating cations. The cation 

exchange capacities of montmorillonites from this source are about 0.8 to 

1.0 mequiv/g. The Texas bentonites have a slightly different genesis, and 

their constituent montmorillonites have a higher cation exchange capacity 

and a greater degree of tetrahedral isomorphous substitution than the 

Wyoming types. As a result of weathering and natural ion exchange, the 

Texas bentonites contain hydrated Ca’* ions as the compensating cations, 

not all of which are readily exchangeable. There are other subtle differ- 

ences in the colloidal and thermochemical properties of the two bentonites, 

apart from differences in the dominant exchangeable cation, which, for 

example, can affect their suitability as binders for foundry sands [29]. 

Minerals from different sources generally have variations in structure 
or structural order that may result in considerable differences in their col- 

loidal and chemical properties. A survey of over 300 different montmoril- 

lonites has shown that only 10% have a regular structure [30]. At one time 

it was thought that the montmorillonites could be divided into two classes, 

the Wyoming type and the Cheto type [31]. These classes were originally 

distinguished by differences in their chemical transformations which were 

apparent at high temperatures during thermal analysis. The two forms 

have also been differentiated by use of electron microscopy and by refrac- 

tive index measurements [32]. The Cheto type was once believed to contain 

a proportion of an alternative, but now discounted montmorillonite struc- 

ture, the Edelmann-Favejee structure [4], in which the layer charge was 

postulated to arise from ionization of basal surface SiOH groups, resulting 

from inversion of silicate tetrahedra. Authentic structural differences 
between the two types appear to be slight, the Cheto type having a higher 

proportion of its charge originating in the octahedral layer [32], while elec- 

tron diffraction studies indicate that Wyoming montmorillonite particles 
have better crystallinity [33]. Montmorillonites from Otay (California), 

Chambers (Arizona), and New Mexico have been classed as Cheto types; 

these minerals have less than 20% of their charge originating in the tetra- 
hedral layers. Montmorillonites from Amory (Mississippi), which have 

approximately 40% of the layer charge originating in the tetrahedral lay- 

ers, could not be classified as either type [32]. Basal surface SiOH groups 

can occur in montmorillonites that contain tetrahedral cationic vacancies. 

These may occur in some synthetic montmorillonites [4] and may result 

from the leaching of Al°* or Fe®*/Fe’* tetrahedral substituent ions from 

native minerals in acidic environments. 

Wyoming bentonite fractions appear to have differences in their cation 

exchange capacity and selectivity, the smaller particles having a smaller 

exchange capacity, a more homogeneous charge distribution [34], and a 



16 STRUCTURES AND CHEMICAL ACTIVITY 

lower capacity for exchange with Ca’* compared to Na* ions [35]. Demix- 

ing of Ca’* and Na* ions appears to occur within zones of a particular 

particle [36]. This could be related to a nonhomogeneous anionic layer 

charge distribution. Various studies have shown that most other mont- 

morillonites have some nonuniformity of charge distribution which, in 

extreme cases can be bimodal, the mineral containing interstratified layers 

of low-charge and high-charge montmorillonite [37]. The homogeneity of 

the distribution of charge can also affect the colloidal properties, nonhomo- 

geneous charged minerals remaining peptized in more concentrated salt 

solutions than the homogeneous charged minerals [38]. Coagulation of a 
dispersed mixture of high-charge and low-charge montmorillonites with 

concentrated salt solutions results in the formation of an interstratified 

montmorillonite if the particles have basal dimensions smaller than 0.1 
um. Larger particles having basal dimensions of 0.1 to 2.0 um selectively 

coagulate, reforming a mixture of discrete low-charge and high-charge 

montmorillonite particles [39]. 

The commercial bentonites and their derivatives can be divided into 
four categories: the swelling (Na*) bentonites, for example, the natural 

Wyoming mineral or ion-exchanged bentonites from other sources; the 

nonswelling (predominantly Ca’”*) bentonites, which are the most widely 
distributed natural form; the organophilic bentonites; and the acid ben- 

tonites or bleaching clays, used as catalysts and as decolorizing agents in 

the treatment of vegetable and mineral oils. 
The major applications for the bentonites are as additives in the iron ore 

pelletizing, metal foundry, and oil-drilling industries. For many of these 

uses, the processing of the bentonite need only consist of drying the raw 

clay, which may contain 40% water, pulverizing the dry product (15% 

water), and classification of the powdered clay in air cyclones. The non- 
swelling bentonites may be converted to the swelling sodium form by 

treatment with sodium carbonate or other salts that insolubilize the Ca?* 

present in the raw clay. The bentonites can also be converted to the swell- 

ing, dispersable Na* form by conventional ion-exchange techniques which 
may form part of a wet beneficiation process. In a typical wet process, the 

raw clay is dispersed in a solution containing sodium carbonate and poly- 

phosphate, and the nondispersible mineral fraction allowed to settle; the 
purified clay is then recovered by centrifuging the dispersion. The removal 
of Ca’* may be assisted by passing the bentonite suspensions through a 
column of Na* ion-exchange resin, while adsorbed iron oxides can be 
removed and the tetrahedral Fe’ content decreased by treatment with a 
weakly acidic solution of sodium dithionite. The commercial organophilic 
bentonites are usually alkyammonium bentonites, prepared from the Na* 
form of the clay by ion exchange; these materials are described in Sections 
1.3.5 and 4.4. 

The synthetic bleaching earths or acid clays are prepared by heating a 
mixture of bentonite and moderately concentrated sulfuric or hydrochloric 
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acid with steam, followed by washing to remove the byproduct salts; the 
resultant degraded bentonite is then dried and activated by heating at 
moderate to high temperatures. Raw clays with low iron content and high 
Roe layer) Mg" content are preferred for the manufacture of acid 
clays. 

1.3.2 Beidellites, Hectorites, and Saponites 

Up to 40% of the charge of some natural montmorillonites may result 

from tetrahedral Al-for-Si substitution. This can result in differences in the 

properties of the minerals [40], particularly their swelling in polar liquids, 
their ion-exchange behavior, and the acidity of their surfaces. Montmoril- 

lonites in which more than 50% of charge originates in the tetrahedral 
layers are strictly classed as beidellites. 

Beidellite is a dioctahedral analogue of montmorillonite and contains 
predominant tetrahedral isomorphous substitution. Contrary to some 

reports, beidellites do occur in nature, although varieties containing only 

traces of octahedral substitution are rare [5]; however, they can be synthe- 

sized. Most naturai beidellites contain appreciable octahedral as well as 
tetrahedral isomorphous substitution. Nontronite, for example, is a ferric 

beidellite that has both Al-for-Si, Fe!!-for-Si, and Fe!!/Fe!!-for-Al substitu- 
tion, with approximately 25% of the charge originating in the octahedral 

layer. A beidellite has the idealized unit cell composition [4]: 

[(Si, 4A], 67)”+(Al,)”*O,,,(OH),] 0.67M * 

Hectorite is the trioctahedral analogue of montmorillonite and contains 

predominant octahedral Li-for-Mg substitution, while saponite is the tri- 
octahedral analogue of beidellite. Their idealized unit cell compositions [4] 

are 

Hectorite: [(Si,)'’*(Mg, 5;Liy ¢7)”'*O,.(OH),] 0.67M * 

Saponite: [(Si, ,,A]) ¢7)'Y*(Mg,)""*O,,.(OH),] 0.67M * 

The commercial filler, Laponite® is a synthetic low-charge hectorite 

which, unlike the natural mineral, can be obtained with a negligible iron 

content. Another grade of Laponite® consists of a fluorohectorite in which 

the octahedral lattice hydroxyl groups have been replaced with fluoride 

ions. 
Montmorillonite and hectorite have differences in chemical properties 

that have been ascribed to differences in misfit between the octahedral and 

tetrahedral layers. One reported example is the lower activation energy for 

dehydrogenation of adsorbed long-chain quaternary amines on hectorite 

[41]. Hectorite lacks the potentially acidic, exposed aluminum ions that are 
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partly responsible for the acidic character of the surfaces of the montmoril- 

lonites. However, both hectorite and montmorillonite contain other acidic 

species adsorbed on the basal surfaces and in the interlamellar spaces; 

these acidic species are activated water molecules, and the origin of this 

acidity is discussed in Section 1.6. 

1.3.3 Swelling of Smectites 

The compensating cations, together with their associated water mole- 

cules, form separate layers between the opposing silicate sheets, that is, in 
the interlamellar spaces of the smectites. The compensating cations are 

generally capable of rapid exchange with other ions, although the minerals 

may have pronounced affinity for particular cations. The cation exchange 
capacities of typical smectites have values of 0.4 to 1.0 mequiv/g; this 

includes about 0.1 to 0.2 mequiv/g of exchange capacity arising from 

anionic sites on the silicate layer edges [40,42]. The basal spacings of these 
smectites are larger than the 9.2-A thickness of the uncharged silicate lay- 

ers because of the presence of the hydrated interlamellar cations and may 

have values of 14 A or greater, depending on the mineral, the compensat- 

ing cation, and the partial pressure of water vapor in equilibrium with the 
specimens. 

The basal spacing of a montmorillonite containing exchangeable Na* 

ions can vary from 9.5 A for the dehydrated material up to 15.4 A for a 
sample exposed to air at 100% relative humidity, containing 20% 
adsorbed water. The basal spacings increase in steps with increasing water 

content, the observed basal spacings of 12.4, 15.4, and 18.6 A correspond- 

ing to the respective presence of one, two, or three layers of hydration 
water in the interlamellar spaces. Further swelling can occur when the Na- 

montmorillonite is immersed in aqueous sodium chloride, the interlayer 

distance increasing with decreasing ionic strength of the media. Interlayer 

distances in excess of 120 A occur in 0.1 N NaCl, while in salt-free media 

the interlayer spacing is effectively infinite, that is, the aluminosilicate 
layers become dispersed. The basal spacing of Ca-montmorillonite, on the 

other hand, does not increase beyond 18 A in aqueous media. 

The driving force for the intercalation of water has been likened to osmo- 

sis and is only limited by the Coulombic interaction between the silicate 

layers and the interlamellar cations [43]. The effective ionic strength in 

the interlamellar medium of aqueous montmorillonite suspensions has 

been estimated to be about 20 mequiv/] [44]. The swelling of Ca- 

montmorillonite in water containing a small percentage of acetone (less 

than 20%) can be considerably greater than 18 A. This has been ascribed to 

the formation of mutually repulsive charged double layers at each of the 
opposing silicate surfaces. At higher concentrations of acetone, collapse of 
the interlamellar spacing results from increased Coulombic interaction in 
media having a lower dielectric constant [45]. 

The smectites, like kaolinite, develop negative charges on their basal 



SMECTITES AND RELATED MINERALS 19 

surfaces, and positive charges on their layer edges when suspended in neu- 
tral or weakly acidic aqueous media. Montmorillonite suspensions in aque- 
ous or ionizing media can form thixotropic porous structures which can be 
sufficiently extensive to gel the mixture. The structures in media of low 
salinity (e.g., 10 °.N NaCl), and having pH values of 4 to 11, result from 
extensive edge-face and edge-edge interactions of coagulated single-layer 
platelets [46]. In more saline media, face-face coagulation can occur, 
resulting in the breakdown of the thixotropic structure [39]. 

The swelling of dried beidellites and say onites, on exposure to moisture, 

is considerably less than that of the analogous montmorillonites and hec- 
torites. This results from the enhanced interaction between the interlamel- 
lar water molecules and silicate surface sites associated with tetrahedral 
substitution. These sites have a greater localization of anionic charge than 
those associated with octahedral substitution. The swelling of Na- 

saponite is limited to the equivalent of two to three layers of intercalated 

water molecules per interlamellar space, the water molecules forming 

hydrogen-bonded bridges which can link the opposing silicate layers [47]. 

Restricted swelling of K-, Ca-, and Mg-beidellites has also been associated 

with the enhanced ionic character of the beidellite surface [48]. 

The origin of the layer charge affects other properties of the interlamel- 

lar water molecules, for example, water adsorbed adjacent to tetrahedral 

sites being less acidic (Section 1.6) and more strongly bound than that 
adsorbed adjacent to octahedral sites. This is shown by the incomplete 
removal of interlamellar water from a Cu-saponite (or vermiculite) on 

washing with methanol, or from a tetramethylammonium saponite on out- 

gassing, by heating under vacuum, under conditions which would result in 

complete removal of the interlamellar water from the analogous mont- 

morillonite derivatives [49]. 

The smectites can intercalate other polar liquids, most notably alcohols 

such as ethylene glycol or glycerol, ammonia and other amines, ketones, 

and nitriles; these mineral organic systems are discussed in Section 1.7 and 
in Chapter 4. The swelling and increase in basal spacings on treatment 
with polar liquids can be used as a means for the identification of mont- 
morillonite and similar minerals. The swelling in glycerol of a Li- 
exchanged clay before and after calcination is a classic, although not 

infallible means for the identification of tetrahedral and octahedral isomor- 

phous substitution in minerals [4,50]. The basal spacing of a Li- 
montmorillonite collapses irreversibly to about 9.5 A when the mineral is 

heated at 200 to 300°C, and the product can no longer swell when treated 

with glycerol. The collapse of the octahedral-substituted minerals is 

accompanied by a reduction in their cation exchange capacities [40]. In 

contrast, Li-exchanged beidellites, nontronites, or saponites are unaf- 

fected by such heat treatment and can swell to about 17.7 A on treatment 

with glycerol both before and after heating [4]. On dehydration of a Li- 

montmorillonite, the anhydrous Li* ions are believed to diffuse from the 

basal surfaces to the immediate vicinity of the substituent ions, where 
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they are no longer accessible for ion exchange or for solvation; the conse- 

quential reduction of the charge at the silicate surface also reduces the 

adsorption of polar liquids. In contrast, Li* ions associated with tetrahe- 

dral sites remain in the vicinity of the basal silicate surface, and are avail- 

able for ion exchange and for solvation and reswelling of the mineral. 

The effects of heat on other smectites depend on the mineral and the 
nature of the exchangeable cations. In general, the interlamellar water 

may be readily eliminated on heating at temperatures up to 200 C, with 

reversible collapse of the smectite structure. Structural water molecules, 
that is, octahedral hydroxy] groups, are not eliminated until the minerals 

are heated above 400 C. The elimination of structural water is accompa- 

nied by an irreversible collapse of the smectite layer structure; this occurs 
at 400 to 500 C for nontronites, at 500 to 700 C for montmorillonites and 

beidellites, at 700 to 900°C for hectorites [4], and at still higher tempera- 

tures for pyrophyllite and talc. 

1.3.4 Micas and Vermiculites 

Other minerals related to montmorillonite may have greater degrees of 

isomorphous substitution and higher layer charge density which, because 
of the strong Coulombic interaction between the silicate surfaces and the 

compensating cations, greatly reduces the ability of the mineral to swell in 

the presence of polar liquids or even to readily undergo cation exchange. 
The highly charged montmorillonite analogues are the micas, a typical 
example, muscovite, having the unit cell composition: 

[(Si,Al,)'Y-(Al,)""-O,,,(O0H),JK, 

The trioctahedral analogue of muscovite is the mineral, phlogopite. 
Despite the high content of compensating cations, the absence of swell- 

ing in aqueous media restricts the interlamellar diffusion of hydrated ions 
and limits the exchange capacity of the finely divided mineral to about 80 

uequiv/g. This value corresponds to the estimated concentration of 

exchange sites on the external surfaces of the particles; only ions adsorbed 

at these sites can be exchanged with other inorganic cations at significant 

rates. Illites are poorly crystalline fine-particle micaceous clays [2] that also 

have high layer charge densities, low swelling, and very slow rates of ion 
exchange. 

The vermiculite minerals have an intermediate charge density, and by 
suitable treatment, can undergo ion exchange and swelling. The vermiculi- 
tes are classed as trioctahedral and largely contain tetrahedral isomor- 
phous substitution. The compensating cations in the native minerals are 
usually Mg’* ions that are accompanied by a regular array of hydration 
water molecules; the vermiculites are sometimes known as hydrated 
micas. Vermiculites have an approximate idealized unit cell composition 
[4]. 
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[(Si, Al, ;)'Y-(Mg,)"'*O,.(OH),] 0.75Mg?* +xH,O 

Many vermiculites contain more extensive Al-for-Si substitution than 
the idealized composition. This is partly compensated for by octahedral 
Al-for-Mg or Fe'''-for-Mg substitution. Batavite, an iron-free vermiculite, 
for example, has a unit cell composition [51]. 

[(Si,, gg A, 92)!¥+(Megy 9g AI) oa)”!*O9(OH),] 0.68Mg?*+4.7H,O 

The cation exchange capacities of the hydrated vermiculites are about 

1.1 to 1.2 mequiv/g, or about 1.7 mequiv/g for the dehydrated mineral. The 

basal spacing of an anhydrous vermiculite is about 9.0 A, while those of 
hydrated vermiculites are about 11.6 or 14.8 A, corresponding to the 

respective presence of one and two interlamellar layers of hydration water. 

A fully hydrated vermiculite can contain 20 waters per interlamellar cat- 

ion and, on rapid heating, the pressure generated by the vaporization of 

water trapped by the initial collapse of the layer edges can cause the min- 

eral particles to expand remarkably (exfoliate) into worm-like (vermicular) 

shapes that are used as insulation and as porous sorbents. The vermiculi- 
tes can undergo ion exchange when treated with concentrated LiCl solu- 

tions, and the Li-vermiculite, unlike the other inorganic forms, can be 

swollen and dispersed in salt-free water. Because of the large basal dimen- 
sions of typical dispersed vermiculite layers, the dispersions have a nacre- 
ous appearance and, on settling and evaporation, can form mechanically 

strong, flexible sheets [52]. 

The chlorites are a group of minerals related to both the montmorilloni- 

tes and the vermiculites. In these minerals the hydrated Mg’* interlamel- 
lar layers of the vermiculite have been replaced by brucite-like layers, an 
ideal magnesium chlorite consisting of alternating brucite and talc layers. 

Most magnesium chlorites contain iron and have tetrahedral A1-for-Si iso- 

morphous substitution that is compensated for by an equivalent Al-for- 
Mg or Fe'''-for-Mg substitution in the brucite layers. Chlorites are 
nonswelling minerals, but may exist as partially swelling, mixed-layer 

chlorite-montmorillonite or chlorite-vermiculite species [4]. Aluminum 

chlorites are also known. 

1.3.5 Ion Exchange 

The accessible compensating cations of the kaolinites, montmorilloni- 

tes, and related minerals have been shown to be capable of undergoing 

exchange with other cationic species in a reversible process (Figure 1.6). 

The compensating cations in the native minerals can be exchanged with 

other hydrated inorganic cations, with those associated with other lig- 

ands, for example, [Co(NH,),]°*, and with a wide variety of organic cations. 

The organic cations most frequently used are those of amine or quaternary 

ammonium salts, but may also include oxonium, sulfonium, and phospho- 
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[Mont] Na* +(H*),¢ = [Mont] H” + (Na”)ag, 

Figure 1.6 

nium ions, and more complex cationic species like Methylene Blue and 

other cationic dyestuffs. Exchange by the hydronium ion, H,O", can also 

occur readily. This has important consequences in respect to the hydro- 

lytic stability and weathering processes of the layer silicates. 

Not all compensating cations are exchangeable; in some minerals they 

may be inaccessible because of their location within the silicate layer struc- 

ture, like Li* ions in some lithiated montmorillonites or anhydrous K* or 

Ca2* ions in highly charged micas. The cations are trapped in a compact 

lattice having interlamellar spaces too small to allow for significant rates 

of diffusion and exchange with other hydrated ions. Some polyvalent com- 

pensating cations, for example, Al?*, may be tenaciously adsorbed as 

hydrolyzed, polymeric oxycationic species which cannot be readily dis- 

placed by other cations. 
The kinetics and equilibria of the inorganic cation exchange process in 

layer minerals are described in many texts and reviews on clay colloidal 

chemistry [e.g., 13,53]. These aspects of the ion exchange process are of 

limited relevance to the applications of the minerals as fillers and pigments 

and will only be briefly summarized here. Some of the qualitative features 

are: 

(i) The rate of exchange is governed in part by accessibility of the 
interlamellar cations and may be very slow for nonswelling smectites and 
micas. 

(ii) Exchange equilibrium favors adsorption of cations of higher 
valence. Replacement of one multivalent cation by another is not a practi- 
cal process for preparing homoionic minerals. These are usually prepared 
from minerals first exchanged with monovalent ions. 

(iii) The exchange equilibrium generally favors the larger cation of a 
particular valence, although the rate of exchange may favor the smaller 
cations such as Li*. 

(iv) Certain cations, most notably K*, Ba?*, and NH , , can have a par- 
ticular affinity for the layer silicates as they can be accommodated in the 
recesses of the silicate basal oxygen sheet and coordinate with the sur- 
rounding oxygen atoms. 

Ion exchange of minerals with organic ammonium salts is frequently 
used in the preparation of gellants, fillers, and pigments for organic media. 
Important practical examples and consequences of this treatment are dis- 
cussed in Chapter 4, but the basis of the exchange reaction will be dis- 
cussed here, using n-alkylammonium ions as examples. 

Alkylammonium ions can readily exchange with the interlamellar inor- 
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ganic cations of the smectites, vermiculites, and illites, forming intercala- 
ted organomineral species. In the case of the short-chain ammonium 
derivatives, for example, methyl-, ethyl-, propyl-, allyl-, or butyl- 

ammonium smectites, the exchanged minerals may remain sufficiently 
hydrophilic to form stable aqueous dispersions. However, the longer-chain 

ammonium salts form mineral derivatives that are increasingly hydropho- 

bic. Aqueous mineral dispersions undergo rapid exchange and flocculation 
when treated with solutions containing these ions. The long-chain ammo- 

nium derivatives readily intercalate neutral polar or nonpolar organic mol- 

ecules, and the layers of treated montmorillonites or vermiculites can be 
dispersed in organic media. 

Long-chain primary (RNH,*), secondary (R,NH,*), tertiary (R,NH*), 

and quaternary (R,N*) ammonium ions are preferentially intercalated. 
The stability of the alkylammonium-exchanged smectites increases with 

increase in the alkyl chain length and with increasing substitution on the 

ammonium ion. This has been ascribed to the favorable effects of van der 
Waals forces between amine chains in the resultant intercalates [54,55] 

and to the reduced solvent shielding of the ions in the interlamellar envi- 

ronment [56]. Protonation of organic bases in the interlamellar spaces of 

aqueous clay suspensions also occurs to a greater extent than that gov- 

erned by the pH of the suspending medium. This has been ascribed to the 

effects of stabilization of the protonated amine by interaction with the 
basal oxygen sheets, the degree of stabilization depending on the magni- 

tude of the layer charge [57]. 

The basal spacings of the solvent-free alkylammonium derivatives of 
the higher-charged smectites, vermiculites, and illites increase in a 

stepwise manner with increasing alkyl chain length, the rate of increase 

depending on the charge density or exchange site density of the mineral 
surface (Figure 1.7) [58]. This is a consequence of the ordered arrangement 

of the longer-chain alkylammonium ions in the interlamellar space, in 

which opposing alkyl chains having an all-trans conformation alternate in 

an inclined, closely packed array (Figure 1.8c). Short-chain alkylammo- 

nium ions may be accommodated in minerals of low-charge density by 

adsorption with the bulk of their alkyl chains lying parallel to the silicate 
layers (Figures 1.8b and c). The alternative inclined arrangement of chains 

occurs when the area per exchange site is insufficient to accommodate the 

longer alkyl] chains in the “‘flat’’ arrangement. Alkylammonium chains in 

both arrangements have their ionic centers similarly keyed into the silicate 

surfaces, the optimum configuration being obtained by rotation of the 

alkyl chains about their C1-C2 bonds [59]. 
The approximate basal surface areas per cation exchange site on the 

montmorillonite and vermiculite anionic sites are 75 and 60 A’, respec- 

tively, and the inclined configuration commences in an ethylammonium 
vermiculite or an-butylammonium montmorillonite. This is not necessar- 

ily true for all specimens of alkylammonium montmorillonites. The basal 
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Figure 1.7 Typical basal spacing progressions of some of n-alkylammonium smectites. (a) 

High-charge micas. (b) Low-charge montmorillonites. 

spacings of long-chain alkylammonium-exchanged derivatives of the 
lower charged Wyoming bentonites, for example, show that the alkyl 

chains may be preferentially adsorbed in a ‘‘flat’’ arrangement, each 

interlamellar space containing one, two, or three layers of amine, depend- 
ing on the degree of exchange and alkyl chain length. The basal spacings of 

the alkylammonium smectites are apparently independent of the origin of 

the layer charge. Alkylammonium chains in high-charge minerals like the 
vermiculites can have metastable arrangements of alkyl chains which give 

rise to anomalous basal spacings [51]. These are caused by the rotation 

about one or more C-C bonds per chain, resulting in breaking of the all- 
trans conformation and the formation of blocks of kinked chains. 

The alkylammonium montmorillonites can intercalate additional mole- 

cules of the alkylammonium salt or of neutral swelling agents, for example, 
alcohols, in a bimolecular layered arrangement (Figure 1.9). The basal 

spacings of these complexes may decrease with increasing temperature 

owing to the reversible formation of blocks of kinked chains in the bimole- 
cular layered complexes [60,61]. 

a,w-Alkylene diammonium montmorillonites may also contain inclined 
arrays of interlamellar alkyl chains which can link the opposing silicate 
layers, thereby limiting the additional swelling and the degree of absorp- _ 
tion which can occur on intercalation of other molecules. 
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Figure 1.9 A conceptual arrangement of unkinked alkyl chains in an alcohol-alkylammo- 

nium smectite complex. 

The structures of secondary, tertiary, or quaternary ammonium mont- 

morillonites resemble those of the primary alkylammonium derivatives, 
provided the alkyl chains are short. If the cation contains more than one 

long alkyl chain, the structure of the organoclay may be more complex, and 
the formation of closely packed, regular arrays of intercalated molecules 

may not be possible [17]. 

The montmorillonites and related minerals, such as the kaolinites, have 

potential anion exchange sites at the silicate layer edges. This exchange 

may take the form of isomorphous F-for-OH substitution [62] or some 

other form of ligand exchange on the exposed octahedral metal ions, but in 

the general case it is associated with the ionization of water adsorbed on, or 

in the vicinity of the octahedral layer edges [63] (Figure 1.10a). In contrast, 

the adsorption of phosphate ions, which can form chelates with exposed 
layer-edge aluminums, results in the displacement of the hydroxo- and 

aquo-ligands associated with the octahedral metal ions ( Figure 1.10b). The 
anion exchange capacity of the clays is pH-dependent, and its measure- 
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ment is complicated by the negative adsorption of anions from the suspen- 

sion medium in the vicinity of the negative charged surfaces. 

14 PYROXENES, AMPHIBOLES, AND RELATED MINERALS 

The pyroxenes have a crystalline lattice constructed from chains of sili- 

cate tetrahedra, the tetrahedra of an individual chain being similarly ori- 

ented (Figure 1.1a), and the basal oxygens lying on a common plane. The 

lattice is formed from opposed pairs of silicate chains linked by metal ions. 

Wollastonite, CaSiO,, has a related structure in which every third silicate 
tetrahedron is inverted [64]. 

The asbestos minerals, apart from serpentine and chrysotile, have an 

amphibole structure, with an ideal unit cell composition: 

[(Si,)'Y*(Mg.)"'-O,,(OH),JMg, 

The amphibole lattice is constructed from ribbons of silicate tetrahedra, 

each ribbon formed by the union of two pyroxene chains giving an annella- 

ted cyclic silicate chain (Figure 1.1b). In the magnesium amphiboles, 
opposing pairs of these ribbons are united by a ribbon of hydrated magne- 

sia to form talc-like strands, adjacent strands being linked together by 
additional magnesium ions (Figure 1.11) [64]. The various asbestos miner- 

als are derived by isomorphous substitution, the principal octahedral and 

linking cations of the five common minerals being anthophyllite, 
(Mg,Fe!)Mg.; amosite, (Fe,)Mg,; crocidolite, (Fe'',Fe'',Na); tremolite, 
(Mg,)Ca,; and actinolite (Mg,Fe"')Ca, [65]. Aluminium amphiboles are also 
known. In contrast to chrysotile, the amphibole particles develop a nega- 

tive surface charge when suspended in neutral or weakly acidic media. 
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Figure 1.11 The arrangement of the silicate 

chains in an amphibole asbestos. 

The attapulgite (palygorskite) lattice is also constructed from 

amphibole-like strands, but with adjacent silicate ribbons condensed so 
that their basal oxygens form a common planar sheet, with the apical oxy- 

gens of alternate ribbons lying above and below the basal oxygen sheet 

© 4,0 A 

Figure 1.12 ; The lattice structure of attapulgite; view along axis of silicate ribbons. 
(Adapted, with permission, from G. Brown, Ed., X-Ray Identification and Crystal Structure 
of Clay Minerals, copyright © Mineralogical Society, London, 1961, p. 345.) 
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(Figure 1.12) [4]. As a consequence, the mineral lattice has a porous struc- 
ture, containing channels, with approximate cross sections of 4 by 5 A that 
can accommodate absorbed zeolitic water molecules. An ideal magnesium 
attapulgite would have the half-unit cell composition shown below, in 
which (OH,) represents bound water (protonated hydroxyl groups) coordi- 
nated with the octahedral layer Mg’* ions at the ribbon edges, and H,O 
represents unbound, zeolitic water. 

[(Si,)'Y*(Mg.)""-O,,(OH),(OH,),]*-4H,O 

The octahedral ribbons of typical attapulgites may contain approxi- 

mately equal numbers of Al®** and Mg’* ions plus Fe** ions and ionic 
vacancies; these vacancies are compensated for by replacement of linking 

oxide ions by hydroxides [4]. The strands carry a net negative charge that 

is compensated for by the presence of exchangeable cations located in the 

zeolitic channels. The cation exchange capacities of the typical attapul- 

gites range from 0.1 to 1.2 mequiv/g. 

The zeolitic water is expelled on heating the mineral at temperatures up 
to 200°C, leaving vacant channels which can accommodate absorbed polar 
and nonpolar organic molecules. The bound waters can be eliminated on 

heating above 250°C, and the porous structure undergoes irreversible col- 

lapse above 400°C. 
Sepiolite (meerschaum) also has a silicate ribbon structure similar to 

© on A My 

Figure 1.13 The lattice structure of sepiolite; view along axis of silicate ribbons. (Adapted, 

with permission, from G. Brown, Ed., X-Ray Identification and Crystal Structure of Clay 

Minerals, copyright © Mineralogical Society, London, 1961, p. 329.) 
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that of attapulgite, with each ribbon formed by the union of two pyroxene 

chains. However, additional pairs of silicate tetrahedra are added at regu- 

lar intervals to alternate sides of the ribbon, forming an annellated bicyclic 

silicate structure (Figure 1.13) [5]. This results in the formation of wider 

channels in the mineral lattice. Sepiolite is a magnesium silicate, with an 

ideal half-unit cell composition. 

[(Si,,)'V-(Mg,)""-O,(OH),(OH,),}‘8H,O 

Sepiolites usually contain Al-for-Si or Fe-for-Si and Fe-for-Mg substitu- 

tion and require compensating cations. These may be exchangeable and 

are accommodated with the zeolitic water in the channels; cation exchange 

capacities are typically 0.1 to 0.4 mequiv/g. The zeolitic water is eliminated 

on heating at temperatures up to 200°C, irreversible dehydration occurs 

above 250°C, and the porous structure collapses at 350°C. 
Sepiolite and attapulgite have acicular particles that can intermesh to 

form thixotropic structures in aqueous media. These minerals are useful as 

gellants for highly saline media that coagulate bentonite suspensions. 

15 ZEOLITES 

The zeolites comprise a large and diverse group of aluminosilicates that 

have complex, porous, regular, three-dimensional, cage-like structures. 
These minerals have limited use as fillers or pigments, although some 

aspects of their acidic, catalytic activity are relevant to that which may be 

developed by the lamellar aluminosilicates. Accordingly, we only briefly 
describe the structure of one form, faujasite, by way of illustration. Details 

of other zeolite structures can be obtained elsewhere [e.g., 66]; the mono- 

graph [67] is especially recommended. 

The zeolites are constructed from silicate and aluminate (A1O,) tetrahe- 

dra which are united to form one or more basic three-dimensional cyclic 

structures. These structures, the primary structures, are hollow polyhedra 

formed aluminosilicate rings having four, five, six, eight, twelve, or more 

sides. These primary structures are stacked in regular arrays to form the 

secondary structures, usually with large internal cavities or porosity. 
These cavities are connected with each other and the exterior surface by 
channels between the polyhedra. This porosity of the zeolites can be used 
for the adsorption of polar or nonpolar molecules that are smaller than the 
cross section of the channels within the secondary structure. It should be 
noted that, these polyhedral substructures are conceptual and serve as one 
means of describing the framework topology of the zeolite structures. Ste- 
reodiagrams of the framework of the principdl zeolites have been prepared 
by Meier and Olson [68]. 

Faujasite can be considered to be formed from the linking of truncated 
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Figure 1.14 The topological framework of faujasite. (a) The sodalite structural unit. (b) The 

arrangement of sodalite units forming the faujasite zeolitic cavities and channels. (Copied, 

with permission, from L. A. Bursill, J. M. Thomas, and K. J. Rao, Nature, 289, no. 5794, p. 

157, copyright © Macmillan Journals Limited, 1981.) 

octahedra (sodalite units; Figure 1.14) in a diamond-like pattern through 

their six-membered rings (Figure 1.14). This structure has large cavities 

of about 12-A diameter that can be accessed through channels defined by 

the distorted twelve-membered rings formed by the linked sodalite units; 

these channels have an effective diameter of about 8 A. An alternative 

cubic stacking arrangement via the four-membered rings occurs in Zeolite 

A (Linde sieve A), forming smaller cavities with an access diameter of 

about 4 A. The nonzeolite mineral, sodalite, has a cubic arrangement 

formed from shared four-membered rings. Access to the internal porosity 
of the sodalite primary units can only occur through the six-membered 
rings which have an access diameter of about 2 i 

The zeolite structure is anionic and requires the inclusion of compensat- 

ing cations in equivalent numbers to the aluminate tetrahedra. These cat- 
ions are usually exchangeable, and are accommodated in the cavities and 

channels of the zeolite structure. The cations are preferentially located at 

sites that are determined by their coordination requirements and by their 

interaction with the electric fields arising from the anionic sites and neigh- 

boring cations; they may migrate to different positions during the adsorp- 

tion of organic species. The proportions of silicon to aluminum in the 

zeolites can vary widely; the faujasites can have Si:Al ratios that range 

from about 3:1 to 1:1. Much higher proportions of silica are present in some 
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other zeolite forms such as the large-pored mordenites and the recently 

developed ZSM zeolites. The catalytic and sorbent properties of the zeoli- 

tes can be tailored for specific applications by suitable choice of the zeolite 

structure, the Al:Si ratio in the reaction medium during the zeolite synthe- 

sis, the compensating cations, and subsequent treatments which may 

include ion exchange with catalytic metal ions, dealuminization, or deca- 

tionization. 

Although most types of zeolitic structures can occur in natural miner- 

als, the commercial zeolites are usually synthetic. The natural zeolites 

appear to be the product of hydrothermal transformations of volcanic 

debris in strongly alkaline, strongly saline media. The synthetic zeolites 

are prepared by the crystallization of silica-alumina anionic gels in aque- 

ous alkaline media. The structure of the zeolite or zeolite mixture formed is 
governed by the type of alkali (M,O) or potential compensating cations 

present (these may include bulky quaternary ammonium ions for the syn- 

thesis of some wide-pore zeolites [69,70]), the relative proportions of the 
oxides M,O, Al,O,,SiO,, and H,O in the reaction system, the crystalliza- 

tion temperature, and the presence of modifiers such as chelating anions. 

Crystallization of the zeolite from the amorphous aluminosilicate gel is a 

slow but autocatalytic process and is often accelerated by addition of seed 

nuclei of the desired form. Factors governing the crystallization of zeolites 

are described in greater detail in various chapters of references 66 and 67. 

16 ACIDITY AND BASICITY OF THE SILICATE MINERALS 

One of the most important properties of the many aluminosilicates used 

as pigments or fillers is the strong surface acidity which can develop on the 
removal of the bulk of their adsorbed or intercalated water. The surface 
acidity of dried minerals may exceed that of concentrated sulfuric acid. 

This can result in the catalysis of many desirable, undesirable, or unex- 

pected reactions when these materials are incorporated in organic media. 
This acidity is related in origin, and is often similar in strength, to that of 
the acidic alumina-silica and zeolite cracking catalysts used in the petro- 
chemical industry. Clays containing adsorbed water may also have suffi- 
cient surface acidity to catalyze many reactions in soils, including the 
degradation of pesticides and the transformation of natural organic mole- 
cules. 

The nature of the acid catalytic species has been a contentious issue, and 
some historical aspects of a particular controversy, concerning the surface 
sites involved in the formation of radical-cations from aromatic hydrocar- 
bons adsorbed on aluminosilicate surfaces, are summarized in Section 5.4. 
The origins and measurement of the surface acidity of solid catalysts, 
including the aluminosilicate clay minerals, has been frequently reviewed; 
some useful reviews are contained in references 71 and 72. 
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Figure 1.15 Reactions illustrating the interaction of bases with the various classes of sur- 

face acid sites. (a) Bronsted site. (b) Lewis site; by coordination. (c) Lewis site; by oxidation. 

There are two general classes of acidic species: those that can act as 
proton donors for basic molecules (Figure 1.15a) and those that can accept 

electron pairs from basic molecules, forming coordination bonds (Figure 

1.15b). The former are known as Bronsted acids and include familiar pro- 
tonic acids such as sulfuric acid; the latter are known as Lewis acids and 
include anhydrous polyvalent salts such as aluminum chloride. Lewis 

acids may form Bronsted acids on hydration, provided the polarization of 
the H-O bonds of the coordinated water molecules is sufficient to signifi- 

cantly enhance their dissociation (see Figure 1.17). 

The surfaces of the silicate minerals may contain both Lewis and 

Bronsted acidic species, although the Bronsted acidity is probably the 
more significant in catalysis of reactions by the minerals, either at ordi- 

nary temperatures or during the conventional processing and utilization of 
mineral-polymer composites. 

1.6.1 Bronsted Acidic Centers 

The Bronsted acidity of the aluminosilicate minerals can arise from sev- 

eral sources. Potential acidic species include the weakly acidic SiOH 

groups exposed at the layer lattice edges or at basal surface defects, and 

the strongly acidic bridged-hydroxyl groups (Figure 1.16) which are 

present in dehydrated amorphous silica alumina (p. 91) and decationized 
(hydronium) zeolites [73-75], or which may be formed at lattice layer 

edges, particularly at sites containing tetrahedral Al-for-Si substitution. 

The most important sources of Bronsted acidity in the layer aluminosili- 

cates are polarized water molecules adsorbed on the mineral surfaces, par- 
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ticularly those waters associated with polyvalent compensating cations 

such as Ca?* or Al?*. The acidity can be correlated with the polarizing 

power of the cations. In the case of a series of homoionic montmorillonites, 

this is shown by the protonation of adsorbed ammonia, which increases 

with change of compensating cation in the order K* <Na* <Lit <Ca’*< 

Mg’* <Al?* [76]. In the case of Ca-montmorillonite, the yield of NH,”* pro- 
duced by interlamellar protonation can be approximately equal to the 

number of Ca’* ions, but in other systems the yield may approach the 

cation exchange capacity of the mineral with decrease in water content [76] 

(Figure 1.17). 

The dissociation of adsorbed water in a Ca-montmorillonite at ambient 
temperatures has been found to be up to 10’ times that of the bulk liquid 
[77]. The dissociation increases with increasing dehydration of the mineral, 

reflecting the increase in the polarizing effects of the cations with the 

decrease in the number of coordinated water molecules. The acidity of the 

residual water on a dried Mg-kaolinite has been reported to be greater than 

that of 71% sulfuric acid [78], while the surface acidity of a dry Na- 
kaolinite is equivalent to 48% sulfuric acid [79]. The development of sur- 

face acidity on drying of an Al®*-flocculated kaolin is shown in Figure 1.18 

[80]. 

The dissociation of water coordinated to compensating cations in zeoli- 

tes is similar to that of the interlamellar cations in smectites [81]. How- 

ever, on dehydration of the zeolites, protonation of the lattice may also 

occur, with the formation of bridged-hydroxylic species [67]. 
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Figure 1.18 The surface acidity—hydration 
relationship of a typical alum-flocced kaolin. 
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Measurement of the acidity of the minerals in aqueous suspension does 
not give a valid indication of their potential acidity because of the effect of 
excess water on the nature of the mineral surface and because of the level- 
ing effect of the solvent on the activity of the strongly acidic species. The 
titrated acidity of a K-kaolinite, for example, was found to vary with the 
nature of the solvent and to range in value from nil in water to 43 pequiv/g 
in acetone. This difference reflects that of the activity of the water mole- 
cules coordinated with layer-edge aluminum ions [82]. 

The acidity of moderately acidic minerals can be measured by study of 

adsorption equilibria, for example, of ammonia in reaction with partially 

dehydrated montmorillonites [76]. However, the simplest method for 

determining the acidity of strongly acidic surfaces has been the use of 

Hammett adsorption indicators [83]. Use of these indicators enables 

bracketing values of acidity, the so-called Hammett acidity (H,), to be 

assigned to the surface species. These bracketing H, values correspond to 

the pK, values of particular pairs of indicators, only one of which, the more 

basic indicator, is protonated when adsorbed on the mineral. 
The relation between Hammett acidity and activity of the surface pro- 

tonic species (a,,+) is described by the equation below, in which f, and f,,,+ 
represent the respective activity coefficients of the unprotonated and pro- 

nated forms of the adsorbed indicator: 

H, = —loglay*  fp/fgu*) 

The Hammett acidity is a measure of the ability of the surface to con- 

vert an adsorbed neutral base (B) to its conjugate acid (BH*). The Ham- 

mett indicators should not be used for measurement of the acidity of Lewis 

acids, although these acids may form coordinated species with the Ham- 
mett indicators which mimic the colors of the protonated species. The 
Bronsted basicity of the indicators only parallels, to a limited extent, their 

ability to form coordination complexes with Lewis acids. 
Some frequently used Hammett indicators are listed in Table 1.1 [84] 

and the Hammett acidities of some dried clay minerals are given in Table 

1.2 [80]. The validity of some of the published measurements of surface 

acidity have been questioned because the commonly used indicators for 
the more acidic species (H,< — 3.7), benzalacetophenone and anthraqui- 

none, can form physisorbed colored species which could be mistaken for 

the corresponding protonated species [85]. 

The quantitative distribution of the acidic species can be determined by 

titration of a suspension of the mineral in a hydrocarbon solvent with a 

solution of organic base such as n-butylamine, using a series of these indi- 

cators [86,87]. The Hammett acidity distributions for a selection of dried 

aluminosilicate minerals are shown in Table 1.3 [87]. The validity of this 

method is dependent on the establishment of an adsorption equilibrium 

between the indicators, the titrant, and the acidic sites during the titration 
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Table 1.1 Some Common Hammett Indicators* 

Indicator Basic Acidic pK, H,SO, 

Color Color Equivalence 
LS a SS a 

Neutral red Yellow Red + 6.8 8 x 10°% 

Phenylazonaphthylamine Yellow Red +4.0 5 x 10°% 

Butter yellow Yellow Red +3.3 3 x 107% 

Benzeneazodiphenylamine Yellow Purple +1.5 2 x 10°°% 

Dicinnamalacetone Yellow Red — 3.0 48% 

Benzalacetophenone Colorless Yellow —5.6 71% 

Anthraquinone Colorless Yellow — 8.2 90% 

“Reprinted with permission from H. Benesi, J. Amer. Chem. Soc., 78, 5490 (1956), copyright © 

American Chemical Society. 

process. Recent studies have shown that this equilibration seldom occurs 
and that a true acidity distribution is unlikely to be obtained by these 

titration techniques; an alternative method has been described in reference 
88. 

Although the surfaces of kaolins and bentonites, particularly their 

aluminum- or hydronium-exchanged forms, may carry a proportion of 

strongly acidic catalytic species, the surface densities of these active spe- 
cies usually does not match those on the acidic zeolites or silica-aluminas. 

However, the aluminosilicate clays can be converted to efficient catalysts 
by treatment with acid, followed by calcination. These modified clays are 

frequently described as acid kaolinites or montmorillonites, but are essen- 

tially amorphous silica-aluminas. 

Alkali-metal ion-exchanged montmorillonites are generally regarded as 

having low Bronsted acidity. However, the dried, Li-, Cs-, and Rb- 

exchanged minerals can convert triphenylcarbinol to the triphenylcarbo- 

Table 1.2 Acidity of Some Dried Minerals’ 

Mineral Hammett Acidity” Total Acidity° 

Kaolinite = 8.2 0.04 
Montmorillonite —9).6to —8.2 0.2 
Attapulgite = fh 0.2 
Talc 4010. 3.0 0.005 
Titania (silica-alumina coated) 3.3to 2.8 0.005 
Kaolin (Calgon® treated) 1.5 to — 3.0 0.04 
Silica-alumina catalyst — 8.2 0.2 en 

oH range of the strongest sites. 

“Total acidity to H, 4.0 (mequiv amine/g mineral). 
“Reprinted with permission from D. H. Solomon and H. H. Murray, Clays Clay Miner., 20, 
135 (1972), copyright ° Pergamon Press. 
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Table 1.3 Acidity Distribution of Some Dried Clays’ 

Clay Butylamine titer (moles/g) in H, range 
(specific surface, m*/g) rr WEE Se ee ee Ee 

+3.3to +1.5 +1.5 to —3.0 —3.0 Total 

Kaolinite (25) 0.004 0.004 0.014 0.022 

Attapulgite (125) 0.05 0.08 0.01 0.14 
Montmorillonites 

Natural (44) 0.00 0.09 0.00 0.09 
Na-form (41) 0.03 0.01 0.00 0.04 

H-form (52) 0.10 0.00 0.55 0.65 

“Adapted with permission from H. Benesi, J. Phys. Chem., 61, 970 (1957), copyright © Ameri- 

can Chemical Society. 

nium ion, indicating the presence of moderately strong Bronsted surface 
acidity. The Na- and K-minerals are inactive. This may be due to the ability 

of Na* and K*~ ions to enter the hexagonal recesses in the basal oxygen 

sheet during dehydration of the mineral. These embedded ions are stripped 
of their potentially acidic ligand waters and coordinate instead with the 

surrounding silicate oxygens [89]. 

The Bronsted acidity of the smectites is dependent on the location of the 
layer charge. If the anionic charge of a montmorillonite exchange site is 

considered to be distributed over the basal oxygens of the silicate tetrahe- 

dra whose apical oxygens are most closely linked to an octahedral substi- 
tution site, then the charge from a single site will be distributed over at 

least ten oxygens. In contrast, the charge resulting from tetrahedral sub- 

stitution will be largely localized on the three basal oxygens directly bound 
to the substituent ion [90]. This delocalization of surface charge in the 

montmorillonites and hectorites promotes the ionization of water mole- 

cules associated with the interlamellar cations, whereas the localization of 

charge in the saponites results in preferential hydrogen bond formation 

between the strongly basic basal oxygens at the exchange sites and water 

molecules coordinated with the compensating cations [90,91]; these 

surface-bonded waters cannot readily protonate weaker bases like ammo- 

nia or the organic amines. 
The reduced acidity of interlamellar water associated with tetrahedral 

substituent sites has been demonstrated by a comparison of the absorp- 

tion behavior of ammonia in Ca-saponite and Ca-montmorillonite [92]. In 

the former case, the ammonia is largely adsorbed in a coordinated form, 

whereas in the latter case, it is absorbed in a protonated form, that is, as 

ammonium ions. The degree of protonation and the stability of a 

pyridine-(Ca-saponite) complex is also less than that of the analogous 

montmorillonite complex [93]. The properties of hydronium-exchanged 

smectites are also dependent on the location of the isomorphous substitu- 

tion; these derivatives are described in Section 1.7.1. 



38 STRUCTURES AND CHEMICAL ACTIVITY 

The acidic clays most frequently used to catalyze organic reactions are 

the aluminosilicates, kaolin, bentonite, attapulgite, or their derivatives. 

However, magnesium clays, like saponite and hectorite, containing highly 

electronegative exchangeable ions, such as Al** or Cr’*, can be used as 

acidic catalysts for the alkylation of aromatic hydrocarbons [94]. Mg-, 

Ca-—, or Zn-exchanged forms of these minerals have been used as the acidic 

receptors in the manufacture of carbonless copying papers [95], the chem- 

istry of which is discussed in Chapter 5. The catalytic activity of the alumi- 

nosilicates can also be promoted by exchange with Al’*, by treatment with 

acids or, in some instances [96], by reactions with byproducts from the 

catalyzed reaction. 

1.6.2 Lewis Acidic Centers 

The dominant Lewis acidic species on aluminosilicate mineral surfaces 

are usually coordinately unsaturated Al** ions, either those exposed at the 

edges of lattice layers, or those which can be formed by dehydration of 

adsorbed oligomeric oxyaluminum cations or of amorphous silica-alumina 
contaminants. In the presence of water, these Lewis acidic species are 

hydrated and their acidity masked, although if the Al®* ions have electro- 

negative substituents, such as halide or silicate ions, the coordinated 

waters may be sufficiently polarized to form strong Bronsted acidic spe- 

cies. 
Estimation of the strength of Lewis acidity is often difficult and typi- 

cally relies on infrared or ultraviolet spectroscopic measurements of the 
equilibrated adsorption of Lewis bases, such as amines, with the mineral. 

The protonated and coordinated amines usually can be distinguished, 

although the spectroscopic methods are often insensitive to the presence 
of small amounts of either species. The spectra of p-dimethylaminoazoben- 

zene, when adsorbed on kaolin previously dried by heating at 20 to 100°C 

shows an absorption peak at 470 nm due to the amine adsorbed on neutral 

sites and a peak at 500 to 520 nm due to the protonated amine. An adsorp- 
tion peak at 560 nm appears in the spectrum of the amine adsorbed on 

kaolin dried at 200 to 300°C; this absorption has been assigned to amine 

coordinated to Lewis acidic species [97]. These methods have been used to 

show that Bronsted acidic species can persist on the surfaces of kaolinites 
that have been calcined at temperatures up to 900°C. 

‘C nmr spectroscopy of adsorbed amines has been proposed for the 
simultaneous quantitative determination of the surface concentrations of 
Bronsted and Lewis acidic centers on mineral surfaces [98]. An alternative 
procedure for measuring the distribution of Bronsted and Lewis acidity 
consists of titrating the mineral with n-butylamine, using a range of Ham- 
mett indicators to obtain values for the apparent combined acidity. A sec- 
ond set of titrations with arylmethanol indicators is then used to 
separately determine the Bronsted acidity distribution, and the Lewis 
acidity distribution is found by differentiation [99]. 
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Figure 1.19 

Lewis acidic species can adsorb Hammett indicators, forming colored 
species which, to the eye, may mimic the protonated species. The apparent 
acidity cannot be expressed in terms of the Hammett acidity function 
(which only applies for Bronsted acidity), and the measurements are of 
limited value when used for comparison between different Lewis acids [71]. 
Despite the inevitable difference in pK, values for the distinctly different 

reactions of a given indicator with Bronsted and Lewis acids, the indica- 

tors have been used in the past in the determination of acidity values and 
acidity distributions of the mineral surfaces without apparent regard for 

the nature of the acidic species supposedly involved. 
Lewis acidic species on aluminosilicate or silica-alumina surfaces can 

accept single electrons from donor molecules with low ionization poten- 

tials, and they can also coordinate organic radicals. Strong Lewis acids 

may be capable of abstracting electrons from vinylic monomers, thereby 

initiating polymerization via radical-cationic intermediates [100] (Figure 
1.19). 

1.6.3. Basic Centers 

The basicity of the common silicate mineral fillers and pigments is gen- 
erally of less consequence than their acidity. The surface basicity can be 

titrated with organic acids, such as chloroacetic acid in hydrocarbon sol- 

vents, using Hammett indicators, and thereby placed on a common scale 

with the Hammett acidity [101]. The principal basic surface species are the 

AIOH or MgOH groups exposed at the layer lattice edges which can accept 

protons from water or other Bronsted acids. Magnesium silicates such as 
talc or chrysotile, which essentially lack exchangeable cations, form 

weakly alkaline aqueous suspensions by ionization of edge or surface 

MgOH groups. The silicate oxygen sheets can act as Lewis basic centers 
for the adsorption of electron-deficient species, which include protons, 
organic carbonium ions, and radicals. However, this Lewis basicity is not a 

readily measureable attribute of the clay silicate surfaces. 

1.7 SURFACE REACTIONS OF SILICATE MINERALS 

In this section we consider only the reactions of silicate minerals rele- 

vant to the location and identification of active species, other than acids or 

bases, which may be present on the mineral surfaces and which can partici- 

pate in mineral-organic reactions. The various organic reactions and inter- 

actions which can occur at these sites will be discussed in more detail in 

Chapters 4 to 6. 
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1.7.1 Hydrolysis and Weathering 

So far we have considered only idealized mineral crystallites containing 

surface species that could be predicted from an examination of their lattice 

structures. Most silicate minerals, whether natural, commercially benefi- 

ciated, or ‘‘purified homoionic”’ laboratory specimens, are likely to have 

anomalous surfaces that may result from the various spontaneous reac- 

tions that can occur during chemical processing or natural weathering. 

Superficial degradation of the crystallites through hydrolysis is proba- 

bly the dominant source of anomalous surface species in otherwise pure 

materials. The various minerals described in this chapter are, as a group, 

not readily degraded by mineral acids other than hydrofluoric acid, 

although the rates of dissolution of the aluminosilicates are increased by 

the presence of octahedral iron or magnesium. Slow hydrolysis does occur 

in aqueous media. This hydrolysis is important in the geological transfor- 

mation of the minerals. The hydrolysis is accelerated by reduction in the 

ionic strength of the suspending medium, which can occur during ion- 

exchange resin treatment, dialysis of aqueous clay suspensions, or in 

washing of salts from salt-exchanged homoionic minerals [102]. This is an 

indirect result of Donnan hydrolysis of the exchangeable ions, that is, their 

diffusion from the mineral surface and equilibrated replacement with 

H,0* ions. Even in saline suspensions that approach neutrality, Donnan 

hydrolysis causes the surface of the clays to be acidic, the surface proton 

concentration increasing with decreasing salinity of the media [103]. 

Studies using kaolinite [104], montmorillonite [105], and attapulgite 

[106] have shown that leaching of the minerals can result in a rapid loss of 
the original exchangeable ions, particularly those of the alkali metals, and 

their replacement by H,O* and Al’* ions. (See Figure 1.20.) The 

hydronium-clays are unstable, as the solvated protons can readily diffuse 

over the mineral surface to the layer edges, where they can displace 

exposed octahedral Al** ions [72]. This process is accelerated by the pres- 

ence of water, but occurs less rapidly in presence of alcohols, or in dried, 

refrigerated samples. 

Hydrolysis of kaolins in neutral or weakly acidic media results in the 
formation of adsorbed, exchangeable Al** ions [107], the liberation of solu- 
ble hydrated silica and alumina species [104], and the subsequent redeposi- 
tion of an amorphous, alumina-rich alumina-silica gel on the surface of the 
mineral particles [63]. All natural kaolin particles appear to have such gel 
coatings [108], although the thickness of the coating may only be of the 
order of 15 A on a “‘clean surfaced”’ crystallite. Although treatments in 
aqueous media are commonly used for the removal of surface contami- 
nants from kaolinite, most of the methods also cause hydrolytic degrada- 
tion of the mineral surface and the probable redeposition of gel, 
particularly during washing to remove the excess reagents or soluble prod- 
ucts [104]. 
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Figure 1.20 

Hydrolysis of montmorillonite can result in dealuminization of the min- 
eral edges and, if the medium is not strongly acidic, the intercalation of 
oligomeric oxyaluminum ions and the gradual “‘chloritization”’ of the min- 

eral. The products are similar to those formed from the adsorption and 
hydrolysis of aluminum salt solutions in the presence of montmorillonite 

[109]. The rate of dissolution of the smectites in dilute acid can be correl- 

ated with the content of Mg and Fe" in the aluminosilicate lattice [110]. 
The surface hydrolysis of kaolinites and montmorillonites results in an 

increase in the acidity of the mineral, because of the presence of adsorbed 

H,O° ions or potentially acidic hydrated Al°* ions and an increase in the 
amount of surface hydroxylic species. The natural acidic bentonites are 
often extensively degraded, almost amorphous minerals. 

Hydrolysis of beidellites and vermiculites has not been extensively 
studied, although their hydronium derivatives have been shown to be 

unstable. In contrast to the behavior of exchangeable H,O* ions adsorbed 
on the basal surfaces of a montmorillonite adjacent to the octahedral sub- 
stitution sites, those adsorbed at the tetrahedral Al-for-Si substitution 
sites of a vermiculite or beidellite can react with the Al-O-Si bonds to form 
weakly acidic surface SiOH groups [72]. Further attack, resulting in dis- 

placement of Al®* ions, can occur in the presence of a substantial source of 
hydronium ions, such as a H*-exchange resin, or in moderately concen- 

trated acidic media. This loss of tetrahedral Al** substituent ions may not 

result in any marked reduction in the apparent cation exchange capacity of 

the minerals, as the charge discrepancy can be transferred to the octahe- 

dral layer [111]. 

Hydronium-exchanged minerals may be produced by heating their 

ammonium-exchanged forms at temperatures above 300°C. This results in 

the dissociation of the ammonium ions, with the evolution of ammonia and 
the formation of a ‘‘decationized’’ mineral. The residual protons of deca- 
tionized zeolites and silica-aluminas can form highly acidic bridged- 

hydroxyl groups (see Figure 1.16). In the case of beidellites and 
montmorillonites, the acidity of the decationized minerals and their activ- 

ity as catalysts for the dehydration of ethanol was found to be proportional 

to the amounts of tetrahedral isomorphous substitution originally present 
[112]. This probably results from the diffusion of the balance of the liber- 

ated protons through the lattice to the neighborhood of the octahedral 

substituent sites during the thermal desorption of the ammonia. These 

embedded protons are no longer accessible for catalysis, whereas protons 
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Figure 1.21 The thermal hydrolysis of adsorbed chloride ions from the layer edges of an 

aluminosilicate. 

associated with tetrahedral sites remain on the surface, possibly in the 

form of bridged-surface hydroxyls like those of the acidic zeolites of sili- 

ca-aluminas. 
The magnesium silicates are more susceptible to acid degradation than 

the analogous aluminosilicates. Hydrolysis of these minerals suspended 

in, or contacted with media of low ionic strength occurs readily, although 

the leached magnesia may not be redeposited on the parent mineral sur- 

faces [113]. Hydrolysis of hectorite, for example, involves the leaching of 

Mg”* ions from the layer edges, accompanied by sloughing of the residual 

silicic acid to expose fresh surfaces [114]. The surface composition of talc to 

a depth of 20 A has also been found to be similar to that of the bulk material 

[115]. 
The aluminum and magnesium silicates, including talc, can also 

undergo a form of thermal hydrolysis, with the evolution of hydrogen 
halides, when suspensions of these minerals containing residual alkali 

halides are dried at 200 to 300°C. The acid is believed to evolve from halide 

ions adsorbed at anion exchange sites at the octahedral layer edges [116] 

(Figure 1.21). The mechanism of its formation appears to be different from 
that of the acid that is formed during the elimination of structural water 

when kaolinite or montmorillonite is heated at 350 to 500°C in the presence 
of alkali halides [117]. 

1.7.2 Electron Transfer 

The silicate clay minerals can act as oxidants or reductants in a number 

of organic reactions [100], the most important of which are the dye-forming 
and related reactions that are discussed in Chapter 5. The principal sources 

of this activity are Fe’* and Fe®* ions or other variable-valence transition 

metal ions; these may be present as exchangeable species or as isomor- 
phous substituents. In these reactions, electrons appear to be able to dif- 
fuse or tunnel to octahedral sites from the lattice layer edges or basal 
surfaces [118]. Mossbauer studies of the hydrazine reduction of nontronite 
have demonstrated the reversible formation of octahedral Fe!! in the 
reduced mineral [119]. Other potential oxidizing species include Fe** ions 
adsorbed at the layer edges or occupying tetrahedral layer vacancies; 
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these are less readily reduced, and the resultant Fe?’ ions can be readily 
leached from the mineral by acid. Oxidation by adsorbed Fe’* ions often 
may only occur on freshly prepared samples because oligomeric oxyferric 
species formed by the spontaneous hydrolysis of the hydrated Fe** ions 
are ineffective as oxidants (see Section 5.3). The oxidizing power of mont- 

morillonites appears to be largely due to octahedral Fe"! [120]. Oxidation 
of octahedral Fe" in biotite is not accompanied by any marked change in 
cation exchange capacity. This has been ascribed to the loss of an equiva- 

lent number of structural protons, probably those of hydroxyl groups 
linked to Fe"! substituents in the octahedral layers [121]. 

Lamellar silicate minerals can also catalyze the aerial oxidation of 

organic materials, such as the benzidine salts, either by the action of min- 
eral oxidant sites which can be regenerated by aerial oxidation or through 

activation of the organic species by adsorption on the silicate surface. In 

the case of the benzidine oxidation, formation of the characteristic blue 

color of the radical-cation is dependent on the presence of the silicate sur- 
face to stabilize the radical and prevent its further oxidation. Development 

of the color requires the presence of octahedral Fe'"', adsorbed Fe®* ions 
being ineffective [122,123]. 

Some oxidations are promoted by the presence of exchangeable Cu”* or 

Fe®* ions, as in the case of hydroquinone adsorbed on montmorillonite. In 

this example, the rate of oxidation was found to increase with the increas- 
ing cation-exchange capacity of the mineral and with the decrease in its Li- 

fixing capacity, that is, with apparent increase in the beidellite character of 

the montmorillonite [50]. Fe’* ions adsorbed on the surface of montmoril- 

lonite undergo aerial oxidation at a rate two orders of magnitude greater 

than that of Fe’* ions in solution, indicating that the crystal lattice can act 

as an electron acceptor and oxidation catalyst; the catalytic species are 

probably octahedral Fe"/Fe' [122]. 
Electron transfer can also occur with incompletely coordinated alumi- 

num ions that may be exposed at the layer edges of aluminosilicates or 

present in adsorbed oxyaluminum species or amorphous aluminosilicate 

contaminants. Organic molecules that have low ionization potentials, such 

as the aromatic hydrocarbon, perylene, can undergo charge transfer to 

form adsorbed radical-cations, but the identity of the electron acceptors is 

not known with certainty. Silicate minerals can tenaciously adsorb oxy- 
gen, particularly if they are calcined to remove adsorbed water or if the 

dried minerals are ground in contact with air. This oxygen is chemisorbed 

and cannot be readily removed by outgassing in vacuum. The dehydration 

of hydrated silica or aluminosilicates has also been shown to involve the 

elimination of hydrogen and the formation of oxygen radical-anionic spe- 

cies as a side-reaction [124]. Chemisorbed oxygen, oxygen radical-anions, 

and their protonated derivatives are strong oxidants. These, rather than 

coordinately unsaturated aluminums, have been proposed as the active 

species responsible for the oxidation of polycyclic hydrocarbons on 

calcined aluminosilicates [125]. 
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1.7.3. Esterification and Alkylation 

Kaolinites, hydrated silicas, silica-aluminas, and other minerals with 

hydroxylic surfaces can form organic derivatives with esterifying or alky- 

lating reagents; reaction with acetyl chloride or diazomethane, for exam- 

ple, can cause surface hydroxyl groups to be substituted, respectively, by 

covalently bound acetate or methoxide groups. The hydroxyl groups can 

react with organometallic reagents, such as the lithium alkyls, with the 

abstraction of active hydrogen, the liberation of the corresponding alkane, 

and formation of a lithiated surface. The hydroxyl groups can also react 

with thionyl chloride to produce surface chlorides; these can undergo 

metathetical reactions with organometallic reagents to form surface alkyl 

or aryl species. (See Figure 1.22.) All of these reactions have been well’ 

authenticated [126]. 

Similar reactions have been reported to occur on montmorillonite sur- 

faces, to a greater extent than would be expected from the reaction of edge 
hydroxyls alone. Much of the early work was due to Deuel and his co- 
workers [127-129], who believed their H*-exchanged clays to have basal 

surface SiOH groups, in accordance with the then-current Edelmann- 

Faverjee structure of montmorillonite (see p. 15). Subsequent explana- 

tions were based on the hypothesis that the organic reagents could disrupt 

the silicate sheets in the vicinity of the exchange sites, to enable the forma- 
tion of covalently bound surface adducts [130]. 

The formation of these covalently bound ‘‘organosmectite’’ derivatives 

has been disputed [131,132]. The products, for the most part, have never 

been adequately characterized, and the published data serve largely to 

show that there was interlamellar retention of halogen- or of carbon- 

containing species, without indicating the presence or nature of any 

mineral-organic bonds. It would appear that the organic component of 

these adducts consisted largely of strongly adsorbed, possibly polymeric 

species, or derivatives of edge hydroxyls or adsorbed oligomeric oxy- 
aluminum cations. The reaction of diazomethane with montmorillonite, for 

example, has been shown to produce a strongly hydrophobic product. The 

hydrophobicity, however, results from the formation of polymethylene in 
the interlamellar spaces, by reactions catalyzed by water associated with 
the exchangeable cations, rather than from the formation of a methylated 
mineral surface [133]. Reaction between alkylating or halogenating 
reagents and the basal oxygen sheet may be possible in minerals that con- 
tain tetrahedral layer vacancies formed, for example, by leaching of iso- 
morphous substituent ions. 

Acid leaching of clay minerals results in the extraction of the Al°* or 
Mg”’ ions and the eventual formation of an amorphous hydrated silica. 
However, reaction with acid in the presence of a silylating reagent, for 
example, trimethylsilyl chloride or hexamethyldisiloxane, can result in the 
formation of trimethylsilylated polysilicic acids; these may be cyclic oligo- 
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Figure 1.22 Some metathetical reactions of silicate surface hydroxyl groups. 

mers [134] or, as in the case of the chrysotile derivatives (Figure 1.23) [135], 

they may retain the layered structure and morphology of the original min- 
erals. 

1.7.4 Ligand and Intercalate Reactions 

Smectites can intercalate a wide variety of organic compounds, the 

adsorbed organic molecules being retained by dipolar interactions, by pro- 
tonation and ionic interactions, or by coordination to interlamellar cations. 

These interactions will be considered in more detail in Chapter 4, but some 

examples which illustrate the reactions of organic and inorganic ligands 
are described in this section. 

The intercalation of strongly basic amines, either as protonated or as 

coordinated species, has already been mentioned in Section 1.6. Pyridine 

can be intercalated into sodium montmorillonite to form complexes with 

basal spacings of 14.8 or 23.3 A, corresponding to the respective Na* : 

pyridine:water ratios of 1:2:4 and 1:4:2. The structure of the 14.8-A com- 

plex has been recently re-examined in detail. Contrary to some earlier 
reports, the Na* ions were found to be located in recesses in the basal 

oxygen sheet and their electrostatic potential was essentially unaltered by 
intercalation of pyridine molecules which are tenaciously bound instead to 
the silicate sheets [136]. The structure of this complex is in contrast to 

those formed by the intercalation of pyridine in Mg- or Ca-montmorillo- 

nites, in which the amine is present in its protonated form, or in transition- 

metal ion-exchanged minerals, in which the amine is coordinated to the 

metal ions. 
The intercalation of transition metal ions bearing ammino-ligands may 

involve the formation of square-planar coordinated complexes instead of 

the octahedral complexes which would be favored in solution. For example, 
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(CH,),Si* 
Fe 

H+/H,0 

Figure 1.23 

the reaction of Cu?* or Ni?* ions with ethylene diamine (en) can form octa- 

hedral chelates having the structure [M(en),]’*, or square-planar chelates 

[M(en),]’*. In the latter, the ionic charge can be delocalized over the planar 

structure. This provides an optimum configuration for neutralization of 

the diffuse anionic surface charge of the montmorillonite exchange sites 

[137,138]. The increased stability of the square-planar complexes in mont- 

morillonites and hectorites is apparently a linear function of the charge 

density of the silicate layers [138]. However, this conclusion must be quali- 

fied, as the lower-charged minerals used in the particular study were 

mostly montmorillonites whose charge had been reduced by partial Li- 
exchange and subsequent calcination. The extra stabilization may conse- 

quently have also depended on the degree of octahedral substitution and 

the effective residual octahedral charge in the lithiated smectites. 

Although intercalated [Cu(en),]’* ions may be present as octahedral 

coordination complexes, with the opposing silicate sheets acting as weak 

ligands [139], [Ni(en),]’* ions do not interact with the mineral surfaces in 

this manner when intercalated in smectites [140]. The smectites can pro- 

mote the disproportionation of [Ni(en),(H,O),]’* ions in solution by prefer- 

ential adsorption and ion exchange to produce complexes containing 
square-planar [Ni(en),]’* ions. 

The state of coordination may be temperature-dependent in some sys- 

tems. For example, dimethyl sulfoxide (DMSO) intercalated in Co- 

montmorillonite is present in both physisorbed and coordinated forms. At 

low temperatures or in the presence of moisture, the DMSO forms a tan- 

colored complex containing octahedral [Co(DMSO),(H,O),]’* ions; this is 

reversibly converted to a purple tetrahedral complex on heating or on dry- 
ing [141]. 

The increased ionization of residual water at higher temperatures can 
affect the stability of the coordination complexes. One interesting example 
is that of the stannic mesotetrapyridylporphyrin, Sn-Tp [142]. This can be 
intercalated in a hydrated Na-hectorite as the neutral molecule. However, 
on drying or on heating, the porphyrin complex is reversibly protonated 
and completely demetallated to form a mixture of intercalated Sn‘* ions 
and porphyrin dications. The Sn*TP reforms with increase in water con- 
tent of the mineral complex and with decrease in interlamellar acidity. In 
the absence of the mineral, the Sn-TP is acid-resistant and is not com- 
pletely demetallated in 100% sulfuric acid. 
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The acidity of interlamellar water can also catalyze the decomposition 
of intercalated [Co(NH,),|** ions to form unstable [Co(NH,)aq|" ions; 
these decompose forming cobaltous hydroxide, ammonium ions, and nitro- 
gen [143]. The conversion of Prussian Brown (ferric ferricyanide) into Prus- 
sian Blue (a ferrous ferricyanide complex) is another reaction catalyzed by 
acidic surfaces. Kaolin was found to rapidly convert the Prussian Brown, 
whereas the reaction on silica gel was significantly slower [1 44]. 
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Titanium dioxide (titania) and titania-based composites are the whitest 

and brightest of the commercial white pigments. This is a consequence of 

the high refractive index of titania and its relatively low and uniform 

absorption of visible light. Titanium dioxide may exist in one of several 
crystalline forms, but the commercial pigments are based on either the 

anatase or rutile forms of the mineral. The pigment particles are often mod- 

ified by coating them with layers of other inorganic materials, for example, 

silica-alumina gels, to improve dispersion or reduce undesirable chemical 

activity. 

This chapter briefly outlines the history of the early pigments and two 

of the basic processes currently used for the manufacture of titanias. This 
is followed by a description of the structure, surface chemistry, and photo- 

lytic activity of titania pigments. The chapter concludes with a discussion 
of some of the inorganic coating treatments used to modify the properties 

of the base pigments. The surface chemistry of these coated titanias is 

discussed in Chapter 3, as it largely resembles that of the oxides or mixed 

oxides used as the coating materials. 
The chemistry of the titania pigments can be related to that of the hypo- 

thetical box structure (Figure 2.1). The surface contains basic terminal (1) 

and acidic bridged-hydroxy] groups (2), which may be those of titania or of 

a hydrous oxide coating; labile Ti-O-Ti bonds (3); water molecules 

adsorbed at Lewis acid sites (4) or bound to surface hydroxyl groups (5); 
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and adsorbed anions such as sulfate or chloride process residues (X,6). The 

surface has potential electron donor and acceptor sites (7) and may contain 

adsorbed oxidants such as hydroxy] or hydroperoxy] radicals, or activated 

oxygen species (8) generated by photocatalytic processes described in Sec- 

tion 2.4. 

2.1 HISTORICAL INTRODUCTION 

All the titania pigments are of synthetic origin, unlike the clay mineral 

pigments and fillers described in the previous chapter. The first commer- 
cial titania pigments were manufactured in 1916 and consisted of 

titania-calcium/barium sulfate composites. Composite pigments were pre- 

ferred because the early titanias were uneconomic and had inferior color 

and hiding power. The poor performance was largely due to the incomplete 
removal of Fe** and other ionic impurities and to an inadequate control of 

the dimensions of the pigment particles. During the 1920’s, a range of 

titania-coated calcium and barium sulfates was manufactured, together 

with ‘‘reduced’’ (diluted) titanias, consisting of coprecipitates of anatase 

with other oxides such as alumina and silica or with colorless, insoluble 

metal salts. Manufacture of these materials continued through to the 
1940’s, when they were largely displaced by improved titania base pig- 

ments [1-3]. The reduced titanias by that stage had optical properties that 
approached those of the titania base pigments. Development of the 

reduced titanias and other composite pigments has continued [4,5] and 

may return to favor with the increasing scarcity and price of suitable tita- 
nium ores. 

Anatase base pigments were introduced during the early 1930’s. These 
pigments and the anatase-containing reduced titanias were optically su- 
perior to the other white pigments then in use, namely, zinc oxide, zinc 

8 

Figure 2.1 The principal surface features of a titania particle. 
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sulfide, white lead, and lithopone (a zinc sulfide-barium sulfate coprecipi- 
tate), but suffered from practical defects, the most noticeable of which 
were the poor “‘chalk resistance’’ and accelerated fading of organic color- 
ants in titania-pigmented surface coatings. The chalking, or erosion of the 
organic binders, results from titania surface-catalyzed photodegradation 
reactions that can occur when the pigmented materials are exposed to sun- 
light or other sources of near-ultraviolet light. 

The commercial development of the more chalk-resistant rutile-base 
pigments during the late 1930’s and then of alumina-silica-coated rutile 
pigments having little residual photolytic activity, has resulted in titania 

becoming the premium white pigment for use in surface coatings, in many 
plastics applications, and in the production of high quality white papers. 

2.2 PRODUCTION OF PIGMENTARY TITANIAS 

Titanium derivatives occur in nature as minor components in many 

rocks. However, the only commercial sources are rutile ore, principally 

obtained from heavy sands, and ilmenite, an iron titanate, which is more 

widely distributed and has been the major source for pigment production. 

Ilmenite has an idealized composition FeO-TiO,, but natural weathering 

processes, particularly of ilmenite sands, can result in the oxidation and 
removal of ferrous iron [6]. The ores often contain appreciable amounts of 

chromium, niobium, and other heavy metals which can make them unsuit- 

able for pigment production. Rutile and highly weathered ilmenites con- 
taining in excess of 65% TiO, are virtually insoluble in sulfuric acid and are 

unsuitable for use in the sulfate process described below. 
There are two basic processes for the commercial production of pig- 

mentary titania: the hydrolysis of titanyl sulfate solutions (the long- 

established sulfate process), and the high-temperature oxidation or hy- 

drolysis of gaseous titanium tetrachloride (the more recent chloride 
processes). The choice of process has been partly dictated by the available 

raw materials, the sulfate process using ilmenite and the chloride process 

using rutile or beneficiated (reduced iron content) ilmenites. Each process 

has a large number of commercial variations, and it is only possible to give 

a broad outline of the basic processes in this book; more comprehensive 

surveys have been published elsewhere [1,7-9]. 

2.2.1 The Sulfate Process 

The preparation of pigmentary titanias by the sulfate process involves 

several stages, namely, dissolution of the ilmenite ore in hot, concentrated 

sulfuric acid to form a solution of ferrous and titanyl sulfates; reduction of 

any ferric ions present; clarification to remove insoluble residues; cooling 

and removal of the bulk of the iron as crystalline, hydrated ferrous sulfate; 
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boiling and hydrolysis of the mother liquors to yield a titania precipitate; 

washing the precipitated hydrous titania to remove residual ferrous sul- 

fate; and calcination to produce anatase or rutile pigments. 

Hydrolysis and precipitation of the hydrous titania can be hastened by 

the addition of seed nuclei of anatase. The precipitated titania consists of 

aggregates of particles too small to be useful as pigments, and the hydroly- 

sis product must be calcined at temperatures of 800 to 1000°C to allow the 

crystallization and growth of the anatase particles to a uniform and opti- 

mum size of 200 to 250 nm cross section. Titania particles of this size pro- 

vide the greatest hiding power and the most uniform reflection of white 

light [10,11]. The hydrous anatase may be mixed with additives before 

calcination; these additives may include antimony trioxide, to reduce the 

photoactivity of the pigment, or phosphoric acid to inhibit rutile formation 

during calcination [6]. Anatase is unstable and can be converted to rutile 

by calcination, but complete conversion requires prolonged treatment at 
high temperatures unless the rutilization process is accelerated by use of a 

catalyst. 

Commercial production of the rutile pigments is achieved by the addi- 
tion of rutile seed nuclei during hydrolysis of the titanyl sulfate solution 

and by calcination of the resultant partially rutilized hydrated titania at 

temperatures of 900 to 1200°C. Formation of rutile pigments is also 
assisted by doping of the hydrous titania with Zn’* or Al** ions, which can 
act as rutilization catalysts during the calcination process. These cata- 

lysts enable the rutilization to occur rapidly at lower calcination tempera- 
tures and thus avoid excessive particle growth and pigment discoloration 

which can occur on prolonged heating at higher temperatures. 

The calcined products are ground in water containing silicate or phos- 
phate dispersants to break up the sintered particle aggregates. The resul- 

tant dispersions are flocculated by the addition of acid or aluminum salts, 

and the filtered and washed solids dried at temperatures below 200°C to 
produce the uncoated rutile or anatase pigments. Alternatively, the pig- 

ment dispersions may be used for the production of coated titanias, which 
are described later in this chapter. 

The sulfate process is technically the simpler of the two methods for 
production of titania pigments, and the process conditions for production 
of optimum particle sizes and crystalline form have been well established. 
Some of the disadvantages of the sulfate process are the difficulty in recy- 
cling the sulfuric acid component of the process, the limited market for the 
byproduct ferrous sulfate, and the environmental consequences of the dis- 
posal of large volumes of strongly acidic liquid wastes. 

2.2.2 The Chloride Process 

The chloride process is a relatively recent development and, unlike the 
sulfate process, can yield rutile directly. The raw material for the process is 
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titanium tetrachloride, prepared by heating rutile ore or beneficiated 
ilmenites with carbon in a stream of chlorine at 900°C. After purification 
to remove residual ferric chloride and other volatile contaminants, the tita- 
nium tetrachloride is mixed with a small proportion of a rutilization cata- 
lyst, such as aluminum chloride, plus other additives, and the mixture 

vaporized and burned in a stream of oxygen at approximately 1000 to 
1500°C; the chlorine byproduct is recycled. This process yields pigmen- 
tary titanias which only need to be neutralized to remove surface chloride 
ions, for example, by treatment with steam, and then milled and classified 
to remove particles having sizes outside the optimum range. Anatase can 
also be prepared by the chloride process. 

Although the chloride process is superficially simple, proper design of 
the burners and control of the reaction conditions are critical for the pro- 

duction of pigments having an optimum particle size and free from exces- 

sive amounts of aggregates and oversized particles. Chloride process 

pigments have been claimed to have better brightness and chalk resistance 
than those prepared by the sulfate process. However, the differences are 

minor and are frequently disputed. 

2.3 STRUCTURES OF TITANIA PIGMENTS 

Titania is the mineral form of titanium dioxide, TiO,. Most titania speci- 
mens are nonstoichiometric and are slightly deficient in oxygen. Titania 

can occur in three crystalline modifications, namely, the two different 

tetragonal forms, anatase and rutile (Figure 2.2), and a less common 

orthorhombic form, brookite [1]. Only rutile and anatase are of commercial 

importance as pigments. 

@ Ti 

(a) O O (b) 

Figure 2.2 Titania unit cell structures. (a) Anatase. (b) Rutile. (From W. A. Kampfer, Tita- 

nium Dioxide, in The Pigment Handbook, T. C. Patton, Ed., Wiley-Interscience, New York, 

1974; with permission.) 
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Table 2.1 Physical Properties of Titanias 

Physical Properties Anatase Rutile 

Specific gravity (g/ml) 3.9 4.2 

Refractive index 2.52 Ps 

Hardness (moh) 5 to6 6to7 
eee 

2.3.1 The Crystal Lattice and Bulk Properties 

The rutile modification of titania has greater density, hardness, and a 

higher refractive index than the anatase form (Table 2.1) [12.13]. Both ana- 

tase and rutile absorb light in the near-ultraviolet (350 to 400 nm) region. 

Pure rutile has a yellowish cast resulting from the edge of this absorption 

band overlapping the visible spectrum. The apparent color of pigmentary 

grades is also influenced by the size of the particles, anatase pigments 

usually having a bluish cast which results from their smaller particle size. 

Anatase is preferred for the pigmentation of artificial fibers as it is 

softer and less abrasive towards the spinning machinery, and the bluish 

cast of the pigment can compensate for yellow discoloration resulting from 

impurities in the fiber polymer. However, anatase is more photoactive 

than rutile and can catalyze the oxidative degradation of pigmented 

organic materials when these are exposed to sunlight or other sources of 

near-ultraviolet radiation. Although rutile is more expensive to produce, it 
provides greater reflectivity for visible light and, because of its lower pho- 

toactivity, it is generally preferred for the pigmentation of plastics and 

surface coatings which may be exposed to sunlight. 

Pigmentary anatases and rutiles usually consist of irregular, but 
roughly spherical particles of uniform size, having diameters in the range 

200 to 300 nm. Typical uncoated titania pigments have specific surface 

areas, calculated from vapor adsorption isotherms, of 5 to 8 m’/g. Some 

anatase pigments may have needle-like, or acicular particles; acicular 

rutile-like “‘potassium titanate”’ pigments are also commercially available. 

Pigments give the maximum scattering of light of a particular wave- 
length, have the best brightness and hiding power when their particles 

have diameters equal to half that wavelength, and are evenly dispersed 
and separated by a similar distance [10,11,13]. 

The scattering of light, hiding power, and brightness of the pigment are 
functions of the difference in refractive indices of the pigment and its sur- 
rounding medium. The refractive indices of some typical white pigments 
and polymers are given in the Table 2.2. The clay minerals described in the 
previous chapter are suitable for use as pigments in paper, where light is 
reflected from a pigment-air interface. However, materials dispersed in 
organic media require higher refractive indices if they are to provide the 
efficient scattering of reflected light necessary for the pigment to have a 
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Table 2.2 Refractive Indices (mp) of Some Common Pigments 
and Media 

Rutile 2.76 Silica 155. 
Anatase 2.52 Polystyrene 1.59 
Diamond 2.42 Polyesters and alkyds 1.53 to 1.57 
Zinc sulfide AST Poly(vinyl chloride) 15 2.0OM spo 
Zinc oxide 1.99 Poly(methyl methacrylate) 1.50 
Barium sulfate 1.64 Linseed oil 1.48 

Calcium carbonate 15 Water 133 

Kaolin 1.56 Air 1.00 

good hiding power; in this respect, the titanias are virtually unmatched as 
white pigments [10]. 

Unlike the massive crystalline forms of titania, the pigments do not 
have weil developed crystalline structures, but consist essentially of small 

domains of crystalline lattice with nonplanar surfaces, surrounded by dis- 

ordered regions. The surface of massive rutile is formed from three crystal 

planes, the (110), (100), and (101). The (110) plane accounts for 60% of the 
surface, while the remainder is divided equally between the other two 
planes. The microcrystalline domains of the pigmentary rutile are believed 

to contain similar proportions of these surface planes [14], while the (110) 

would predominate in pulverized specimens as this is also the preferred 

cleavage plane [15]. The dominant plane in microcrystalline or pulverized 

anatase is frequently reported to be the (001) [e.g., 15,16], although the 
(111) plane may be more representative of the pigment surface [17]. The 

(110) plane of rutile contains equal numbers of four- and fivefold coordi- 
nated Ti** ions, while the (111) and (001) planes of anatase contain four- 

and fivefold coordinated cations, respectively. The preferred octahedral 

coordination of the surface cations of the crystalline materials can be 

achieved through the chemisorption of water or other ligands. 
The pigmentary titanias contain lattice defects that include oxygen 

deficiencies associated with substituent ions of lower valence such as Fe®*, 

Al’*, Ti®*, or electrons in lattice vacancies. The titanias can lose oxygen 
from lattice surface sites on heating, particularly in the presence of organic 

species or in an oxygen-free atmosphere [18]. Although the process can be 

reversed by cooling and exposure to oxygen, about 1 in 10° of the lattice 
titanium ions of the calcined pigments are frozen in the Ti” state. Foreign 
cations in the lattice may include Zn**, Al®*, Sb’*, Si**, and P** ions 

derived from calciner or burner additives; adsorbed sulfate or chloride 
ions, or other ionic species derived from processing of the pigments; and 

Cu?*, Cr®*+, Fe?*, Mn‘*, and Nb’* ions resulting from impurities in the ores 

[19]. A typical uncoated rutile pigment particle can be considered to have 

the composition shown in Table 2.3 [26], its surface having approximately 

1.8 x 10° exposed lattice oxygens, one-third of which consist of hydroxylic 

groups resulting from the chemisorption of water. 
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Table 2.3 Composition of a Rutile Particle 

Component Number per Particle 

Titi (andyin 2) 135) <310- 

O?- 2 TORO; 

Cres 200 

Fe** 2000 

Al’* 10° 

hit i 
10° 

P®*+, Nb’*, and other ions 10° 

Oxygen vacancies 200 

2.3.2 The Pigment Surface 

Anhydrous titanias readily adsorb water. The resultant hydrated tita- 
nia surfaces are amphoteric and contain a variety of hydroxylic species 

which include ionic and partially covalent hydroxyl groups and chemi- 
sorbed and physisorbed water molecules. The nature and surface locations 

of these adsorbed species have been extensively studied and the various 
conclusions have been frequently reviewed [e.g., 13,21,22]. Only a broad 

outline of the modes of formation, structures, and properties of the surface 

hydroxyls will be given here. 
The bulk of the strongly bound surface hydroxy] groups result from the 

dissociative chemisorption of water and consist of approximately equal 

numbers of inherently basic and inherently acidic species [23]. On the basis 

of chemical and structural considerations [14,16,24], and theoretical calcu- 

lations [25], the dissociative adsorption process is believed to involve the 

following sequence of events. 

(i) An initial adsorption of a water molecule at a five-coordinate sur- 

face Ti** site, preferably located on the (110) plane of rutile [14] or the (100) 

plane of anatase [16]. 

(ii) Ionization of the water in the strong crystal surface field to give 

the Ti-OH species described as a terminal hydroxy] group (1; Figure 2.3); 
this dissociation is more extensive on rutile surfaces than on anatase. 

(iii) Migration of the liberated proton to a neighboring Ti-O-Ti site, 

with formation of a bridged-hydroxylic species (2) from the lattice O?~ 
anion. 

This process is accompanied by the hydroxylation of other surface spe- 

cies such as Si** and P®* through dissociative adsorption of water. Disso- 
ciative adsorption of water is less likely on Al** ions contained in the (110) 
plane of an Al-doped rutile than on the Ti** ions of a pure rutile [25]. 
Weakly bound water may be adsorbed by hydrogen bond formation with 
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Figure 2.3 

terminal hydroxyls, by non- or weakly dissociative adsorption on the sur- 
face cations contained in other crystal planes, and by condensation in 
micropores [21,26-28]. 

The various hydroxylic species can be differentiated by thermal analy- 

sis, by nuclear magnetic resonance and infrared spectroscopy, and by vari- 

ous chemical reactions. Considerable effort has been made to assign 

infrared absorptions to particular types of titania surface hydroxyl groups 

or adsorbed water. The heterogeneous nature of pigmentary titanias can 

introduce considerable complications in these interpretations because of 
the presence of crystalline and noncrystalline domains, and of hydroxylic 

species associated with surface impurities introduced during the manufac- 
turing process. Despite the differences in their crystalline lattices, the 

hydroxylic populations on the surfaces of pigmentary anatase and rutile 

appear to be qualitatively similar [29]. 

The infrared spectrum of a fully hydrated rutile may contain eight dis- 

tinct O-H adsorption bands in the 3 um region. The structural assign- 

ments have been reviewed [30] and are now believed to be as follows. 

Siop cy *: SiOH impurity (or anatase TiO — H) 

3700 cm7!: Terminal TiO — H on sites at lattice 
steps, edges, or apices 

3680 cm”: Terminal TiO — H on (100) or (101) 

planes 

3655 cm —!: Terminal TiO — H on (110) plane 

3610 and 3520 cm 7!: Bridged TiO — H on (100) or (100) 

planes 

S410 em: < Bridged TiO — H on (110) plane 

3400 cm™’: Adsorbed and coordinated H,O 

Other absorption bands may be present in rutiles containing substi- 

tuent cations or adsorbed anions. The assignments listed above are in 

accord with those given for the various types of hydroxy] groups on other 

hydrated metal oxides. They differ from those reported previously for 

rutile [21], principally for the peaks at 3600 to 3700 cm ‘ which, on the 

basis of their apparent thermal stability and crystallographic consider- 

ations, were originally assigned to bridged TiOH groups [14]. 
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The infrared spectrum of anatase contains four O-H adsorption bands 

[15,31]. Their probable assignments are: 

3730 cm7: Terminal TiO — H on (001) or (111) 

plane 

3680 and 3620 cm 7: Bridged (acidic) TiO — H 

3480 cm™’: Adsorbed and coordinated H,O 

The thermal stability of the various hydroxylic species is markedly 

affected by the presence of adjacent defects or adsorbed anions and by the 

previous history of the particular samples. There is also no clear demarca- 

tion between the various stages in the loss of surface hydroxylic species. In 

general, though, condensed, weakly bound, physisorbed waters can be 

readily eliminated by heating hydrated rutiles or anatases at temperatures 

up to 150°C; dissociated water on rutile (100) and (101) planes is also elimi- 

nated at this stage. Hydrogen-bonded water molecules can be tenaciously 

retained. Some may only be desorbed with the elimination of the associ- 

ated surface hydroxyl groups [32]. Heating above 200°C results in the loss 

of strongly bound, dissociated water from the rutile (110) and anatase (001) 

planes, leaving a small number of isolated terminal hydroxyls that are too 

widely separated on the titania surface for their diffusion together and 

subsequent condensation to occur at significant rates. The residual 

hydroxyl groups can be eliminated on heating at 300 to 400°C with the 

evolution of molecular hydrogen [33]; at these temperatures, lattice oxy- 

gens also begin to evaporate. Rehydration of the surface results initially in 

the rapid coordination of water followed by the slower dissociation process 

outlined above. In the case of anatase, the original hydroxylated state is 

not readily restored and a transitional hydrated anatase surface contain- 

ing strongly bound, coordinated waters can persist for long periods at 
room temperature [31]. 

The terminal hydroxyls are ionic in character and weakly basic (anatase, 

pk, 12.7) [34], and are capable of exchange with other anions. They can also 

react with CO, to form labile surface bicarbonate species that can be dis- 
placed by water [35]. Exchange of the hydroxyls with acid anions such as 

bisulfate or dihydrogen phosphate can result in a marked increase in the 

Bronsted acidity of the titania surface, dry titania with adsorbed H,PO,~ 
ions, for example, having a Hammett acidity value (H,) of —5.6 to —3.3 
[36]. The terminal hydroxyl-bridged hydroxy] pairs formed by dissociation 
of water on the (100) and (101) planes can be displaced by the adsorption of 
organic bases such as pyridine, which are more strongly coordinated to the 
Lewis acidic Ti** ions than water. This displacement is shown by the loss 
of the 3690 and 3610 cm ' bands in the spectrum of rutile treated with 
pyridine [14]. 

The bridged hydroxyls are partially covalent and weakly acidic (ana- 
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=TIOH + R,SiCl|_ ——— = TiOSiR; + HCI 

=TiOH + SOCI, ——~ STiC!I + SO, +HCI 

=TiIOH + ROH ——+=TIOR + H,0 

=TiOH + O ec 

Figure 2.4 Some metathetical reactions 
=TiOH + CH,N, ——* =TiOCH, +N, of titania surface hydroxyl groups. 

tase, pK, 2.9) [34]. The Bronsted acidity of the anatase bridged hydroxyls 
is sufficient for the protonation of adsorbed trimethylamine or triethy]- 
amine, but not of weaker bases such as pyridine [37]. Ammonia may [23] or 
may not [37] be protonated by anatase hydroxyls. Protonation of triethy]- 
amine is not observed on rutile surfaces, the amine being adsorbed solely 

by coordination with the surface Ti** ions [37]. Ammonia is also adsorbed 

by coordination on rutile, even in the presence of water vapor [38]. The 
adsorption of amines can also occur by hydrogen bond formation with sur- 
face hydroxylic species. 

The titania surface hydroxyl groups resemble those of alumina, 

described in Chapter 3, and they can undergo a variety of reactions which 
yield covalently bound surface substituent species [16]. For example, sur- 
face titanosiloxane species can be formed by the reaction of titania with 

chloro- or alkoxysilanes, titanyl alkoxides with alcohols [32], titany] chlo- 

ride species with thionyl] chloride, and titanyl acylates with acy] chlorides 

[34]. Titanyl acylates can also be formed by the acid induced dissociation of 

surface Ti-O-Ti bonds [37]. Some of the hydroxyl groups are sufficiently 

acidic to add to cyclohexene, forming surface alkoxides [39], and to react 
with diazomethane forming surface methoxy groups. Whereas all the sur- 
face hydroxyls of rutile may be methylated using diazomethane, only 

about half of the anatase hydroxyls react in this manner [29]. Practical 

examples of these reactions are considered in more detail in Chapter 4. (See 
Figure 2.4.) 

The Lewis acid sites on dehydroxylated titania surfaces resemble those 

of alumina, forming surface coordination (electron pair) complexes with a 

wide variety of organic bases. Unlike alumina, the dehydroxylated titanias 

have a shallow surface conduction band in the lattice electronic structure, 

and this facilitates single-electron transfer between the adsorbed species 

and other electron donors or acceptors. Lewis acidity of the titania sur- 

faces can be enhanced by repeated cycles of hydration and dehydration; 

this treatment results in the gradual migration and condensation of iso- 

lated, thermally stable hydroxyl groups. Strongly acidic titanias prepared 

by this method can accept electrons from perylene with the formation of 

perylene radical-cations [15]. In contrast, dehydroxylated titanias contain- 

ing surface Ti”! can reduce adsorbed nitrogen oxide (NO) to the NO anion; 

oxidized titanias only form coordination complexes with NO [40]. 



62 TITANIA PIGMENTS 

Because of the amphoteric nature of the titania surfaces, dispersed tita- 

nias can buffer the pH of aqueous media at values close to neutrality [13]. 

The net charge which results from the pH-dependent protonation or depro- 

tonation of the surface hydroxy] groups of titanias dispersed in aqueous or 

ionizing media can be measured by microelectrophoresis [41]. In terms of 

their respective electrochemistry, anatase is more basic than rutile; the 

zero point of charge (zpc) or, more correctly, the isoelectric point (iep) of 

anatase occurring at about pH 6.2, while that of rutile occurs at about pH 

5.3. The actual values depend on the history of the samples, a calcined 

rutile having zpc at pH 4.8, while a hydrated rutile has a zpc at pH 5.6. 

These values refer to pure titanias; the electrochemistry of titania pig- 

ments is considerably affected by the presence of acidic or basic surface 

species such as P-OH, Si-OH, and Zn-OH, or other processing residues. 

The electrophoretic properties of a variety of commercial titanias have 

been reviewed [21]. 

2.4 PHOTOCHEMICAL ACTIVITY OF TITANIAS 

The surface of titania is capable of oxidizing or reducing a wide variety 

of adsorbed or contacted inorganic and organic compounds when exposed 
to light having wavelengths of 300 to 400 nm. This activity can have a 

number of practical applications. The reversible photoreduction of 

adsorbed silver ions, for example, is the basis of the Itek photographic 

process [42], and other photographic processes have been developed on the 
oxidation or reduction of leuco-dyestuffs. The photodecomposition of 

water on titania surfaces can yield hydrogen, thus providing a potential 
means of solar energy storage, while a variety of other titania-catalyzed 

photochemical or photoassisted electrochemical techniques have been 

described in the scientific and patent literature. 

It is well known that exposure of titania-pigmented plastics or surface 

coatings to sunlight results in oxidative degradation of the organic matri- 

ces, leading to embrittlement and to chalking, or erosion of the surface of 

pigmented materials; these processes are accelerated by the presence of 
moisture. Although the photoactivity of titania pigments is low compared 
to that of doped titanias and other useful photocatalysts, the contact 
times for reaction are usually very long, many thousands of hours in the 
case of exterior paint films, and considerable conversion of the contacted 
organic materials may occur. Many hypothetical mechanisms have been 
proposed for the chalking processes, but the details of these and many 
other simpler processes have not been established with certainty. The 
mechanisms for the formation of the various oxidizing species and their 
probable importance in the photodegradation processes will be discussed 
in this section; titania-catalyzed organic reactions will be discussed in 
detail in Chapter 5. 
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(a) 

Figure 2.5 Electron band energy levels in the surface zone of titania. (a) Before irradiation. 
(b) After irradiation. [Adapted, with permission, from R. D. Murley, J. Oil Colour Chem. 
Assoc., 45, 16 (1962).] 

2.4.1 Origins of the Photoactivity 

The titania crystal lattice absorbs near-ultraviolet light, the absorption 
band for rutile having a maximum near 370 nm. This absorption results in 
the conversion of light quanta into excited lattice species, in which elec- 

trons are promoted from the valence band to the conduction band in the 

lattice electronic structure (see Figure 2.5). The energy gap between these 

bands in the rutile lattice is approximately 3.05 eV, and 3.2 eV in the ana- 

tase lattice. These energy levels correspond to light quanta having the 

respective wavelengths of 420 and 390 nm, which correspond in turn to the 

long wavelength edges of the rutile and anatase lattice absorption bands. 

Actinic light having wavelengths shorter than these critical values is 

absorbed with the formation of ‘‘excitons’’ or electron-hole pairs (h-e). 

These can dissociate into free, mobile holes (h*) and electrons (e ) that are 

capable of migration through the lattice to the surface or other reactive 

sites [43]. The formation of an exciton corresponds, in terms of discrete 

Ti** and O* ions, to the transfer of an electron from an oxygen 2p toa 

titanium 3d orbital [18,44]. 
The excitons are generated most efficently by adsorbed light having 

wavelengths near that of the near-visible band edge, which can penetrate 

deep into the titania lattice. The excitons are unstable and decay, transfer- 
ring thermal energy to the lattice, unless they are trapped by some other 

process. Most titanias fluoresce when irradiated with ultraviolet light at 

low temperatures. This had been ascribed to exciton decay. However, pure 
rutile does not fluoresce and the fluorescence of other specimens may be 
due to the presence of impurity ions such as Cr** in the titania lattice [43]. 

Titania exposed to actinic light under vacuum or in an oxygen-free 

atmosphere can lose oxygen from the crystalline lattice. This results in the 

formation of a semiconducting surface layer containing Ti’* ions [45] and 

causes the titania to become blue-grey in color. The deoxygenation is 

reversed when the titania is exposed to oxygen in the absence of the radia- 

tion. Irradiation of titania by near-ultraviolet light in the presence of oxy- 
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gen results in the formation of one or more of the paramagnetic adsorbed 

oxygen species, O°, O,, and O, [46-49]. Similar photoadsorption reac- 

tions have been observed on other semiconducting oxides, notably zinc 

and magnesium oxides, although the latter requires activation by more 

energetic radiation than that for zinc oxide or the titanias [47,50]. The for- 

mation of an oxygen radical-cation has been reported [51], but the species 

was subsequently found to be either adsorbed NO or NO, [52], formed pre- 

sumably by oxidation of adsorbed ammonia [53]. 
The relationship between the photoadsorption of oxygen and the band 

structure of the semiconducting titania lattice can be illustrated by refer- 

ence to Figure 2.5 [18,43]. The energy of chemisorption of the first molecule 

of oxygen has a value proportional to (a — ¢), where (¢) is the ionization 

potential, that is, the extra energy above the Fermi level required for an 
electron to leave the titania surface, and (a) is the electron affinity of the 

adsorbed oxygen; the function (a — ¢) must have a positive value for the 

absorption to occur. 
The Fermi levels of unirradiated titanias are too low for this electron 

transfer to occur. However, on irradiation, the Fermi level of the crystal 

rises, reducing the value of (¢) and making the adsorption of oxygen ener- 

getically favorable. The adsorption of oxygen is limited by the develop- 

ment of a surface charge and the formation of an electric double layer 

between the chemisorbed anions and the positive holes remaining in the 
lattice. This double layer effectively lowers the Fermi level near the crystal 
surface until an adsorption equilibrium is attained [54]. Processes which 

can annihilate the holes will enable larger amounts of oxygen to be chemi- 
sorbed. 

Although the photoadsorption of oxygen may occur on apparently 

anhydrous titania surfaces, kinetic studies have shown that the process is 

promoted by the presence of surface hydroxylic species, and retarded by 
dehydration [55] or by replacement of the surface hydroxyls by chloride 

[56] or by phosphate ions [57]. There have been various proposals that the 

adsorption of oxygen by hydrated titanias is accompanied by the forma- 

tion of hydroxy] radicals, hydroperoxy] radicals and anions, hydrogen per- 
oxide, solvated electrons, nascent atomic oxygen, and excited (singlet 
state) molecular oxygen, as well as the oxygen radical-anions observed on 
oxidized anhydrous titanias [43]. The principal products formed in the oxy- 
gen photoadsorption depend on whether the substrate is an outgassed, 
partially hydrated titania in a solid-gas system or titania dispersed in an 
aqueous (electrically conducting) medium. Fully hydrated titanias have an 
“aqueous-like” hydroxylic surface and their photoadsorption of oxygen 
can yield the same products as those obtained from dispersed materials. 
The photoadsorption of oxygen on hydrated titania surfaces is an example 
of the photooxidation of water on a semiconducting surface, a general proc- 
ess which has been extensively studied [58-61]. 

The currently favored hypotheses for the generation of oxidizing spe- 
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Figure 2.6 

cies on the irradiated pigment surface are essentially similar to the mecha- 
nism originally proposed by Bickley and Stone [43,55] for the adsorption of 

oxygen on a dehydrated rutile containing few residual hydroxyl groups. In 

this scheme (see Figure 2.6), the excitons or derived mobile holes generated 
by the adsorption of actinic light (Eq. 1) migrate to the titania surface and 
interact with surface hydroxyl groups, the holes becoming trapped in the 

form of “‘bound”’ hydroxy] radicals (Eq. 2). The conduction band electrons 

freed by this process can then transfer to adsorbed oxygen molecules form- 
ing superoxide radical-anions, O,~ (Eq. 3). This process is apparently irre- 

versible, as oxygen is not desorbed on cessation of the irradiation [55]; this 
is in contrast with the reversible photoadsorption of oxygen on anhydrous 

titania surfaces [43] and may reflect differences in the residual hydration of 

the titanias (see p. 67). The hydroperoxyl radicals HO,* may be formed by 

the reaction of adsorbed O, with bound hydroxy] radicals [55] or by pro- 

tonation of the strongly basic radical-anion by titania surface hydroxylic 

species (Eqs. 4 and 5). 
The rate of oxygen uptake decreases during irradiation, but may be 

enhanced on secondary irradiation after storage in darkness, indicating 

that some form of thermal dark-reaction can occur. This reaction was 
thought to involve the capture of lattice electrons by hydroperoxy] radi- 
cals to form hydroperoxide anions; these are more effective hole-traps than 

the surface hydroxyl] groups [55] (Eq. 6). 
Oxygen radical-anions may also be formed by reaction of the hydro- 

peroxyl radicals with other adsorbed species (Eqs. 7 and 8) [55]. Alterna- 

tive, speculative reactions of HO’ and O,° species with adsorbed water 
have been variously proposed for the generation of oxygen radical-anions, 
other oxygenated radical species, and the atomic and singlet molecular 

oxygens which may be active intermediates in the titania-catalyzed photo- 

oxidations. Hydrogen peroxide has been detected in the photolysis prod- 
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ucts from aqueous titania dispersions [62] and has been assumed to be a 

product of the photoadsorption of oxygen by fully hydrated solids [17]; itis 

apparently not formed during the photooxidation of partially hydrated 

titanias [63]. The formation of hydroxy] and hydroperoxy] radicals [59] and 

of singlet (excited state) molecular oxygen [62] during the photooxidation 

of titania dispersions has been demonstrated by diagnostic trapping 

experiments. 

Only a small proportion of the surface hydroxyl groups on hydrated 

titanias are apparently available for the trapping of holes formed by irradi- 

ation. The selection of hydroxyl groups appears to be on a random basis 

[64] and there is no concrete evidence to support an earlier hypothesis [13] 

that the hydroxy] radicals are derived largely from hydroxyl groups at the 

intersections of crystalline domains on the titania pigment surface. 

Munuera and co-workers have re-examined in detail the kinetics and 
products of the photoadsorption of oxygen on anatase titanias having var- 
ious degrees of hydration [31,46,65]; their conclusions are also relevant to 

the photooxidation of rutile. They found that the rate of photoadsorption 
depended on the concentration of basic (terminal) hydroxyls present and 

that coordinated molecular water or acidic hydroxyl groups do not greatly 

influence the photoactivity. They also found that the photoadsorption on a 
hydrated surface was accompanied by a slow photodesorption of oxygen 

and that the rate of photoadsorption changes from first-order to diffusion- 

controlled kinetics as the surface hydroxyl concentration declined. The 
photoadsorption and desorption processes were accompanied by the 

desorption of molecular water from the hydrated anatases. They proposed 

the scheme shown in Figure 2.7 for the photoadsorption on a hydrated 
anatase surface. Their model consisted of the (111) plane, in which the sur- 

face Ti** ions (9) are each coordinated with three lattice O?~ ions, one termi- 

nal hydroxyl (OH,) and one bridged hydroxy] (OH,) formed by dissociation 

of H,O, and one other, undissociated, coordinated water molecule. 
The kinetics indicated that excitons generated in the subsurface regions 

could only reach the surface through a limited number of “‘portholes’’; they 

then diffuse across the surface to nearby Ti’ sites bearing OH, groups 

(HO anions), which act as hole-traps. The electrons freed in this process 

can then be trapped by oxygen or by HO’ radicals to reform HO~ anions. 

The reaction with oxygen requires that formation of the trapped exciton- 
-TiOH complex (10) be accompanied by the loss of ligand water, as the 
oxidant has to be coordinated with the Ti’! center for electron transfer to 
occur. Diffusion of excitons across the hydrated surface is also accompa- 
nied by desorption of coordinated water molecules from the transient 
TiOH-exciton complexes; these photodesorbed waters could be rapidly 
readsorbed if the H,O partial pressure in contact with the surface is not too 
low. The emerging excitons are rapidly trapped on surfaces having high 
HO concentrations, and a steady state with pseudo-first-order kinetics is 
quickly established. The hydroxy] radicals produced are highly mobile and 
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Figure 2.7 One mechanism for the photogeneration of oxidizing species on an oxygenated, 

hydrated titania (anatase) surface. [From A. R. Gonzalea-Elipe, G. Munuera, and J. Soria, J. 

Chem. Soc., Farad. I, 75, 754 (1979); with permission, Royal Society of Chemistry, London.] 

can combine to form hydrogen peroxide. At low HO~ concentrations, the 

increased distance between portholes and the hole-traps results in a 
diffusion-controlled process and in the increased probability of exciton 

decay and consequent reduced photoactivity. 

The photoadsorption of oxygen yields HO,” radicals which remain coor- 

dinated with the Ti** ions and which can be detected by esr spectroscopy 

on anatase irradiated at low temperatures. At room temperature or on 

continued irradiation, the HO,” radicals decompose to form the ‘‘photode- 
sorbed”’ oxygen [46,65]. Hydrogen peroxide chemisorbed on a titania sur- 

face can be rapidly reduced by trapped excitons [65]; at low H,O vapor 

pressures or on partially dehydroxylated surfaces, free H,O, probably 
would not be formed during the photoadsorption process. 

The initial processes in the photoadsorption of oxygen by anhydrous or 

dehydroxylated anatases are similar to those of the hydrated materials 
and depend on the presence of residual terminal hydroxy] groups for trig- 

gering the adsorption process by trapping surface excitons, with the for- 

mation of HO* radicals [46]. However, as the dehydroxylated surface 

contains Ti** ions which are largely deficient in coordination (a Lewis 

acidic surface), the scarcity of acidic hydroxyls or coordinated waters 

results in the formation of isolated Ti®* ions. These can either react with 
adsorbed oxygen, forming O, radical-anions, or else donate free electrons 
to the surface conduction band; these electrons can react with lattice O?~ 
and oxygen giving O,” radical-anions. The HO’ radicals can react with the 
lattice O? anions to regenerate the terminal hydroxyl “‘trigger’’ groups. 
The reactions proposed by Munuera for the photoadsorption of oxygen by 

hydrated and dehydroxylated anatase surfaces are summarized in the 

equations below [65]. 

The various photogenerated oxy-species are potential oxidants for 

adsorbed or contacted organic materials [50] and have been implicated in 

the photodegradation of a wide variety of polymers [66]. Direct electron 

transfer may also occur between an adsorbed organic species and the irra- 
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Figure 2.8 

diated titania surface, as in the photoreduction of Methylene Blue; similar 

electron-transfer processes may occur when a titania-organic mixture is 

heated [67]. Consequently, in complex reactions such as the photodegrada- 

tion of a titania pigmented paint film, the nature of the oxidizing species is 
uncertain and the observed oxidation products may be formed by more 

than one mechanism. 

The products of the photolysis of adsorbed water or surface hydroxyls 

depend on whether electrons can flow between donor and acceptor centers 

via an external circuit [58]. In aqueous dispersions, the titania particles 

can behave like short-circuited photoelectrochemical cells for the photoas- 
sisted decomposition of water [59] (Figure 2.12), whereas the photocata- 

lyzed reaction in a gaseous-solid system involve the decomposition of 
surface hydroxyls [58] (Figure 2.8). In aqueous media, the photogenerated 

holes are sufficiently energetic to oxidize water to HO’ radicals, which are 
intermediates in the production of both hydrogen peroxide and oxygen 

[59]. Adsorbed anions may also be oxidized; some examples are the oxida- 

tion of CN” toCNO [68], of Br” to Br, (in acid) or BrO~ (in alkali) [69], and 

of carboxylates to carboxyl radicals, which can undergo decarboxylation 
and dimerization to form hydrocarbons (a photo-Kolbe reaction) [70] (Fig- 
ure 2.9). 

CN" +h* —» CNig, 2+ H*t + CNO” 

Br+h* —+ Brag, 2% > H*+ Bro” 

BrO) + Br +.2Hi) = By 40 

RCOO + h*—» Rcoo’—+ R*+co,! 

2R° —— R—R 

Figure 2.9 
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Figure 2.10 

Kaluza and Boehm proposed that HO’ radicals were the principal oxi- 

dants in the photooxidation of mercury [57] adsorbed on hydrated titanias. 

These radicals were also shown to be derived largely, but not exclusively, 
from terminal Ti-OH groups and to be accompanied by the formation of 

HO, anions from adsorbed oxygen. The presence of both HO’ and O,~ 
was found to be necessary for the oxidation of mercury, although organic 

species could be oxidized in anaerobic conditions on a hydrated titania 

surface (Figure 2.10). 

Voelz and co-workers [71-73] have shown by spectroscopic and chemi- 
cal methods that HO’ radicals are formed on irradiation of hydrated tita- 

nia surfaces, and these and the coproduced HO,” radicals are the key 
intermediates in the oxidation of adsorbed organic molecules. They pro- 

posed that the radicals were formed by a process basically similar to the 

scheme shown in Figure 2.6. 
In contrast, Bickley and co-workers have proposed that O,~ radical- 

anions are the initial oxidants and that the bound hydroxy] radicals (HO,°; 

Figure 2.11) serve mainly as sites for the reinjection of electrons into the 
titania lattice following the reactions between the superoxide radical- 

anions and the organic molecules [74,75]. This is illustrated in their hypo- 

thetical reaction sequence for the photooxidation of isopropanol (PrOH) to 

acetone (A) (Figure 2.11). 
The ability of the various oxygen radical-anions to abstract hydrogen 

from, or undergo addition to organic molecules is well established, at least 
in homogeneous media. These active radical-anions are believed to be 

present on the surfaces of a variety of other heterogeneous oxidation cata- 

lysts [50]. Hydrogen abstraction by HO’ or other radical species can initi- 
ate autoxidative chain reactions between organic materials and 

G+ Pron ——_>, “1,074 Pro” 

HO> + PrOoH ——> H,0, + PrO° 

HO, 47 PLO Ga ALT HLOL OH Ge” 

OH PrOn a AHO’ 

Fg a0 a per oa 1 
Figure 2.11 
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atmospheric oxygen. These and other surface-catalyzed photooxidation 

reactions will be discussed in Chapter 5. 

There are some anomalies in these convenient, but relatively simple 

models for the initiation of photooxidation reactions. Most published 

mechanisms for the photoreactions between titania and organic species 

are based solely on the reactions of photogenerated oxidant (or reductant) 

species with supernatant organic molecules; they do not consider adsorbed 

organic complexes, the reactions of which are more likely to involve trans- 

fer of hydrogen, hydroxy], or other groups with neighboring bound surface 

species. 

The photoadsorption of oxygen is dependant on the availability of tita- 

nia conduction-band electrons. Although the trapping of exciton-derived 

holes provides one source of these electrons, photoadsorption of oxygen to 

form O,~ radical-anions can occur when titanias are irradiated with visible 
light having wavelengths of 400 to 560 nm, that is, below the threshold for 
exciton formation [48]; the alternative electron sources are believed to be 

donor impurities or other lattice defects. However, O, radical-anions 
adsorbed on anatase are ineffective for the oxidation of isobutane, for 
example, unless the surface is also irradiated with light having wave- 

lengths of 220 to 400 nm, that is, light which is sufficiently actinic for the 

generation of excitons or photoholes [54]. 

The failure of titania to oxidize alkanes when irradiated with visible 

light implies that O,~ radical-anions alone have limited effectiveness as 
oxidants. This observation can be correlated with the chemistry of the 

superoxide (O, ) radical-anions in homogeneous media, which is predomi- 

nantly that of a nucleophilic strong base, and only indirectly that of an 

oxidant. In protic media, the superoxide ions are rapidly converted to HO,” 
radicals, which can then react with additional superoxide ions to form nas- 

cent oxygen and hydrogen peroxide, both powerful oxidants. In aprotic 

media, the superoxide ions can undergo nucleophilic substitution with 

alkyl halides and carboxylic esters, for example, with the respective dis- 

placement of halide and alkoxide ions and the formation of organic peroxyl 

radicals; the latter may undergo dismutation with superoxide to form alk- 
oxide or carboxylate anions and oxygen. 

Partially hydrated titanias can catalyze the photoreduction of anumber 
of inorganic or organic species which can be adsorbed at the surface reduc- 
tion sites. These sites are probably the same as those involved in the reduc- 
tion of oxygen, which are coordination deficient exciton-TiOH complexes 
shown in Figure 2.7, or their equivalents. Nitrogen, for example, can be 
reduced to ammonia or hydrazine via a hypothetical N,H, intermediate 
(Figure 2.12) [64] and adsorbed Ag* ions reduced to Ag [42]. The genera- 
tion of hydrogen from adsorbed water or other sources of protons can 
either involve electron transfer via a surface cathodic site (on hydrated 
TiO, or platinized TiO.) or (in dehydroxylated samples) by the reduction of 
residual water by surface Ti"! sites [58]. 
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Boonstra and Mutsaers [76] found that acetylene and ethylene could be 

hydrogenated and dimerized when irradiated in the presence of titania. 
Schrauzer and Guth subsequently found that oxygen was a byproduct of 
these reactions and that the photoreduction of nitrogen was inhibited by 

the presence of the more readily reduced (and more strongly chemisorbed) 
alkenes and alkynes [64]. Boonstra and Mutsaers proposed that, contrary 

to the generally accepted hypotheses, the photolysis of surface TiOH 

groups involved the formation of hydrogen atoms, which could either add 
to the unsaturated centers or else abstract hydrogen from the organic spe- 

cies. However, the organic reaction products point to the intermediacy of 

coordinated alkene or alkyne surface adducts which would not require 
‘‘free’’ hydrogen atoms for their reduction. These reactions are described 

in greater detail in Chapter 5. 
The photodegradation of a titania-pigmented polymer film by natural or 

accelerated weathering generally involves a system in which the surface 

zone exposed to actinic light is sufficiently permeable to oxygen and water 

for the titania to remain in a hydrated, oxidized state. Electron microscopy 

[11,72] of degraded specimens has shown that the oxidation reactions are 

not confined to the vicinity of the titania particles, indicating that the 

oxidizing species can diffuse from the pigment surface into the surround- 

ing matrix. The formation and reactions of mobile hydroxy] and hydro- 

peroxyl radical intermediates proposed by Voelz and co-workers can 

therefore provide a convenient, if not exclusively correct mechanism for 

the titania-catalyzed photooxidation of organic matrices. Other potential 
mobile oxidants include hydrogen peroxide, which is usually formed only 

in aqueous media, and singlet molecular oxygen. Atomic oxygen [77] is a 

less likely possibility. 
The effects of the doping of titania pigments with foreign ions on the 

rate of degradation of pigmented polymer films has been studied by 
Torlaschi and co-workers. They found that Li*, Na*, K*, Ba**, and Si** 

ions had no effect on the photoactivity of the pigment, while Ca’*, Zn’**, 
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and Al* retarded the rate of photodegradation [78]; Al°* substituent ions 

are known to act as lattice hole traps [79]. In contrast, variable valence ions 

like Sb°* and Nb°* caused serious photodegradation when present in tita- 

nia at 150 ppm, while Cr®*, Cu’*, and Mn’** were deleterious when present 

in only a few ppm [78]. The presence of Fe®* ions in doped titanias also 

promotes the photoreduction of nitrogen [64]. 

The deleterious effects of the photoactivity of titania pigments can be 

reduced by a combination of techniques. The low, residual activity of a 

doped rutile, for example, could be overcome by encapsulating the pigment 

particles with an oxidation-resistant, nonporous inorganic coating that 

can neutralize or hinder the diffusion of oxidizing species from the titania 

surface; the coating would also prevent contact between the active surface 

and degradable organic materials. However, the titania would probably 

still not be completely insulated from its surroundings, as most coatings 

do not prevent the photoadsorption of oxygen [18] or the diffusion of 

molecular water to the underlying photoactive interface. The role of the 

inorganic coatings will be discussed in Section 2.5. 

As the photoactive processes involve surface TiOH groups, suitable 

modification of these could be used to reduce the surface activity. Methods 

claimed to reduce activity include condensation with silanes or organosili- 

cates, condensation with hydrous metal oxide components of an inorganic 

coating, and use of coatings which can act as an electron sink or increase 

the acidity of the surface TiOH groups. The photoactivity can be reduced 
by the adsorption of certain transition metal ions, most notably, those of 

manganese, on the titania surface; these deactivate the pigment by pro- 

moting the recombination of the mobile surface excitons. The photoactiv- 

ity may also be reduced by replacing surface Ti** ions with other species 

such as the Zn’* or Al’* ions introduced as rutilization catalysts. These 
impurity ions tend to concentrate at the titania surface, and water coordi- 
nated with them is less likely to dissociate, and in turn provide HO radi- 

cals, than that coordinated with Ti** ions; hydroxyl groups attached to 
these impurity ions may also be less readily oxidized [73]. 

2.4.2 Comparison of the Photoactivity of Anatase and Rutile 

The photoactivity of different titanias towards polymer substrates is 
often measured by the use of model systems; these include the photooxida- 
tion of isopropanol [80], leuco-dyestuffs [77], and mandelic acid [81]. 

Pigmentary anatase is considerably more active than pigmentary rutile 
in the photodegradation of titania-containing plastics and surface coating 
compositions, although there appear to be no qualitative differences in the 
photochemistry of the two forms of the mineral. The photoactivity of rutile 
is affected by the presence of residual domains of anatase, the increase in 
activity being out of all proportion to the percentage of anatase in the 
pigment [82], a 90% rutilized titania, for example, being twice as active as_ 
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‘100%’ rutile [83]. The reasons for the quantitative differences between 
the photochemical activities of rutile and anatase are not readily apparent, 
and many of the published explanations are facile or contradictory. 

An early explanation was based on the observation that the Ti-O-Ti 
interatomic distances are smaller in the rutile lattice than those in anatase, 
and this was equated with an existence of ‘‘stronger’’ bonds in rutile. The 
rutile lattice has a greater energy of formation than that of anatase, and 
ultraviolet spectroscopy reportedly indicates that the Ti-O bonds of rutile 
have less ionic character [84], although they are still predominantly ionic 
[85]. The activation energy for loss of oxygen from rutile is actually less 
than that from anatase, and rutile is the more effective thermal oxidation 
catalyst [86]. There is no significant difference in the strength of the sur- 
face Ti-OH bonds of anatase and rutile, although the lower activity of 

rutile has been ascribed to the firmer bonding of its hydroxyl groups [73]. 
Boonstra and Mutsaers [56] found that there was an apparent linear 

relationship between the amount and rate of oxygen photoadsorption and 
the hydroxyl group concentration on the surface of anatase or rutile pow- 

ders, and that anatase was capable of adsorbing up to twice as much oxy- 

gen as rutile containing the same number of surface hydroxyl groups. 
Murley [18] also noted a twofold difference in the amount of oxygen 

adsorbed per unit area of surface of anatase and rutile when these were 

irradiated for similar periods. 
The differences in the photoadsorption of oxygen between anatase and 

rutile have been explained in terms of the energy levels of their crystalline 

band structures (Figure 2.5) [18]. The Fermi level of anatase is higher than 

that of rutile, as its lattice absorption band occurs at shorter wavelengths 
than that of rutile. This would allow a more extensive chemisorption of 

oxygen, although the difference may not be sufficient to explain the large 
observed differences in reactivity between the two crystalline forms of 
titania. The wider semiconduction band gap of anatase would also result in 

the formation of more energetic excitons for the generation of HO" radi- 
cals. A nominally pure pigmentary rutile usually contains Al’* or Zn’* 

ions rutilization catalyst residues) as impurities, either within the crystal 

lattice or concentrated near the crystal surface. The light-absorbing layer 

in which excitons are generated has an approximate depth of 10 nm and the 

presence of foreign ions in this layer can hinder the migration of excitons to 

the pigment surface and promote their decay, thereby reducing the photo- 

oxidative efficiency of the rutile pigments. 
Allen and co-workers have recently studied the luminescence of anatase 

and rutile pigmented polyolefins when irradiated at 77°K. They have 

attributed the difference in photoactivities of the two titanias to the differ- 

ence in the energies of their excited states [87,88]. They also noted that the 

phosphorescence of the polyolefins, which probably arises from the decay 

of excited states of carbonyl impurities, is rapidly quenched by anatase 

but not by rutile. This was ascribed to one-electron transfer reactions 
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between the triplet excited species and the anatase which could initiate 

radical-chain degradation processes [89]. 

The difference in photodegradative activities of rutile and anatase pig- 

ments may also result from differences in their physical structures. Pig- 

mentary anatases, for example, normally have smaller sized particles with 

greater apparent porosity than rutile pigments, and consequently have 

greater specific surface areas for the generation of oxidizing species. The 

- higher refractive index of rutile would enable more effective scattering of 

the incident radiation; this would provide better shielding of the deeper 

regions of a pigmented composite, thereby reducing the overall rate of pho- 

todegradation. 
Bickley and Stone [55] found that their samples of rutile showed a 

greater rate of photoadsorption of oxygen than the anatase samples. They 
ascribed this to the greater absorption of near-ultraviolet light and the 
better crystallinity of the rutile sample, which resulted in increased effi- 

ciency in the conversion of light and migration of excitons to the titania 
surface. The increased photoactivity resulting from greater crystallinity 

would probably be partially offset by the reduction in activity caused by 

the annealing of surface defects. 
The rate of photooxidation appears to be dependent on the concentra- 

tion of anomalous sites located on lattice plane discontinuities; these may 
consist of the highly ionized Ti-O ‘‘portholes’’ [31] or their hydrated forms, 

the highly basic terminal TiOH species [26]. In the case of rutile, at least, 
the anomalous sites associated with the basic hydroxyl groups are irre- 

versibly eliminated, with the development of more extensive crystalline 
domains during the annealing process [80]. 

2.5 INORGANIC COATED TITANIAS 

The photoactivity of the titanias is generally detrimental for pigmented 

plastics, surface coatings, papers, and fibers that degrade when exposed to 
sunlight or other sources of near-ultraviolet radiation, particularly in the 
presence of moisture. The photodegradation can be useful in some sys- 
tems, such as the “‘self-cleaning’’ anatase-pigmented exterior paints. 

The unwanted degradation can be minimized by the use of rutile pig- 
ments, but these may still have sufficient activity to seriously limit the 
service life of the pigmented composites. Reduction of the residual photo- 
activity is particularly desirable in the case of pigments used in the newer 
surface-coating materials such as the acrylics or silicone polyesters. These 
polymers, unlike the commonly used alkyd resins, are transparent to near- 
ultraviolet light and are inherently stable in the absence of pigment- or 
impurity-initiated degradation [20]. The effects of residual pigment photo- 
activity are not so noticeable with the alkyd compositions because these 
degrade in sunlight, even in the absence of a photoactive pigment. 
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Most commercial titania pigments are manufactured with some form of 
treatment to reduce the surface photoactivity or to improve their dispers- 
ibility in various media [82]. This usually consists of coating the pigment 
particles with a layer of suitable inorganic material that can insulate the 
matrix materials from the reactive titania surfaces and surface derived 
oxidants, while also increasing the pigment-matrix compatibility. 

Coating Techniques and Composition 

There have been many hundreds of patents issued for methods for coat- 
ing titanias. It is impractical to review all the various compositions and 

techniques that have claimed to improve the dispersion and reduce photo- 
activity of the pigments. Some of the earlier methods are described in a 

noncritical summary of British and United States patents relating to tita- 

nia pigment production that were issued during the period 1946 to 1965 [9]; 

these methods are also described in reference 3. The scope of this section 

will be limited to a brief summary of general techniques and a description 

of some significant developments in coating technology. 

Most of the early coated titanias were developed for the surface- 

coatings industry. Many of these coatings were subsequently adapted for 

use in the plastics, paper, and fiber industries. To some extent the develop- 
ment of the coatings paralleled that of the understanding of the chalking or 

photodegradation processes [3,11]. 

In the early 1930’s, titania pigments were considered to be chemically 

inert. The nonbasic titanias showed poor affinity for the conventional oil- 

based resins, unlike the other widely used white pigments, most of which 

were basic salts or oxides capable of forming dispersant soaps with 
carboxylate-containing polymers. These titanias were difficult to disperse, 
or maintain in dispersion, unless used in conjunction with some other soap- 

forming pigment, such as zinc oxide, or with resins having high acidity. 

The chalking process was originally believed to be due to an inherent 

incompatibility between the titania pigment and the matrix polymer, or its 
degradation products, which weakened the pigmented films and thus facil- 

itated their erosion. The supposed release of adsorbed sulfate ions as sulfu- 

ric acid was also implicated in the chalking and fading of titania pigmented 
compositions. This ‘‘excess acidity’”’ was overcome by treatment of the 

pigment with barium hydroxide or by coating with zinc oxide, thus form- 

ing a basic surface which was considered essential for good weather resist- 

ance of the pigmented compositions. 

Coating of the pigments with insoluble silicates was also proposed for 

dispersion stabilization. These coatings were applied by the flocculation of 

silicate dispersed titanias with magnesium, calcium, or barium salts. 

Other coatings, introduced during the late 1930’s for the improvement of 

dispersion characteristics and weather resistance of titania pigments, con- 

sisted of titanyl phthalates, insoluble fluorides, basic aluminum salts, sil- 
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ica, or antimony oxide. Alumina-coated anatases and zinc oxide- or 

antimony oxide-coated rutiles were commercially available in 1940, 

although the most frequently used titania pigments were still uncoated 

anatases and rutilized composites. The oxidative potential of the titania 

surfaces and its association with the chalking process had been recognized 

by this time. 

In 1942, patents were issued for the use of insoluble silicates, including 

aluminum silicates or alumina-silica, for the precipitation coating of tita- 

nias [e.g.,90]. These coatings claimed to improve the dispersion properties 

(brightness) of the pigments in both aqueous and organic media, to reduce 

chalking and the fading of organic dyes, and they had greater stability 

than the earlier metal acylate coatings. The porous nature of these coat- 

ings was believed to provide ‘‘keying”’ of the binder resin to the pigment, 

thereby also improving the mechanical properties of the pigmented mate- 

rials. These amorphous gel coatings comprised 2 to 5% by weight of the 

pigment, equivalent to a coating thickness of about 5 nm. The coatings 

were transparent to visible light and sufficiently thin to avoid degrading 

the reflective properties of the titania and yet, ideally, thick enough to 

encapsulate the particles and insulate the pigment surface from an organic 

matrix. One advantage of the use of a mixture of acidic and basic oxides lay 
in their ready coprecipitation and coating on to the pigment surface. Pure 

silica or alumina, when rapidly precipitated, tend to form separate colloi- 

dal phases which may not be adsorbed evenly or readily on the pigment 

surfaces [91]. 

The reasons why the alumina-silica coatings are so effective in reducing 
the photodegradative effects of titanias are not clear. The stabilization 

probably results from a combination of properties of the coatings. Some 

oxide coatings have been found to be singularly ineffective in reducing the 

photoactivity, so it is likely that the silica-aluminas provide more than 

just a physical barrier [20]. The coatings are generally permeable to water 

and do not prevent the photoadsorption of oxygen. However, they proba- 
bly do limit the rate of diffusion of the oxidizing species from the pigment 
surface and may also promote their destruction [73]. 

The early silica-alumina coatings contained alumina-to-silica ratios of 
1:1 to 2:1. They were usually applied by the addition of an aluminum sul- 
fate solution to a dispersion of the titania in aqueous alkaline silicate at 60 
to 80°C, the final pH of the mixture being adjusted to a value of 5 to 7; the 
batch coating times were 30 to 60 min. Silica-alumina coatings were also 
applied by the addition of a silicate solution to a slurry of the pigment in an 
aluminum salt solution. The first method was generally preferred as the 
alkaline silicate was a good dispersant for titanias and the product usually 
had better compatibility with alkyd resins and other synthetic polymers. 
The coated pigments prepared by either method need to be thoroughly 
washed to remove the byproduct salts prior to drying. Their removal can 
be assisted by the use of coating formulations containing counterions that’ 
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form volatile salts capable of being eliminated during subsequent drying 
or calcination processes [92]. The relationship between the properties of 
the coatings and the silica-alumina component ratios will be discussed in 
Chapter 3. 

Although silica, alumina, and titania were soon established as the 
standard components of the coatings, other coprecipitating species were 
included with, or substituted for these oxides [3]. The other species 
included phosphates or borates as the acidic oxide components and bar- 
ium, magnesium, zinc, or zirconium as the basic oxide components. The 
addition of small amounts of variable valence ions, for example, cerium, 

chromium, manganese, cobalt, etc., to the alumina-titania-silica coatings 

has been variously claimed to improve the pigment brightness or the 
weather resistance of the pigmented materials. One frequently cited exam- 
ple is the use of manganese phosphate coatings to prevent the photodegra- 
dation of anatase-pigmented nylon fibers [93]. 

The inclusion of titanium or zirconium salts in the coating formulation 
results in the deposition of a titania- or zirconia-silica-enriched phase on 
the titania surface during the early stages of the precipitation process [94]. 

This is considered to improve the adhesion between the titania surface and 
the overlying coating. A typical titania-alumina-silica coating might con- 
tain these oxides in the respective ratios of 3:4:2. Zirconia has low photo- 

catalytic activity and its adsorption on the surface of the titania lattice 
would help to mask the photoactive TiOH groups. The transition metal 
additives are believed to improve the chalk resistance of the coated pig- 
ment, either by inhibiting the formation of the various oxidizing species or 

by promoting their destruction as they diffuse from the pigment surface. 

The alumina-silica coatings also alter the electrochemical behavior of 

the pigment surface from that of a rutile or anatase to that of an amor- 

phous or pseudocrystalline aluminosilicate. The electrochemistry of the 
coated pigments is dependent not only on the relative proportions of silica, 

alumina, and other components of the coating, but on the concentrations 

of the soluble ionic precursors, the order of addition of the reagents, pH 

control, batch timing and temperature, washing procedures, and drying 

conditions used in their preparation. 
These variables offer scope for optimizing coatings to suit particular 

applications, as they can affect not only the electrochemistry and photoac- 

tivity of the coated titanias, but also the porosity of the coatings, their 

adsorptive properties, and the brightness and hiding power of the pig- 

ments. The coated pigments may be further modified by secondary treat- 

ment with organic compounds, for example, long-chain alcohols or amines, 

polyols, or silicones, to reduce agglomeration during storage, to improve 

their compatibility with organic substrates, and to reduce absorption of 

water. Details of the coating techniques and formulations actually used in 

commercial pigment production are closely guarded trade secrets and the 

ultimate properties of the pigments can be very dependent on the atten- 
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tion to these details. Unfortunately, there are few guiding principles for 

the development of coatings, other than those contained in the ‘‘art,’’ and 

scientific studies on the formation and properties of mixed oxide precipi- 

tates, such as those described in reference 91, are a recent development. 

The coatings of mixed oxides seldom have a uniform composition, but 

may consist of a mixture of different phases [95,96]. For example, commer- 

cial alumina-silica coatings prepared by the classical methods, have been 

shown by electron microscopy to consist of silica-rich microparticles in 

porous alumina or silica-alumina matrices, the outer layers of which, being 

deposited last, tend to be alumina enriched. 

Techniques have been developed for the application of dense, coherent, 
nonporous coatings which have good adhesion to the titania and which 

greatly reduce the diffusion of oxidants. These durable, densely coated 

pigments are often given an outer coating of a porous silica, alumina, or 
phosphate mixture to provide optimum dispersion qualities for particular 

applications. Multiple applications of a conventional coating may also be 

employed to ensure complete coverage of the pigment surface. 
Dense, nonporous coatings of alumina or of an alumina-silica mixture 

can be applied by vapor phase treatment of the pigments, for example, by 
heating with aluminum chloride [97] or with a mixture of aluminum, tita- 

nium, and silicon chlorides in a fluidized bed at high temperatures [98]. 

Alumina and silica may also be deposited on the surface of chloride process 

pigments by introducing the respective chlorides into the reaction mixture 

[99]. Although low concentrations of Si** and Al®* ions can be accommo- 

dated in the TiO, lattice, alumina and silica have low solubilites in titania. 
The addition of larger amounts of their precursors to the burner feed 
causes the oxides to concentrate in the surface zones of the particles. 

Most of the coatings described in the literature are dried at tempera- 
tures below 200°C, and this preserves the coating’s porous, hydrous oxide 

structure. Denser coatings having reduced porosity may be obtained by 

hydrothermal aging of the initially porous coatings, but some other meth- 

ods are of interest. In several of these methods, the silica-alumina-coated 

pigments are calcined at 500 to 600°C to dehydrate and consolidate the 

coatings, thereby reducing their porosity and absorption of water 

[100,101]. The calcined coated pigment may then be given a second, con- 

ventional porous coat of silica-alumina to provide good compatibility and 

dispersion properties. Calcination has been used to improve the properties 
of other silicate coatings, including magnesium silicate [102]. 

Dense coatings of silica [103,104] and alumina [105,106] may also be 
formed by using a slow addition (or the in situ formation) of a precipitating 
agent to a dispersion of titania in hot aqueous silicate or aluminate solu- 
tions. These methods avoid the formation of high local concentrations of 
reacting ions which can occur in the older, conventional coating processes, 
and which may cause the oxides to precipitate as flocs in the dispersing 
media and on the pigment surface, thereby resulting in the formation of- 
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uneven and nonhomogeneous coatings. In contrast, the slow precipitation 
technique allows the nucleation and growth of the oxide phases on the tita- 
nia surface, a process which favors the formation of a dense, homogeneous, 
uniform coating. The preferred methods include the precipitation of oxides 
by the addition of carbon dioxide to dispersions containing alkali silicates 
and/or aluminates and the precipitation of alumina from hot AICI, solu- 
tions by hydroxide ions formed by the slow hydrolysis of urea. Basic, 
microcrystalline ‘‘boehmite’’ coatings can also be deposited on titanias 
from hot aluminate solutions at pH 9 [107]. Such coatings are reported to 

be apparently nonporous in adsorption studies, but still permeable to 
molecular water [108]. 

The silica-alumina coatings normally comprise 3 to 5% of the weight of 

the pigment, lesser amounts usually being insufficient to provide adequate 
surface coverage. Thicker, highly porous coatings equal to 10% of the 

weight of the titania are used in special low-binder applications where the 

optimum interparticle distance for maximum reflectivity is governed by 

the coating thickness rather than by the dilution in a matrix. Coatings 
comprising more than 12% of the weight of the titania may degrade the 

mechanical and optical properties of the pigment. These thick coatings 

also tend to separate from the pigment surface during the deposition proc- 

ess. 
The weight ratios of alumina-to-silica in most conventional coatings and 

their approximate A1I:Si atomic ratios range from 1:1 to 4:1. These propor- 

tions have been found empirically to provide the best balance of coating 

properties, an alumina-to-silica ratio of 2:1 generally being used as a stand- 

ard composition. Silica-rich coatings have been proposed for special appli- 

cations, for example, for improving the dispersion of titania in vinyl 

polymers or for use in aqueous systems while, according to some hypothe- 

ses [20,109], coatings having an alumina-to-silica ratio of 1:3 (Al:Si= 1:3) 

would ideally provide the greatest potential acidity and consequent reduc- 

tion in photolytic activity. Patent examples [109] cite an optimum 

alumina-to-silica ratio of 1:2.5. This ratio also provides the maximum acid- 
ity for homogeneous silica-alumina compositions (see p. 92). 

Coated titanias specifically intended for use in aqueous systems are 
often prepared using a final addition of silicate or phosphate to form a 
silicate- or phosphate-rich surface layer [110]. This treatment can mask the 

underlying reactive alumina-enriched layer [111] and can form coatings 
that provide good dispersion in aqueous media without the need for addi- 

tional dispersants. However, pigments with silica-rich coatings have been 

reported to cause the instability and thickening of some vinyl emulsions, 

although high-silica coatings were found to result in the least thickening 

on storage of a wide variety of pigmented anionic polymer emulsions [112]. 

Titanias with high-silica coatings have also been recommended for use in 

poly(vinyl chloride) compositions [113]. Alumina-rich coatings may also 

cause thickening and gelation on storage of aqueous poly(vinyl acetate) 
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emulsions, particularly those containing copolymerized acid [114]. This 

instability is believed to be due to the gradual conversion of the amorphous 

alumina to the more basic pseudo-boehmite, which can form polymeric 

salts with the dispersion-stabilizing acylate anions. Titanias having coat- 

ings with slightly to moderately enriched alumina content have been found 

to be the most suitable for use in electrodeposition paint systems [115]. 

The choice of the resin component, for example, an anionic charged poly- 

mer solution or emulsion in an alkaline medium, may have a greater influ- 

ence on the deposition of the pigmented paint film than the pigment itself 

[116]. 
Conventional alumina-silica coatings may have a weakly basic, neutral, 

or weakly acidic character. However, strongly acidic pigments can be 

obtained by acid treatment of high-alumina coatings prior to drying 

[117,118]. These coatings are suitable for the polymerization of susceptible 

vinylic monomers and have a high affinity for the amines used in some 

secondary treatments. Calcined silica-alumina coatings, like the natural 
and calcined aluminosilicates described in Chapter 1, may also show 

strongly acidic properties in the absence of adsorbed water. In contrast, 

neutral, inherently oleophilic coatings can be formed using uncalcined 
magnesia-silica compositions; these coatings resemble in properties the 

natural magnesium silicate mineral, talc, and are claimed to provide 

improved dispersibility in organic media [119,120]. 
Most contemporary coated titanias use silica, alumina, or silica-alumina 

as the principal ingredients of the coating. However, recent patents have 

claimed that coatings of other colorless oxides, for example, stannic oxide 

[121], can give improved chalk resistance to pigmented films. 

Although the various inorganic coatings discussed have been used 

mainly to improve dispersibility and to reduce the photodegradation of the 

pigmented composites, they can also prevent discoloration during the melt 

compounding of polyolefin or vinyl formulations. These formulations 

~ often contain phenolic antioxidants, ultraviolet screens, or phenate stabili- 

zers that can react with uncoated titanias at the compounding tempera- 

tures of 150 to 200°C to form highly colored oxidation products [122]. 
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The clay minerals and titanias described in the previous chapters repre- 

sent only a few of the many types of inorganic fillers and pigments used in 

plastics, elastomer, and surface coatings industries. Other important 
white pigments and fillers, which will be the subjects of this chapter, 

include various forms of silica, alumina, calcium carbonate, and zinc oxide, 

while colored inorganic pigments covered include the various chromates 
and iron oxides. It is not practical to describe the many other inorganic 

pigments and extenders. Readers are referred to comprehensive treatises 
such as the Pigment Handbook, edited by T. C. Patton [1], for information 

on these materials. The materials described in this chapter can serve as 

models for the reactive surface chemistry of many of the other oxides and 
salts used as pigments. Details of the industrial applications of other 

fillers and reinforcements used in plastics and elastomers can be found in 

technological manuals such as reference 2. 

3.1 SILICA 

Silica and its derivatives are used as reinforcing fillers in plastics and 
elastomerics, as desiccants, and as thickening agents in a variety of 

organic liquid media. Silica is available in three widely different forms: 
small particle, usually highly porous forms obtained by precipitation and 

drying of hydrated silica gels or by the hydrolysis at high temperatures of 

silicon tetrachloride; nonporous particulates obtained by crushing sand; 

and silica or silicate glass fibers. 
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Silica gel is formed by acidification of aqueous silicate solutions. The 

nascent silicic acid undergoes rapid polymerization to form a sol, which 

consists of cross-linked, hydrated silica particles having diameters of the 

order of 1 nm. Condensation between particles occurs as the sol ages, form- 

ing a macroscopic gel and causing the mixture to solidify. Further aging of 

the gel results in spontaneous shrinkage and extrusion of the trapped liq- 

uid. This shrinkage can reach a metastable state, forming a product that 

can be titurated to a fine, apparently dry powder; this may contain more 

than 60% water trapped in the silica network and in the spaces between the 

partially coalesced primary (sol) particles. These hydrogels can be dehy- 
drated at low temperatures to form highly porous xerogels, or at higher 

temperatures to form desiccant gels. The specific surface area of the gels 

can range from 400 to 800 m?/g, with pore volumes of 0.9 to 1.2 ml/g. The 

water in the hydrogels can be displaced by organic liquids. This provides a 

useful means of storing liquid reagents in a ‘“‘solid’”’ form. The porosity of 

the xerogels is usually well defined and is dependent on the methods of 
manufacture of the hydrogel and on the dehydration conditions; these 

aspects have been reviewed elsewhere [8,4]. The hydrogels and xerogels 

usually contain residual salts or metal ions, so pure gels for scientific study 

are prepared by the spontaneous hydrolysis of silicate esters in water 

instead. 

Hydrated silicas can be obtained as dense precipitates by the use of low 
concentrations of silicate and near-neutral precipitation conditions which 
allow the nucleation and slow growth of compact particles or aggregates. 

The precipitated silicas consist of aggregates of primary particles that 

have diameters of 1 to 2 nm, the average diameter of the aggregates being 
10 to 20 um. The precipitated silicas are porous, having specific surface 

areas of 100 to 300 m’/g [3], although the pore volume is probably much 
less than that of the xerogels. The precipitated silicas are frequently used 
as reinforcing agents in plastics and elastomers. 

The pyrogenic or fumed silicas are prepared by flame-hydrolysis of sili- 

con tetrachloride or by volatilization of sand in a plasma arc. These materi- 
als contain little processing residues and are frequently used as thickening 

agents for organic media. The primary particles contained in the commer- 
cial materials have diameters of 10 to 20 nm, although these readily aggre- 

gate to form micron-sized agglomerates. In liquid media, the primary 
particles can form three-dimensional chain structures. These chain struc- 
tures are responsible for the thixotropic character and gellation of silica 
dispersions. 

Apart from considerations of particle size and porosity, the surfaces of 
the fine-particle silicas are similar and equivalent to that of a hydrated 
silica bearing surface silanol groups. These may consist of isolated silanols 
or various types of paired and hydrogen-bonded silanols that can be identi- 
fied by means of infrared spectroscopy, by their behavior on dehydration, 
or on chemical reaction with boron trichloride [5]. The adsorbed water can 
be eliminated by heating the hydrated gels at temperatures below 200°C. 
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This can also result in the condensation of many of the paired silanols. 
Other, less favorably oriented pairs of silanols are eliminated at higher 
temperatures, with the formation of strained, highly reactive siloxane 

groups (see Figure 3.1). Isolated silanol groups are resistant to dehydra- 
tion, and their elimination may require calcination at temperatures over 
600°C. 

Dehydrated silicas slowly rehydrate on exposure to moisture by hydrol- 

ysis of the surface siloxane bonds, although the dehydration of silica gels is 

partially irreversible The strained siloxane groups can also react with 
alcohols and with amines to form alkoxides (esters) and silylamines [6,7] or 

with lithium aryls to form phenoxysilicates [8]. 

Fine-particle silicas are extensively used as adsorbents for the chro- 
matographic separation of organic compounds. The adsorption process on 
silicas that have not been modified by silylation or esterification largely 

depends on formation of hydrogen bonds between surface silanol groups 
and the adsorbed molecules (see Chapter 4). The surface silanol groups 
differ in activity, the most reactive comprising adjacent (separated by less 

than 5 A) hydrogen-bonded silanol groups [9]; these paired silanols are suf- 
ficiently acidic to form hydrogen bonds with aromatic hydrocarbons. Gels 
having specific adsorptive properties can be prepared by precipitation in 

the presence of an organic activator, which is adsorbed on the nascent 
polysilicic acid sol, and ‘‘prints”’ a particular spatial arrangement of silanol 
groups; this allows the subsequent preferential adsorption of the activator 

from otherwise intractable mixtures. Silica printed with dimethylaniline, 
for example, can be used for the separation of this amine from a mixture 
with diethylaniline [10]. 

Crystalline polysilicic acids can be prepared by controlled hydrolysis of 
silicate solutions or by leaching of certain minerals. These hydrated silicas 
can consist of layers of two-dimensional sheets which, like the layer sili- 
cates described in Chapter 1, can intercalate water and other polar mole- 
cules including long-chain alcohols and amines, which also may form 

ordered arrays in the interlamellar spaces [11]. 

The silanol groups of the hydrated silicas can be deprotonated by strong 

inorganic bases. Pure hydrated silicas are only weakly acidic and cannot 

protonate weak bases such as pyridine; they can protonate ammonia or 

alkylamines, but the ionic adducts can dissociate on evacuation or on heat- 

ing at 100°C. However, the presence of coprecipitated or adsorbed metal 
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ions, particularly those of Al’*, can polarize the adjacent silanol groups 

and enable them to act as strong Bronsted acids, capable of forming stable 

salts with ammonia alkylamines. Alternatively, the presence of Al°* ions 

in a highly condensed silica can result in the formation of acidic bridged- 

hydroxylic species. These Bronsted acid species are catalytic centers for 

the dehydration of alcohols and isomerization of alkenes. Pure silica pre- 

pared by hydrolysis of ethy] silicate does not catalyze these reactions, but 

activity can be induced by the presence of 0.01% of Al’* ions [12]; the 

activity of commercial silicas is probably due to trace impurities of this 

nature. 

The surface silanols can be esterified by reaction with diazomethane or 
by condensation with alcohols, and can undergo metathetical reactions 

with thionyl] chloride, acyl halides, and metal alkyls; these reactions have 

been outlined in Chapter 1 (see Figure 1.22) [13-15]. The surface silanols 

may also be utilized in the bonding of the organic surface modifying 

reagents described in Chapter 4 and are responsible for the hydrophilic 

character of silica; anhydrous silica, which lacks these groups, is hydro- 

phobic. 
The surfaces of the nonporous silica particles and fibers have reactive 

silanol groups that are broadly similiar to those of the fine-particle silicas. 

The surface siloxane groups of the massive silicas are also susceptible to 

hydrolysis by adsorbed water. This hydrolysis can weaken the bonding 

between organic matrices and the silica surface, and can seriously affect 

the reinforcement of plastics by silica fibers. The problem is particularly 

serious for materials reinforced with silicate glass fibers; these materials 

are more readily hydrolyzed, yielding soluble silica salts, which, through 
osmosis, can accelerate the imbibition of water and failure of the composite 

at the resin-glass interfaces. The alkaline silicate salts can also cause the 

hydrolysis of the vinyl acetate polymers that are frequently used to size 

the fibers. This reaction results in the formation of acetic acid and a polyvi- 
nyl alcohol interfacial layer that is permeable and swollen by water, 

thereby compounding the water sensitivity of the composites. In some 

cases involving fiberglass-reinforced polyester boat hulls and water tanks, 
this osmotic imbibition has resulted in the delamination of the composite 
and massive “‘blistering” of the structures. The water sensitivity of 
fiberglass-reinforced composites can be reduced by surface modifications 
that render the fiber surfaces hydrophobic and hydrolysis-resistant, or by 
pretreatment of the fibers with multifunctional silanes that can form a 
nondesorbable polymeric interfacial layer with the matrix polymer in the 
composite [16]. 

3.2 ALUMINA 

Alumina, hydrated alumina, and aluminum hydroxides are used as 
fillers or flame retardants in plastics media and are important as compo- 
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nents of inorganic coatings used for the surface modification of other par- 
ticulates, most notably those of titania pigments. The term ‘‘alumina’’ is 
often loosely applied to crystalline or amorphous aluminum hydroxide and 
aluminum hydroxide oxide (hydrated alumina), as well as to aluminum 
oxide. 

Aluminum hydroxide, Al(OH),, can form two crystalline phases, bayer- 
ite and gibbsite. Bayerite can be formed by precipitation from cold alkali 
aluminate solutions by addition of acid, while gibbsite is formed by hydrol- 

ysis of hot aluminum salt solutions. Bayerite is converted to the more sta- 

ble gibbsite on aging, and both can be dehydrated to the aluminum 

hydroxide oxide, boehmite, Al(OH)O, on heating at 160°C; boehmite can 

also be formed directly from hot aluminate solutions. The mineral diaspore 
consists of another crystalline form of Al(OH)O and only occurs in nature. 

Commercial hydrated aluminas are usually mixtures of gibbsite and 

boehmite, although a pure microcrystalline boehmite is available (DuPont, 
Baymal® colloidal alumina). The aluminum hydroxides and boehmite are 

converted to various transitional, ‘‘activated’’ forms of alumina that are 

used as catalysts and desiccants [17-19] by heating above 400°C. Rehy- 

dration of the surface of a calcined alumina can be very rapid; as with the 

titanias and most other metallic oxides [20], the surfaces of the hydrated 

alumina fillers and commercial aluminas that have been exposed to moist 
air are covered with reactive hydroxyl groups. The adsorption of water by 

anhydrous alumina involves an initial coordination at surface Al** sites, 

followed by its dissociation into terminal and bridged hydroxy! groups; 
the process is similar to that described in Chapter 2 for the hydration of 

titanias. 
The alumina surface hydroxy] populations are more complex than those 

of silica, but contain readily desorbed paired-hydroxyl groups and 
thermolysis-resistant isolated hydroxyl] groups, as well as water molecules 

bound as ligands to surface Al** ions. These ligand waters, the bridged 

hydroxyls, and most of the terminal hydroxy] groups, can be eliminated on 
heating, leaving coordinately unsaturated Al** ions; these are Lewis acids 

and can form adsorption complexes with a wide variety of donor molecules. 
The surface of a hydrated alumina is amphoteric and can form salts with 

acids and strong bases. The surface hydroxyls of crystalline boehmite, or 

of the partially crystalline ‘‘pseudoboehmite’’ which can form from 

hydrated alumina gels, are more basic than those of aluminum hydroxide. 

The Bronsted acidity of a pure hydrated alumina is very low, although 

alumina can readily adsorb and form complexes with polybasic anions 

such as sulfate or phosphate. These adsorbed anions can form strong 

Bronsted acidic centers, if they are present in their protonated forms, 

namely, bisulfate or hydrogen phosphate ions. 

The hydrated alumina surfaces, like those of titania, contain approxi- 

mately equal numbers of ‘‘acidic’’ hydroxyl groups, which can be esterified 

with alcohols or with diazomethane, and ‘‘basic’’ hydroxyls, which can 
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Figure 3.2 The probable mechanism for the dissociative adsorption of propene on an alu- 

mina surface. 

react with carbon dioxide and nitrogen dioxide to form surface bicarbon- 

ates and nitrates [13,20,21]. The surface hydroxyls can also react with acyl 

chlorides and anhydrides to form surface acylate species; these reactions 

are similar to those of titania (see Figure 2.4). The relative stability of these 

surface species differs from those on silica, alumina surface alkoxide 

groups, for example, being more susceptible to hydrolysis than those of 

the alkoxysilicas. 
Although pure hydrated alumina has almost negligible Bronsted acid- 

ity, the intrinsic Lewis acidity of dehydrated alumina surfaces and their 

ability to catalyze a wide range of organic reactions have long been recog- 

nized [22]. The anhydrous alumina surface has a number of potential acidic 

sites. The catalytic activity does not arise from the coordination deficient 
surface Al?* ions alone, but from Al-O ionic pairs consisting of acidic Al** 
cations and adjacent strongly basic O*- or HO™ anions [23]. Recent studies 

have indicated that the Lewis site probably involved in most organic reac- 
tions consists of an Al** ion that bears a basic, terminal hydroxy] group 

and that is linked, via the underlying lattice oxygens, to an adjacent coor- 

dination deficient Al** ion (Figure 3.2) [19]. The terminal hydroxy] group is 
a highly efficient electron donor and can accept protons from adsorbed 
organic molecules. Compounds such as alcohols, amines, and unsaturated 

hydrocarbons are chemisorbed on these active sites with dissociation to 

form alkoxides, alkamides, and allylic carbanions. 

Anhydrous alumina can also catalyze electron-transfer reactions and 

can convert adsorbed polycyclic aromatic hydrocarbons to radical-cationic 
species, the electron acceptor probably being coadsorbed oxygen [24]. 

Some of the reactions catalyzed by active aluminas are discussed in 

greater detail in Chapter 5, and more comprehensive reviews are contained 
in references 19 and 25. 

3.3 SILICA-~-ALUMINAS 

Silica and alumina can coprecipitate to form a mixed oxide gel that has 
substantially different chemical properties from those of either silica or 
alumina. The most important difference is the development of strong 
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Bronsted acidity which can result from the incorporation of aluminum ions 
into the silica network. Acidic silica—aluminas are widely used as cracking 

catalysts in the petrochemical and other industries; these materials are 
silica-rich, containing silica-to-alumina ratios greater than 2:1, and are 

calcined to remove the bulk of the hydroxy] groups of the original gel struc- 
tures. 

Silica-alumina compositions are also used as surface coatings on a vari- 

ety of pigments, including titanias, to improve their dispersibility in vari- 
ous media and, in some cases, to insulate a reactive pigment surface from 

degradable organic matrices. Except for some special examples described 

in Section 2.5.1, the pigment coating compositions are usually alumina- 

rich, containing alumina-to-silica ratios greater than 1:1, and nonacidic; 

the pigment coatings are frequently not calcined and may largely retain a 

hydrous gel structure. The properties of the hydrated gels differ from 
those of the calcined materials and from those of the crystalline aluminosil- 

icates discussed in Chapter 1. There is some evidence that the properties of 

relatively thin layers of an oxide gel deposited on a foreign oxide lattice 

may differ from those of the bulk material. 

The strong Bronsted acidity of some silica-alumina compositions is in 

marked contrast to the lack of acidity of the pure alumina or silica gels. The 

acidic centers are bridged-hydroxyl groups formed by the protonation of 

tetrahedral aluminate anions held in the silicate network (Figure 3.3); the 

acidity is similar in origin to that of the decationized acidic zeolites 

described in Chapter 1. Silica gel containing adsorbed aluminum ions may 

also be acidic, and acidic mixed oxide gels can be formed from silica and 

magnesia [26], titania [27], and some transition metal oxides. In contrast, 

the adsorption of excess silica on magnesium hydroxide can result in the 
formation of a hydrated magnesium silicate having a talc-like 2:1-layer 

structure [26]; mixed hydrogels of silica (70%) and alumina (30%) can form 

montmorillonite-like products [38]. 

X-ray fluorescence studies [29,30] of ““homogeneous”’ bulk alumina- 

silica compositions, prepared by the cohydrolysis of alkyl aluminate and sili- 

cate ester solutions, have shown that high-alumina compositions contain 

Al** ions in both octahedral and tetrahedral environments, the octahedral 

Al** ions being converted to tetrahedral coordinately unsaturated species 
on dehydration. A high-alumina gel particle prepared in this manner con- 

sists of an anionic silica-alumina core, surrounded by a cationic hydrated 

alumina shell [30]. The Al’* ions in a high-silica composition, containing 

less than 30% alumina, are all in a tetrahedral environment that is stabi- 

lized by the surrounding silica tetrahedra (Figure 3.3). Theoretical studies 

[31] have confirmed that the Bronsted acidity of the silica-aluminas is 

most probably associated with aluminum ions in tetrahedral coordination 

with silicate ions and that the acidic species is a bridged-hydroxy] group. 

The structure and acidity of a series of calcined “‘homogeneous’’ sili- 
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Figure 3.3 The Bronsted acid site of a silica-alumina. 

ca-aluminas containing 0 to 100% silica have been examined using both 

infrared and photoelectron (xps) spectroscopy [32-34]. (The calcination 

employed would be unlikely to change the distribution of Al and Si atoms 

present in the hydrated gel.) These studies also indicated that the acid 

sites are associated with hydroxyls adjacent to tetrahedral Al’* ions, 

which could be distinguished from those associated with octahedral Al** 

ions; however, only about 1 in 40 of these acidic sites is capable of adsorb- 

ing pyridine at 100°C. In this instance, xps could not distinguish amine 

adsorbed on Lewis sites from that adsorbed on Bronsted sites, although 

the evolution of Bronsted and Lewis acidity could be followed by infrared 

spectroscopy. 

The Bronsted acidity of the silica-alumina develops as the alumina con- 

tent is increased from 0 to 25%, but is decreased for samples containing 
greater than 50% alumina, due to the dilution of the acidic alumina-silica 

mixed oxide phase by an alumina phase; the Bronsted acidity vanishes for 
samples containing greater than 80% alumina. The acidity of samples con- 

taining less than 30% alumina is not affected by atmospheric moisture, 

indicating its Bronsted nature. The Lewis acidity of the dehydrated sili- 

ca-aluminas increases with increase in the alumina content from 0 te 70% 
[33]. Other workers have also reported that Lewis and Bronsted acid sites 

may occur together in calcined silica-aluminas having alumina contents of 

10 to 70%, but that only Lewis sites occur in materials containing more 

than 70% alumina; these Lewis acid sites are deactivated by water [34]. 

Only tetrahedral Al** ions are present in silica-alumina compositions 
containing less than 30% alumina content (Al:Si < 1:2). The xps response 

of the surfaces does not change appreciably for compositions containing 50 

to 70% alumina (AI:Si, 1:1 to 2:1); however, the porosity of the gels 

increases with an increase in their alumina content. In gels containing 
more than 50% alumina, the silica-alumina phase is progressively diluted 
with alumina, which can appear as a separate, distinct phase when the 

alumina content exceeds 70% (Al:Si, > 2.5:1). The mixed-oxide phase is not 

observed in compositions containing more than 85% alumina [33,34]. 

There are two broad populations of hydroxy] groups in the ‘‘anhydrous”’ 
catalytic silica-aluminas; these are nonacidic or weakly acidic isolated sil- 
ica hydroxyls and the acidic bridged-hydroxyls. Because the protons of the 
bridged-hydroxyls are required for charge neutralization, these groups are 
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not readily eliminated on calcination and can rapidly reform when the 
calcined silica-alumina is exposed to water vapor. Partial dehydroxylation 
forms Lewis acid sites which can promote nearby residual bridged- 
hydroxyls to superacid centers, with Hammett acidity values, H,; <-—12 
[35]. Most silica-alumina compositions contain regions rich in sie silica 
or alumina, and these will have their own distinctive hydroxyl populations. 
Silica-aluminas equilibrated with the atmosphere will also contain physi- 
cally adsorbed water. The infrared assignments for the various hydroxylic 

species present in the silica-alumina coatings have been summarized else- 
where [36-38]. 

The hydrated and ‘‘anhydrous”’ silica-alumina surface hydroxyl 

groups, like those of silica, alumina, and other hydrous oxides, may be 
esterified by treatment with alcohols or with diazomethane and can 

undergo similar metathetical reactions with thionyl and acyl halides or 

metal alkyls [13]. 

Mixed Oxide Coatings 

The structures and chemical properties of the silica-alumina cracking 

catalysts have been extensively investigated and reviewed [e.g., 39,40]. 
This section will be largely devoted to mixed-oxide coatings, the most 

important of which are the compositions used for coating titania pig- 

ments. 

The mixed-oxide coatings usually consist of a mixture of different 

phases, rather than a homogeneous composition. Consequently, a coated 
pigment may have chemical properties that differ significantly from those 

of other pigments having coatings with the same empirical composition 

[41]. An extensive variety of techniques have been used in the study of the 

chemical and physical properties of coatings to provide fine details of the 

structural and chemical nature of the effective pigment surface. Prior to 

the development of techniques, such as scanning electron microscopy and 
photoelectron spectroscopy, which can examine the composition of 

selected areas of the silica-alumina surface, the structure of the coatings 

had to be deduced using transmission electron microscopy for the estima- 
tion of coating form and homogeneity from a variety of chemical, electro- 

chemical, spectroscopic, and adsorption studies. The probable structure of 

the coating would then be deduced from a comparison between its proper- 
ties and those of various reference samples of silica, alumina, and alumina- 

silicas having known structures [38]. A recent comprehensive review of 

methods for the characterization of pigment surfaces has been published 

[42]. 
Published work on the chemistry and structures of pigment coatings 

and of mixed-oxide systems, in general, often contains indefinite or contra- 

dictory conclusions. These ambiguities are probably due to unreported dif- 

ferences in the preparation of nominally similar materials by different 
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workers and to the often inhomogeneous nature of the coatings. This latter 

aspect has been demonstrated through the electron microscopic examina- 

tion of arange of coated titanias [43]; by this method, the apparent texture 

and crystallinity of the visible surfaces could also be used to differentiate 

between the various regions of silica, alumina, and silica-alumina. While 

some of the conclusions of this study have been questioned, the electron 

micrographs did show that grossly inhomogeneous coatings could be pro- 

duced by the use of improper coating techniques. The conventional coat- 

ings usually appear to be amorphous, and although crystalline phases may 

develop in bulk mixed-oxide systems, they are either absent or are often 

too poorly developed to be identified by x-ray diffraction examination; 

crystallinity may, however, be apparent in their electron microdiffraction 

patterns [44]. 

Silica coatings on titania surfaces, formed by acidification of heated 

titania-silicate dispersions, often consist of coagulated, porous layers of 4- 

nm-diameter silica particles which had been precipitated in solution and 
subsequently deposited on the pigment surface. The coagulation of the 

silica is accelerated by the presence of multivalent cations, such as Al°* 
[45], and these ions may also limit the size of the colloidal particles that are 

initially formed in the liquid phase. The silica gel coatings, like the bulk 
gels, are amorphous. Coherent pseudocrystalline coatings of alumina can 

be produced by the hydrolysis of hot aluminate solutions; while the crys- 

talline phases of hydrated aluminas are well established in bulk specimens, 

there is little evidence that they exist as such in pigment coatings. 

Hydrated alumina coatings that have been aged, or heated above 150°C, 
are often described as containing ‘‘pseudoboehmite’’; like boehmite, they 

are appreciably more basic than amorphous hydrated aluminia. 

The precipitation of alumina, silica, and combinations of alumina and 

silica on titania surfaces has been extensively studied by Parfitt and co- 
workers [45-47], while the initial adsorption of hydrolyzable metal ions on 

titania and silica has also been examined in detail by James and Healy [48]. 

The structure of the precipitated product depends on many factors, and 
true aluminosilicates are only formed in alkaline conditions and at low con- 
centrations of free Al°* ions [49]. 

Silica-alumina coatings are often applied to titania by addition of an 
aluminum sulfate solution to the pigment dispersed in sodium silicate 
solution, the pH of the mixture being adjusted to values of 6 to 8 to com- 
plete the precipitation process. The alkaline silicate solutions usually con- 
tain, or readily form, microcolloidal polysilicate anions when neutralized or 
acidified. On addition of the aluminum salt, the Al°* ions are adsorbed on, 
and cause the rapid flocculation of, the polysilicate anions; the remaining 
Al’* ions will be hydrolyzed and coprecipitate as hydrated alumina. The 
precipitated product consists of domains of silica enmeshed in an alumina 
gel. Dehydration of the hydrous oxide coatings at temperatures below 
200°C results in the elimination of adsorbed water and the condensation of 
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some of the hydroxyl groups to form additional oxide linkages with adja- 
cent hydroxyls and with the titania surface. 

The nature of the final surface is dependent on the ratio of silica to alu- 
mina in the coating composition. A silica—alumina ratio of 4.4:1 gives a 

silica-rich surface, whereas a silica-alumina ratio of 1.1:1 results in a mixed 
silica-alumina surface; coatings containing higher proportions of alumina 

have an alumina surface. In each of these compositions, a silica-rich layer is 
deposited first. Alumina precipitated in the presence of sulfate ions will 
tend to retain these ions; the amount of adsorbed sulfate is pH-dependent 

and is greatest when the pH of the supernatant liquid is between 3 and 5 
[46]. 

The electrokinetic properties of coated pigments and the adsorption of 

organic species have been used extensively to determine the nature of the 
silica-alumina coatings; key aspects of this work have been reviewed by 
Day [88] and Wiseman [50]. The relevance of some of the early work is 

limited by lack of details of the coating compositions and by the presence 
of zinc oxide, derived from rutilization catalyst residues, in many of the 
coatings [51]. 

The electrokinetic [52] and adsorption [53] properties of a series of coated 

zinc-free rutile pigments have been studied to determine their dependence 
on the coating composition; the coatings constituted 2 to 4% of the weight 

of the pigments and contained 23 to 94% alumina, the silica-alumina 

ratios ranging from 3:1 to 1:19 [54]. The zero point of charge (zpc), or pH of 

the suspending medium at which the surface of the pigment is electrically 

neutral, for coatings containing less than 56% alumina (AI:Si = 1.5:1), was 

found to decrease from a value of 4.4 to an extrapolated value of 1.5, the 

zpe of a pure hydrated silica, with increasing silica content. The zpc of 

coatings containing more than 56% alumina occurred at an approximately 

uniform pH of 4.4, close to that of the rutile base pigment, instead of 
increasing with increase in alumina content; the zpc of a hydrated alumina 

occurs at pH 9. The uniformity of the zpc of the high-alumina coatings 

shows that the character of the surface hydroxyls remained unchanged in 

these samples, but that the electrophoretic behavior was governed by the 

silica content of the surface layer or the presence of residual adsorbed sul- 

fate ions [52]. In other studies, the amount of stearic acid adsorbed as the 

ionized carboxylate was found to have a linear dependence on the alumina 

content of the coating. In contrast, the amount of stearylamine adsorbed 

increased with increasing silica content, the adsorbed amine reportedly 

being bound as the protonated form on coatings containing more than 50% 

silica (silica-rich); the amine may also be coordinately bound on alumina- 

rich coatings [53]. 
These results are broadly in agreement with those noted above for the 

“homogeneous” bulk alumina-silicas. However, there are significant dif- 

ferences: the conventional coatings tend to consist of separate domains of 

silica and alumina, and the chemical and electrophoretic properties of the 
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coated pigments show that these largely govern the character of the sur- 

face. Significant numbers of strongly acidic species are not present in the 

precipitated coatings, even in those containing an alumina-silica ratio of 

1:2.5, although strongly acidic, homogeneous coatings can be prepared by 

alternative techniques. 

Coatings of one oxide on another usually show the surface chemical and 

electrokinetic properties of the outer oxide layer, if this outer layer is sub- 

stantially complete. Ideally, these properties should be largely indepen- 

dent of the method of application, although the choice of method used will 

probably affect the porosity of the coating, itself an important physical 

property. Exceptions are known; for example, silica deposited on titania 

has zpc at the same pH as bulk silica, but silica deposited on alumina from 

an alkaline silicate solution, while showing a zpc that occurs at a pH value 

close to that of pure silica, also shows an inflexion in the electrophoteric 

mobility curve at about pH 5, indicating the presence of alumina in the 

outer coating. 

Multiple coating techniques are complicated by the possibility that a 

component of an inner coating may dissolve and be leached out by the 

reagent solutions, and subsequently be redeposited as a mixed phase with 
the outer coating. This process may be adventitious, as in the case of zinc 
rutilization catalyst residues. These residues are concentrated in the sur- 

face layers of the rutile base pigment, dissolve during the pigment disper- 
sion process, and then are reprecipitated as a component of the 
alumina-silica coatings. The presence of zinc in the coatings can have a 

marked effect on the adsorption of organic materials, as it is more basic 
than hydrated alumina and can, for example, cause the rapid physical 

adsorption, followed by the slow chemisorption, of oil-based resins [51]. 

Alternatively, the deliberate leaching and redeposition of one component 

of the pigment base or of an inner coating may form part of a patented 

process; one example is the partial leaching of an alumina-coated titania by 

a titanyl sulfate solution and the subsequent deposition of a mixed tita- 
nia—alumina or titania-alumina-silica coating. 

3.4 CALCIUM CARBONATE 

Calcium carbonate, in its various forms, is the most widely used of the 
mineral fillers and pigments, over 1.5 million tons being used annually in 
plastics formulations alone. Calcium carbonate is also used extensively in 
the paper and paint industries. 

Calcium carbonate can exist in two crystalline modifications, calcite 
and aragonite. Aragonite is harder, and has greater density and refractive 
index (s.g., 2.93; np, 1.53) than calcite (s.g., 2.71; np, 1.48). Calcite is formed 
by crystallization of calcium carbonate at temperatures below 30°C and 
occurs in limestone, marble, and chalk. Aragonite is obtained by crystalliza-: 
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tion at higher temperatures and is a major constituent of sea shells. Precip- 
itated calcium carbonate may consist of a mixture of the two crystalline 
forms, the relative proportions being dependent on the processing condi- 
tions. In the following discussion, reference will only be made to calcite, 
although it would be equally applicable to the other forms of calcium car- 
bonate. 

The commercial grades of calcium carbonate may consist of crushed or 

beneficiated limestone, chalk, marble, or seashells, or may be prepared by 
precipitation, for example, by carbonation of calcium hydroxide suspen- 

sions. The finely divided material used as a filler and extender in the paints 

and plastics industries is usually obtained by the crushing and fluid- 
energy milling of natural forms of calcite; their preparation and beneficia- 

tion have been reviewed elsewhere [55,56]. Dolomite, a naturally occurring 
calcium magnesium carbonate, is also used as a filler; its chemical proper- 

ties resemble those of calcite. 
Calcite dissociates on heating to form calcium oxide and carbon dioxide, 

the equilibrium pressure of the latter reaching one atmosphere at about 

900°C. Significant dissociation does occur at lower temperatures, and CO, 
is desorbed from freshly cleaved crystalline surfaces at room temperature. 

A considerable proportion of the surface CO,” ions of calcite can be dis- 
placed by the chemisorption of atmospheric water (Figure 3.4) [57]. As a 

consequence of this hydrolysis, the mineral particles have a basic, oleopho- 

bic, hydroxylic surface. 

The weak basicity of the calcite surface is usually not detrimental to its 
use as a filler in plastics, although it is usually pretreated or compounded 

with additives such as carboxylic acids to render the surface hydrophobic 

(as a processing aid) and to improve the mechanical properties of the prod- 
uct; these additives tend to neutralize the surface. Calcite, unlike the other 

commonly used fillers, talc and kaolinite, is susceptible to attack by acids. 
This is disadvantageous in applications that require an acid-resistant com- 

posite, but can be advantageous in polyvinyl] chloride (PVC) formulations, 

for example, as the calcite can neutralize the HCl produced by decomposi- 
tion of the polymer during melt-compounding or on exposure to sunlight. 

As HCI promotes the degradation and discoloration of PVC, its absorption 

by the calcite improves the thermal and photolytic stability of the filled 

polymer, provided the calcite has a low Fe’* content. 
The basic, hydroxylic surface of calcite facilitates the preparation of 

oleophilic grades, which can be readily obtained by surface modification of 

the mineral by reaction with long-chain fatty acids such as stearic acid, 

with alkyl sulfonic acids, or with organotitanates; these treatments are 
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described in Chapter 4. Insoluble oleophilic calcium acylate coatings are 

also formed by reaction between calcite and soluble salts of long-chain 

fatty acids. 

Predispersed calcium carbonates for the preparation of paper coatings 

can be prepared by treatment of precipitated calcium carbonate with a 

phosphate dispersant [58]. Alumina-coated calcite, prepared by treatment 

of an aluminate containing suspension of the mineral with carbon dioxide 

[59], and calcium aluminate-coated calcite, prepared by calcination of an 

alumina-coated calcite [60], have been claimed to have improved disper- 

sion in organic media. Calcium carbonates with an acidic surface can be 

prepared by coating with silica-alumina gels [61]. 

3.5 ZINC OXIDE 

Zinc oxide was once an important white pigment in paint formulations 

but has been supplanted by the titanias in these applications. Zinc oxide is 

an important component in vulcanized rubber formulations and is used 
extensively as a photoconductive pigment for xerographic paper coatings. 

The oxide is still used in paint formulations, but primarily as a nontoxic 
fungistat and as a reactive modifier for oil and latex-based paints [62]. 

Zinc oxide pigments are prepared by oxidation of zinc vapor. Anhy- 

drous zinc oxide particles, like those of most other oxides, rapidly develop 
a hydroxylic surface on exposure to the atmosphere, the oxide readily 

adsorbing water by dissociative chemisorption and hydrogen bonding 

processes similar to those occurring on anhydrous titania or alumina. 
Zinc oxide is amphoteric, but more basic than either alumina or titania; 

it can, for example, react with ester groups of oil-based film-forming poly- 
mers to form zinc salts, thereby introducing ionic cross-links which can 

increase the viscosity or even result in phase separation. Partial saponifi- 

cation of vinyl ester polymers by zinc oxide pigments may also result in 

cross-linking through interactions between the polymer hydroxyl groups 

and Zn’* ions or the oxide surface. This reactivity can be deleterious to the 
storage qualities of some types of paint, particularly latex formulations, 

but can also improve the mechanical qualities of the dried film. Saponifica- 

tion of linseed-oil-based paint media and the formation of soluble zinc salts 

can result in moisture-induced blistering of paint films, although the zinc 

soaps formed by the reaction between zinc oxide and oil-based media can 

assist in the dispersion of other, more inert pigments such as titania. The 
surface hydroxyl groups of the hydrated oxide can condense with alcohols 
and alkoxysilanes and undergo other reactions typical of a hydrated metal 
oxide surface; the hydroxyl groups can also form strong hydrogen bonds 
with alcohols [85] and other acceptor species. 

Anhydrous zinc oxide, like alumina, is a Lewis acid. It can form coordi- 
nation complexes with ammonia [63] and amines, and can chemisorb a wide 
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range of alcohols and carbonyl compounds as alkoxides and enolates [62], 
and alkenes such as propylene, as allylic carbanions [64]. These anionic 

surface adducts are the intermediates in a variety of zinc-oxide-catalyzed 

oxidation and dispreportionation reactions, for example, the oxidation of 
isopropanol to acetone [65]. The catalytic properties of zinc oxide have 

been reviewed [66]. 

Crystalline zinc oxide, like titania, is normally deficient in oxygen and is 

an n— type semiconductor with an electronic band gap of about 3.2 eV. Zinc 

oxide can oxidize organic compounds when irradiated with near- 

ultraviolet light having wavelengths shorter than 380 nm. The oxidation 
processes are similar to those that can occur on titania. The intermediate 

oxidants formed on hydrated surfaces include HO’ and HO,” radicals, 
HO, , and hydrogen peroxide (Figure 3.5) [67]. Dehydroxylated zinc oxide 

can adsorb oxygen as O, radical-anions; these are the oxidants in the con- 

version of adsorbed allylic anions to acrolein [66], for example, or adsorbed 

ammonia to nitrogen oxides and nitrate [63]. 

Despite its moderate photocatalytic activity, zinc oxide is often used to 

improve the weather resistance of some plastics. The oxide strongly 
absorbs near-ultraviolet light and can screen the underlying susceptible 

polymer layers from sunlight-induced degradation. 

3.6 COLORED PIGMENTS 

The colored inorganic pigments used in paints and plastics comprise a 

diverse group of oxides, hydrated oxides, sulfides, and salts; in many 

instances, these may contain mixtures of anions or cations in order to 

obtain a composite material of the required color. The technology of these 

pigments is amply described in Pigment Handbook, edited by Patton [1]. 
Some of the more common pigments, notably the iron oxides and chro- 

mates, have also been reviewed by Hermann [68]. 
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The hues of most of the colored inorganic pigments are determined not 

only by their molecular compositions, but also on particle size and crystal- 

line form. Many of the commercial synthetic pigments are coprecipitated 

or coated with other inorganic materials to stabilize colors by retarding 

recrystallization or dehydration, or by acting as a barrier between a labile 

pigment surface and oxidizable organic matrices or reactive contaminants 

such as sulfur dioxide, hydrogen sulfide, acids, or bases. The inorganic 

coatings may also be used to improve dispersion and to prevent the 

adsorption of driers or other formulation additives. The coatings fre- 

quently consist of silica, alumina, silica-alumina, silica-magnesia, or 

insoluble phosphates. Organic modification by long-chain acylates or sul- 

fonates or by silylation may also be used to improve color stability and 

dispersion in organic media. 
In contrast to the titanias, the clay minerals, and the other white pig- 

ments described in this book, the surface reactions of the colored pigments 

have not been extensively studied. Most of the pigments contain hydrox- 
ylic surfaces like those of the respective metal oxides and may also contain 

labile anions such as chromate or sulfide. In many respects, their surface 
chemistry would be qualitatively similar to that of alumina, titania, or 

other oxides. However, the pigments usually contain variable valence spe- 
cies, and electron transfer reactions with adsorbed species could have sig- 

nificant effects, both on the pigment color and on the properties of organic 
materials in which the pigment might be dispersed. 

3.6.1 Iron Oxides 

The synthetic iron oxide pigments are usually based on the ferric oxides 

hematite (red, a-Fe,O,), maghemite (brown, y-Fe,O,), the ferric hydroxide 

oxides goethite [yellow, a-Fe(O)OH], lepidocrocite [orange, y-Fe(O)OH], or 

the spinel, magnetite (black, FeO-Fe,O,). Hematite and goethite are the 

most common pigmentary forms, while magnetite, maghemite, and their 

derivatives are used in magnetic recording media. The synthetic pigments 

are often doped with other metals, for example, manganese, to modify 

their colors. The color dependence on average particle size is illustrated by 

the dominant wavelength of magnetite, which changes from 600 to 635 nm 
as the particles increase from 0.2 to 1.2 um in size [69]; iron oxides with 
particles of 0.1 um or less are used as transparent colorants. 

The hydrated oxides are heat sensitive, lepidocrocite being transformed 
to goethite or dehydrated to maghemite, while goethite is dehydrated to 
hematite. The dehydration occurs at temperatures of 160 to 200°C, but the 
thermal stability of the hydrated oxides may be improved by coating with 
alumina-silica. Temperature-stable iron oxide derivatives having spinel- 
like structures can be formed by calcining hematite or acicular goethite 
with divalent metal oxides such as zinc or cobalt oxides, which produce, 
respectively, yellow and deep brown pigments. 
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A number of natural iron earths such as the ochers, umbers, and siennas 

are also used as pigments. These contain a mixture of iron oxides, silica, 

alumina, and iron-containing clays. The natural and synthetic iron oxide 

pigments are inexpensive and can be used for the preparation of a range of 
tinted colors. The pure iron oxides have relatively high refractive indices 

and coefficients of absorption of ultraviolet light and are valuable as pro- 
tective pigments for exterior paints. 

Goethite, lepidocrocite, and hematite are the respective structural ana- 

logues of diaspore, boehmite, and corundum (a-alumina). The pigment sur- 

faces are hydroxylated and contain hydrogen-bonded water molecules. 

The hydrated oxide surfaces are amphoteric and, like those of alumina, 

contain basic “‘isolated’’ hydroxyl groups and acidic “‘bridged”’ hydroxvl 

groups [20,70]. These can form hydrogen bonds with Lewis bases and are 
readily displaced by heating with amines or by treatment with phosphate 
ions, which can form anionic chelation complexes with the surface Fe’* 

ions [71]. The hydration of hematite is not as strong as that of alumina. The 

surface hydroxyl groups can be eliminated by heating at 300 to 400°C, 

leaving a coordination-deficient Lewis acidic surface that can chemisorb 

ammonia [63] and other Lewis bases. Heating at higher temperatures 
results in the elimination of lattice oxygen and the formation of maghem- 
ite. 

The character of the surface hydroxyl groups is dependent on the 
method of preparation of the pigment. Goethite in aqueous media is 
weakly basic; hematite is essentially neutral, the acidity of the hydroxyls 

being intermediate to those of alumina and titania. The surface hydroxyl 

groups of hematite can be esterified by heating with aliphatic alcohols in 
the presence of an amine catalyst [72] and are both sufficiently acidic for 

the chemisorption of quaternary ammonium ions [73] and sufficiently 

basic for the chemisorption of stearate ions [74] or sulfonate ions [75]; these 

various reactions have been used for the organic modification of iron oxide 

pigment surfaces. 
Anhydrous hematite, like alumina, can catalyze a variety of organic 

reactions. These include the isomerization of butene at low temperatures 

[76] and the ketonization of acetic acid at high temperatures [77]. Iron 

oxides containing adsorbed sulfate ions can develop an acid surface, hav- 

ing Hammett acidity values of + 1.5 to — 3.0, that is capable of polymeriz- 

ing viny] ethers [78]. 
Iron oxide pigments are generally regarded as being unreactive towards 

organic matrices, although this is not strictly correct. The iron oxides can 

catalyze transesterification reactions and can react with carboxylate- 

containing paint media; they can also catalyze a variety of radical- 

mediated reactions in aqueous and organic media. 

The iron oxides are efficient combustion catalysts at temperatures 

above 250°C and are used as one of the active agents in some self-cleaning 

coatings for domestic ovens. Hematite appears to have two types of cata- 
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lytic oxidation sites, both associated with adsorbed O,” radical-anions 

and/or lattice oxygens [76]. One is involved in selective oxidation, for 

example, the conversion of butene to butadiene, and the second is involved 

in combustion, that is, the nonselective oxidation of adsorbed organic mol- 

ecules to carboxylates and eventually to carbon dioxide; the latter sites in 

anhydrous hematite are active at temperatures as low as 20°C [79]. Ammo- 

nia adsorbed on iron oxides is also partially converted at low temperatures 

to chemisorbed nitrogen oxides [63]. Combustion catalysis at higher tem- 

peratures involves the interconversion of Fe,O, and Fe,O, and the migra- 
tion of Fe ions between the interior and the surface of the lattice [80]. 

Catalyzed combustion proceeds more readily with maghemite than with 

hematite, as the former has an oxygen lattice similar to that of magnetite. 

Hematite is converted to maghemite on heating with organic materials 

such as glycerol, presumably via Fe,0, domains. Iron oxides have appre- 

ciable photocatalytic properties and can catalyze the photooxidation of 

sulfites [81] and the deamination of aqueous aminoacids. 

The iron oxides can initiate radical reactions by redox processes with 

reductants or hydroperoxides, as well as by electron transfer with 
adsorbed cocatalytic species. The oxides can also catalyze the decomposi- 

tion of hydrogen peroxide and hydroperoxides via radical intermediates 
[82]; the decomposition mechanisms are probably similar to those of the 

Fe®* ion catalyzed reactions of hydrogen peroxide (Fenton’s reagent) [83]. 
Iron oxides can also promote the autoxidation of cumene to cumene hydro- 

peroxide (see Chapter 5), although the catalysis appears to involve reac- 

tions between chemisorbed oxygen species and cumene, in addition to the 
Fe''/Fe' redox-promoted autoxidation processes [84] (see Figure 3.6). 

The redox reaction between ferric oxide and sulfur dioxide can initiate 
the polymerization of acrylic monomers [85], while the reactions with oxy- 

gen or trace peroxidic impurities are probably involved in the polymeriza- 

tion of methyl methacrylate by the oxide [86] and in the photodegradation 
of polyethylene [87]. Ferric oxide can partially oxidize and cross-link low- 

density polyethylene during melt-compounding at 120 to 180°C [88], prob- 

ably via radical induced processes. Ferric oxides can catalyze the radical 
depolymerization of polystyrene and poly(methyl methacrylate) [89], and 
the pigments can promote the titania-catalyzed photodegradation of fluo- 
rescent ‘‘brighteners”’ [90]. The oxides can also catalyze the dehydrochlor- 
ination of poly(vinyl] chlorides) by a dual mechanism, consisting of an ionic 
process, catalyzed by the surface Fe** ions or FeCl, formed in the reaction, 
and a radical process which involves surface oxygen species [91]. The sur- 
face reactivity of the pigments can be reduced by coating with inorganic 
oxides and mixed oxides [92-94] and by treatment with organosilanes. 

3.6.2 Chromates 

Common chromate pigments include the yellow and orange lead chro- 
mate and chromate-molybdate derivatives, the less toxic yellow barium 



REFERENCES 103 

3+ 
Fe + HO, —» Fe*++ H* + HO, 

3 Fe** + HO, —» Fe’*+ HO*+ HO™ 

Figure 3.6 

chromate, and the corrosion-inhibiting pigment, zinc chromate. The chro- 
mate pigments, like the iron oxides, are often coprecipitates or are encap- 

sulated with organic or inorganic coatings, variously, to improve 

dispersion, to reduce leaching of potentially toxic chromate ions, to 
improve light and weather resistance, and to prevent discoloration reac- 

tions with organic matrices. The inorganic coatings may, for example, be 

based on alumina [95], silica [96], or antimony oxide-silica-alumina com- 
positions [97,98]. 

Chromic acid is a weak acid, and chromate ions can be displaced from 

the pigment surfaces by treatment with solutions containing phosphate, 

sulfonate, or long-chain acylate anions [e.g., 74] to yield surface-modified 

products. The rust-proofing action of organic coatings containing spar- 

ingly soluble chromates such as zinc chromate is believed to be due to the 

polarization of ferrous metal surfaces by chromate ions leached from the 
pigment and to the sealing of defects in the coating by insoluble products 

[99]. The leaching of surface chromate ions results in the normal and basic 

chromate pigments having hydroxylic surfaces that can undergo surface 

modifying reactions with alkoxy- or chloro-silanes or with titanate esters. 
The chromate pigments can oxidize a variety of organic matrices, 

hydrogen sulfide, and sulfur dioxide which might be adsorbed from the 

atmosphere. These reactions involve the reduction of the chromate Cr‘! to 
Cr'" state and to a resultant darkening of the pigment color. The chro- 
mates, including lead chromates, are thermal oxidation catalysts; the pig- 
ments can oxidize surfactants and adsorbed species such as stearic acid 

and stearates, waxes, and polyolefins at 160°C [100]. The oxidation 

of adsorbed organic materials is accelerated by actinic light, and related 

reactions are utilized in photoengraving resists based on poly(vinyl 

alcohol)-chromate compositions. Chromate pigments can catalyze the 
esterification and cross-linking of carboxylic acid-aminoplast resin formu- 

lations [101], probably by ionic processes. Soluble chromates have been 

used as hydrogen atom scavengers to prevent homopolymer formation 

during the radiochemical grafting of polyester fibers with acrylic acid 

[102]. 
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41 INTRODUCTION 

Many of the inorganic fillers and pigments manufactured for incorpora- 
tion in paints, plastics, and other organic media are treated with organic 
reagents to modify their surface characteristics or are used with formula- 
tion additives that effectively modify the surfaces in the compounding 
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processes. Surface modification may be used for a variety of reasons that 

include improvement of the dispersion of the mineral in organic media, 

modification of the rheology of a mineral dispersion, and improvement of 
the mechanical properties of filled plastics compositions. In this chapter 

we propose to confine our discussions largely to surface chemistry and 

adsorption processes that are relevant to the modification of inorganic par- 
ticulates and to the dispersion, flocculation, and reinforcement of mineral- 

containing compositions. Organic reactions catalyzed by minerals are 
discussed in the following chapters. 

The various surface modifying reactions and interactions have been 
divided into five groups for the purposes of discussion. 

(i) Modification by adsorption of acids, bases, salts, and neutral com- 

pounds. These processes include examples of chemisorption in which coor- 

dination, hydrogen bond formation, or proton transfer occurs between the 

mineral surface and the adsorbed species. 

(ii) Modification by ion exchange. This process is technically different 
from that of modification by the adsorption of salts, as any displaced ions 

and associated counterions are not retained on the mineral surface after 
ion exchange treatment. 

(iii) Modification involving covalent bond formation between the 

adsorbed species and reactive groups present on the mineral surface. The 

principal covalent bond forming reactions discussed in this section are 
those between surface hydroxyl groups, or chemisorbed water molecules, 
and reactive silanes or metal alkoxides, or the condensation of these 

hydroxylic species with epoxides and isocyanates. 

(iv) Modification by the adsorption of polymers and the dispersion or 

flocculation of minerals. 

(v) Modification by encapsulation polymerization, or processes in 

which the modifying polymer is formed by the in situ polymerization of 

adsorbed monomer. 

Discussion of these topics will be preceded by a brief outline of some 
aspects of the physical chemistry of surfaces, and of the dispersion and 

reinforcement processes that are affected by the surface modification of 

pigments and fillers. 

4.1.1 Adsorption of Low-Molecular-Weight Compounds 

The process of adsorption is fundamental to the modification of miner- 

als by treatment with chemicals and to most other reactions occurring on, 

or adjacent to, the mineral surfaces. Provided no subsequent irreversible 

chemical reactions occur in the adsorbed phase, the adsorption is a revers- 

ible process and can be described by Eqs. 1 and 2, in which M represents 
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the mineral surface, A and B, the adsorbates, and MA or MB, the interfa- 

cial adsorbed phase. 

Mie As MA (1) 
MA +B=A+MB (2) 

The rates of the adsorption and desorption reactions and the equilib- 

rium constant for the overall reaction are functions of the free energy 

change (AG) of the reactants resulting from the adsorption, desorption, or 

overall process. The free energy of the system has two components, 

enthalpy and entropy (Eq. 3), the free energy change at temperature T' 

being the function of the enthalpy change AH, which can be related to the 
heat of reaction (adsorption) and the entropy change AS, a thermodynamic 

concept which describes the change in degree of “‘orderliness’’ of the sys- 

tem. 

AG = AH — TAS (3) 

Adsorption or other processes can only occur spontaneously if there is a 

decrease in the free energy of the system, that is, if AG has a negative 

value. In favorable cases, the enthalpic and entropic contributions to free 
energy of adsorption can be determined from the effects of changes in tem- 

perature on the adsorption equilibrium. The enthalpic contribution is usu- 

ally dominant in the adsorption of vapors on to mineral surfaces, but the 
entropic contribution can be more important in adsorption from solution. 

In the latter process, the enthalpy changes are often small and the adsorp- 

tion is governed by changes in entropy of the adsorbate or solvent mole- 

cules; the entropic contribution is particularly important in the adsorption 
of polymers. 

The relationship between the quantity of adsorbate in the interfacial 

phase and the activity, that is, the concentration in solution or the vapor 
pressure of the adsorbate in the surrounding medium, is described by an 
adsorption isotherm. The shape of the isotherm for the adsorption of non- 

ionic species depends on a number of factors that include the binding 

energy distribution for the surface sites, the relative affinities of the 

adsorbate molecules for the surface and for each other, the presence and 

binding energies of other adsorbate species, the solubility of the adsorbate 

(in cases of adsorption from solution), and the porosity of the surface. The 

adsorption and desorption isotherms for a given system are ideally identi- 
cal, but pronounced hysteresis is often observed in the adsorption of poly- 
mers or low-molecular-weight species on porous surfaces, where 
adsorption may occur more readily than desorption. Three frequently 
observed isotherms are illustrated in Figure 4.1; values M and S corre- 
spond, respectively, to monolayer coverage of the surface and saturation 
pressure or concentration of the adsorbate in the fluid phase. 
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ADSORBTION 

Figure 4.1 Some typical adsorption iso- 

ACTIVITY therms. See text for explanation. 

The simplest isotherm (curve L) describes the physical adsorption of a 

vapor, the molecules of which have negligible interaction with each other, 
on a nonporous surface that has binding sites of equal energy. This ideal- 

ized adsorption is described by the Langmuir isotherm (Eq. 4), where ¢ 

represents the fraction of surface covered by the adsorbate when in equilib- 

rium with vapor at pressure p. In an alternative form of the Langmuir 

isotherm (Eq. 5), the amount of material adsorbed (x) by a definite mass of 

adsorbent (mm) is expressed in terms of the concentration (c) of sorbate in 

the surrounding phase; A and B are constants, the nature of which is 

described in the standard texts [e.g., 1]. The Langmuir isotherm is charac- 

terized by an adsorption plateau corresponding to monolayer surface cov- 

erage and by an approximately linear relationship (at low values) between 

the degree of adsorption and activity of the adsorbate. 

w) =a eo 4 ape (4) 

Ky eae AC (5) 

m 1+ Be 

In most real systems, the adsorbed molecules have some affinity for 

each other. Long-range interactions between the surface and the sorbent 

can result in multilayer adsorption, shown by the absence of an adsorption 

plateau. The ‘‘knee”’ in the nonideal adsorption curve R corresponds only 

approximately to a monolayer coverage. In gaseous-solid systems, the 

isotherm may be described by the BET equation (Eq. 6), in which f is the 

partial pressure of adsorbate, v is the volume adsorbed, and v,, the volume 

of adsorbate corresponding to monolayer coverage of the solid surface; c is 

a function of temperature and the difference in the heats of liquefaction 

and monolayer adsorption. 
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v(1 —-f) Lee Ue 
(6) 

Porous solids may show an adsorption plateau at higher adsorbate 

activities. The ‘“‘knee’”’ in such cases corresponds to filling of the pores or 

interlamellar spaces, with little further adsorption occurring until the fluid 

phase is saturated with adsorbate. The adsorption sites on mineral sur- 

faces often have a broad distribution of binding energies and adsorption on 

these solids may more accurately be expressed, over a limited range of 

adsorbate concentrations, by the classical, but empirical Freundlich iso- 

therm (Eq. 7), in which the constant n>1. 

(7) 

Often the adsorbate must displace a strongly adsorbed species or the 

adsorbate molecules may have large energies of association in the interfa- 

cial phase relative to the energy of adsorption. These factors can result in 

an S-shaped isotherm curve (Figure 4.1; P). The adsorption isotherms for 
long-chain alkyl species on solids are frequently of this type, and the 

adsorption of a sparingly soluble material from solution can often be 

described by a similarly shaped isotherm. Numerous other isotherms have 
been described for the adsorption of one or more nonelectrolytes at solid-li- 

quid or solid-vapor interfaces and for the adsorption in binary liquid sys- 
tems [1,2]. 

The competitive adsorption of nonelectrolytes containing single func- 
tional groups can be described by the alternative semiquantitative rules 

[1]. ““A polar surface will preferentially adsorb the more-polar component 
from a nonpolar solution’”’ and ‘“‘A nonpolar surface will preferentially 

adsorb the less-polar component from a polar solution.’’ These rules can be 

extended to give Traube’s rule: ‘“The adsorption of organic substances 

from aqueous solutions increases strongly and regularly with the ascent of 

a homologous series.’’ This is seen, for example, in the adsorption of 

aliphatic acids, alcohols, and amines on minerals in aqueous suspension, 
where the adsorption coefficient of the organic compound increases with 

chain length. The reverse sequence occurs for the adsorption of a homolo- 
gous series of compounds on a polar surface from nonpolar solutions. 

The adsorption of an organic electrolyte on a mineral can follow a com- 
plex isotherm which may include contributions from the ionic interactions 
of the anions and cations with the electric double layer at the surface, and 
the nonionic interactions which may also occur between the adsorbed spe- 
cies. Often the adsorption isotherms may resemble the Langmuir iso- 
therm, the ‘‘knee’’ in the curve corresponding to the neutralization of 
surface charge [3]. The Stern equation, which describes the adsorption of 
ions in the diffuse ionic layer surrounding the charged surface, can be 
expressed in a form similar to the Langmuir equation. 
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The adsorption of electrolytes by clay minerals has been analyzed and 
described by Van Olphen [4]. Other descriptions may be found in standard 
texts on colloid chemistry, although the isotherms discussed often only 
relate to adsorption on ionic crystals, which have a constant surface poten- 
tial; these isotherms differ quantitatively from those of systems contain- 
ing, for example, clay minerals or charged polymer lattices, the particles of 
which have a constant surface charge. The kinetics of the adsorption and 
diffusion of small molecules on zeolites, swelling clay minerals and organo- 
clays, and other molecular sieves are reviewed by Barrer [5]. 

4.1.2 Adsorption of Polymers 

When polymers are adsorbed on solid surfaces from solution, the molec- 

ular chains frequently assume coil-like configurations in the interfacial 
phase. The chains will contain sequences of polymer segments (‘‘trains’’) 

adsorbed in extended configurations on the surface, unadsorbed segments 
in the form of a series of ‘‘loops’’ which, together with the polymer chain 

ends (‘‘tails’’), are capable of extension into the liquid phase [6,7]. The aver- 
age number of polymer segments contained in each train, loop and tail, the 

segment density, and the mean maximum thickness of the adsorbed poly- 
mer layers in model systems can be calculated using statistical mechanics, 

although practical difficulties and the need for simplifying assumptions 
and approximations have so far prevented uniquely correct solutions for 

real systems. 

Recent work by Lal and colleagues has shown that the adsorption con- 

figuration can be described for a hypothetical polymer containing N seg- 

ments, each having an adsorption energy (E), the energy difference 

between a segment-surface and a solvent-surface bond. Monte Carlo cal- 

culations [7,8], which take into account the excluded volume effect, show 

that the fraction of adsorbed polymer increases and the thickness of the 

adsorbed layer decreases with increase in adsorption energy. The polymer 
can only be adsorbed if the adsorption energy is negative, but if the energy 

is less than a critical value, — E/kT = 0.4, the polymer is virtually nonad- 

sorbed, that is, the mean fraction of adsorbed segments approaches zero. 
At high-adsorption energy, —E/kT/>0.9, the polymer is adsorbed in an 

extended configuration on the surface, and the thickness of the layer, 

which is determined by the mean number of segments in the loops, 

decreases slightly with increasing chain length of the polymer. The mean 

number of segments contained in trains and loops changes little with chain 

length or with adsorption energies in the range — E/kT = 0.5 to 0.9; how- 

ever, the number of segments in the tails increases markedly with increase 

in chain length and decrease in adsorption energy. For weakly adsorbed 

polymers, the thickness of the layer is dominated by the lengths of the 

polymer tails, as the loops remain short and only contain an average of 4 to 

20 segments [7]. The effective thickness of the adsorbed layers can be 
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much larger and may be of the order of 100 to 800 A for typical homopoly- 

mers adsorbed on a metal surface [9]. Thick adsorbed layers can also form 

on pigment surfaces [10,11]. The interactions between polymer layers, 

attached to particles in suspension, can provide an important means for 

dispersion stabilization. 

The adsorption of polymers differs in many respects from the adsorp- 

tion of low-molecular-weight species [12]. The adsorption can be very slow 

in reaching an equilibrium state, often requiring contact times of the order 

of 100 to 1000 hours. The slow attainment of equilibrium is due to the large 

number of configurations that the adsorbing polymer chain can adopt. 

Numerous theoretical isotherms have been developed, but most experi- 

mental data would fit a Langmuir isotherm as well as any other [1]. The 
adsorption of polymers can occur to a considerable extent, even at very low 

equilibrium concentrations, and the amount adsorbed quickly reaches a 

limiting value with increase in concentration. The amount of polymer 

adsorbed on oxide surfaces from toluene solution is close to the value calcu- 
lated using the mean molecular cross sections, obtained by interfacial ten- 
sion measurements of the polymers adsorbed at a toluene-water interface; 

the latter phase provides a convenient approximation for the hydroxylic 

oxide surfaces [13]. 

Larger amounts of polymer are adsorbed from a poor solvent, that is, 

one close to the 6-point, than from a thermodynamically good solvent; 

chemical modification of the mineral surfaces can strongly affect the 

adsorption coefficients [14]. The adsorption coefficients of polymers may 

increase or decrease slightly with increase in temperature, the variation 

usually being greatest for @-solvent systems [6]. (A 6-solvent is one in which 

the polymer is just at the point of precipitation, that is, one in which the 

interaction between solvent molecules and the polymer segments is equal 

to the interaction between the segments themselves. For most solvent 

compositions, this state will occur at one critical temperature, 6-point.) An 

increase in adsorption with increase in temperature indicates that the 
adsorption is endothermic and involves an increase in entropy of the sys- 

tem, most probably that of the solvent molecules desorbed from the sur- 

face or released from the solvated polymer chains on adsorption. (The 
adsorbed chains have greater mean segmental densities in the adsorbed 
state.) The polymers usually are not readily desorbed on dilution of the 
liquid medium; they can be displaced by other polymers or by treatment 
with a better solvent than that used for the original adsorption [1,12]. 

4.1.3 Hydrogen Bond Formation 

The adsorption of molecules on minerals involves some form of binding 
between the adsorbate and the mineral. This may include one or more of 
the specific forms of chemisorption introduced at the beginning of this 
chapter, but will also include nonspecific physisorption interactions such 
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Figure 4.2 Hydrogen-bonded structures of water on silica surfaces. 

as London-van der Waals attractions. Another specific interaction that is 

common to most practical mineral organic systems is the formation of 

hydrogen bonds. Because of their ubiquitous nature, hydrogen bonds will 

be discussed separately from the other forms of chemisorption. Most 

forms of chemisorption rely on hydrogen-bonded adsorption as a prelude 

for reaction with the surface or as a supplementary means of maintaining 

adsorption of the ‘‘chemisorbed”’ species. Hydrogen bond formation in the 
adsorption process has been reviewed [e.g., 15,16] and is the subject of a 
recent book [17]. 

In the previous chapters we have indicated that most mineral particu- 
late surfaces bear surface hydroxylic species, unless the material has been 

dehydrated by rigorous outgassing at elevated temperatures. These sur- 

face species may be structural (lattice) hydroxyls, those formed by adsorp- 

tion of hydrated oxides or by hydrolysis of the lattice, or those of 

chemisorbed water. Adsorbed water molecules are also important in the 

interactions of neutral organic molecules with charged silicate surfaces, as 

they can act as hydrogen-bonding bridges between the organic molecules 

and the charged species or sites. 
Organic species capable of forming hydrogen bonds with mineral sur- 

faces include proton donors such as alcohols, phenols, and acids, and pro- 

ton acceptors which can act as Lewis bases, that is, species which contain 

uncoordinated electron pairs or z-electron clouds; these include alcohols, 
carbonyl and carboxylic species, amines, ethers, and unsaturated and aro- 

matic hydrocarbons. The hydrogen-bonding affinity of a large number of 

simple organic molecules for hydrated silica surfaces has been analyzed 

and tabulated [18]; the strength of the bond can be estimated from the 

perturbation of the infrared SiO-H adsorption bands. The adsorbed 

organic molecules may contain more than one hydrogen-bonding center, 
and these may form multiple hydrogen bonds with the mineral surface. 

The external surfaces of most common mineral fillers and pigments suf- 

ficiently resemble those of hydrated oxides for silica and alumina to serve 
as models. Silica that has been outgassed at elevated temperatures con- 
tains few residual surface hydroxyl groups and does not readily adsorb 

Lewis bases. Dehydroxylated silica does not form strong hydrogen bonds 

with water or other proton donors. This is due to the covalent nature of the 

siloxane bonds and weak basicity of the surface oxygens. The hydroxyl- 

ated surface can be regenerated by hydrolysis of the siloxane bonds on 
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prolonged contact of the anhydrous silica with water or alcohols. 

Adsorbed water and alcohol molecules may be bound via single surface 

hydroxyls (Figure 4.2; 1), but bonding through two adjacent hydroxyl 

groups (2) is a preferred arrangement [18]. The protons of the adsorbed 

water molecules are available for hydrogen bond formation with other 

water molecules of basic species (3). This process enables most oxide sur- 

faces to retain one or two layers of water molecules in a hydrogen-bonded 

network that often can only be desorbed by drying the mineral at tempera- 

tures above 100°C. 
The interaction of water molecules with the surfaces of layer silicates 

can involve weak hydrogen bonds to charged centers on the oxygen sheets, 

in addition to the stronger interactions with the adsorbed countercations 
[19]. Hydrogen bond formation is more pronounced with silicates in which 

the anionic charge originates in the tetrahedral layers; uncharged silicate 

surfaces, like those of talc, are essentially hydrophobic. 
Hydrogen bond formation with the surface of metal oxides can follow a 

more complex pattern than that on silica. The hydrated oxide surfaces are 
usually virtually saturated with hydroxylic groups which, like those of 
silica, can form hydrogen bonds with acceptor molecules. The dehydroxy- 

lated surfaces of most metal oxides rehydrate rapidly but, because of their 

Lewis acidity, they may also form coordination complexes with hydrogen 

bond acceptors. In the case of adsorbed water or alcohols, coordination 

with Lewis acid centers on the oxide surface may enhance the acidity of 

their hydroxyl groups sufficiently for hydrogen bond formation to occur 

with other adsorbed species. The surface oxygens of ‘‘anhydrous”’ alu- 

mina, unlike those of silica, are also sufficiently basic to form hydrogen 
bonds with donor molecules [19]. 

4.2 DISPERSION AND REINFORCEMENT 

The efficiency of most fillers, pigments, or other mineral additives is 

dependent on the degree of dispersion of these materials in the suspending 

medium. The maximum optical effectiveness, for example, of a pigmented 
polymer composition is only achieved if the pigment is uniformly and 
finely dispersed in the surrounding medium. The process of obtaining and 
maintaining a good dispersion involves at least two forms of surface-me- 
dium interaction, namely, the wetting of the mineral ingredients by the 
liquid or molten medium and the stabilization, or retardation of floccula- 
tion, of the dispersed particles after their disagglomeration by mechanical 
shearing of the wetted mineral suspensions [10,20,21]. 

4.2.1 Surface Wetting 

The mineral fillers and pigments are usually supplied in the form of dry 
powders, consisting of air-filled porous agglomerates of particles that form 
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Figure 4.3 Surface tension diagram for the solid- 

Yst liquid-vapor interface formed by a drop of liquid on 

a planar surface. 

during the packing, storage, or transport of the solids. In the initial stage 

of the dispersion process, the liquid medium has to wet the mineral in order 

to displace air from the surfaces and interstices of the agglomerates before 

the particles can be dispersed. Displacement of adsorbed moisture may 
also be necessary for the effective dispersion of minerals in water- 

immiscible media. The disruption of agglomerates is usually assisted by 

the use of surface-active agents or grinding aids, either as mineral treat- 
ments or as formulation additives. The use of wetting agents not only 

reduces the mixing time and energy requirements, but also helps to avoid 

overmilling and fracture of particles which, in the case of colored pigments, 

can result in changes in their hue. 

The formal treatment of the wetting process can be found in numerous 

reference works and reviews [e.g., 1,21,22]. The quantitative aspects will 

not be described in this book. Reference 21 also includes a survey of surface 
active agents and dispersion technology. 

The wetting of a solid by a liquid is often described in terms of the equi- 

librium contact angle (6) formed at the solid-liquid-vapor(air) triple inter- 
face (Eq. 8) or the spreading coefficient (S; Eq. 9); both are functions of the 

surface tensions of the three paired interfaces (Figure 4.3). 

Ysv = Yst + Yziv(cosé) (8) 

S = ¥sv — (Ytv + Ysi) (9) 

The maximum spontaneous wetting required for displacement of air 
from interstices is obtained when the contact angle (6) is zero or when the 

spreading coefficient has a large, positive value. The wetting agent should 

reduce the liquid-solid surface tension (7,5) as well as the liquid-vapor 

tension (y,,y). The wetting of particulate minerals is usually determined 

indirectly, using microcalorimetry, for example, and may be expressed in 
terms of the heat of immersion of the mineral in the liquid. In technical 
practice, the wetting of pigments and fillers is often gauged by their “‘oil 

adsorption values”’ [21]. 
Most of the aluminosilicate minerals and titanias have highly polar sur- 

faces that are hydrophilic rather than oleophilic and are not readily wetted 

by organic materials such as hydrocarbon solvents, oils, and polymers, 

which have only low-to-moderate polarity. These minerals can be readily 

rendered oleophilic and wettable by the chemisorption of organic mole- 

cules, preferably those having structural similarities with the dispersing 

medium. 
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4.2.2 Stabilization of Dispersions 

The agglomerated minerals do not spontaneously disperse in organic 

media, but must be disrupted by shearing forces that accompany the mix- 

ing process. The dispersed mineral particles will begin to flocculate imme- 

diately after the shearing ceases, unless the viscosity of the medium is very 

high or unless some stabilizing process is present to hinder the close 

approach and mutual attraction of the particles. This attraction results 

from long-range London-van der Waals forces that can operate when the 

particles are brought into close proximity by thermal (Brownian) motion 

or sedimentation. This close approach can be restrained by two types of 

repulsive interaction, namely, the Coulombic interactions between simi- 

larly charged particles and the steric or entropic interactions between 

long-chain molecules adsorbed on the particulate surfaces. Coulombic 

repulsions are most effective in highly polar media, for example, aqueous 

systems, whereas dispersion stabilization through steric interactions is 

required in media of low polarity. 

When a mineral is suspended in an aqueous medium, the ionization of 
surface groups or adsorbed species or the adsorption of ions can result in 

the particles developing an electric charge, which is neutralized by the for- 

mation of a diffuse layer of oppositely charged ions in the medium adjacent 
to the mineral surface [23]. When two particles collide, the overlapping of 
their diffuse ionic layers results in a repulsive force between them which is 
proportional to their radii, their surface potentials ({-potentials), and the 

dielectric constant of the medium. As the attractive and repulsive forces 
increase at different rates with decreasing separation of the particles, the 

net interaction over a range of interparticle distances may be repulsive 

(Figure 4.4). If the potential energy of this repulsive interaction exceeds 

the kinetic energy of the particles due to their thermal (Brownian) motion, 

the dispersions will resist flocculation. Sedimentation of the individual 

particles in the gravitational field will still occur. Repulsive interactions 

between the settling particles may be insufficient alone to prevent the 

eventual formation of a dense, hard-caked sediment that may not be easy 
to redisperse. 

Ionic stabilization processes have been extensively studied, and the 

underlying concepts of ionic dispersion and flocculation are embodied in 

the DLVO (Deryaguin-Landau-Verwey-Overbeek) theory. A more pre- 

cise and detailed explanation of the process can be found in references 
23-26 or in most books on physical or colloid chemistry. The dispersion of 
pigments in aqueous systems and the mode of action of some practical 
dispersants have also been reviewed [27]. 

The ionic stabilization of dispersions of clays, or of other solids with 
ionizable surface species, is usually less effective in organic media, as the 
stabilizing extended diffuse ionic layers do not form in media of low dielec- 
tric constant. Instead, the adsorbed counterions are tightly paired with 
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surface ionic sites or are constrained to the immediate vicinity of the min- 

eral surface. Adsorbed polar molecules can enhance the ionic interactions, 

and they can, for example, promote the disaggregation of organophilic 

smectites used as gellants for nonpolar or weakly polar oganic liquids (see 
Section 4.4.2). 

Mineral dispersions can be stabilized in nonaqueous media by the 
adsorption of surfactants or polymers. The basic concepts of the nonionic 

or steric stabilization processes have only recently been developed, 

although some forms of steric stabilization have been used since antiquity; 

an example is the use of protective colloids such as egg albumin or gelatin 

in the preparation of aqueous paints and inks. Steric stabilization can oper- 
ate in both aqueous and nonaqueous media and can stabilize dispersions in 

saline media which would flocculate ionic-stabilized systems. Some 
reviews of the modern theories of steric stabilization can be found in refer- 
ences 6,10,28-30. We only attempt to give an elementary outline of the 

process here. 
Molecules that are effective as steric stabilizers require two properties: 

(1) that they contain groups or segment blocks which are strongly 

adsorbed on the mineral surface and (2) that the remainder of the molecule 
be solvated and able to extend into the surrounding medium. The stabili- 

zers are frequently polymeric molecules, which can form a thick, solvent- 

swollen, adsorbed layer around each particle. Nonadsorbed polymers can 

also hinder the close approach of particles [7], and steric stabilization can 
operate in polymer melts as well as in solvent-based systems [31]. 

The stabilization process can be illustrated by consideration of two 

dispersant-coated particles in collision (Figure 4.5). As the particles 
approach, they are mutually attracted by London-van der Waals interac- 
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Figure 4.5 Steric stabilization by adsorbed long-chain organic species. (a) Protective shells 

of solvated chains surrounding particles in collision. (b) Zone of repulsion formed by the 

intermingling and compression of these shells. 

tions, the energy of interaction having a minimum value when the interpar- 

ticle distance is slightly less than twice the mean thickness of the 

dispersant layers. Closer approach of the particles results in interpenetra- 

tion of the layers of adsorbed polymer and the development of a net repul- 
sive force between the particles (Figure 4.6). These repulsive forces arise 

from two principal sources: (1) the restriction of polymer segmental motion 

in the interpenetration zone, which is equivalent to a decrease in entropy of 

the system; and (2) the osmotic forces which counter the increase in seg- 

mental densities of the ‘‘compressed’’ polymer loops or tails and which are 
equivalent to an increase in enthalpy [32]. Displacement of solvent from 

strongly solvated polymer chains during interpenetration can also result 

in an increase in enthalpy. Stabilization in polymer melts is largely due to 

the elastic contributions from the compressed polymer chains to the net 

repulsion [31]. 

The restriction of segmental motion, particularly of polymer tails [29], is 

believed to be the dominant stabilizing force in most media of low or mod- 

erate polarity. Such steric stabilization is described as entropic stabiliza- 

tion. In favorable cases, entropic-stabilized dispersions can be recognized 

by the increase in their stability with increasing temperature. 
The thickness of the adsorbed layer necessary for the effective stabiliza- 

tion of the dispersed particles increases with increasing particle size. Small 

particles such as those of carbon black or fumed silica require stabilizing 

layers with thickness of the order of 10 to 20 A; these can be provided by 

the adsorption of low-molecular-weight surface active species such as the 

long-chain quaternary ammonium ions. However, dispersions containing 
pigment or filler particles, with equivalent spherical diameters of 0.2 to 1.0 
um, may require adsorbed layers of 100- to 200-A thickness for effective 
stabilization; such layers can only be provided by high-molecular-weight 
polymers [10,22]. As the polymer must be solvated and swollen, the dis- 
persing medium must be a better than 6-solvent for the segments of the 
polymer not attached to the particle surface. Weaker solvents may be suit- 
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Figure 4.6 Potential energy curves for the interaction of two steric stabilized, dispersed 
particles. 

able for dispersion of minerals, provided ionization of substituent groups 
in the coating can occur to assist in the steric stabilization process. A con- 

siderable variety of polymeric dispersants has been reported in the scien- 

tific, technical, and patent literature, and some examples will be discussed 
later in this chapter. 

The interactions shown in Figure 4.4 may be qualitatively true for small 

particles. However, attractive interactions between large particles decay 

less rapidly than those between small particles. (The standard equations 
showing an inverse sixth power dependence of the London-van der Waals 
forces on interparticle distance are only applicable for interactions 

between small molecules, that is, between virtual point species.) As a 

result, the relatively large (0.1 to 1.0 wm diameter) particles, that consti- 

tute many fillers and pigments may have a weak net attractive interaction 

at intermediate interparticle distances, as in Figure 4.6 [10]. This may 

result in partial flocculation of the dispersion, although the weakly bound 

aggregates would also be easily disrupted by the Brownian motion of the 

pigment particles; the weak flocculation phenomenon is useful in control of 
the rheology of paint systems. 

4.2.3 Rheology and Reinforcement 

An ideal particulate dispersion should show Newtonian flow behavior 
(Figure 4.7; curve A), in which the rheological shear stress (7) is directly 
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Figure 4.7 Three types rheological behavior 

exhibited by particulate suspensions. Curve A, 

3 Newtonian flow. Curve B, pseudoplastic flow. 

SHEAR STRESS Curve C, pseudoplastic flow with yield. 

proportional to the viscosity (y) and shear rate (D) (Eq. 10), with the viscos- 

ity independent of the shear rate. 
T= 7D (10) 

Suspensions of mineral particles in organic liquids commonly show non- 
Newtonian plastic or pseudoplastic rheological behavior, in which the 

apparent viscosity of the suspension and shear stress is markedly depend- 

ent on the shear rate (curve B). In some systems (curve C) a certain mini- 

mum shear stress, the yield stress (7,), must be applied for the suspension 

to flow. Suspensions of titania pigments or clay mineral fillers usually 

show pseudoplastic behavior that can be described by Casson’s equation 
(Eq. 11) [83]. The values of yield stress and viscosity at infinite shear rate 

(n,,) are characteristics of the particular suspension system. The rheologi- 

cal behavior of other liquid-solid systems may be more accurately 

described by alternative equations [34]. 

qi = Te ae reed Ds (11) 

The yield stress reflects the shear stress required for breakdown of the 
“‘structures,’’ or agglomerates of mineral particles. These structures usu- 

ally reform when the shearing ceases, but this is a time-dependent process, 

with time scales of seconds to hours for noticeably thixotropic systems. 

This can result in marked hysteresis in shear stress with a change in shear 

rate. The interparticle forces that hold the structures together may arise 

from several sources: from London-van der Waals attractions; from ionic 

interactions, as in the case of the edge-face interactions of the layer sili- 

cates; and from the formation of water bridges between particles, if these 

carry multilayers of adsorbed water and are suspended in a water- 

immiscible medium [34,35]. These interactions may be reduced by the use 

of wetting agents, dispersants, or by drying the mineral before use [35]. 

The mechanical properties of a mineral filled or pigmented polymer com- 
position are also dependent on the properties of the mineral-polymer inter- 
face [36]. In most plastics, the modulus of the filler or pigment is 
considerably greater than that of the polymer matrix. As a result, unless 
the surface of the mineral has been modified, the particulate-filled compos- 
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Figure 4.8 The tensile behavior of some poly- 
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ite will be harder and less flexible than the unfilled polymer. It will also be 
more brittle, because interfacial stresses, which develop when the compos- 

ite is subject to mechanical stress, can result either in adhesive failure at 

the interface or in cohesive failure of the matrix polymer adjacent to the 

interfaces. The qualitative tensile properties of some classes of 
mineral-polymer composites containing nonfibrous fillers are shown in 
Figure 4.8. 

Unfilled, semicrystalline, flexible polymers such as high-density poly- 

ethylene or polypropylene usually have a maximum tensile strength that 

is approximately equal to the yield stress at which irreversible deforma- 

tion occurs; these polymers may undergo considerable subsequent defor- 

mation or extension before breaking (curve A). The incorporation of filler 

particles that have low interfacial adhesion with the polymer results in the 
reduction of both yield stress and extension-at-break (curve B). In con- 

trast, the inclusion of a similar amount of a filler that is capable of forming 

strong interfacial bonds with the polymer may result in an increase in the 

elastic modulus and yield stress for the composite (curve C), as well as 

reducing the tendency for slow extension (creep) under long-term stress. 

While such composites are stronger than the unfilled polymer, they are not 
necessarily tougher, as cohesive failure of the polymer in the highly 
stressed interfacial regions can still result in brittle behavior. The brittle- 
ness may be reduced if the filler-matrix bonds are capable of breaking and 

reforming to redistribute this stress. 
Treatments that can result in reduction of the stress gradients at the 

polymer-filler interfaces can improve the toughness of the composites. 

One method for achieving this is to surround each filler particle with a 
layer of modified matrix polymer that has a modulus intermediate to that 

of the filler and the bulk of the matrix (Figure 4.8; curve D). Ideally, such 

layers should have a graded modulus distribution; this has been claimed 

for the Ceraplast® fillers described in Section 4.7.2. 
Criteria for the selection of fillers for particular applications are outside 

the scope of this book, but these have been adequately summarized else- 
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where [37,38]. The reinforcement of polymers by finely dispersed fillers 

and the relationship between polymer morphology, molecular orientation, 

and tensile properties have also been reviewed [89]. 

The presence of small amounts of finely divided fillers can modify the 

development of spherulites in semicrystalline polymers such as the fiber- 

forming polyamides and the polyolefins and thereby alter the bulk tensile 

properties of these polymers. The fillers may also modify the properties of 

the polymer in zones adjacent to the filler surfaces, for example, by organi- 

zation of the spherulites. The inherent modification of the viscoelastic 

properties of the matrix polymer in regions adjacent to a high-modulus 

surface is derived from steric factors and therefore should not be affected 

by chemical modification of the filler surfaces, provided that the modify- 

ing species or their byproducts are not desorbed and cannot themselves 

alter the bulk properties of the polymer. This is true for some systems, for 
example, calcite-polyolefin mixtures [40], but in others, acid-base interac- 

tions between the filler and the polymer can result in long-range effects in 

the matrix polymer (see Section 4.6). 

4.3 MODIFICATION BY ADSORPTION 

The modification of mineral or inorganic surfaces by the adsorption of 

organic molecules can occur via a variety of processes, introduced in Sec- 

tion 4.1. In this section we intend to describe modifications by the adsorp- 
tion of acids, bases, their salts, and neutral compounds. The division of the 
adsorbates into acids, bases, and neutral compounds is based on a notional 
“litmus” test, although the chemisorption of neutral or even acidic com- 
pounds may largely result from their basicity, that is, their ability to act as 
proton acceptors or electron-pair donors. 

Although organic molecules can be attracted to mineral surfaces by van 

der Waals forces, these forces are so weak that low-molecular-weight spe- 

cies may not be effectively adsorbed, unless the molecule contains func- 

tional groups that can react with surface species, resulting in 

chemisorption. The chemisorption processes discussed in this section 

include hydrogen bond formation, proton transfer, and coordination 
between the adsorbed species and the mineral surface. We shall concen- 
trate on low-molecular-weight adsorbates; polymeric adsorbates are dis- 
cussed in Section 4.6. 

The surfaces of hypothetical minerals have been described in previous 
chapters by reference to ‘“‘box”’ structures. One feature of all these struc- 
tures is the presence of surface hydroxylic species which are capable of 
protonation, deprotonation, and of coordination with other metal ions; 
these hydroxylic species may include chemisorbed water. As the underly- 
ing metal cations are potential Lewis acids, their aquo or hydroxo ligands 
can be replaced by other ligands, which may include bases or the anions 
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derived from weak acids. A semiquantitative estimate of the stability of the 
metal oxide-organic adsorbate complexes can be obtained from an exami- 
nation of the stability of the complexes formed between the organic species 
and the hydroxo or aquo metal ions in solution [41]. Adsorbates having 
polarizable groups, particularly, carbonyl, carboxyl, amide, or nitrile 
derivatives, can form ion-dipole physisorption complexes with metal ions 
having high polarizability or coordination complexes with transition metal 

ions, as well as forming hydrogen bonds with surface hydroxylic species. 

4.3.1 Adsorption of Acids and Their Salts 

Carboxylic acid substituents comprise the mineral bonding groups in a 
large range of surface active agents used for modifying mineral surfaces; 

carboxylate-mineral interactions are also effective in the adsorption and 
bonding of polymeric materials to most of the commercial inorganic fillers 

and pigments. Most of these minerals have basic or amphoteric surface 
sites and are expected to form strongly bound surface carboxylates, as 
well as weaker hydrogen-bonded adducts, with the carboxylic acid- 

containing polymers. Chemisorbed anionic adducts are also formed by the 
analogous reactions of other organic acids, such as phosphonic or sulfonic 

acids, or sulfate hemiesters. 
The treatment of calcium carbonate is one of the major applications for 

the modification by adsorption of acids. The surface of calcium carbonate 
is alkaline and can react readily with adsorbed fatty acids or their anions to 
form surface carboxylates. Reactions can also occur with solid fatty acids. 
Fatty acids are often added as modifying agents during grinding or milling 

of the carbonate rock. The most commonly used agents are C10 to C18 

acids, such as lauric (C12) or stearic (C18) acid, or fatty acid mixtures 

derived from tallow or oils. 
When fatty acids are adsorbed on calcite from solution, they initially 

form a monolayered array of alkyl chains oriented so that the carboxylate 

groups are adjacent to the mineral surface. Additional acid molecules may 
then be adsorbed in a second layer, with their chains oriented tail-to-tail to 
the first molecular layer. Subsequent layers may be adsorbed, with head- 

to-head and tail-to-tail orientation with respect to the adjacent layers. This 
alternating orientation is reflected in cyclic variations in the moisture 

absorption (hydrophobicity) and surface conductivity of treated calcite 
with increasing amounts of adsorbed acid [42]. In the case of the lauric acid 

treatment of calcite, a monolayer coverage of laurate molecules is insuffi- 

cient to completely screen the polarizing effects of the underlying calcite 

surface. Maximum hydrophobicity requires the adsorption of the equiva- 

lent of three molecular layers of the acid [42]. 

Calcium carbonate is slightly soluble in water, but calcium laurate and 

stearate are less soluble. Treatment of aqueous suspensions of the mineral 

with sodium fatty-acylate solutions results in the diffusion of calcium ions 
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from the lattice and the formation of a hydrophobic calcium acylate sur- 

face layer. The acylate layer may also comprise a series of molecular layers 

having alternating orientation with respect to adjacent layers. The first 

molecular layer, formed in the reaction with sodium laurate solutions, con- 

tains chemisorbed laurate ions and dissolved, unionized calcium laurate; 

subsequent layers consist of calcium laurate [43]. 

The adsorption of carboxylic acids on metal oxides‘such as alumina and 

titania can also result in the formation of surface carboxylate species. In 

contrast, the adsorption of carboxylic acids on acidic surfaces such as 

those of silica results in the formation of hydrogen bonds between the 

surface hydroxyl] groups and the carbonyl groups of monomeric or associ- 

ated dimeric forms of the acid [16]. The carboxylic acids can be readily 
desorbed from silica, whereas the chemisorbed carboxylates are tena- 

ciously retained on the surfaces of basic minerals. 

The adsorption of carboxylates on silica, silicates, and other weakly 

basic or negatively charged surfaces can be enhanced by the use of their 

oligomeric basic chromium or aluminum salts. These materials can 

undergo condensation and coordination polymerization with the surface 
hydroxyl] groups to form hydrolysis-resistant carboxylate surface layers. 

These treatments are described in Section 4.5.2. Weakly basic or acidic 

fillers and pigments can also be modified by the addition of polyvalent 

cations to acarboxylate-containing dispersion of the minerals. This results 

in the precipitation coating of an insoluble acylate layer onto the particu- 

late surfaces. This method of modification is frequently used for the prepa- 
ration of oleophilic iron oxide or chromate pigments; titanyl or aluminum 

acylate coatings have also been used for the improvement of titanias [44]. 

Alternatively, aqueous suspensions of metal oxides may be treated with 

Al’* ions, which are adsorbed and impart a positive charge to the particu- 

late surfaces. The suspension is then treated with an anionic surfactant 

such as an alkylaryl sulfonate, forming a hydrophobic product that can be 
redispersed in nonaqueous media [45]. 

The interaction between adsorbed acids and the lamellar aluminosili- 
cate clay minerals depends on the nature of the mineral and the exchange- 

able cations. Anion (ligand) exchange with hydroxo-aluminum ions 

exposed at the octahedral layer edges yields surface carboxylates. Similar 
reactions occur with adsorbed oxyaluminum species, which can be formed 
by the hydrolytic degradation of the mineral lattice or with other di- or 
polyvalent exchangeable ions on the mineral surfaces. Hydrogen bond for- 
mation can occur between the adsorbed acid and coadsorbed water associ- 
ated with the charged surface species. Weak interactions may also occur 
between the silicate oxygen sheet and the alkyl or alkenyl chains of satu- 
rated and unsaturated aliphatic acids [46]. Ca-montmorillonite can interca- 
late aliphatic monocarboxylic acids to form two types of adducts. Acids 
with less than 10 carbons are held in the interlamellar spaces, with their 
alkyl chains lying nearly parallel to the silicate surfaces. Similar structures 
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can exist in adducts containing C10-C18 acids, at temperatures below the 
melting points of the respective acids. At higher temperatures, these 
adducts have structures in which the interlamellar acid molecules are held 
in ordered, inclined arrays [47], analogous to those of some long-chain 
alkylammonium smectites. 

The adsorption of carboxylic acids by montmorillonites in aqueous 
media is dependent on the pH of the medium and on the dissociation con- 

stant of the acid [148]. Negative adsorption, resulting from the repulsion of 

the carboxylate ions from the diffuse double layer, can occur at high pH. 
Positive adsorption of the acids occurs when the pH of the medium is 1 to 
1.5 units above the pK, value for the acid. Adsorption is greatest on the 
“hydronium”’ clays, presumably because of their content of highly 

charged exchangeable Al°* ions or adsorbed oxyaluminum species. 

Treatment of basic or amphoteric minerals by organic acids and salts 

can be used to impart hydrophobicity and to promote the wetting of their 
surfaces by organic solvents. The surface treatment of chalk by lauric or 

stearic acid results in greatly reduced rheological yield stress of the min- 

eral suspensions in paraffin oil, a medium frequently used as a model for 
nonpolar polymers [49]. Such treatment also improves the compatibility 
between the filler and polymers such as PVC resins [50] and reduces the 

brittleness of most plastics formulations containing the treated mineral. 
Treatment with unsaturated acids can provide a hydrophobic, graft- 

forming mineral surface, which can promote reinforcement when the fillers 

are used in radical-cured plastics and elastomers. Similarly, dicarboxylic 

acids can provide a carboxylic acid functional surface, capable of forming 
grafts by condensation with polymer reactive centers during the curing of 

epoxy, polyurethane, or similar resins [51]. Treatment with diacids can 

also improve the compatibility between a basic mineral such as calcite or 

metal oxides and ‘‘basic’’ polymers such as the polyamides and amino res- 

ins. 
When unsaturated acids such as acrylic or linoleic acids are adsorbed on 

basic oxide surfaces at low surface coverage, they form chemisorbed car- 

boxylate layer structures in which the molecules lie prone on the oxide 

surface. This configuration allows weak adsorptive interactions to occur 

between the surface hydroxyls, or Lewis acidic centers, and the z electrons 

of the unsaturated groups of the adsorbed acids [51]. At higher surface 
coverages, the adsorbed acids may form an erect, close-packed array 

which, in the case of acrylic and methacrylic acid treated minerals, can 

undergo radical-induced homopolymerization or graft copolymerization 
with other adsorbed or contacted monomers. [51]. 

Monocarboxylic acids are usually too weakly adsorbed on lamellar sili- 

cates for effective conversion of the latter to reinforcing fillers, although 

these can be produced by treatment of a di- or polyvalent cation-exchanged 

mineral, for example, Ba- or Pb-kaolinite, with a soluble acrylate salt of the 

same cation, followed by drying at elevated temperatures [52]. The 
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improved bonding of the acrylate or other acylate moieties probably arises 

from the formation of acylate ligands with the exchangeable cations. (See 

Figure 4.9.) 

Chrysotile (asbestos) crystallites are formed with the octahedral layer 

as the external surface of the coiled structure. This basic layer can react 

with carboxylic acids to form chemisorbed carboxylates. Treatment of 

chrysotile dispersions with acrylic acid has been used for the preparation 

of reinforcing fillers [53]. The surface layer can also be attacked by surfac- 

tants, for example, sodium dioctyl sulfosuccinate. Treatment of aqueous 

chrysotile suspensions with excess sulfosuccinate is used to assist in the 

breakdown of massive aggregates in order to form dispersions of the pri- 

mary colloidal tubular particles (Chapter 1). Treatment with lesser 

amounts of the dispersant results in the formation of fibrils having a 

hydrophobic monolayer of chemisorbed sulfosuccinate, which can assist 

the dispersion and improve the reinforcement of plastics and elastomers 

by the treated asbestos [54]. 

The reaction of moistened polymeric acids, for example, polyacrylic 

acid, with basic oxides such as magnesia or zinc oxide, or with acid- 

sensitive magnesium or zinc orthosilicates or pyrosilicates, can be used in 

the formulation of cements and tile grouting [e.g., 55]. Hardening of these 

compositions occurs by attack of the organic acid on the mineral, followed 
by diffusion of the released divalent cations into the acid phase. This 

results in the formation of a cured composite containing the mineral parti- 

cles in an ionic cross-linked polymeric matrix. 

4.3.2 Adsorption of Bases 

Basic molecules like the primary, secondary, and tertiary amines are 

strongly adsorbed on a wide variety of mineral surfaces. In many respects, 

the adsorption of organic amines parallels that of ammonia on the various 
minerals discussed in the previous chapters. As well as forming protona- 
ted adducts with strongly acidic surfaces, the amines can form hydrogen 
bonds with weakly acidic or basic hydroxylic surfaces and with hydrated 
exchangeable cations. They can also act as ligands for coordination with 
other exchangeable cations or with the lattice cations of metal oxides [41]. 
Discussion in this subsection will be limited to amines as examples, as 
these are virtually the only types of organic base used for the commercial 
surface modification of fillers and pigments. 

Pure hydrated silica gel is insufficiently acidic to protonate even the 
strongly basic aliphatic tertiary amines. Chemisorption of these is limited 
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to the formation of hydrogen bonded adducts. The chemisorption of pri- 
mary or secondary amines on dehydrated silica can result in the ammonol- 
ysis of reactive surface siloxane bonds and the formation of surface 
silylamine species [16]. The acidity of silica can be greatly increased by the 
presence of cationic impurities such as Fe** or Al°* ions, as these can form 
strong Bronsted acidic centers. 

Although pure anhydrous alumina can act as a strong Lewis acid, that 
is, forming coordination complexes with amines, hydrated alumina is not a 
Bronsted acid and only forms hydrogen-bonded surface complexes with 
these bases. However, silica-alumina gels, exposed aquo-aluminum ions at 
the lattice layer edges of aluminosilicates, and adsorbed, hydrated, cat- 

ionic oxyaluminum oligomers are all Bronsted acids that can protonate 
organic amines [56]. More basic oxides such as magnesia adsorb amines by 

hydrogen bonding, while transition metal oxides may also adsorb amines 
as ligands. The adsorption of amines on pure titanias resembles that on 
alumina, but impurities resulting from the manufacturing process, partic- 
ularly, adsorbed chloride, sulfate, or bisulfate ions, can generate strongly 

acidic adsorption sites. The silica-alumina gel coatings used for modifica- 
tion of the dispersion and photochemical properties of commercial titania 
pigments can be formulated to provide an acidic surface that can promote 

the adsorption of amine used for the production of oleophilic pigments [57]. 
The adsorption of amines on clay mineral surfaces is largely determined 

by the nature of the exchangeable cations and the water content of the 

particular mineral. The adsorption of amines on a variety of natural 

kaolins has been reported to occur predominantly on layer edge sites and 

to involve the formation of localized adducts, rather than ionized alkylam- 

monium species [58]. The interaction between alkylamines and benefi- 

ciated Al-kaolins results in the formation of alkylammonium ions [59], 

which are adsorbed adjacent to the cation exchange sites, located largely 
on the basal surfaces of the mineral. Hydroxonium-bridged amine dimeric 
species are believed to be formed in aniline-anilinium montmorillonite 
adducts (Figure 4.10; 4) [60]. Water bridges are also important in the bond- 

ing of aniline and other weakly basic amines or amides to the exchangeable 

cations 5 [61,62]. 
The adsorption of amine vapors by hydrated Ca-montmorillonite has 

been reported to involve the formation of symmetrical, hydrogen-bonded, 

protonated, dimeric species that can revert to unprotonated amine on dry- 

ing of the mineral [63]. Protonation of the adsorbed amines, like that of 

adsorbed ammonia, is dependent on the presence of adsorbed water [64], 

with the anionic silicate surface interacting with, and stabilizing, the pro- 

tonated species. The stability of the protonated amines increases with 

increasing anionic charge on the smectite silicate surface [65], a trend 

which is the opposite of that observed for intercalated alkyl alcohol com- 

plexes [66]. 

Adsorption of amines by clay minerals from aqueous solutions is com- 
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plicated by the occurrence of ion exchange. Protonation of bases in clay 

suspensions occurs to a much greater extent than that predicted from the 

pH of the aqueous phase. The adsorption of bases is dependent on the 

surface acidity of the mineral, rather than on the pH of the aqueous phase. 

Strong adsorption of amines can occur when the surface acidity is 1 to 2 

units below the dissociation constant of the protonated base; the surface 

acidity of soil clays is typically 3 to 4 pH units below that of the aqueous 

phase [48]. 

Adsorption of amines on Cu’*- and Co’?*-exchanged montmorillonites 

involves an exchange with one or two ligand water molecules. The stability 

of these adsorbed complexes increases with increasing chain length of the 
amine, which is the opposite of the trend in stability of these alkylammino 

Cu?* complexes in solution [67]. The Cu’*-exchanged minerals avidly 
adsorb and concentrate amines from dilute solution, whereas the homoge- 

neous complexes are only stable in the presence of excess amine. The con- 

centration, by adsorption on clays containing adsorbed copper ions, of 
amines and related aminoacids may have been an important factor in the 

prebiotic syntheses of peptides and other essential precursors (Section 
6.3). 

The principal aims of the amine treatment of the metal oxides and non- 
swelling clays are to produce hydrophobic, oleophilic surfaces that can 

result in improved wetting by, and dispersion in, nonpolar media; to reduce 

water adsorption by the oxide; to form graftable or other reactive centers 

on the mineral surface by use of multifunctional amines. Amine treat- 

ments are frequently used to neutralize the residual surface acidity of tita- 

nias [68] and kaolins [35]. Adsorbed aminoalcohols may also be used to 

assist dispersion of the pigments in aqueous media, particularly during 

post-treatments. Titanias do not disperse readily in neutral or acidic 

media, and amine surface modifiers such as triethanolamine can be used as 

additives for obtaining high-solids low-viscosity aqueous dispersions as 
well as improving the dispersibility of the pigments in polar organic media 

[69]. Aminoalcohols are also used as one of the components of the inorganic 

phosphate coatings applied to some varieties of titania pigment [70]. 

The amines most frequently used for imparting oleophilicity are pri- 
mary or secondary C6 to C18 aliphatic amines. Improvement in adsorption 
can be obtained by use of polyamines; these are often derivatives of 1,2- 
diamines or 1,2-hydroxyamines which can form chelation complexes with 
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metallic ions. The adsorption of the amine and the oleophilic properties of 
the treated minerals can often be improved by pretreatments which can 
increase the surface acidity. These means of activation include removal of 
the bulk of the adsorbed water [59]; adsorption of acidic anions, such as 
bisulfate ions, by the sulfuric acid treatment of titania, or of alumina-rich 
silica-alumina coated titanias, for example, [57,71,72]; adsorption of 

acidic, hydrated Al** ions, which can also occur during the alum floccula- 
tion of kaolins, or other anionic mineral dispersions. 

Although amine treatments have been shown to be adequate for modifi- 

cation of acidic or dried mineral surfaces, anumber of patent specifications 
claim that improved dispersion of minerals in organic media, and improve- 

ment in other properties of mineral organic composites, can be obtained by 
the adsorption of amine salts including those of relatively weak carboxylic 

acids. The adsorption processes in these cases can be complex and may 

include partial ion exchange, for example, with the compensating cations 

on the surfaces of kaolin. Unlike the ion-exchange treatments described in 
the next section, the procedures described in these patents do not allow for 

the removal of the displaced cations. Alkylammonium acylates are often 
more strongly adsorbed on inorganic surfaces, particularly those of 

amphoteric oxides, than either the alkylamines or the acids. 

Specific examples of the modification by the adsorption of amine salts 
include the precipitation and adsorption of N-(long-chain alkyl)-alkylene 
diammonium dioleates on a variety of inorganic colored pigments, for pre- 

vention of agglomeration and improvement of the dispersion of the pig- 

ments in oil-based media [73]; the treatment of kaolin with the acetates or 

laurates of ethylene diamine, diethylene triamine, or other polyamines to 

improve the dispersion of the mineral in polar and nonpolar organic media, 
specifically, styrene and unsaturated polyesters [74]; and the treatment of 

kaolin with solutions of diethylaminoethyl methacrylate salts, followed by 
evaporation of the solvent, to produce an oleophilic reactive mineral filler, 

for use in styrene-unsaturated polyester resin systems [75]. General pur- 

pose organophilic kaolins can also be prepared by coating the particles 

with a mixture of aluminum and ethylene diammonium oleates [76]. 

4.3.3 Adsorption of Neutral Compounds 

The amides, ketones, alcohols, and other neutral compounds discussed 

in this section could be more accurately described as bases other than 

amines because similar modes of adsorption are involved, namely, hydro- 

gen bond formation, protonation, and coordination. Protonation may not 

be significant in the adsorption of these weak bases, except on strongly 

acidic surfaces such as those of the dehydrated aluminosilicates. The bond- 

ing of these bases to the surfaces of typical mineral fillers and pigments is 

relatively weak, unless multiple bonds can be formed, and the examples of 

useful modification of mineral surfaces by small neutral organic molecules 
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are limited in variety. These interactions are still important in mineral 

organic chemistry, and in the adhesion of polymers to mineral surfaces, 

where tenacious adsorption can be obtained by the formation of a large 

number of individually weak polymer-mineral bonds. 

One feature of the complexes formed by the adsorption of compounds 
containing groups capable of mesomeric polarization, such as the various 

carbonyl] derivatives (6) and nitriles (7), is the importance of ion-dipole 

interactions between these species and cations having high charge and 

small ionic radius, for example, Mg’*, Ca?*, or Cu’* ions (see Figure 4.11). 
Silica has been shown to adsorb nitriles, alkyl and aromatic ethers, phe- 

nols, aldehydes, ketones, amides, and esters by hydrogen bond formation 

between surface hydroxyl groups and electron pairs or z-electron clouds of 

the organic functional groups [16]. Hydrogen-bonded interactions also pre- 

dominate in the adsorption of these species by hydrated alumina. Adsorp- 

tion on activated, dehydrated alumina and other metal oxides often 

involves dissociation of the adsorbed molecule forming, for example, alk- 

oxides from alcohols and z-allylic carbanions from alkenes; these reactions 

are discussed in Chapter 5. Adsorption on clay minerals is often dependent 
on coordination with, or hydrogen bonding via water bridges to, exchange- 
able cations. 

The adsorption of some specific classes of neutral compounds is 
described below. The adsorption of silicone oils, used for the surface modi- 

fication of coated titanias and other pigments, is described in Section 4.6. 

i Alcohols and Ethers 

Alcohols are strongly adsorbed by montmorillonite, and the use of gly- 
col and glycerol in the determination of smectite structures has been 
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described in Chapter 1. Low-molecular-weight alcohols, such as ethanol, 
can compete with water for adsorption as ligands on the interlamellar cat- 
ions and can also act as effective dehydration agents for clays. The interac- 
tions between the intercalated alcohol molecules and the mineral appear to 

involve ion-dipole interactions, rather than hydrogen bond formation 
with the silicate surface; the nature of the cation has been reported to have 
a greater effect on the stability of the complex than does the charge den- 
sity of the silicate surface [66]. 

Oligomeric ethers can form weak intercalation complexes with alkali or 

alkaline cation-exchanged montmorillonites and other smectites, but the 
organic species are readily displaced by adsorbed water. Macrocyclic crown 

ethers such as 15-crown-5 or dibenzo-18-crown-6, which can coordinate 
alkali or alkaline cations, can irreversibly displace water molecules associ- 

ated with the exchangeable cations of montmorillonites, forming stable 
intercalation complexes [77]. The intercalated crown ethers are not dis- 

placed by solvents or salt solutions. The complexes are reported to main- 
tain the cation exchange capacity of the original mineral in saline media. 

Long-chain alcohcls intercalated in smectites can form regular, inclined 

arrays of alkyl chains [78], although the organization and basal spacings of 
the intercalation complexes are more variable and temperature sensitive 

than those of the alkylammonium smectites. Studies of the structures of 

alkanol-alkylammonium smectite complexes have indicated that this var- 

iability arises from changes in conformation of the alkyl chains with tem- 
perature, with the formation of kink-blocks [79]. These changes in 

conformation may also be reflected in temperature-sensitive variations in 

the properties of surfaces modified with long-chain surfactants. 
Polyols having low volatility, such as trimethylolpropane or pentaery- 

thritol, or ethylene oxide oligomers, are often used for the surface treat- 

ment of titanias to improve dispersion properties of the pigments [e.g., 80]. 

They can also be used to control the surface acidity of minerals by displace- 

ment of ligand waters and other potential sources of protons adsorbed on 
Lewis acid surface sites [81]. The mode of action of the polyols in the 

“improvement” of titanias is often not clear. The polyols may be added 

during the final fluid energy milling of the pigment, when they can act as 

grinding aids in order to prevent the reformation of strong aggregates or 

agglomerates [82]; they can also limit dust formation during handling of 

the treated pigments. The polyols can act as wetting agents for dispersion 

of the pigments in polar media, but the neutral polyols are only weakly 
adsorbed and are displaced when the treated titanias are mixed with alkyd 

resins or with moderately polar polymer solutions [83]. 

ii Aldehydes, Ketones, and Esters 

These carbony] derivatives, like the alcohols and ethers, form hydrogen- 

bonded adducts with the surfaces of silica, alumina, and titania, although 

enolate complexes may also be formed, particularly in the case of 1,3- 
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diones which can form chelates with metal ions [84]. The carbonyl com- 

pounds can be intercalated in smectites to form weak complexes with the 

interlamellar cations, either via water bridges to strongly hydrated cat- 

ions such as Ca”* or by ion-dipole interactions, for example, to Na* ions 

[84]. These carbonyl species are Lewis bases and have been used for the 

control of the surface acidity of clay minerals [81]. 

The adsorption of carbonyl compounds and of other bases by smectites 

is important in agriculture, as many herbicides and pesticides can be 

adsorbed by clay soil constituents, and this can modify the availability of 
these agents [48]. Degradative reactions catalyzed by the clay surfaces are 

also important in the detoxification of the residues (see Section 5.2.5). 

iii Nitriles 
Nitrile can form a variety of adducts with mineral surfaces, the most 

important probably being those formed by hydrogen bonding with surface 

hydroxyls and by coordination of the nitrile group with metal cations. The 
interactions between the nitrile groups and metal ions is enhanced in the 
interlamellar environment of smectites [85]. The stability of the complexes 
can be correlated with polarizability of the cations, being strong in the case 

of Cu?* and weak in the case of K*-smectites [86]. 

The adsorption of nitriles on partially dehydrated basic oxide surfaces 

can also involve the formation of a mixture of adduct species having differ- 

ent thermal stabilities. The nitrile molecules may be linked to the oxide 
surface by hydrogen bonds between a nitrogen electron pair, by coordina- 

tion of the nitrile group to a surface metal oxide ionic pair, and by bonding 

between an a-hydrogen and other surface oxide ions. One adduct species 

(Figure 4.12) containing all these bonds is believed to be a key intermediate 

in the surface catalyzed hydrolysis of aliphatic nitriles to amides [87]. 

iv Amides 

The interactions of amides with mineral surfaces have considerable 
interest because of the large range of amide-mineral surface interactions 

that occur in natural and artificial systems. These range from the absorp- 

tion and reactions of natural aminoacids and peptides on clay minerals to 

the flocculation of mineral dispersions by synthetic polyamides and to the 
properties of the numerous synthetic polymer-mineral composites such as 
those formed from pigmented or filled polyamides or urea or urethane poly- 
mers. 

Amides and polyamides are weak proton acceptors, but can be protona- 
ted by acidic sites having Hammett acidity, H,<1. These acidic surface 
sites occur on dehydrated silica-alumina and in the interlamellar regions 
of montmorillonites. Adsorption may also involve hydrogen bond forma- 
tion with surface hydroxyl groups and ion-dipole interactions with 
exchangeable cations. The interlamellar protonation of acetamide in Ca- 
montmorillonite involves water molecules associated with the Ca2* ions: 
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g_0 0 Figure 4.12 The modes of bonding involved in the chemisorption of 

acetonitrile on magnesia. 

The protonated amide can revert to the unprotonated form on dehydration 
of the complex [88]. 

The adsorbed, protonated amide molecules can form hydrogen bonds 

with the carbonyl groups of other coadsorbed amides, aldehydes, or 

ketones [89,90]. Coordination can also occur between the amide carbonyl 

group and metal ions; this interaction is promoted by N-alky]l substitution 

of the amide. Ureas can form analogous protonated and coordinated 
adducts with interlamellar cations and associated water molecules [91]. 

The formation of interlamellar complexes between kaolin and amides, 

such as those of formamide, acetamide, and urea, has been described in 

Chapter 1. Dimethyl] sulfoxide [92], and other polar, neutral organic mole- 
cules can be similarly intercalated. These intercalation adducts have low 

stability, and the intercalated molecules are readily removed by evapora- 
tion or by washing the adduct with water or other polar solvents. 

v Amino Acids 

Amino acids contain both acidic and basic centers and may exist as 

internal ammonium carboxylate salts or zwitterions. Their adsorption 

from aqueous media by aluminosilicates can involve ion exchange with 

adsorbed cations which, in the case of Al®* and Ca?* ions, may be read- 
sorbed by association with the carboxylate groups [93,94]. Alternatively, 
chelation can occur between a- or $-amino acids and adsorbed transition 

metal ions [95]. These amino acids are strongly bound to mineral surfaces, 

and their long-chain alkyl derivatives, for example, can be used as amphi- 

pathic surfactants for the dispersion of minerals in aqueous media. 3- 
(Laurylamino)-propionic acid (8) can be used as an amphoteric dispersant 

for anticorrosive pigments, such as zinc chromate, in paint formulations 

[96] (see Figure 4.13). 

Aminosulfonic acids and the zwitterionic sulfobetaines (9) have been 

used as the mineral bonding moieties of surfactants and dispersants. The 

polymeric sulfobetaines can be readily prepared by the reaction of £- 

propiosultone with tertiary amino groups, for example, those of a dimethy- 

laminoethyl methacrylate copolymer [97]. The resultant sulfobetaine can 

+ = 

C,H», — NH — CH,~CH, — CO) (8) 

+ = 

AAA NR, - CH, - CH, - CH»- S03 (9) 

Figure 4.13 
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form stronger adsorption bonds with oxide and other polar mineral sur- 

faces than those formed by the amino polymer. 

4.4 MODIFICATION BY ION EXCHANGE 

A major application for the montmorillonites (bentonites) and hectori- 

tes and, to alesser extent, some other smectites and vermiculites is the use 

of their alkylammonium-exchanged derivatives as thickeners or gellants 

in organic liquid formulations such as paints [98], lubricating greases [99], 

cosmetics and pharmaceutical preparations [100], and other compositions 

that are required to have thixotropic flow behavior. The alkylammonium 

smectites are also useful as sorbents [5,101,102], for example, for the 

removal of aromatic pollutants from water [103] or for chromatographic 

separation of molecules. 

There are numerous minor applications for the modification of mineral 
surfaces in aqueous systems by ion exchange. One is the preparation of 

colored pigments by the adsorption of cationic dyes, such as Methy] Violet 

or the Rhodamines, on a Na*-montmorillonite [104,105]. The products are 

used as colorants for powders and in paper manufacture. Ion exchange on 
the surfaces of clays and other minerals is also important in many natural 

processes. 

4.4.1 Alkylammonium Smectites 

Cation exchange by alkylammonium ions on the surfaces of clay miner- 

als was introduced in Chapter 1, and detailed reviews can be found in the 

references 106 and 107. The alkylammonium smectites are prepared from 

aqueous dispersions of the beneficiated minerals, usually in their Na*- 

exchanged or “‘sodium activated”’ forms, by the addition of a small excess 

of the alkylammonium salt solution. This results in rapid ion exchange 

and, in most cases, the formation and flocculation of a hydrophobic prod- 

uct. The flocculated material is then repulped, thoroughly washed to 
remove inorganic ions and excess ammonium salt, and then air-dried at 

temperatures below 100°C [108,109]. Ion exchange favors the formation of 

complexes of the more basic amine and those having the longest alkyl 

chains [106,110]. Quaternary ammonium ions are usually used for the com- 

mercial preparation of organophilic smectites. These are more strongly 
adsorbed than the primary, secondary, or tertiary ammonium ions and 
yield derivatives with greater hydrolytic stability. Most contain one or 
two long-chain n-alkyl groups (10) or a long-chain alkyl group and a benzyl 
group (11); in each case, the balance of the four substituents is provided by 
methyl groups. Organophilic smectites can also be produced by exchange 
using alkylpyridinium ions (12) (see Figure 4.14). 

The quaternary ammonium salts are often prepared from mixtures of 
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long-chain amines formed by reductive amination of fatty acids obtained 
from tallow (predominantly C18 acids) or from vegetable oils (C12 to C16 
acids). The long-chain alkyl moieties of the frequently used dimethyldi 
‘“‘tallow’’amine salts comprise about 70% octadecyl and 25% hexadecyl 
groups, plus smaller amounts of their lower (C12, C14) homologues. The 
well-known National Lead Co. Bentone® organoclays, Bentone-34, and 
Bentone-38 are the respective dimethyldioctadecylammonium derivatives 
of bentonite and hectorite. Bentone-24 is a benzyldimethyloctadecylam- 
monium bentonite; similar products are now available from other manu- 
facturers. 

X-ray diffraction studies indicate that the interlamellar alkyl chains of 

the solvent-free alkylammonium derivatives of low-charge montmorilloni- 
tes or hectorites, particularly those of the more bulky dialkyldimethylam- 

mionium ions or alkylbenzyldimethylammonium ions, lie prone on the 

silicate oxygen sheets [108,111]. This is in contrast to the alkylammonium 

or trimethylalkylammonium derivatives of the high-charge smectites such 

as the classical vermiculite, illite, and batavite derivatives described in 

Chapter 1. In these, the long-chain alkyl groups form well-ordered, com- 

pact, erect, interlamellar arrays. 

The interlamellar spaces of the low-charge smectites may contain one, 

two, or three layers of adsorbed ammonium ions, depending on the amount 

adsorbed. Solvent-free single layer complexes may have typical basal spac- 

ings of 16 to 17 A and an alkylammonium content equivalent to 50 to 70% 

of the cation exchange capacity of the mineral. Montmorillonites com- 

pletely exchanged with alkylammonium ions have basal spacings of 22 to 
24 A, which corresponds to the formation of interlamellar structure of 

loosely packed double layers of alkyl chains; in many cases, these may 
incompletely cover the silicate surfaces. These organoclays readily adsorb 

alkylammonium ions, in excess of the mineral’s exchange capacity, to com- 

plete the formation of a close-packed double layer. The excess ions are held 

by strong interaction with the oxygen sheets and are accompanied by 
counteranions which may be exchanged for hydroxy] ions during prepara- 

tion of the complex; this excess salt can be removed by extraction with 

alcohol. Further quantities of ammonium salt can be intercalated by the 
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double layer complexes, with the formation of a third pseudolayer; the 

basal spacings of these complexes are about 29 A, but are often poorly 

defined [111,112]. 

Nitrogen adsorption isotherms (at 78°K) on Bentones 34 and 38 and on 

Bentone-18C (an octadecylammonium bentonite) indicate that adsorption 

only occurs on the exterior surfaces of the particles, whereas adsorption of 

methanol and water can also occur on the interlamellar silicate surfaces 

[101,113,114]. The sorption capacity of the organoclays for small mole- 

cules may be increased if all excess ammonium salts are extracted. Larger 

molecules are normally adsorbed on the external surfaces of the organo- 

clay particles, and are only adsorbed in the interlamellar spaces if they are 

polar and can swell the organoclay, or if it has been activated or preswollen 

by the adsorption of some other, polar species. Smectites exchanged with 

the less bulky methylammonium or tetramethylammonium ions and hav- 

ing an incomplete coverage of the silicate surfaces by the alkyl chains may 

adsorb aromatic hydrocarbons that can interact with the silicate oxygen 

sheets [103,115]. Ion exchange between alkylammonium smectites can 

occur in weakly polar or nonpolar media if a small proportion of a swelling 

additive such as methanol is present to assist in the solvation of the alky- 

lammonium ions [116]. 

Alkylammonium smectites, containing layers of well-ordered interla- 

mellar alkyl chains, may intercalate long-chain alcohols with swelling of 
the organoclay and the formation of double layer complexes [117]; these 

have been briefly described in Chapter 1. The alkylammonium smectites 
can also swell by adsorption of other liquids, the degree of swelling often 

being measured by the sedimentation volume of the organoclay in the par- 

ticular liquid or mixture of liquids. Values of gel volumes formed by dode- 

cylammonium bentonite in various liquids have been reported [118]. These 

show that only slight swelling occurs in aromatic or aliphatic hydrocar- 
bons, whereas moderate swelling can occur in ethanol, acetone, and ethyl 

acetate, with much greater swelling occurring in dodecanol or nitroben- 
zene. 

The intercalation and swelling of the hydrophobic organosmectites 
requires solvation of both the cationic centers and the alkyl chains. This 
can be achieved by the addition of alcohols and the other polar swelling 
liquids; water or hydrocarbons only solvate part of the alkylammonium 
ions, and cannot, by themselves, cause appreciable swelling of the organo- 
clays. X-ray diffraction studies of the adsorption of methanol by alkylam- 
monium montmorillonites have shown that, at a critical partial pressure of 
the alcohol, there is a transition from the prone to an erect configuration of 
alkyl chains. This change is accompanied by a sharp increase in the organo- 
clay’s sorbency [119]. 

Very extensive swelling and disaggregation of the smectite platelets 
can occur in mixtures of alcohol and hydrocarbon. The degree of swelling 
increases with an increase in the chain-length of the alkylammonium ions, 
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in the homologous series from ethylamine to dodecylamine, with decreas- 
ing chain-length of the activating alcohol. The swelling reaches a maxi- 
mum value for some particular percentage content of alcohol in the solvent 
mixture. This is usually 5 to 10% in the case of methanol or ethanol used in 

an alkylammonium smectite/hydrocarbon/alcohol system [118]. 

The extensive swelling in polar liquids results from the dissociation of 
the alkylammonium-silicate ion pairs and the formation of a diffuse struc- 
tural layer of solvated cations adjacent to the silicate surfaces [118]. The 
extent of swelling and the thickness of the diffuse structural layers is 

partly determined by the chain length of the ammonium ions, the dielectric 

constant (ce) of the solvent, and the electrostatic interactions and osmotic 

forces operating in the interlamellar region. The solvated layers formed by 

an octadecylammonium montmorillonite in nitrobenzene (ec = 35) may be 

up to 100 A thick [120], whereas swelling by diester plasticizers (¢ = 4 to 8) 

is limited by the molecular size of the ester, the increase in basal spacing 

being equivalent to twice the length of the plasticizer molecules [121]. 

The dimethyldialkylammonium smectites show qualitatively similar 

behavior to the alkylammonium smectites and will only swell in hydrocar- 
bon mixtures if the mixture contains a small percentage of an activating 

solvent such as methanol [122,123]. The presence of some residual water is 

also apparently necessary for swelling in organic media. The organophilic 

Bentones®, for example, contain about 2% by weight of adscrbed water, 
approximately two solvating water molecules per ammonium ion. These 

waters can be removed by drying the organoclay under high vacuum, but 

the anhydrous materials swell less readily in alcohol-hydrocarbon mix- 

tures or in anumber of other solvents that can swell the hydrated organo- 

clay [124]. 
The alkylammonium smectites are useful sorbents, but generally the 

material needs to be activated by a polar swelling agent for maximum 

sorbency. The organoclays can adsorb alcohols from aqueous media. The 

adsorption isotherms indicate that the interlamellar organic phase 

behaves as asolvent, with activity higher than that of carbon tetrachloride 
[125]. The organoclays have also been used as shape-selective sorbents for 

vapor phase chromatographic separation of organic molecules, adsorption 

occurring predominantly on the external particulate surfaces. The best 
chromatographic efficiency has been obtained using derivatives of smecti- 
tes, such as an alkylammonium vermiculite [126], which have a high- 

charge density originating in the tetrahedral layers. These sorbents have 

been used in the separation of aliphatic and aromatic hydrocarbons and in 

the separation of isomeric aromatics [5,127,128]. 
a-w-Alkylene diammonium smectites have been proposed as size selec- 

tive sorbents, as they have defined limits to their swelling, which is gov- 

erned by the chain length of the diammonium species [5,101]. Bulky 

diammonium derivatives, such as those of triethylenediamine, have an 

added advantage in that the layers cannot collapse on removal of solvent 
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from the organoclay, but form a porous structure that can adsorb small 

molecules like ethylene or 2,4-dimethylpentane. Triethylenediammonium 

montmorillonite, for example, has an interlamellar spacing of 5.5 A, witha 

lateral spacing between the ‘“‘pit-prop’”’ molecules of about 6 A. These 

porous structures may have catalytic properties and can, for example, pro- 

mote the hydrolysis, or esterification, of adsorbed molecules [129,130]. 

4.4.2 Organosmectite Gellants 

The regular array of mineral layers in an alkylammonium smectite can 

be disrupted by milling the organoclay with a mixture of hydrocarbon oil 

and asmall quantity of methanol to form a thixotropic gel. The gellation is 

caused by structure formation, similar to that of an inorganic smectite in 

aqueous media. This results from ionic interactions between the oppo- 
sitely charged contacting edges and faces of the silicate platelets. The con- 

cepts of the structure formation in a nonpolar medium containing a polar 

activator are largely due to Granquist and McAtee [116]. They proposed 

that, at low concentrations, the activator (methanol) molecules are 

adsorbed to form a thin zone, approximately 3 A thick, at the silicate sur- 

face. This zone has a sufficiently high dielectric constant for the solvation 

and dissociation of the alkylammonium smectite ionic pairs and the devel- 

opment of an ionized double layer. As the methanol is largely adsorbed, the 

bulk of the liquid phase remains nonpolar, and the alkylammonium ions 
are restrained to the immediate vicinity of the silicate surfaces. However, 

the alkyl chains are also solvated by the nonpolar phase and, as a result, 
the ions are mobilized and can diffuse across the silicate surfaces. The ion- 
ization of the alkylammonium groups in an alcohol-containing hydrocar- 

bon suspension of the organosmectite can be demonstrated by their 

exchange with other ammonium ions [116,131]. 

The swelling and mobilization of the alkylammonium groups and ionic 

repulsion between the adsorbed layers allows the smectite platelets to be 

disagglomerated by mechanical shearing. These can subsequently floccu- 
late to form three-dimensional thixotropic gel structures, probably by 

edge-face interactions. If too much activator is added, the excess may 

remain in the bulk liquid phase, thereby increasing its dielectric constant 
and allowing the compact solvated ionic layers to expand into more diffuse 
structures. The resulting development of the diffuse double-layer repulsion 
between contacting particles can destabilize the thixotropic structures. 
This results in a reduction of the rheological yield stress for the suspen- 
sion, compared to the peak value obtained with the optimum amount of 
activator. In the absence of the activator, the ammonium ions remain 
tightly bound to the exchange sites on the silicate surface. The presence of 
adsorbed moisture in the organoclay can improve the structure formation, 
as the solvating water molecules can weaken the electrostatic bond 
between the ammonium ions and the silicate surface, thus facilitating the: 
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subsequent dissociation of the ionic complex in the activator-containing 
medium [124]. 

The maximum rheological yield stress of an alkylammonium bentonite 
in a toluene-methanol medium has been found to occur when the amount 
of adsorbed alkylammonium ions corresponds to the maximum structural 
double layer coverage of the silicate surfaces (as distinct to the amount 
corresponding to 100% ion exchange). Adsorption of further excess salt 
results in electrostatic repulsion between the platelets and a rapid reduc- 
tion in the strength of the thixotropic structures [132]. The alkylammo- 
nium bentonites in methanol-petroleum oil media show a similar 
relationship between gel strength and degree of exchange [112]. 

The industrial applications of the organophilic alkylammonium smecti- 
tes are numerous, some of the principal applications being: (1) the prepara- 

tion of temperature-resistant greases from mineral oils; (2) the thixotropic 

thickening of paints to improve their ease of application and to control 

sedimentation of pigments; (3) the manufacture of high-temperature- 
resistant varnishes; and (4) the viscosity modifying agents in inks, plasti- 
gels, polishes, and liquid resin compositions. Organosmectites containing 

the most bulky long-chain ammonium ions are generally the most effective 

gellants. Dialkyldimethylammonium smectites are usually selected for 
dispersion in, or gellation of, organic media having low polarity, for exam- 

ple, aliphatic or aromatic hydrocarbon-containing compositions, whereas 

the alkylbenzyldimethylammonium smectites may be chosen for media 

having moderate polarity, for example, esters or vinylaromatic monomers 

[133]. Some applications of alkylammonium smectites, largely selected 
from recent patent abstract literature, are described below. 

The use of finely divided inorganic gellants in the manufacture of lubri- 
cating greases is possible because particles less than 1 ym in width are 

effectively nonabrasive, being smaller than the normal irregularities 

between the sliding surfaces [99]. Although organophilic silicas may be 
used as gellants, organophilic smectites or attapulgites containing quater- 

nary ammonium ions provide gel structures of greater stability in hydro- 

carbon greases. The mineral-gelled greases, unlike the soap-gelled 

products, do not melt and usually show good thermal stability and water 

resistance; however, they may accelerate rusting, unless the organoclay 

was rigorously freed from chlorides. The gel strength and stability of the 

greases can be further improved by the use of amino polymers, 

polyamines, and polyammonium salts, in addition to the monoquaternary 

salts, and by the preparation of the organophilic smectites from ammo- 

nium phosphates rather than ammonium chlorides. In each case, the 

organophilic smectite has to be activated by the addition of a small propor- 

tion of methanol, isopropanol, formamide, low-molecular-weight polyols, 

or of some other structure-promoting compound. Although the organoclay 

gelled greases have good rheological properties at elevated temperatures, 

some compositions have been reported to have inadequate high- 
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temperature stability [132]. This instability possibly arises from clay- 

catalyzed degradation of the alkylammonium ions. The rate of this 

degradation depends on the source and particular variety of the smectite. 

One disadvantage of the use of highly dispersed pigments in paints and 

other liquid media is that when the pigment settles, the sediment forms a 

hard cake that is often more difficult to redisperse than less efficiently 

dispersed, more flocculant pigments. The redispersion of sedimented pig- 

ments can be assisted by the inclusion of a small quantity of an organoclay 

gellant, which not only reduces the rate of sedimentation but also causes 

the sediment to have a loosely packed structure which can be readily redis- 

persed [134]. Improved oleophilic pigment compositions have been 
claimed to result from the flocculation of an aqueous, dispersed 

pigment-smectite mixture by the addition of long-chain alkylammonium 

salts [135]. 

Alkylammonium smectites have been used in the stabilization of mar- 

ginally immiscible liquid mixtures, for example, mixtures of high- and low- 
molecular-weight polyols [136], as thickeners in nail polishes [137], and in 

styrene-polyester [133,138] resins. The alkylammonium smectites have 

also been used to prevent the crazing of acrylic automotive lacquers [139] 
and to limit the penetration of surface-coating compositions into porous 
substrates [140]. Other novel uses include their application as an ink recep- 

tor in porous polystyrene sheets, used as paper substitutes [141], and asa 
reservoir for ink solvents such as ethylene glycol in plasticized-viny] ink/ 
pencil erasers [142]. Short-chain quaternary ammonium smectites have 

also been used as sorbents and as softening agents in nonionic detergent 
formulations [143]. 

Ton exchange has also been used for the preparation of mineral-polymer 

composites, examples of which are described in Sections 4.6 and 4.7. These 

examples include the use of adsorbed initiators for radical polymerization 

or adsorbed cationic monomers. Mineral-polymer composites have also 

been prepared by the ion-exchange reaction between amine-terminated 

polystyrenes and smectites, to give products which can be compression 
molded into plastics articles or used as thickeners in greases or fillers in 

plastics or elastomeric compositions [144,145]. Alkylammonium bentoni- 
tes, dispersed in the methyl methacrylate monomer, have also been 
claimed to improve the hardness and to increase the glass transition and 
yield temperatures of cast acrylic sheet [146]. The alkylammonium ben- 
tonites can also provide good reinforcement for natural and synthetic elas- 
tomers [147]. 

Although most of the commercial organosmectite gellants employ alky- 
lammonium ions as the solvatable cationic component, alkylphosphonium 
derivatives such as dodecyltriethylphosphonium montmorillonite may 
also be useful as organophilic gellants and thickeners [148]. Other ‘“‘onium”’ 
smectites, for example, oxonium, thionium, or arsonium derivatives, are 
frequently mentioned in the patent literature relating to manufacture and. 
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utilization of alkylammonium smectites [e.g., 149], although the effective- 
ness and commercial value of these alternative organocationic smectites 
remains to be demonstrated. 

4.5 MODIFICATION INVOLVING COVALENT BONDING 

The hydroxylic species which occur on the surfaces of most mineral 

fillers and pigments can be used as anchor groups for the attachment of 
covalently bound surface modifying agents. These agents can be divided 

into three groups: silanes, metal alkoxides and coordination complexes, 

and organic condensation agents such as the epoxides and isocyanates. 
Each group will be discussed in turn. 

Although these various reagents can condense with the surface 
hydroxyl groups of the hypothetical minerals introduced in the previous 
chapters, it is often questionable whether covalent bonds are, in fact, 

formed with the surfaces of real minerals that have not been rigorously 

outgassed. In many cases it is probable that the reactions of the modifying 

agent, or of some intermediate adduct, with adsorbed water molecules and 

other surface hydroxylic species results in the formation of tenaciously 

adsorbed, hydrogen-bonded hydrolyzates. The two modes of chemisorp- 
tion often cannot be readily distinguished, and it is both convenient and 

practical to discuss them together. 

4.5.1 Reaction with Silanes 

Surface treatment with reactive silanes is one of the principal methods 
for converting mineral or inorganic particulates or fibers into materials 

bearing covalently bound functional groups, capable of graft formation 

when used as fillers or reinforcements in plastics compositions; over 3000 

tons of silanes are used annually for these purposes [38]. The reactions of 
silanes with inorganic surfaces have been extensively studied, and their 

chemistry and technology have been frequently reviewed [e.g., 150-153]. 

Organosilanes containing halogen, alkoxide, acylate, and amino groups 

attached to silicon can react with surface hydroxylic species to form cova- 
lently bound surface siloxy derivatives (Figure 4.15). The chloro and alk- 

oxy derivatives are most frequently used as surface-modifying agents for 
mineral pigments, fillers, and reinforcing fibers. Many of the modifying 

agents contain three hydrolyzable substituents on each silicon center 

which, in principle, would enable the formation of a chemisorbed cross- 

ZO'SiR, + HX 

Figure 4.15 

Z OH + XSIR, 
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linked siloxane network by the condensation of adjacent adsorbed silan- 

triols with each other as well as with the surface hydroxyl groups. The 

chlorosilanes are considerably more reactive than the alkoxysilanes, but 

yield hydrogen chloride as a potentially detrimental byproduct from the 

surface silylation reactions. 

The silane modifying agents also contain one or more nonhydrolyzable 

alkyl or aryl groups which are used to provide compatibility with organic 

matrices. These may also contain substituent groups that can provide 

reactive centers for graft formation between a polymeric matrix and the 

mineral surface. These reactive substituents can be tailored for specific 

applications and include vinyl, acrylate and methacrylate, chloro, amino, 

epoxy, and mercapto groups. 
The minerals and other inorganic substances that can be usefully modi- 

fied by treatment with silanes include glass and silica fibers, titania and 

inorganic-coated titanias, silica and alumina, clays and calcined clays, the 

oxidized surfaces of some metals and a variety of minerals, the ideal struc- 

tures of which contain few surface hydroxyl groups. This latter group of 

minerals includes talc, calcium carbonate, and barium sulfate [152-154]. 

The stability of the mineral-silane condensation products towards hydrol- 

ysis varies, acidic silica surfaces providing the most stable adducts. 

Water-resistant covalent bonds are not usually formed with alkaline min- 

eral surfaces, but the bonding of silanes to calcium carbonate, for example, 

may be improved by acid pretreatment of the mineral [155]. 

The reactions between the silanes and inorganic surfaces are more com- 

plex than the scheme shown in Figure 4.15 indicates. Studies of the reac- 
tions of alkoxysilanes with silica have shown that the silane is first 

physically adsorbed and then may be slowly hydrolyzed if adsorbed water 

is also present. Reaction between the adsorbed alkoxysilane and surface 

silanol groups does not occur at room temperature, or readily below 100 to 
150°C, unless catalyzed by coadsorbed acidic or basic species [156,157]. In 

contrast, chlorosilanes can react readily with surface hydroxylic species, 

the reaction being catalyzed by the byproduct hydrogen chloride. 

Although alkoxysilanes may be used as surface modifying additives in 

nonaqueous formulations, they are frequently hydrolyzed in dilute acid or 

alkali and the resultant silanol solution used for the treatment of the fillers 
or fibers. 

In the sequence of reactions between a chloro or alkoxy silane and an 
inorganic surface, reaction with adsorbed water takes precedence, fol- 
lowed by condensation between adjacent adsorbed silanols, and then con- 
densation between adsorbed and surface silanols (Figure 4.16) [158]. Con- 
densation polymerization of silanol molecules may be more rapid when 
these molecules are adsorbed on oxide surfaces than when they are in solu- 
tion or in a precipitated form [159]. This is due to the catalytic effects of 
neighboring surface hydroxylic species that can act as proton acceptors. 
Siloxane network and surface siloxane bond formation is accelerated by 



MODIFICATION INVOLVING COVALENT BONDING 145 

H,0 
Rsi(or), > _ rsi(oH), 

R R RETR 
i l 

Si Si. si 
HO’! ‘OH HO’! ‘OH “1 Yotaso* Rak 

OH OH OH OH 1 | 
si “si 

M M M i 4 1 Roa Son 

1@) Oo =a oO O —_—P» oO oO 
—— ee ae 

Figure 4.16 Hydrolysis and chemisorption reactions of silicate esters on hydroxylic sur- 
faces. 

heat and by dehydration of the hydrogen-bonded adsorption complex. 

However, the condensation is reversible and, in the presence of water, the 

grafted siloxanes tend to revert to hydrogen-bonded adsorbed silanols 

[150,160,161]. Reversible hydrolysis, or the rearrangement of hydrogen 

bonds between silanol groups and the surface, may be one means for the 

slow relaxation of applied stresses at reinforcing filler-matrix polymer 
interfaces [151]. 

The reactions between the silanes and alumina or other oxide surfaces 

appear to follow a similar route, although the adducts may be more sensi- 

tive to hydrolysis. The relative reactivities of the chloro and alkoxy silanes 
towards metal oxides differ from those towards silica. Titania, for exam- 

ple, reacts equally readily with the chloro and alkoxy silanes, but reaction 
with acetoxysilanes results in the formation of a surface acetate instead of 

a surface silyloxy adduct [162] (see Figure 4.17). 

Silanes are expensive agents and tend to be used in specialized applica- 

tions or for those that involve grafting of a polymer to a reinforcing filler 
having a low specific surface area, for example, in the priming of glass 

fibers, for use in fiber-reinforced styrene-polyester resins or for the partial 

surface treatment of micron-sized particulates used for elastomer pigmen- 

tation or reinforcement. The silanes are often most effective when used in 

amounts that correspond to an approximate monolayer coverage of the 
mineral surfaces. With the possible exception of the methacryloxypro- 

pylsilane derivatives, which can readily undergo vinylic homopolymeriza- 

tion in the adsorbed state, most silanes used for the surface modification 

I I 
R-Si-0,C.CH, + =Si0OH — > R-SIi-O-Siz + CH,.COH 

I 1 

| | 

R-Si-0,C.CH, + =TiIOH ——+ R-SiOH + STiO,C.CH, 
| 1 

Figure 4.17 
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tend to form condensation homopolymers that lack cohesive strength; 

thick adsorbed layers of such silane condensates can degrade the mechani- 

cal properties of the mineral-containing composite materials. 

Vinyl and methacryloxypropy] silane derivatives are commonly used to 

enable radical graft formation between mineral surfaces and polymers or 

polymerizing monomer systems. The reagents are principally used for the 

pretreatment, or priming, of silica fibers, glass fibers, and cloth for use as 

reinforcements in radical cured styrene/unsaturated polyester composi- 

tions. Good adhesion between the fibers and the matrix polymer is 

required in these systems, as the fibers carry most of the tensile stress in 

the composite. The vinyl and methacryloxypropy] silanes differ in reactiv- 

ity towards radicals, although the adsorbed forms of both can copolymer- 

ize with vinylic monomers. The methacryloxypropy! derivatives are more 

reactive towards radical attack and are capable of both homopolymeriza- 

tion and copolymerization, or graft polymerization, with other monomers. 

Adsorbed vinylsilanes do not readily homopolymerize by radical processes 

and have been reported to act as virtual chain termination agents in the 

polymerization of some styrene-based compositions. 

Homopolymerization of the adsorbed methacryloxyalkyl groups can 
result, in some circumstances, in the formation of a reinforcement- 

enhancing intermediate polymer that has a bilayer structure that lacks 

any extensive bonding to the surface via the siloxane groups. Methacry- 

loxypropylsilantriol, formed by the prehydrolysis of the methoxide in 

dilute acetic acid, appears to be adsorbed on silica to form head-to-head 
(silyl-to-silyl) multilayers, the dominant interaction with the surface occur- 

ring by hydrogen bond formation between the ester carbonyl groups and 

surface silanols [159]. Despite their more effective bonding to silica sur- 

faces, the vinylsilanes have been reported to be less effective as priming 
agents for some styrene-based formulations than the alternative metha- 

cryloxyalkyl derivatives and to produce weaker fiber-reinforced styrene- 
polyester composites [160]. 

Methacryloxypropylsilane-treated kaolins have been reported to give 

better composites with polyethylene than the vinylsilane-treated kaolins. 

This may be due to the formation of an organized polymer zone at the 
filler-polyethylene interface, resulting from the interaction between a 
homopolymerized methacrylate coating and the matrix polymer [163]. In 
contrast, the vinylsilane-treated filler does not undergo homopolymeriza- 
tion, but is grafted by matrix polymer radicals during compounding; this 
was reported to result in less effective reinforcement [163]. Solvent- 
resistant grafting of styrene monomer to methacryloxypropylsilane- 
treated kaolins [164] and calcium carbonate [155] has been demonstrated 
by the formation of cross-linked composites that merely swell when 
treated with benzene; the solution-polymerized styrene-silane copolymers 
are soluble in this solvent. 

Other functional silanes such as primary or secondary aminoalkylsi- - 
lanes, or epoxyalkylsilanes, can be used for treatment of reinforcing fillers 
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Figure 4.18 Some examples of bonding of polymers to reactive, silanized mineral surfaces. 

for use in polymer or prepolymer systems containing suitable reactive cen- 

ters. Aminoalky] silanes, for example, can be used for treating minerals for 

graft formation with chlorinated polymers, carboxylate-containing poly- 

mers, and phenolic or aminoplast compositions, or in polyurethane (Figure 

4.18a), or epoxy resin systems. Epoxyalkylsilyl surfaces can form grafts 

with epoxy resins, or with amine (Figure 4.18b), amide, acid, or other resin 

systems that contain reactive hydrogens. Silanes can be used for grafting 

ethylene oxide oligomers to silica, by reacting the isocyanate-terminated 
polyether with a dry, aminoalkylsilane-treated derivative of the mineral. 

Alternatively, the isocyanate-terminated polymer can be condensed with 

the aminoalkylsilane and the preduct used for treating an aqueous suspen- 

sion of the mineral [165]. 

Commercially treated kaolin fillers containing adsorbed mercaptopro- 
pylsilanes [166] or aminoalkylsilanes [167] have been marketed as reinforc- 

ing fillers, for use in carbonless vulcanized elastomer formulations (Figure 

4.18c), and as replacements for reinforcing channel blacks [168,169]. The 

kaolins contain approximately 0.5% of the silane and, according to the 
patents, may be prepared by treatment of aqueous slurries of the clay with 

the silane, followed by spray drying at 320°C. 

Hexamethyldisiloxane, in the presence of catalytic amounts of water 

and hydrogen chloride, can be used to form trimethylsiloxane groups on 
the surface of silica [170]. The same reagent, or trimethylchlorosilane, in a 

hydrochloric acid-isopropanol mixture can be used to replace the octahe- 

dral layers of chrysotile, vermiculite [171], or halloysite (172], with the for- 

mation of two-dimensional sheets of trimethylsilylated polysilicic acid. 

The analogous reactions with allyldimethylchlorosilane [173] or vinyl- 
methyldichlorosilane [174] can yield unsaturated oleophilic organosili- 

cates. These can be used as reinforcing fillers in elastomers to produce 

composites having very high elastic moduli. 

4.5.2 Reaction with Metal Alkoxides 

While silanes are widely used for the surface modification of reinforcing 

fibers and siliceous fillers, they have been reported to be less effective for 
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the modification of some other common fillers such as calcium carbonate 

[175]; they are also manufactured with only a limited, albeit versatile, 

range of functional groups. Because of this, treatment with metal acylate 

coordination complexes, or with the more recently developed alkoxymetal 

acylates, may provide a preferable alternative for the modification of 

many mineral fillers. 

The earliest commercial organometallic surface modifying agents were 

basic chromic acylate complexes, which were used for the chemisorption of 

carboxylates on silica, silicates, and other weakly basic or negatively 

charged surfaces. The familiar adhesion promoting and waterproofing 
agents, Quilol® and Volan® (du Pont) [176] and Scotchgard® (3M) [177], are 

the respective long-chain fatty acid, methacrylic acid, and perfluorinated 

aliphatic acid derivatives, formed by reaction between the carboxylic acids 

and alcoholic solutions of basic chromic chloride, prepared by the oxida- 
tion of isopropanol with chromy] chloride. (The putative structure of 

Quilol® is shown in Figure 4.19.) Volan® has been used extensively for the 

sizing of glass fibers used in the manufacture of reinforced polyesters. 

These chromium acylates are coordination complexes, in which the car- 

boxylate groups are linked to pairs of solvated hydroxo-bridged chromic 

ions [178]. The monomers and their partially condensed oligomers are solu- 

ble in organic or aqueous-organic solvents, but they can form insoluble, 

adherent polymeric layers on hydroxylic surfaces. The chloride ions are 

weakly coordinated with the chromic ions and can be displaced by water 

molecules, forming an acidic aquo-complex which, on drying and elimina- 

tion of hydrogen chloride, condenses with neighboring complex molecules 

and with surface hydroxyl groups. The chromium complex solutions are 
usually neutralized with aqueous ammonia or amines before application, 

and the chromate-treated materials dried at 100 to 150°C to complete the 

condensation reactions [178]. 

Metal alkoxides, notably those of titanium and aluminum, are also capa- 

ble of condensation with adsorbed water or the surface hydroxylic species 

on a wide variety of inorganic materials to form firmly bonded adducts. In 

this respect, they are as versatile as the reactive silanes and have the added 

advantage that they can form strong bonds with the surfaces of nonsili- 

ceous minerals. The principal difference between the silanes and the alkox- 

ide modifying agents lies in the nature of the bond between the metal (or 

silicon) centers and the functional organic substituents that interact with 
the organic matrix. With the exception of some specialized reagents 
derived from silicate esters, the functional organic moieties of the 
adsorbed silanes are attached by hydrolysis-resistant Si-C bonds; in con- 
trast, those of the common alkoxide-based reagents contain hydrolyzable 
Ti-O-C or Al-O-C bonds. 

The syntheses of the alkoxide reagents are less complicated than those 
of the reactive silanes. A wide variety of agents for general or specialized 
use can be prepared by metathetical reactions between the readily avail- 
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able metal alkoxides and the functional organic species that contain either 
hydroxylic or acidic substituent groups [179]. 

The commercial titanate modifying agents are usually prepared from 

isopropyl or n-butyl titanates, and the acidic functional species may include 
long-chain saturated and unsaturated carboxylic acids; sulfonic acids; 
acidic phosphate, pyrophosphate, and phosphite esters; and phenols, 
enols, and alcohols. The agents can contain up to three of these functional 
species, which may be of different types, with substituents capable of 
reacting with matrix polymers. The matrix-reactive substituents can 

include vinylic and acrylic groups, amines, aldehydes, and disulfides, but 

not free isocyanate or epoxy groups; the titanates can also be bound to 

carboxylic or hydroxylic matrix polymers by transesterification reactions. 

The reaction between aikoxytitanium derivatives and adsorbed water 

or surface hydroxylic species is superficially similar to that of the alkoxysi- 

lanes (Figure 4.20a). However, the monomeric titanates are coordinately 

unsaturated and can form coordination complexes with Lewis bases such 

as alcohols, other hydroxylic species, esters, and acids. These coordination 

complexes are intermediates in titanate transesterification and hydrolysis 

reactions and in the condensation with surface hydroxylic species [179]. 

Adsorbed titanates can react rapidly with surface hydroxylic species at 

room temperature, forming covalent bonds with the mineral surfaces or 
with neighboring partially hydrolyzed titanate molecules. Despite claims 

in some technical reports that monoalkoxytitanium acylate treatments 

are insensitive to hydrolysis, chemisorption of these reagents on practical 

mineral samples usually results in some surface-catalyzed hydrolysis and 

resultant elimination of acylate groups; this presumably would also result 
in the formation of a cross-linked titanoxane network on the mineral sur- 
face (Figure 4.20b and c). The eliminated fatty acids or esters can act as 
inadvertant plasticizers in plastics systems that contain high loadings of 

alkoxytitanium acylate-treated fillers. 
The titanium alkoxides are suitable for incorporation as general pur- 

pose modifying agents in organic media, but other derivatives have been 

developed for particular applications. These include chelated oxyacetates, 
for use in aqueous systems; ethylene glycolates, for use in admixture with 

ester plasticizers; and pyrophosphates, for adsorption on noncalcined 

clays and alumina [175]. A wide range of ‘‘mono-hydrolyzable”’ 

(monoalkoxy) and ‘‘dihydrolyzable”’ (dialkoxy) titanates has been devel- 

oped [e.g., 180], and their applications have been described in numerous 
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Figure 4.20 Reactions of alkoxytitanium acylate modifying agents. 

technical reports and reviews [e.g., 181-184]. Some of the functional 
organic moieties used in these modifiers or “‘coagents”’ include stearate, 

isostearate, dodecylbenzenesulphonate, dioctylphosphate, acrylate, metha- 
crylate, ricinoleate, aminobenzenesulphonate, aminobenzoate, cumylphe- 

nate, formylphenate, dimethylaminoethoxy, and ethylaminoethoxy 

groups, or mixtures of these. Phosphite-coordinated titanates are also avail- 

able for applications that require the inhibition of titanate-catalyzed reac- 

tions with the matrix polymers. 
These titanate modifying agents can be used as surface modifying addi- 

tives in liquid-based formulations or as pretreatments for fillers and pig- 
ments. Typical levels of titanate treatment range from 0.5 to 3.0% of the 

weight of the mineral. Various pretreated kaolins, alumina, calcium car- 

bonate, and other fillers are now commercially available [184]. 

The titanate treatment of fillers can result in significant improvements 

in the various properties of a diverse range of systems. These include an 

improvement in the wetting of the fillers by organic liquids and polymer 
melts, which results in faster disagglomeration of the mineral particles 

and reduced mixer energy requirements; reduction in the rheological yield 
stress and viscosity of mineral organic liquid suspensions; reduction in the 

melt viscosity of noncuring plastics systems; and reduced plasticizer 

demand of filled plastisols. Long-chain acy] titanate-treated fillers and pig- 

ments are claimed to act as internal lubricants in plastics compositions, 

and may be incorporated at high loadings without marked loss of tensile or 

impact strength, elongation, or flexibility, when compared with the prop- 

erties of the virgin polymers. Particularly favorable results have been 

reported for high density polyethylene and polypropylene containing 30 to 

60% of calcite, wollastonite, or barites, treated with 3% w/w mineral of 

isopropoxytitanium triisostearate [175,185], and for polyethylene contain- 

ing talc or calcite, also treated with this reagent or with ethylenedioxytita- 
nium diisostearate [185]. 

The long-chain acy] titanate treatment of fillers may improve the flexi- 
bility of their polyolefin composites, but they can also result in loss of 
interfacial adhesion. Oleophilic triisopropyltitanium oleate-treated delam- 
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inated kaolins have been manufactured [186,187] and used for the produc- 

tion of highly opaque, printable polypropylene films [188]. The opacity 

results from the formation of microvoids at the filler-matrix interfaces 

during biaxial orientation of the extruded filled polyolefin films. In con- 
trast, treatment of the mineral fillers with alkoxytitanium acrylates, 

methacrylates, or other reactive acylates, which can form grafting bonds 

with the polymeric matrices, can result in improved interfacial adhesion 
and tensile strength for the filled polymeric composites. 

The organotitanium treatments do have some disadvantages. Calcites 

and other white fillers which have been treated with titanates have been 
reported to discolor through oxidation when incorporated in some poly- 

mers. The titanium-containing coatings can form highly colored com- 

pounds with some of the antioxidants used in polyolefins. The titanium 

acylate modifying agents, unlike the alkylsilanes, are susceptible to 

hydrolysis or alcoholysis of their oleophilic, matrix-interactive moieties, 

either on storage of pretreated fillers or during melt-compounding of plas- 

tics compositions. This hydrolysis is potentially deleterious, particularly 

in the case of monoacyloxytitanate-treated minerals. A critical study of 
monohydrolyzable organotitanium treatments as adhesion promoters for 

paints on steel surfaces has shown that, as a result of this hydrolysis, any 

improvement or degradation in adhesion was due to interactions between 

the organic moieties of the reagents, the metal surface, and paint resin; the 

oxytitanium moiety served little apparent purpose [189]. 
The oxyaluminum monoacylates are more resistant to hydrolysis. Tri- 

meric oxyaluminum acylates, prepared by hydrolysis of alkoxyaluminum 

acylates (Figure 4.21), have been patented for use in the preparation of 

oleophilic minerals [190]. These trimers, unlike their precursors, are proba- 

bly only physically adsorbed on the mineral surfaces, although surface- 
catalyzed hydrolytic redistribution could result in the formation of 

chemisorbed polymeric oxyaluminum acylates. The dialkoxy-aluminum 

acylates, however, are particularly reactive towards adsorbed water and 
surface hydroxyl groups and can form strongly bound adducts with a vari- 

ety of commercial fillers [191]. 
Dialkoxyaluminum methacrylate treatment of kaolins can be particu- 

larly advantageous. High density polyethylene containing the treated 

filler has been reported to have high elongation and flexibility, with tensile 
and impact strengths that can exceed those of the unfilled polymer. The 

enhanced mechanical performance of these filled polyethylenes may arise 

AI(OR), + R.CO,H —— Al(OR),.0,C.R’ 

g Z I 
Aon + Al(OR),.0,C.R! —> foaroncr' 

Figure 4.21 
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from the formation of an intermediate ionomeric polymer layer at the filler- 

-matrix interfaces which can serve as a zone of intermediate modulus and 

which may allow some interfacial stress relaxation to occur by redistribu- 

tion of the aluminum acylate bonds [192]. 

4.5.3 Reaction with Alcohols and Epoxides 

The surfaces of minerals can be modified by means of a variety of con- 

densation reactions between surface hydroxylic species and many of the 

reagents that can form covalent bonds with organic hydroxylic com- 
pounds. Some of these reactions have been briefly outlined in the preced- 

ing chapters and have been reviewed by Deuel [193], Kukharskaya and 
Fedoseev [194] (silicate derivatives), and by Boehm [195] (other oxides). 

Much of the early mineral organic chemistry is largely of academic inter- 

est, and we confine the present discussion to a selection of mineral organic 
reactions that have either been patented for, or are relevant to, the com- 

mercial modification of mineral surfaces. 
The surface silanol groups of a finely divided amorphous silica can be 

esterified by reaction with primary or secondary alcohols at elevated tem- 

peratures, particularly if the silica has been activated by drying at 150 to 

500°C (Figure 4.22a) [196-198]. The activation results from the removal of 

adsorbed water and the condensation of adjacent silanols to form reactive 

surface siloxane species. The esterification occurs rapidly at 150 to 200°C, 

although the reaction with methanol requires higher reaction tempera- 

tures. Tertiary alcohols undergo dehydration, rather than esterification, 
when heated with silica (Figure 4.22b). 

The surfaces of the esterified silicas take on the characteristics of the 
esterifying alcohols. Alkyl alcohols, for example, yield hydrophobic silicas 

that can be used as reinforcing agents in plastics and elastomers and as 

thickening agents for organic liquid compositions. Esterification with an 

unsaturated alcohol, such as allyl alcohol, results in the formation of an 

olefinic silica, suitable for grafting and cross-linking of monomers and 

polymers [199]. Oleophilic silicas can also be produced by reaction between 

the silica and unsaturated silanes, as described in Section 4.5.1, or by the 

reaction between a ‘‘chlorinated”’ silica and an unsaturated alcohol. Esteri- 

fication with aminoalcohols can result in the formation of an aminoalkyl- 
grafted silica [200], and the reaction between activated silica and 
epoxypropanol forms a glycery] silica (Figure 4.22c) [201]. The reactions 
between alcohols and porous silicas are usually incomplete, and the prod- 
ucts contain some residual surface silanol groups. 

The reaction between partially dehydrated crystalline aluminas and 
alcohols can be used for the preparation of oleophilic aluminas. These can 
be used as thickeners in greases, as reinforcing agents in elastomers, and in 
a wide range of other applications [202]. Amorphous alumina and titania 
can also be esterified by heating with alcohols. The esterification of. 
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Figure 4.22 Surface modification of silica by esterification and alkylation reactions. 

hydrated titania requires reaction temperatures of 230 to 280°C, but the 
surface alkoxides also undergo competitive decomposition at these tem- 
peratures [203]. 

Grafted silicas can be prepared by the reaction between ‘‘chlorinated”’ 

silica and organometallic reagents, although these reactions are of little 

commercial value. Chlorinated silica, for example, has been reacted with a 
living polymer, prepared by the butyllithium-initiated polymerization of 

butadiene, to form a polymer-grafted silica (Figure 4.22d) [204], although 
the grafting efficiency was reported to be low. 

The condensation reactions of epoxides and isocyanates with hydrox- 

ylic and amino-compounds are widely used for the manufacture of thermo- 

set or cured resins. Many of these compositions contain minerals as 

extenders, thickeners, pigments, or reinforcing fillers. Epoxides, isocya- 

nates, and related functional species can also condense with the surface 

hydroxy] groups of minerals to form surface modified materials. 

Epoxides, such as propylene oxide, adsorb readily on silica surfaces, but 
the adsorption is largely physical. Reaction with surface silanol groups 

does not occur except at elevated temperatures or unless a proton accep- 

tor, such as a tertiary amine, is present as a catalyst [201]. As epoxy resin 

formulations usually contain amines as catalysts or coreagents and are 
often thickened with finely divided silica, graft formation by surface ester- 
ification is expected to accompany the resin curing reactions. The reaction 

between silica and allyl glycidyl ether has been used to prepare an oleo- 
philic silica with surface allylic groups which can participate in graft form- 

ing reactions during vulcanization of elastomers containing the treated 

filler [205]. 

Studies of the adsorption and polymerization of glycidyl methacrylate 

on the surface of a porous glass have shown that epoxide groups of the 
polymer do not react readily with the surface hydroxylic species, whereas 

the residual monomer is hydrolyzed, forming dihydroxypropy! methacry- 

late and other products [206]. In contrast, amine-cured epoxy resins have 

been used for bonding of rock and the reinforcement of coal mine struc- 
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tures. The interaction between the epoxy resin and mine shale has been 

reported to occur by hydrogen bonding between the resin and the rock 

surface, and by formation of strong ‘‘primary” bonds through condensa- 

tion between the hydroxy or epoxide groups of the prepolymer and shale 

silicates [207]. 

Epoxides can react with other hydroxylic surfaces to form grafted spe- 

cies. Titania, for example, reacts with propylene oxide under reflux to form 

free poly(propylene oxide), together with grafted polymer formed by reac- 

tion between the epoxide and surface hydroxyl groups [208]. The tita- 

nia-epoxide adducts show improved dispersibility in benzene, but are 

susceptible to hydrolysis. The hydrolytic instability is common to all the 

mineral-epoxide adducts because the covalent bonding is similar to that of 
the surface alkoxides described earlier; the hydrolyzed products may still 
be tenaciously retained by hydrogen-bond formation or by dipolar interac- 

tion with the mineral surface. Surface modification of minerals with epox- 

ides prior to incorporation in polymer systems has limited utility, and 

treatment of the mineral with a polyol may be the preferable alternative to 

surface modification with epoxides. 

4.5.4 Reaction with Isocyanates 

Alkyl and aryl isocyanates, such as those used in the production of 

polyurethanes, are generally more reactive towards surface hydroxylic 
species than the epoxides and can also yield a greater variety of products. 

These may include covalently bound surface urethanes, formed by reac- 
tion between surface hydroxyl groups and isocyanate molecules, and 
hydrogen bonded ureas, formed by reaction between the isocyanate and 

adsorbed water molecules. The relative proportions of these products and 

of the more complex condensation products depends on the nature of the 
mineral, its residual water content, and the reaction conditions. 

Studies of the adsorption and reactions of isocyanates on silica have 

indicated that both alkyl and aryl isocyanates are initially adsorbed as 

hydrogen bonded complexes, but that only the alkyl isocyanates react to 

form surface urethanes [209]. Other studies [210] have shown that the sil- 

ica surface urethanes are thermally and hydrolytically unstable, reacting 

with water to form ureas, and dissociating with the desorption of volatile 

isocyanates when heated in vacuum. The urea-forming reactions are con- 
current with those that form urethanes from the “‘isolated’’ hydroxy] 
groups and are accelerated by the presence of adsorbed water or pairs of 
adjacent, hydrogen-bonded hydroxy] groups. The initial reaction with the 
isocyanate produces an unstable surface carbamate, which decarboxylates 
to form an amine; this then rapidly reacts with a second isocyanate mole- 
cule to form the urea. (See Figure 4.23.) 

The reactions between magnesia and isocyanates are similar to these 
with silica, except that the formation of surface urethanes occurs more 
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Figure 4.23 

readily with the less acidic surface hydroxyls [211]. Ureas are also pro- 
duced in these reactions, but the intermediate carbamates have greater 

stability on nonacidic surfaces. Whereas the ureas may be retained by 

hydrogen-bonding to an acidic silica surface, they are reported to be 

adsorbed as perturbed ‘‘carboxylate type’’ complexes on the basic sur- 

faces of magnesia. The reactions described occur when isocyanates react 
with silica or magnesia at 20 to 100°C; more complex reactions occur at 
higher temperatures [210,211]. 

Isocyanates have been reported to form surface grafts with silicate min- 
erals, although the formation of surface ‘‘urethane’”’ bonded species is 

often only an assumption. Detailed studies of the reactions of hexamethy- 

lene diisocyanate with vermiculite have shown that the adduct contains 

approximately five molecules of the diisocyanate per 100 A? of mineral 

surface, some 30 to 40% of which retain one free isocyanate group [212]. 

The isocyanates were reported to be bound by the formation of urethane or 

carbamate species with the hydroxyl groups associated with lattice edge 

aluminums and by the formation of hydrogen-bonded species. Other stud- 
ies have shown that the terminal isocyanate groups of urethane prepoly- 

mers can react rapidly with adsorbed water on mineral surfaces to form 

ureas [213]. 

Examples of the modification of fillers, such as silica, titania, and other 

minerals with hydroxylic surfaces, by reaction with isocyanates include 

treatment of pigments with C6 to C18 alkyl monoisocyanates, followed by 

heating at 100 to 160°C, to form hydrophobic pigments [214]; and treat- 
ment with alkyl or aryl diisocyanates, or with vinylic or allylic isocyanates, 

to form oleophilic materials which can serve as reactive pigments, or as 
reinforcing fillers, for incorporation in plastics and elastomers [215,216]. 

Other reagents having mineral reactive groups with the general formula 

—X=C=Y have been claimed to be effective in the surface modification of 
pigments. These analogues of the isocyanates include isothiocyanates, 

ketenes, thioketenes, ketenimines, and carbodimides [216], all of which can 

react readily with hydroxylic species and water. Some of these may actu- 

ally form covalently bound adducts with mineral surface hydroxyl groups. 

Carbodiimides have also been patented for the modification of clays and 

silicas to make these materials oleophilic and hydrophobic [217]. 

Other methods for formation of covalently bound mineral-organic 
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adducts include the formation of grafted polymers by the irradiation or 

mechanochemical processing of mineral-monomer mixtures; these reac- 

tions are outlined in Section 5.6. Other processes that involve radical 

transfer to mineral surfaces, such as the graft polymerization of monomers 

in the presence of unmodified minerals, have been frequently reported to 

yield covalently bound polymer, although in most cases the nature of the 

mineral-polymer bond is conjectural. Tenacious adsorption is only indica- 

tive of chemisorption, or alternatively, of ‘‘keying’’ of the polymer chains 

in surface irregularities; it is not proof of covalent graft formation. 

4.66 MODIFICATION BY ADSORPTION OF POLYMERS 

The surface modifications previously described involve the adsorption 

of, or the reaction with, low-molecular-weight materials by the minerals. 

Such treatments normally result in the formation of only thin layers of the 
organic modifying agents on the surfaces of the fibers or particles. In con- 

trast, high-molecular-weight polymers are capable of forming thick, 

solvatable, adsorbed layers on the dispersed particles. Depending on their 

structures, the adsorbed polymers may act as dispersants, dispersion sta- 

bilizers (deflocculants), or as aids for the reinforcement of plastics and elas- 

tomers by the mineral fillers; other polymers may be used as flocculants 

for mineral suspensions. 

The adsorption of polymers from solution and the reinforcement of filled 

composites may be improved by the selection of a filler or of a modifying 

treatment that can enhance acid-base interactions between the polymer 

and the mineral surface [218,219]. In filled composites, the adsorbed 

matrix polymer is considered to form a modified zone around the filler 
particles. The adsorption of a so-called ‘‘basic’’ polymer such as a polyester 

or ethylene-vinyl acetate copolymer (the ester groups of which can act as 
Lewis bases) on an acidic filler (silica), or of an ‘‘acidic’’ polymer, for exam- 

ple, poly(vinyl chloride), on a basic filler (calcite) is greater than the corres- 

ponding adsorptions of acidic polymer on acidic filler or of base on base. 

These differences are also reflected in the mechanical and rheological prop- 

erties of their respective composites [218]. The acidity or the basicity of the 

fillers is usually modified by treatment with inorganic or low-molecular- 

weight organic species, but treatment with polymers has been used for 

enhancement of Bronsted acid-base interactions, for example, in pig- 
mented paint films. The use of polycarboxylate-coated titania dispersions 
for the pigmentation of a basic polymer emulsion improves the wet-scrub 
resistance of the dried film. Premature coagulation on mixing the two 
oppositely charged dispersions is avoided by the addition of a volatile base 
(ammonia), which can evaporate during the drying of the emulsion film. 

The adsorption of small amounts of long-chain polymers can result in 
the flocculation of mineral dispersions. Polymeric flocculants are widely 
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used for water clarification and as industrial filtration aids; materials 
related to the polymeric flocculants are also useful as soil-conditioning 
agents. A wide variety of polymers and treatments has been described for 
the flocculation or dispersion of particulates or as reinforcing aids, but 
only a limited selection of examples can be discussed in this book. Mineral 
interactions with natural and synthetic polymers are of considerable 
importance in soil science, and these aspects have been reviewed by Theng 
[220]. 

4.6.1 Dispersion 

The processes for stabilization of mineral dispersions by polymers have 
been outlined in Section 4.1.2, and have been shown to involve an initial 

wetting of the particulate surface by the liquid medium, followed by the 

mechanical disruption of the aggregates, and active stabilization of the 
resultant dispersion by the adsorbed polymer. There is no clear-cut distinc- 

tion between polymeric dispersion aids and dispersants. Many polymeric 

dispersant or surfactant treatments are aimed largely at preventing the 

formation of agglomerates and for improving the wetting of pigments and 
fillers, for dispersion in plastics and elastomers, rather than for the stabili- 

zation of dispersions in media of low viscosity. Polymeric dispersion aids 
include adsorbed silicones, poly(alkylene oxides), and polymeric soaps, in 

addition to a variety of polymeric encapsulants, some of which are 
described in Section 4.7. 

The relative merits of the various treatments are difficult to evaluate, 
particularly on the basis of examples and claims contained in the numer- 
ous patents relating to dispersion and dispersants. A number of patents 

relate to the coating of minerals with polymeric dispersants, to provide 

products which can be readily redispersed in organic solvents, but the com- 
parative cost of these treatments limits their application to the more 

expensive pigments such as the titanias. However, low-cost polyester 

resin treatments have been used in the manufacture of some varieties of 
organophilic kaolins. Polymeric dispersion stabilizers are widely used in 

the formulation of mineral pigmented paints and other surface coatings, 

and in these applications the stabilizer is usually used as an ingredient of 

the paint formulation, rather than in the pretreatment of the pigment. 

Treatment with silicone oils is used in the manufacture of some varieties 
of organophilic titania pigments. The adsorbed silicones reduce moisture 

adsorption and help to prevent agglomeration of the dry pigment during 

storage [69]. The silicones are usually poly(dimethylsiloxanes) or deriva- 
tives containing polar hydroxy or amino substituents that can bond to the 

mineral surface [221,222]. The chemisorption of the silicone on the titania 

or silica-alumina-coated titanias occurs largely by hydrogen bond forma- 

tion, although acid-catalyzed condensation between surface hydroxyls 

and the cleaved siloxane polymers may also occur on heating the silicone- 
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treated pigments. Maximum adsorption of the silicones from solution is 

obtained by predrying of the pigment and by use of a nonpolar solvent, 

such as hexane, as a suspending agent or diluent. However, the use of 

organic solvents may not be economically feasible in commercial practice. 

In most manufacturing processes, the silicones (or other organic additives) 

are introduced during the final fluid-energy milling treatment of the tita- 

nia pigments, but some may be applied as water-soluble siliconates during 

the earlier wet-process treatments; the siliconates become insoluble and 

hydrophobic on acidification and condensation with the titania surface. 

Silicone treatment can improve the dispersion of the titania pigments in 
media of low polarity, including polyolefins. The reduced moisture adsorp- 

tion by the silicone-treated pigments can also result in improved durability 
of the pigmented paints and plastics. However, the silicones may hinder 

the dispersion of pigments in more polar media, such as the alkyd resin 

solutions used in paint formulations. These resins are polyesters, prepared 

by condensation between a triol (glycerol) and a dicarboxylic acid, such as 

phthalic acid, and are often modified by transesterfication with oxidizing 

vegetable oils [223]. They are good dispersants for titania pigments, par- 

ticularly those having basic oxide coatings. Silicone treatment of the pig- 

ment reduces the interaction between the carboxyl groups of the alkyd 

resin and the pigment surface and prevents the resin from acting as an 
effective dispersion stabilizer [222]. 

Rutile pigments coated with a polyester resin, prepared from a 2- 

ethylhexanoic acid/maleic acid/phthalic acid mixture and 1,2,6-hexan- 

triol, have been claimed to show improved dispersibility in poly(vinyl 

chloride) [224]. Other polyesters can be used as dispersion aids for minerals 
such as kaolin, talc [225], and titanias [153] in nonpolar and moderately 

polar media including polyolefins and poly(vinyl] chloride) and can be used 

to improve the tensile and impact strengths, and the elongation-at-break 

of plastics containing the treated fillers. The polyesters used for the com- 

mercial pretreatment of minerals are often materials prepared for the for- 
mulation of styrene-polyester resin systems and consist of the 
condensation products of a mixture of dicarboxylic acids, polyols, and 
maleic anhydride. These polymers contain unsaturated centers that allow 
radical grafting to a matrix polymer via the adsorbed polyester. 

A number of strongly bound polymers have been patented for improve- 
ment of the dispersibility of titanias, probably as dispersion aids rather 
than as dispersants. These include styrene-maleic anhydride copolymers, 
for dispersion in alkyd media [226]; polyethylene imine, or its reaction 
products with acrylonitrile or oxiranes, for dispersion in aqueous and polar 
organic media, particularly polyesters [227]; polymeric aluminum or zinc 
salts derived from partially hydrolyzed acrylic copolymers, for dispersion 
in hydrophobic media [228]; carboxylate-terminated polycaprolactone, for 
dispersion in polyethylene or polystyrene [229]; and poly(N- 
vinylpyrrolidone), for dispersion in polyurethane formulations [230]. Dis- 



MODIFICATION BY ADSORPTION OF POLYMERS _ 159 

persants can be used to improve the mechanical properties of the 
mineral-containing compositions; poly(ethylene oxide) treatment of 
kaolin, silica, or calcium carbonate, for example, has been claimed to 
improve the adhesion between the filler and polyolefins [231], as well as 
improving the dispersibility of the minerals in the molten polymers. 

For adsorbed polymers to be effective for the steric stabilization of dis- 

persions, they need to be firmly attached to the mineral surfaces and to 

contain extended sequences of polymer segments that are only weakly 

adsorbed and that can form solvated extended loops or tails in the sur- 

rounding liquid phase. Although homopolymers can act as steric disper- 
sants, most practical stabilizers are copolymers, such as the alkyd resins, 

or the widely used acidic acrylic copolymers. 

The adsorption of a variety of linear (diol-diacid) polyester resins on tita- 

nias, alumina, ferric oxide, and silica has been shown [30] to result in the 

formation of a series of polymer segmental loops extending from the min- 

eral surfaces. The remainder of the polymer segments are held on the sur- 
face by hydrogen bonding between the polymer carboxylate or hydroxyl 

groups and the surface hydroxylic species. The stability of the particulate 

dispersions in polyester solutions, measured by the sedimentation rates, 
can be correlated with the size of the segmental loops and, in turn, with 

both the amount of polymer adsorbed and the proportion of carbonyl 

groups specifically attached to the mineral surface; the apparent dimen- 

sions of the loops are not markedly dependent on the molecular weight of the 

polymer or the nature of its end-groups. In the examples cited [30], the 

estimated maximum lengths of the polymer loops were only of the order of 
26 A, which corresponds to a layer thickness of about 12 A. Such thin 
adsorbed layers would be insufficient for the formation of “‘indefinitely”’ 

stable dispersions of micron-sized particles, but could be sufficient to pre- 

vent their rapid flocculation. 
Commercial pigments have particulate dimensions similar in magni- 

tude to the wavelengths of visible light. In the case of typical titanias, the 
equivalent particle diameters are about 300 nm. Particles with these 

dimensions may require coatings having a solvated thickness of at least 

100 A for effective steric stabilization [232]. Coatings of 30 to 50 A thick- 
ness may suffice for commercial applications, as effective dispersion stabi- 

lization in many systems has been found to be more dependent on 

obtaining complete coverage of the mineral surface by the dispersant poly- 

mer than on further increase in the coating thickness. These thick coatings 

are usually obtained by the adsorption of copolymers which contain widely 

separated bonding groups on the polymer chains or of block copolymers 

which may consist of, for example, sequences of strongly bound polymer 

segments, to which are attached one or more extended sequences of solvat- 

able, weakly adsorbed dispersion-stabilizing chains. 
Dispersants containing widely separated bonding groups can be readily 

prepared by the random copolymerization of an acrylic monomer, for 
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example, methyl methacrylate, with a small proportion of acrylic or 

methacrylic acid. Acidic methyl methacrylate copolymers, having degrees 

of polymerization of 500 to 1000 and containing 2 to 5 mol.% of acrylic or 

methacrylic acid, are the classic dispersants for titanias and other oxide 

pigments in paint formulations based on moderately polar aromatic hydro- 

carbon, ester, or ketone solvents. Although these dispersants are usually 

added to the pigment suspension during milling of the paint formulation, 

the use of pigments precoated with acrylic copolymer dispersants has been 

cited in some patents [e.g., 233]. The acrylic comonomers may be varied to 

optimize the polymer for particular film-forming resins and solvents. Dis- 

persants for use in weakly polar hydrocarbon solvents, for example, may 

consist of a lauryl methacrylate copolymer, whereas hydroxyethyl metha- 

crylate-methyl methacrylate copolymers can be used as dispersants in 

aqueous and polar organic media [234]. Other polymeric dispersants suit- 

able for use in aqueous media include poly(acrylic acid), poly(vinyl alcohol), 

soluble cellulose derivatives, and poly(ethylene oxide) condensates. 

Carboxylic acids are commonly used as the copolymerized bonding moi- 
eties and are particularly suitable for basic pigment surfaces, which 
include those of titania and most alumina and alumina-silica-coated tita- 
nias. Amines and alkylammonium species may be used for the dispersion 

of acidic minerals, while polymeric sulfobetaines, formed by the reaction 

between 6-propiosultone and copolymers of dimethylaminoethyl metha- 

crylate or vinylpyridine with acrylic monomers or styrene, can be used for 

the dispersion of titanias and a wide variety of other inorganic pigments 

[97]. Other polar comonomers, for example, amide, nitrile, or hydroxy] sub- 

stituted species, may enhance the adsorption of an acrylic polymer, but do 

not bond sufficiently for the polymers to be effective dispersants in solvat- 
ing media [235]. 

Acrylic copolymers containing alkoxysilanes as the mineral-bonding 

component, for example, a methyl methacrylate-trimethoxysilylpropyl] 

methacrylate copolymer, have been found to be effective dispersants for 
titanias. Pigmented compositions containing silane-bonded dispersants 

have been claimed to be more resistant to photodegradation than similar 

compositions using carboxylic acid copolymer dispersants. The surface 

carboxylates, formed from the conventional dispersants, are readily oxi- 

dized by the titania, generating polymer radicals which can initiate the 

autoxidation and degradation of the contacted polymers. The surface sily- 
loxy bonds cannot generate radicals in this manner and are more resistant 
to oxidation. Methoxysilane-terminated polystyrenes have also been used 
for the stabilization of oxide pigments in polystyrene media [236]. 

More effective coverage of the pigment surfaces can be obtained by the 
use of graft dispersants which consist of a polymer ‘‘backbone’”’ to which 
are attached solvatable dispersant polymer chains containing statistically 
infrequent bonding groups in order to form a comb-like molecular struc- 
ture. Comb dispersants have been extensively developed for the dispersion 
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polymerization of polar monomers in nonpolar media [237]. A typical dis- 
persant, for example, consists of a polar polymer backbone, which is to be 
adsorbed on the insoluble particulate surface; the polymer backbone is 

grafted with numerous nonpolar polymer chains that are capable of 
extending freely into the surrounding medium. These comb dispersants 
have been adapted for the dispersion of minerals by the incorporation of 

copolymerized mineral bonding groups, such as carboxylic acids, in the 
dispersant segments [228]. When adsorbed, these dispersant chains form a 
series of solvated loops on the mineral surface. 

Other dispersants have been developed that contain a dual graft, or 
fishbone-like structure, which consists of an adsorbed polymeric backbone 

on which is grafted a series of dispersant polymer chains plus a separate 

series of oligomeric mineral-bonding chains. A dispersant for use in moder- 

ately polar solvents might consist of an acrylic copolymer backbone 

grafted with poly(methyl methacrylate) chains, while a dispersant for use 
in nonpolar solvents might contain grafted poly(lauryl methacrylate) or 

some other nonpolar polymer. The use of an oligo(alkoxysilane) or an alkyl 

oligosilicate as the second mineral bonding graft species allows the disper- 
sants to be used with a wide variety of mineral pigments or fillers and 

improves the photostability of dispersed titanias. Rutile titanias coated 

with these disperants can have photostabilities equivalent to that of a pre- 

mium grade alumina-silica-coated pigment [239]. 

4.6.2 Flocculation 

The flocculation or coagulation of dispersed minerals is an important 

component of many beneficiation processes, particularly of the charged 
clay minerals. These colloidal dispersions are largely stabilized by elec- 

tronic double layer repulsion between the particles and will flocculate 

when the double layers are attenuated. This can be achieved by several 

methods, the most common being by charge neutralization, according to 
the Schultz—Hardy rule, by the addition of an optimum amount of high- 
valence ions having charge opposite to that of the particle surfaces, as in 

the flocculation of negatively charged dispersed clay particles by addition 

of Al®* ions. Other methods for flocculation of ionic stabilized dispersions 
include reducing the dielectric constant of the medium, for example, by 

addition of an alcohol or ketone to an aqueous dispersion, or increasing the 

ionic strength of the medium. Both these processes destabilize the disper- 

sions by reducing the thickness of the double layer [240]. These processes 

can result in the coagulation of the mineral dispersions, that is, the forma- 

tion of compact agglomerates. 

Colloids in ionizing or nonionizing media can be flocculated by alterna- 

tive processes which involve the bridging of numbers of dispersed parti- 

cles by adsorbed high-molecular-weight polymer chains. This bridging can 

result in the formation of large aggregates which can be filtered or which 
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can settle under gravity. Similar processes of particle-bridging by 

adsorbed polymers are involved in a number of soil conditioning and soil 

stabilization processes. 

The flocculation of colloids by polymers occurs when the “‘tails”’ of long- 

chain molecules, adsorbed on one particle, are also adsorbed on neighbor- 

ing particles. Repetition of this process builds up a three-dimensional 

network of bonded particles. As most flocculants rely on a multiplicity of 

relatively weak hydrogen bonds, or labile ionic bonds, for attachment to 

the mineral surfaces, redistribution of the polymer-particle bonds can 
result in the formation of denser aggregates on standing. Mechanical agi- 

tation of the flocs, however, can result in a further redistribution of the 

adsorbed polymers, causing individual molecules to preferentially coat 

single particles. This may ultimately result in the formation of a steric 

stabilized dispersion. Redispersion can also occur following the adsorption 

of excessive amounts of the flocculant. 

Inadvertant flocculation can occur during dispersion of minerals if the 

techniques employed allow incompletely adsorbed dispersant molecules to 

bridge the suspended particles. Flocculation of mineral dispersions in 

polymer-free monomers may often occur during the critical early stages of 

polymerization, for example, in the manufacture of pigmented cast acrylic 
sheet from unthickened monomers. The flocculation is believed to result 
from the bridging of the pigment particles by the growing polymer chains 

and can be minimized by the use of strongly bound polymeric dispersants. 

There have been numerous studies of the kinetics of flocculation of min- 
erals by water-soluble polymers [e.g., 241-243]. The optimum amount of 

flocculant depends on a number of factors, including the chain length of 

the polymer and the size of the dispersed particles. Several small particles, 

each having dimensions of less than 400 A, may be bridged by a single 

polymer chain, whereas larger particles require adsorption of multiple 
chains for flocculation [244]. 

Derivatives of polyacrylamide, or partially hydrolyzed polyacrylamide 

or polyacrylonitrile, are commonly used as commercial flocculants. Other 

polymeric flocculants include poly(vinyl alcohol)s, poly(ethylene oxide)s, 
modified celluloses, and a variety of their derivatives. The polymers usu- 
ally have average molecular weights in excess of 10° daltons, equivalent to 
more than 30,000 segments per chain. This can enable the adsorbed poly- 
mer molecules to bridge widely separated particles and to form multiple 
points of attachment to the particle surfaces. Although the individual 
hydrogen bonds holding the polymer are weak, in excess of 10,000 of these 
bonds can be formed per polymer chain, which is equivalent to a large 
“energy of attachment”’ [245]. This results in the irreversible chemisorp- 
tion of the polymer, although reversible redistribution of individual bonds 
may still occur on the mineral surface. The adsorption of polyacrylamides 

on clay dispersions is very rapid, and there is no apparent molecular- 
weight-dependent preferential adsorption of particular polymer fractions — 
[243]. 
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The polyacrylamide flocculants are often extensively hydrolyzed, and 
the resultant carboxylic acid groups assist in the flocculation process, 

either by nonspecific charge neutralization of cationic dispersions, like 

those of chrysotile, or by specific site bonding, for example, with layer edge 
Al** ions, or with exchangeable Ca’* ions adsorbed on clay minerals. These 

anionic flocculants are frequently used at low pH, which allows maximum 

adsorption by the unionized carboxylic acid groups; the optimum level of 

anionic flocculant treatment is also pH-dependent. The adsorption of 20% 

hydrolyzed polyacrylamides on Al-montmorillonites is greatest at pH 6.8, 

which corresponds to the pK, value of the polymer [246]. In this system, 

the adsorption largely involves interactions between the amide groups and 

the mineral surface, either by hydrogen bond formation or by strong ionic 

interactions resulting from the protonation of the amide groups by edge, or 

exchangeable, Al** ions. The carboxylate ions serve principally to ensure 

the maximum elongation of the nonadsorbed polymer segments, for the 

trapping of neighboring particles. High-molecular-weight hydrolyzed 

polyacrylamides are also used for the flocculation of kaolins, the optimum 

degree of hydrolysis being 30 to 40% [247]. 

Specific site bonding can also occur between many natural polymeric 

flocculants and soil constituents, for example, between ‘‘humic”’ acids, 

formed from decaying vegetable matter, and Al** or Fe®* ions adsorbed on 
the clay mineral components. These strong interactions can assist in the 

formation of a porous, friable structure, in contrast to the heavy, impervi- 

ous structure characteristic of many clayey soils [220]. 

Cationic flocculants, such as the polymers and copolymers of dimethy]l- 
diallylammonium salts [248-250], or quaternized alkylaminomethylacry- 
lamide copolymers, are useful for the flocculation of anionic dispersions; in 

the case of dispersed clay minerals, they are probably adsorbed by ion 

exchange. 

4.7 MODIFICATION BY GRAFT POLYMERIZATION AND 
ENCAPSULATION 

Mineral particles can be encapsulated by the precipitation of polymers 

in the presence of suspended minerals or by spray-drying of polymer solu- 

tions containing the mineral. However, these methods tend to result in 

uneven coatings and the formation of polymer-bonded, coated agglomer- 

ates of mineral particles. In contrast, graft polymerization initiated by 

species adsorbed on the mineral surfaces, or involving their copolymeriza- 

tion, favors the formation of uniform polymeric coatings and the encapsu- 

lation of individual particles without flocculation of the dispersed mineral. 

Graft polymerization can also be used for the deposition of insoluble, cross- 

linked polymers. 

An extensive review of the literature on the grafting of organic poly- 

mers (and monomers) on inorganic surfaces, covering the period 1946 to 
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1968, has been published by the United States Atomic Energy Commis- 

sion [251]. Other useful reviews are contained in references 252,253. 

Preformed polymers can be grafted to mineral surfaces by condensation 

reactions between surface species, for example, hydroxy] groups, and reac- 

tive substituents on the polymer. Polymers can also be grafted to minerals 

by use of ionizing radiation, or by mechanochemical processes, methods 

which are outlined in Chapter 5. Although graft polymerization can be 

obtained by use of processes involving ionic propagating species, discus- 

sion in this section will be largely confined to systems involving radical 

propagation. Some examples of ionic surface-initiated encapsulation are 

described in Chapter 5. 
Radical graft-encapsulation may involve one or more of the following 

techniques: initiation of the polymerization of monomers by a surface- 

bonded radical species, copolymerization with a chemisorbed monomer, 

and grafting to polymer matrix via adsorbed monomers. These techniques 

will be described in turn. 

4.7.1 Grafting by Surface-Initiated Polymerization 

A variety of surface species can initiate the radical polymerization of 
adsorbed or contacted monomers. These include adsorbed derivatives of 
conventional initiators, such as organic peroxides or azo compounds, and 

species formed by hydrogen abstraction by, or electron transfer to, other 

radical species, as in the formation of surface oxy-radicals by abstraction 

of hydrogen from surface hydroxyl groups (Figure 4.24). In many pub- 
lished examples, the nature of the mineral-polymer bonds is unclear, and 

often the only relevant information available is the proportion of nonex- 

tractable polymer present in the product, this polymer being conveniently 
presumed to be grafted to the mineral surfaces. 

The probable nature of the polymer-mineral bonds in these systems 

often can be predicted from examination of the initiator residues, which 

form the end-groups of the primary polymer chains, in related homogene- 

ous polymerization systems; these have been studied for a wide range of 

initiators [254]. Persulfate initiators, for example, yield a mixture of sul- 

fate and hydroxyl end-groups, the former forming an ionic bond with basic 

mineral surfaces. In other cases, such as an adsorbed Fe!'/hydroperoxide 
initiated polymerization, the formation of nonextractable polymer has to 

be ascribed to the intermediacy of surface radicals, such as those shown in 

Figure 4.24a, or else to ‘“‘keying”’ of the propagating radicals into surface 
irregularities. A terminal hydroxyl group, the initiator residues in such a 
system, is unlikely to form a sufficiently tenacious bond with the mineral 
surface to prevent desorption of a long polymer chain. Polymerization in 
the presence of an adsorbed surfactant, such as lauryl] sulfate, may also 
result in mineral graft formation. This may occur via surfactant-derived 
radicals resulting from hydrogen abstraction by the initiating or propagat- | 
ing radicals (Figure 4.24b). 
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Figure 4.24 Redox-initiated graft polymerization on mineral surfaces. 

Some of the earliest examples of intentional grafting via adsorbed radi- 

cal initiators were reported by Dekking [255,256], who used ion-exchange 

processes to bond amino- or ammonium-substituted azo-initiators to the 

surfaces of clay minerals, such as kaolin, and other acidic or anionic min- 

eral surfaces. These initiators included aminoazobenzene and azobisisobu- 
tyramidinium hydrochloride (ABIA) (Figure 4.25a). Heating the 
initiator-exchanged mineral results in the formation of chemisorbed radi- 

cals that can react with monomers to form grafted polymer chains. Some 
nongrafted polymer may also be formed through chain-transfer reactions. 

In the absence of monomer or other reactive species, neighboring radicals 

can undergo rapid mutual destruction, although a proportion of the bound 

radicals may be stabilized because of their isolation from adjacent radi- 
cals. These stabilized radicals are reactive, and polymerization of mono- 

mers can be initiated by the addition of the radical-bearing mineral. The 
reaction of methyl methacrylate with preheated ABIA-kaolin, for exam- 

ple, yields a product consisting largely of a polymer-grafted kaolin and 

containing only a small proportion of ungrafted polymer [256]. 

Polymers can be grafted to cationic surfaces by the use of adsorbed 

anionic initiators, such as azobiscyanoisovaleric acid (Figure 4.25b) on cal- 
cite [257], or adsorbed persulfate ions on chrysotile [258]. Persulfate ions 

can also be used for the grafting of neutral or anionic minerals, such as talc 

or kaolin [259]; a vinyl acetate-grafted kaolin, prepared by this method and 

used as a filler in an ethylene-vinyl acetate copolymer, formed a composite 
having 70% greater tensile strength than that of one containing untreated 

kaolin. 
Grafted polymers can also be obtained by redox processes, for example, 

by treatment of a dispersion of the mineral containing an adsorbed perox- 
ide, with a reductant in the presence of a monomer. When kaolin contain- 

ing adsorbed t-butyl hydroperoxide, for example, is dispersed in an 

aqueous mixture containing phosphate, an alkylary] sulfonate dispersant, 

a monomer (ethy] acrylate), and a dithionite (hydrosulfite) as a reductant, 

the resultant reaction yields an emulsion of polymer-encapsulated mineral 

particles, claimed to be useful as a surface coating composition [260]. In 

the cited example, half of the encapsulating polymer could not be 

extracted and was presumed to be grafted to the mineral surface. 
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Figure 4.25 Cationic (a) and anionic (b) azo-initiators and their derived radicals. 
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Redox-initiated graft polymerization can occur on minerals containing 

adsorbed ionic reductants; these ions may include sulfite or dithionite or 

alternatively, adsorbed Fe”* ions. Kaolin and silica [261] and asbestos and 

talc [262], for example, after treatment with ferrous sulfate solutions, can 

react with hydrogen peroxide or persulfates to initiate the graft polymeri- 
zation of a range of acrylic and vinylic monomers (Figure 4.26). Acid pre- 

treatment of chrysotile can markedly increase the yield of grafted polymer 

formed by this method, as removal of the outer brucite layer leaves an 
anionic surface for adsorption of the transition metal ions. A number of 

reports, principally from Japanese sources [e.g., 263,264], describe the use 

of sulfur dioxide-treated minerals, as initiating fillers, for the graft polym- 

erization of styrene or acrylic monomers; in many cases the oxidizing com- 

ponent of the presumed redox initiating system could be trace peroxides 

present in the monomer, or residual atmospheric oxygen. Adsorbed sulfur 
dioxide has also been used for initiation of the polymerization of monomer- 
-peroxide coinitiator mixtures adsorbed on particulates [265]. 

4.7.2 Grafting via Adsorbed Monomers 

The graft polymerization may employ minerals pretreated with surface- 

bonding monomers in order to form reactive surfaces that are capable of 

copolymerization with other monomers; examples of these treated miner- 
als include the unsaturated, silanized silica fibers (described in the pre- 
vious chapter) and acrylic acid (or sorbic acid)-treated titanias [51,266]. 

Alternatively, the mineral-containing polymerization mixture may 

include a strongly adsorbed monomer that can modify the surfaces in situ. 

These monomers include acrylic acid for basic surfaces, vinylpyridine for 

acidic surfaces, and alkylamino acrylates, acrylamide or glycidyl acrylate 
for a variety of hydroxylic surfaces. Some specific examples of such polym- 
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erization coating of minerals are calcite or titania with an acrylic acid- 

-methyl methacrylate copolymer [267], calcium carbonate with diacetone 

acrylamide copolymers [268], and chrysotile with a t-butylaminoethyl 

methacrylate-1,2-ethylene dimethacrylate copolymer [269]. In all these 

cases, grafting occurs by copolymerization between the chemisorbed 

unsaturated species and the propagating radicals formed in the superna- 
tant phase. 

A considerable number of other patents describe the preparation of 

polymer-coated particulates by polymerization of monomers in the pres- 

ence of powdered minerals or mineral dispersions in weak solvents. Exam- 
ples of this technique are the precipitation polymerization of short-chain 

acrylic monomers on to pigments suspended in a nonswelling, weak sol- 

vent such as hexane; the solvent-free encapsulated pigments can be readily 
dispersed in suitable solvents, as required, at a later date. As the mono- 
mers used in these examples often do not include species capable of strong 

adsorption on the mineral or of reaction with matrix polymers, graft for- 

mation between the matrix and the mineral is minimal. The treatments are 

primarily intended to improve the dispersibility and related properties of 
the minerals in plastics compositions, or to provide prefilled or pre- 
pigmented surface-coating emulsions or plastics molding compositions. 
Any mechanical improvement of their composites with other polymers 

results from improvement in dispersion or from the binding of the filler to 

the matrix by entanglement between the chains of the encapsulating and 

matrix polymers. Reinforcing fillers of this type can be prepared by polym- 

erization coating of chrysotile dispersions, in sulfosuccinate [270] or polya- 
nionic [271] surfactant-containing media, with polyacrylates or 

polystyrene; the products are suitable for compression molding into rein- 

forced plastics articles or for incorporation in other polymers. 
A novel class of encapsulated reinforcing fillers have been patented by 

the Amicon Corporation [272-274]; the postulated mechanism for rein- 

forcement by these Ceraplast® fillers has been outlined in Section 4.2.3. 
The fillers are based on a clay mineral, such as kaolin, and their use has 

been claimed to convert low-cost polyolefins to composite materials hav- 

ing mechanical properties equal to those of the nylons and other costly, 

engineering grade plastics. The fillers can be prepared by milling a mixture 

of the acidic surfaced clay, a basic monomer, a divinylic monomer, and two 

initiators, one of which decomposes at low temperatures and the other of 
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which decomposes at the higher temperature used for the subsequent 

melt-compounding of the treated filler in the polyolefin. The respective 

organic components, for example, might be 2-vinylpyridine, 1,3-butylene 

dimethacrylate, isopropyl percarbonate, and 2,5-dimethyl-2,5-bis(¢- 

butylperoxy)hexane. The total weight of monomers used is equal to 1 to 

5% of the weight of the kaolin. When this mixture is heated at moderate 

temperatures in an inert atmosphere, the percarbonate-initiated polymeri- 

zation of the monomers forms a highly cross-linked, high-modulus coating 

around each kaolin particle. The coating contains residual unsaturation 

because a considerable proportion of the divinylic monomer molecules 

would not have partaken in cross-link formation during this first stage of 

copolymerization; the coating also retains the unreacted high-temperature 

initiator. When the encapsulated filler is compounded in molten polyolefin, 

the second initiator decomposes, forming radicals that can abstract hydro- 

gen from the matrix polymer to form polymer radicals; these can react in 

turn with the residual vinylic groups of the coating polymer to form a 

grafted composite. 

A second variety of Ceraplast® filler contains an adsorbed, unreacted 

mixture of a basic (or acidic) mineral-bonding monomer, a divinylic mono- 

mer, and a high-temperature initiator; formation of the encapsulating 

modified polymer zone occurs during the compounding of the filler and 

adsorbed monomers with the molten polyolefin [275]. In these systems, 

the thickness of the modified zone and the possible gradation of modulus 
will depend on the rate of diffusion of the initiator and divinylic monomer 
from the filler surfaces. This procedure can result in the formation of an 

extended modified zone around the filler particles. An independent exami- 
nation of Ceraplast® compositions has shown that the second variety can 
provide the greatest improvement in tensile and impact properties of poly- 

ethylene, probably through the more extensive modification of the matrix 

polymer surrounding the filler particles [192]. A wide range of other mono- 

mer and initiator combinations is disclosed in the Amicon patents, but 
the relatively high cost of the monomers and initiators has so far limited 
the commercial viability of these modified fillers. Alternative reinforcing 

fillers which utilize the initiating capability of the kaolin surfaces have 
been patented [72,276]; these are described in Section 5.2.1. 

Modification of polymers by peroxide-initiated cross-linking during 

compounding is frequently used to increase the softening point and tensile 

strengths of polyolefins. This technique can be used with formulations 

containing fillers bearing adsorbed unsaturated species to obtain rein- 
forced, grafted composites. Grafted polymer layers can be formed in situ 
on kaolin particles, for example, by melt-compounding a mixture of the 
clay, polyolefin, maleic anhydride, and dicumyl] peroxide [277]. Graft for- 
mation with adsorbed monomers can also occur during melt-compounding 
in the absence of added initiator, by the reactions of radicals formed by 
mechanochemical processes such as shearing degradation of the polymer 
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melts. High grafting efficiency can be obtained in this manner if the min- 
eral surface carries a highly reactive chemisorbed monomer such as an 
acrylic ester or salt. Other graft-promoting additives, especially useful for 

imparting toughness to polyolefins containing high filler loadings, include 
the cyclic acrylamide, 1,3,5-triacryl-hexahydrotriazine [278], or maleated 
(maleic anhydride-grafted) butadiene polymers [279]. 

Modifying coatings can be formed by polymerization of a termonomer 

composition onto the surface of clays dispersed in aqueous media [280]. 

The monomer mixture used in this method contains an inexpensive diluent 

such as styrene, a polar bonding monomer such as acrylonitrile or an ami- 

noalkyl acrylate, and a cross-linking monomer such as divinyl benzene. 
The relative proportions of the three monomers can range from 98:2:0.1 to 

1:1:0.2. These coatings contain little residual unsaturation that could be 

used for grafting; they are mainly intended for improvement of dispersion 

and compatibility between the mineral and organic media. 
Whereas the use of high-modulus coatings can improve the mechanical 

properties of filled, low-modulus thermoplastics, improvement of filled, 
brittle, high-modulus thermoset resins is best obtained by the use of lower 

modulus coatings that can provide better stress distribution between the 
high-modulus matrix and filler and which can arrest the catastrophic prop- 

agation of cracks. This technique has been used, for example, for the 
improved reinforcement of epoxy resins by glass fibers or spheres, which 

had been pretreated with an aminoalkylsilane and then coated with a layer 
of a polyester-plasticized epoxy resin having a modulus, when cured, only 
20 to 80% of that of the cured matrix resin [281]. Chrysotile fibers coated 

with a rubbery (low modulus) layer also provide better reinforcement for 
brittle polystyrene resins than fibers coated with higher modulus poly- 

mers [271]. 

The modified fillers discussed in this chapter were, for the most part, 

obtained by some form of pretreatment before incorporation into a com- 
posite product. However, modification of the mineral surfaces can occur 

during compounding. This may result from the reactions of formulation 

ingredients, for example, of monomers and initiators, from reactions with 

degradation products such as carbony] derivatives or thermomechanical- 

generated radicals or from reactions with impurities in the matrix poly- 

mers. These reactions and interactions are beyond the scope of this book, 

but should not be overlooked, as they may have considerable consequences 

in the mechanical and chemical properties of the polymer-mineral inter- 

faces and, in turn, on the performance of the composite material. 
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In previous chapters we have described the variety of active groups 

which may be found on the surfaces of mineral pigments and fillers. We 

have also indicated their potential for initiating or catalyzing reactions 

with adsorbed or contacted organic molecules. In this chapter, we consider 

these and related reactions in more detail as well as demonstrating their 
practical importance in the utilization of mineral-organic systems. We 

shall be largely concerned with reactions that can occur at significant rates 
at temperatures below 300°C, a nominal maximum temperature to which 

most practical mineral-polymer systems might be subjected during proc- 

essing or in service. 
The mineral-catalyzed reactions described in this chapter are used pri- 

marily to illustrate reactions which are known to occur on surfaces of min- 

eral fillers and pigments or which are similar to those that could occur on 
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these materials, but which may not have been recognized. In many cases, 

we have had to concentrate on examples of an academic nature, as these 

are the only systems for which sufficient relevant details have been pub- 

lished. Whereas the colloidal and related physical chemical properties of 

many mineral organic systems have been extensively investigated, stud- 

ies of organic reactions which can occur at filler or pigment surfaces, par- 

ticularly in polymer matrices, have been comparatively limited in number 

and in scope. Hopefully, these aspects of mineral-polymer chemistry will 

receive more attention in the future. 

5.1 CATALYSIS AND MINERAL SURFACES 

The mineral-catalyzed reactions discussed in this chapter can be 

broadly divided into four classes, according to the type of catalytic species 

involved. 

(i) Reactions catalyzed by acidic species, such as those of the acidic 

aluminosilicate clay minerals, usually with the formation of cat- 

ionic or radical-cationic intermediates. 

(ii) Reactions catalyzed by basic species, such as those of metallic 

oxides and carbonates, usually with the formation of anionic inter- 

mediates. 

(iii) Photolytic or electron-transfer reactions catalyzed by variable- 

valence species, such as transition metal ions, or on semiconduct- 
ing surfaces, such as those of titania, with the formation of radical 

or radical-cationic intermediates. 

(iv) Reactions catalyzed by the polarization or other physical activa- 
tion processes of the adsorbed molecules. 

This classification is useful only as a guide because more than one class 

of chemical intermediates can be generated on a particular mineral surface. 
The Lewis acidic surface of alumina, for example, can adsorb a variety of 

alkenes as reactive, coordinated allylic anions, whereas the dehydration of 

alcohols and the adsorption of other alkenes can involve cationic carbe- 

nium ion formation. Aluminosilicate clay minerals, with their diversity of 

reactive centers, can also generate a variety of reactive intermediates, 

which may be cations, radical-cations, radicals, radical-anions, or anions, 

depending on the nature of the adsorbed organic species and the reaction 
conditions. 

We have chosen to classify the mineral-organic reactions principally 
according to the nature of the reactive intermediates formed, rather than 
discussing the reactions of particular classes of minerals or organic com- 
pounds. We believe this approach gives a better appreciation of the range 
of reactions that can occur on pigment or filler surfaces. 
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5.2 REACTIONS VIA CATIONIC INTERMEDIATES 

Heterogeneous reactions catalyzed by acidic minerals are widely used in 

the chemical and petrochemical industries and have been extensively stud- 

ied. Most of these studies have been concerned with cracking catalysts and 

their models, but the reactive sites of these materials are often similar to 
those occurring on the clay minerals and other pigments and fillers. Many 
of the reactions occurring on cracking catalysts or related materials can 

therefore serve as useful models for understanding the reactions occurring 
on other mineral surfaces. 

The examples discussed in this section mainly relate to the aluminosili- 
cate minerals, kaolinite and montmorillonite, but we could expect analo- 

gous reactions to occur on the surfaces of other aluminosilicate minerals, 

aluminosilicate-coated pigments, and other materials bearing surface 

Bronsted or Lewis species with sufficient acidity. 

We have already shown that the acidic mineral particles can be conven- 
iently represented by box-like structures, the surface of which may carry 

Lewis acid centers, usually associated with exposed, coordination- 

deficient lattice Al**, or other metal cations, plus a variety of Bronsted 
acid sites. The latter include hydronium ions at exchange sites, ligand 

waters bound to polyvalent exchangeable cations, and acidic hydroxyl 
groups. We have also shown that the surface acidity may increase dramati- 
cally on drying of the mineral at moderate temperatures and that this may 

be due to the reduced hydration of the proton-donating species, which 

increases polarization of residual water molecules, or to the unmasking of 

Lewis acid sites. The most active of the fillers or pigments are the acidic 
aluminosilicate minerals, or materials that have been encapsulated with 

acidic alumina-silica gel coatings. Some weakly acidic oxides, such as sil- 

ica, alumina, or titania, may be activated by surface treatment with their 

respective chlorides or with small amounts of sulfuric or phosphoric acid to 

form adsorbed, strongly acidic hydrogen sulfate or dihydrogen phosphate 

anions that are capable of polymerizing styrene [1,2]. 
The relative importance of Bronsted and Lewis acidic centers in mineral 

catalysis has been a controversial issue for many years, particularly in 
regard to the activity of cracking catalysts which, after activation at high 

temperatures, may contain predominantly Lewis acid sites. However, it is 
now generally recognized that most of the practical organic transforma- 

tions may, in fact, actually involve residual Bronsted acid species [3]. This 

conclusion is of particular relevance, as strong Lewis acid species (as dis- 
tinct from hydrated Lewis or potential Bronsted acid species) usually con- 

stitute only a minor proportion of the acidic centers on the surfaces of 

aluminosilicate minerals dried below 300°C. In contrast, while the active 

species on calcined aluminosilicates are often reported to be Lewis acidic 

centers, studies on calcined kaolins have shown that strongly acidic 

hydroxyl groups are tenaciously retained after calcination at tempera- 
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tures up to 900°C [4]; these hydroxyls are surface Bronsted acid species. 

The presence of Lewis acid species can be shown, for example, by infrared 

examination of a dehydrated mineral after treatment with pyridine, 

although selective poisoning of these sites may result in a corresponding 

decrease in the catalytic activity of the mineral. The products of the acid 

clay-mineral-catalyzed reactions usually correspond to those which would 

be initiated by protonation of one or more of the reagents. 

The cationic intermediates can be formed by several processes, which 

include (see Figure 5.1): 

(i) Transfer of a proton from a Bronsted acid species to an unsatu- 

rated center in the adsorbed organic molecule (Eq. 1). 

(ii) Protonation, followed by the elimination of a substituent group 

such as a hydroxy] (Eq. 2). 

(iii) Coordination of a polar group, such as a carbonyl, to a Lewis acidic 

species (Eq. 3). 

The yield of products obtained from a reaction catalyzed by an acidic 

clay mineral at moderate temperatures may be less than that obtained 
from industrial processes using zeolites or silica-alumina catalysts at ele- 

vated temperatures. This is partly due to the lower concentration of highly 

acidic centers on the surfaces of the clay, but also to the lower probability 

of complete regeneration of the catalyst, which results from the slow or 

incomplete desorption of the reaction products at the lower temperatures. 
This is most noticeable in condensation or elimination reactions when the 
products include species such as water or amines that are more basic than 

the reactants. While such reactions may be of little synthetic use, they are 

nevertheless important because many of the properties of filled or pig- 

mented polymeric media can still be significantly affected by self- 

terminated reactions, particularly if these involve the destruction or 

neutralization of additives, such as initiators or inhibitors, or the cross- 
linking or scission of polymer chains. 

In contrast, chain reactions, such as the polymerization of vinylic mono- 
mers, can yield large amounts of product from a comparatively limited 
number of catalytic centers. Once the active intermediates (e.g., carbenium 
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ions) are formed, propagation by reaction with a succession of monomer 
molecules proceeds without further intervention by the catalyst. In this 
way, the cationic polymerization of susceptible vinylic monomers, such as 

styrene or vinyl ethers, can result in high conversions to polymer. These 

reactions have been extensively studied, both because of their commercial 

potential and because of their value as a tool in the investigation of mineral 
surface acidity. 

5.2.1 Polymerization of Vinylic Compounds 

A wide range of vinylic monomers can undergo polymerization when 

contacted with acidic minerals. These monomers are among those recog- 

nized as being susceptible to cationic polymerization and include vinylaro- 
matics, vinyl ethers, conjugated dienes, and some alkenes [5-8]. Styrene 

has been the most extensively studied of these monomers. It is possible to 
compare its mineral-catalyzed polymerization with the analogous cationic 

polymerization in homogeneous media [5,6] or on acidic resins [9], for which 
detailed kinetic and product investigations have been reported. 

Styrene polymerizes readily at room temperature when contacted with 
a variety cf acidic minerals, particularly those having sites with Hammett 

acidity numbers, H,< — 3.0. Such minerals include dry attapulgite, alum- 
flocced kaolins, and bentonites [10], as well as decationized zeolites [8], 

calcined clay aluminosilicates, and high-silica silica-aluminas [11]. 

Styrene contacted with these minerals undergoes a violent reaction in the 

absence of a diluent. The average molecular weight of the polystyrenes is 

typically on the order of 1000 to 5000 daltons, corresponding to average 
degrees-of polymerization of 10 to 50. Cationic polymerization of styrene 

can occur on other minerals with acidic surfaces, although for weakly 

acidic minerals, the rate of cationic polymerization may be low and almost 
indistinguishable from those of other concurrent processes such as ther- 

mal and autoxidative polymerization. 
The propagating species in the polymerization can be shown to be a 

carbenium ion by a number of diagnostic observations. These include the 

following: 

(i) The polystyrene produced at room temperatures usually contains 

a large proportion of oligomeric material (dimers through pentamers); this 

is characteristic of cationic polymerization. 

(ii) The correlation between surface acidity and polymerization activ- 

ity of the catalysts. 

(iii) The inhibition of the polymerization by the addition of small 

amounts of bases such as water or ammonia. 

(iv) The absence of an electron spin resonance (esr) signal that might be 

indicative of a radical propagating species, although this test is not neces- 

sarily conclusive. 



184 ORGANIC REACTIONS CATALYZED BY MINERAL SURFACES 

Zz Za i 
+ 

StH + PhCH ae Ch real (4) 

H 

Figure 5.2 

(v) The lack of inhibition of the polymerization on addition of small 

amounts of radical-trapping agents, such as quinones, and the lack of telo- 

merization, shown by the virtual absence of halogen in the polymer, when 

the reactants include chlorinated solvents, such as chloroform. The polym- 

erization of styrene in the presence of atmospheric oxygen is also contrain- 

dicative of a radical propagating species. 

(vi) The appearance of a yellowish-brown coloration on the surface of 
the mineral during the polymerization. This coloration is discharged on 

addition of base and may be indicative of the presence of an adsorbed, 

styrene-derived carbenium ion. 

The nature of the initiation process has been the subject of controversy, 

but circumstantial evidence now indicates that initiation occurs at a 

Bronsted acid site by proton transfer to adsorbed monomer (Eq. 4 in Fig- 

ure 5.2) [12]. The polymerization of styrene by montmorillonites is not 
inhibited by triphenylmethy] chloride, which can poison Lewis acid cen- 

ters [13]. However, replacement of exchangeable Al’* or H,O* ions by Na* 

can greatly reduce the polymerization activity of aluminosilicates [14]. 

Studies of the vapor phase polymerization of styrene on an A\l- 

montmorillonite have shown the importance of bound surface water mole- 

cules. The polymerization-initiating species appear to be ligand waters 
associated with exchangeable Al** [15], the maximum rate of polymeriza- 

tion occurring on minerals containing approximately 9% of adsorbed 

water; larger amounts of water act as an inhibitor of the reaction. Analo- 

gous correlations between water content and catalytic activity have been 
observed for 1-butene on silica-aluminas [16] and for 2-butene on an Al- 

kaolinite [17]. Another indication of Bronsted acid initiation is the rapid 

exchange that can occur between the 6-hydrogens of styrene and a deuter- 
ated mineral surface [18]. 

The locations of the initiating sites on the surface of lamellar aluminosil- 

icates, such as kaolinite or montmorillonite, still have not been conclu- 

sively established. Pretreatment of these minerals with reagents such as 
polyphosphates, which can mask exposed octahedral lattice aluminums, 
can also drastically reduce the polymerization activity, indicating that the 
active sites may occur at the lattice edges [7]. This result is still ambigu- 
ous, as these reagents also mask Al** ions or other complex-forming poly- 
valent ions that may be occupying exchange sites or present in amorphous 
aluminosilicate contaminants. These species are present on most practical 
samples of aluminosilicate minerals [14]. The presence of at least two vari- 
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eties of Bronsted site on the surface of one commercial alum-flocced kaolin 
is shown by the bimodal molecular weight distribution of the polystyrenes 
[19]. Propagation of the polymerization proceeds by the addition of styrene 

molecules to the adsorbed initiating or propagating carbenium ions (Eqs. 5 

and 6 in Figure 5.3). The polymer chains will continue to grow until termi- 

nated by transfer of a proton to another monomer molecule or by other 
processes described later in this section. 

In a cationic polymerization, the propagating carbenium ions must be 

associated with counter-anions, the degree of interaction between the two 

being a function of the dielectric constant of the medium. If the polymeri- 

zation is initiated by proton transfer from an acidic mineral, the propagat- 

ing cation must remain close to the macro-anionic surface, unless some 

soluble anionic species is present to act as a counterion, and thus enable 
desorption of the growing chain. In systems where the monomer is 

absorbed and oriented in some regular conformation with respect to the 

propagating carbenium ion, the probability of a stereospecific polymeriza- 

tion is enhanced [20]. In an ideal case, this would result in formation of an 

isotactic polymer (1), in which all the monomer units in the chain are simi- 

larly oriented, or of a syndiotactic polymer (2), in which the units have an 
alternating orientation (see Figure 5.4). Random orientation of the mono- 

mer with respect to the propagating ion results in the formation of an atac- 

tic polymer. 
Although styrene has been reported to form a syndiotactic polymer 

when contacted with an acid-activated, calcined bentonite [21], recent °C 

nuclear magnetic resonance (nmr) studies have shown that polystyrenes, 
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prepared using various crystalline and amorphous aluminosilicate cata- 
lysts, are essentially atactic [22]. Despite the absence of tacticity, kinetic 

studies of the polymerization process indicate that the propagation does 

occur largely or entirely at the mineral surface [23]. 

Chain termination usually occurs by more than one process, and the 

resultant polymer contains a variety of end-groups. The principal termina- 

tion processes are (see Figure 5.5): 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

Transfer of a proton from the propagating carbenium ion to 
another monomer molecule, thereby initiating the polymerization 

of another polymer chain (Eq. 7). This process introduces a termi- 
nal unsaturated group. 

Proton transfer to the mineral surface (Eq. 8), thereby regenerat- 

ing the catalytic center, or to a more basic species such as water or 

amines added to quench the reaction. This also results in terminal 
vinylic unsaturation. 

Combination with an anion (Eq. 9). This is frequently an HO™ ion 
derived from a surface hydroxylic species, and results in a terminal 
hydroxyl group. 

Intramolecular cyclization (Eq. 10), followed by proton transfer, 
forming a terminal indany] group (3). 

Alkylation of an aromatic diluent or the phenyl rings of the poly- 
mer (Eq. 11). This results, respectively, in aryl end-group or 
branched chain formation. 
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Termination on aluminosilicate fillers occurs predominantly by proc- 
esses (i) or (ii), resulting in polymers containing terminal unsaturation; 
process (ii) is the more likely, in view of the rapid hydrogen exchange that 
can occur between adsorbed styrene and the mineral surface. The poly- 

mers also contain indanyl end-groups, resulting from process (iv), 
although these may also be formed by the reprotonating and cyclization of 

“dead” polymer chains. Polymers prepared using the more acidic cata- 
lysts contain greater proportions of indany] end-groups [22]. Alkylation of 
aromatic diluents, such as benzene or toluene, occurs to a minor extent if 

these are present. Hydroxyl end-groups, resulting from process (iii), are 

usually minor constituents or are absent in polymers formed using dried 
clay aluminosilicate catalysts [22], although they may be present in poly- 
mers prepared with other mineral catalysts [12]. 

The kinetics of the polymerization of styrene by acidic mineral surfaces 
are complex and show rate dependences that vary with monomer concen- 

tration [11,23]. Kinetic analyses are complicated by the variety of acidic 

initiating species that can occur on the mineral surfaces and their differing 

affinities for monomer and inhibitor molecules. Bittles, Chaudhuri, and 

Benson have provided a comprehensive kinetic analysis of the polymeriza- 

tion of styrene by an acid-modified montmorillonite [23]. 

Substituted styrenes may also undergo polymerization when contacted 

with acidic minerals. The rates of polymerization are qualitatively in 

accord with the relative reactivities measured in homogeneous acidic sys- 
tems or predicted from the effects of the substituents on the electron den- 
sity and basicity of the vinylic groups [24]. The order of reactivity for 

para-substituted styrenes is p-methoxystyrene > p-methylstyrene > 
styrene > p-chlorostyrene. Minerals having insufficient free strongly 

acidic sites for the polymerization of styrene at appreciable rates may 

readily polymerize the more basic methoxy or methyl-substituted 

styrenes. The polymerization of these more reactive monomers is also less 
susceptible to inhibition by basic impurities. a-Methylstyrene (Figure 5.6) 
can oligomerize when contacted with zeolite 5A and other acidic crystal- 

line and amorphous aluminosilicates. Because of the steric effects of the 
geminal a-substituents, the homopolymer has a low ceiling temperature 

(approximately 50°C), above which the polymer is thermodynamically 

unstable and may depolymerize. Polymerization on zeolite 5A at 25°C can 

yield a solid oligomer with an average degree of polymerization of 4, 

whereas reaction at 150°C yields the dimers, 2,4-dipheny]l-4-methylpent- 

1(and 2)-ene (4 and 5) [25,26]. The polymerization on an acid clay at 30°C 

yields the cyclic dimer (6) as the major product [27]. 
Other vinylaromatics that are known to polymerize on acidic minerals 

include vinylnaphthalene, divinylbenzene, and N-vinylcarbazole; vinylpy- 

ridines are not polymerized as protonation occurs at the nitrogen center, 

thus inhibiting the initiation process. 1-vinylnaphthalene is polymerized 

by acidic aluminosilicates in the liquid phase, but the frequent chain trans- 

fer results in a low degree of polymerization [28]. 1,1-diphenylethylene 
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forms a dimeric indane when contacted with aluminosilicates. Stilbene and 

indene form cyclic dimers and trimers when adsorbed on a copper mont- 

morillonite [29]; however, these reactions involve an oxidative process, 

and are described in Section 5.3. 
Alkyl vinyl ethers and diviny] ethers are readily susceptible to cationic 

polymerization, for example, by zeolites [30], and can be polymerized to high 

conversion even by weakly acidic materials like nickel cyanide [31]. The 

polymers often have low-molecular weights, and the reaction catalyzed by 

aluminosilicate fillers is usually self-limiting. This results from hydrolysis 
of the monomer or from chain termination by HO addition; these reac- 

tions yield acetaldehyde and alcohols, which are basic inhibitors and which 

can compete with the monomer for the acidic sites (see Figure 5.7). The 

polymerization processes for the vinyl ethers are probably similar to those 

of styrene, apart from the alternative termination mechanisms. 

Other vinylic monomers that can be polymerized by aluminosilicates or 

other strongly acidic minerals include alkenes, such as the butenes, and 

conjugated dienes, such as butadiene, isoprene, and piperylene [32,33]. In 

each case a cationic propagation mechanism has been proposed, and the 
initiating mechanisms are probably similar to those of the polymerization 

of styrene. The propagation reactions may be more complex than those of 

styrene because of the greater probability of rearrangement of the inter- 
mediate carbenium ions [34]. 

Isobutene can be readily polymerized when contacted with zeolites [35]. 

Simple alkenes other than isobutene are not readily polymerized by cat- 

ionic processes, unless the reactions are conducted at very low tempera- 
tures in the presence of Friedel-Crafts catalysts which can complex the 

monomer molecules; the products from acid-catalyzed reactions are usu- 

ally extensively isomerized oligomers. Polymerization of these monomers 
on mineral surfaces occurs only slowly at temperatures below 100°C and 

appears to be limited to the formation of the equivalent of a few monolay- 
ers of polymer. However, extensive formation of oligomers may occur at 
higher temperatures [36], and the treatment of aromatic fractions with 
dried clays has been proposed for the polymerization and removal by 
adsorption of unsaturated contaminants [37]. 

The mechanisms for the polymerization of the simple 1-alkenes are not 
as unambiguous as those of the more reactive vinylic compounds. It is 
possible that Lewis acidic species are required as cocatalysts for the 
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adsorption and activation of the alkenes, or that other activation proc- 

esses such as polarization of the monomer in the surface field of the mineral 

are necessary for polymerization. Most of the published examples of the 

application of simple mineral catalysts relate to the use of zeolites or simi- 
lar catalysts in the reforming of petroleum fractions [e.g., 34,38]. However, 
some mineral fillers and pigments have sufficient surface acidity to poly- 
merize adsorbed ethylene or propylene and thereby produce useful 
improvements in the oleophilicity of the minerals [39]. 

Conjugated dienes are more reactive than the simple alkenes and can 
polymerize rapidly, when contacted with acidic minerals, to yield useful 

products. The propagation reactions are more complex than those of the 

alkenes because the intermediate carbenium ions have allylic structures 
(see Figure 5.8) and can undergo 1,2-, 1,4-, or 3,4-addition; 1,4-addition usu- 

ally represents a minor pathway in the cationic polymerization. 

The polymer chains have unsaturated groups and can undergo alkyla- 
tion by propagating cations, either to form cyclic structures or to form 

intermolecular cross-links. The mineral-catalyzed polymerization proba- 

bly only incorporates five to ten monomer molecules before termination by 
proton transfer occurs. However, cross-link formation between a series of 
oligomeric chains can result in a polymer of high-molecular-weight that 

can encapsulate the mineral particles. If the cross-linking is sufficiently 

extensive, the polymer may be insoluble in organic solvents. 
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Kaolins and acidic bentonites can show a drastic reduction in catalytic 

activity following neutralization, by addition of amines, of only 10% of 

their acidic sites. Water can have a similar deactivating effect. A relation- 

ship between water content, surface acidity, and catalytic activity has 

been demonstrated for a number of clay mineral fillers. A kaolin containing 

0.2% of adsorbed water, for example, and having surface acidity, H,< — 

3.0 to —5.6 [7], is not an effective catalyst for the polymerization of 

styrene, although it can still cause the rapid polymerization of more basic 

monomers such as p-methoxy-styrene [24]. Other species that can inhibit 

the polymerization of styrene include low-molecular-weight esters, alco- 

hols, amides, aldehydes, and ketones [7]. Surprisingly, polyesters are 

reported to be ineffective inhibitors for the polymerization of styrene by 
clay mineral fillers. While some of the carboxy] groups are adsorbed on the 

strongest of the acidic sites, steric restrictions on the polymer chains may 

prevent adsorption on other active sites, which still remain accessible to 

the smaller styrene molecules. 

a-Methylstyrene and other more basic vinylic monomers can also 

inhibit the polymerization of styrene by mineral surfaces. These inhibitors 
are preferentially adsorbed at the initiating centers, forming carbenium 

ion-macroanion pairs that do not propagate to the less basic styrene. This 

failure to propagate, with copolymer formation, is in contrast to the copo- 

lymerization which may occur in homogeneous systems containing cata- 

lysts and solvents which enable the formation of free carbenium ions. 
Copolymerization of monomers on acidic surfaces has been alluded 

to in the patent literature, but there appear to be no reports of formal 

studies of the copolymerization of styrene or other monomers in this man- 

ner. Copolymerization of monomers of similar basicity, such as styrene 
and divinylbenzene, on acidic surfaces is feasible, but the inhibition 

of the polymerization of styrene by more basic monomers such as 

p-methoxystyrene, vinyl ethers, or N-vinylcarbazole, which can undergo 
homopolymerization in the presence of styrene, indicates that the copoly- 

merization of monomers of differing basicity is unlikely at low-to- 
moderate reaction temperatures. Polymerization of the less reactive 

monomer is inhibited by the stability and preferential adsorption of carbe- 
nium ions derived from the more basic monomer. 

When styrene is polymerized on a nonswelling acidic mineral such as 
kaolinite, virtually all the polymer is desorbed during the polymerization 
process, or can be removed by extraction with solvents. A small amount of 
polymer is usually tenaciously retained, but it is unlikely that this residue 
is grafted to the mineral surface, rather it is entangled or trapped in sur- 
face porosities. Styrene can be intercalated in montmorillonites by a proc- 
ess of displacement of some more-polar swelling liquid. The styrene can 
undergo a slow, acid-initiated polymerization during the intercalation 
process. This can propagate to the interlamellar absorbed styrene mole- 
cules, forming a nonextractable mineral-polymer intercalation complex 
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containing stabilized interlamellar carbenium ions [40,41]. Treatment of 
this intercalation complex with amines can yield products having anion- 
exchange properties, indicating that an alkylation reaction between the 
polystyryl cations and the amine had occurred [42]. 

Apart from its scientific interest, the mineral-catalyzed polymerization 

of styrene has commercial value for the preparation of oligomers as addi- 

tives, for example, in the processing of plastics and elastomers; the poly- 
merization processes have been the subject of numerous patents [e.g., 

43,44]. Although the use of natural minerals is usually cited, most of the 
patent examples employ synthetic silica~aluminas or zeolites, or exten- 

sively modified minerals that have large numbers of strongly acidic sites. 

The formation of oleophilic coatings by adsorption and polymerization 

of monomers on acidic mineral particles can be used to modify the surfaces 

of acidic fillers and pigments, thereby improving their dispersibility in 
organic media and the mechanical performance of filler-polymer compos- 

ites. These processes can provide alternatives to the surface modification 

treatments described in Chapter 4. Polydiene-coated minerals, in particu- 
lar, have potential as reinforcing fillers. 

The encapsulating polymers formed from the surface-catalyzed poly- 

merization of dienes contain considerable residual unsaturation that can 
be used for the grafting of other polymers, for example, by radical-initiated 
reactions with a matrix polymer or with vinylic or acrylic monomers 

[33,39,45]. The unsaturated poly(1,4-alkadiene) coatings, for example, can 

undergo autoxidation on storage in air, a process which introduces polar 

groups into the polymer as well as increases the cross-link density. Autoxi- 

dation also introduces hydroperoxide groups, which can initiate grafting 
with neutral monomers or matrix polymers, as well as with basic mono- 

mers. The latter can be used to both neutralize the surface acidity and 

promote bonding between the polymer and the mineral. 
Cross-link formation can also occur during the polymerization of non- 

conjugated alkadienes and of reactive divinylic compounds like the divi- 
nylbenzenes and bis-viny! ethers. These monomers may be copolymerized 
with their monovinylic counterparts to increase the effective molecular 

weight or to insolubilize the resultant polymers. This has a particular 

advantage in the preparation of modified fillers. As the propagating carbo- 

nium ions are constrained to the vicinity of the mineral surface, the poly- 

merization of a divinylic monomer or of a vinylic-divinylic monomer mix- 

ture by an acidic filler, suspended in an organic solvent, results in the 

encapsulation of the filler particles with polymer; little if any free polymer 

is formed in solution [46,47]. 

The catalytic activity of acidic minerals towards monomers can be dis- 

advantageous in some circumstances, for example, in the drying of styrene 

with zeolites [48] or the use of kaolins as fillers in styrene-polyester mold- 

ing compositions [49]. However, the surface acidity can usually be neutral- 

ized, or reduced sufficiently by the pretreatment of the mineral with a 
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Figure 5.9 Reaction mechanism for the acid-induced cationic decomposition of cumene 

hydroperoxide. 

small quantity of a base such as ammonia [e.g., 50] or a polyether [51], 

without affecting other properties of the mineral. As well as initiating the 

polymerization of vinylic monomers, acidic minerals may also catalyze the 

depolymerization of polystyrene and many other polymers [e.g., 52]. These 

reactions are the reverse of the cationic polymerization process and are 

discussed in Section 5.2.4. 
Acidic minerals can also catalyze the polymerization of monomers such 

as ethylene oxide and various other condensation polymerizations; these 

will be discussed in Section 5.2.4. Acidic minerals may catalyze the radical 
polymerization of monomers, either by redox processes not directly 

related to the surface acidity or by the acid-catalyzed radical decomposi- 

tion of peroxidic additives or impurities; these reactions are discussed in 

Section 5.3. 

5.2.2 Peroxide Decomposition 

Alkyl and alkylaryl peroxides and hydroperoxides have long been used 

for the curing or polymerization of mineral-filled plastics and elastomerics 

compositions; examples include “‘ketone peroxide”’ cured styrene-polyes- 

ter compositions and dicumy] peroxide vulcanized elastomers. Technolo- 

gists quickly found that compositions containing certain aluminosilicate 
clay minerals, or some silicas or acidic carbon blacks, required more perox- 
ide for adequate curing than similar compositions containing neutral or 

basic fillers. These observations were among the earliest indicating that 

clay minerals might not be as inert as earlier experience, largely gained 

from aqueous clay systems, suggested. The active fillers were found to 

induce an acid-catalyzed heterolytic (nonradical) decomposition of the 
peroxides, and byproducts typical of such acidic cleavage could be recov- 
ered from the vulcanizates or from model formulations [53]. 

The acid-catalyzed cleavage of cumyl] peroxide and hydroperoxide was 
well known at the time of these observations, and the decomposition of the 
hydroperoxide was in use for the large-scale commercial synthesis of ace- 
tone and phenol [e.g., 54]. This reaction is believed to occur by the mecha- 
nism shown in Figure 5.9. 
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Figure 5.10 The thermal, homolytic decomposition of cumene hydroperoxide. 

A wide variety of acidic catalysts can be used in this reaction, although 

solid heterogeneous catalysts are favored for their ease of separation from 

the products. Various minerals, such as natural or activated kaolinites and 
montmorillonites, attapulgite, and zeolites, as well as synthetic sili- 

ca-aluminas, are among the examples cited in the patent literature. The 

decomposition reaction results in high conversion of the hydroperoxide to 
phenol and is usually not accompanied by alternative radical-producing 

processes. In the case of cumyl hydroperoxide, the homolytic (radical) 
decomposition yields acetophenone as one product (Figure 5.10). The for- 

mation of acetophenone, or of phenol plus acetone, has been used for the 
quantitative differentiation between the two modes of decomposition of 
hydroperoxide adsorbed on mineral fillers and pigments [55]. 

The products from the industrial processes usually contain, as impuri- 

ties, acetophenone, a-methylstyrene monomer and dimer, dimethylpheny]- 
carbinol, p-cumylphenol, mesityl oxide, and hydroxyacetone. The 
acetophenone is probably a residue from the autoxidative preparation of 
the hydroperoxide from cumene, while the a-methylstyrene and the carbi- 

nol are decomposition products of dicumyl peroxide (see Figure 5.11), 
formed by condensation of the hydroperoxide [53,56]. This latter reaction 

can be used, with choice of a suitable aluminosilicate catalyst, for the pro- 

duction of a-methylstyrene [57,58]. 

The mineral-catalyzed decomposition of cumyl hydroperoxide can occur 
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at centers considerably less acidic than those required for the polymeriza- 

tion of vinylic monomers [24], and the reaction is less readily inhibited by 

basic impurities or reaction products. The catalytic activity of the miner- 

als generally correlates with the Hammett acidity of the surfaces. How- 

ever, minerals appear to be particularly effective as catalysts, in 

comparison to conventional acids of similar strength. Kaolin, for example, 

has been reported to have 120-fold greater activity than a similar weight of 
p-toluene sulfonic acid [55]. This increased activity is due, in part, to the 
stabilization of the intermediate carbenium ions through adsorption on 

the mineral surface. 
The facile cleavage and rearrangement is not confined to the cumy] per- 

oxide and hydroperoxide, but can occur with other alkylaryl peroxides or 

hydroperoxides that contain at least one geminal aromatic group. p- 
(Hydroxypropy])phenol, resorcinol, or hydroquinone can be produced from 

the corresponding hydroperoxypropyl-substituted precursors by reac- 

tions catalyzed by clays and other acidic minerals [59]. ar-Substituted phe- 
nols may be similarly prepared from ar-substituted benzyl hydroperoxides 

[60], but in these reactions and in the acid-catalyzed cleavage of other 

hydroperoxides having low thermal stability, the products may be accom- 

panied by appreciable amounts of aldehydes or ketones that are formed by 

the competitive radical decomposition mechanisms. 
Alkyl peroxides and hydroperoxides are more resistant to acid-induced 

cleavage, but still decompose when adsorbed on the surfaces of acidic min- 
erals [55] (See Figure 5.12). The half-life of t-butyl hydroperoxide on an 

acidic kaolin is approximately 6 min at 30°C, compared to 30 sec for cumy] 

hydroperoxide. However, the cleavage of the alkyl peroxides may occur by 
simultaneous, competitive homolytic and heterolytic pathways. In the 

case of the acid-induced decomposition of t-butyl hydroperoxide, 20 to 
30% of the cleavage may occur by a homolytic mechanism [61]. 

Diaroyl peroxides do not undergo appreciable acid-induced cleavage 

when adsorbed on dry aluminosilicate surfaces. A dry alum-flocced kaolin 

can adsorb benzoy] peroxide from a solution in toluene [55], but the perox- 

ide can be quantitatively desorbed on the addition of water, even after 

contact times of 100 hr at 20°C [19]. This is in contrast with the action of 

conventional Lewis acids, such as AIC], or BF,-Et,O, which promote the 
rapid decomposition of benzoyl peroxide to phenyl benzoate and CO,, at 

room temperature, via an apparently nonhomolytic process [62]. Zeolites 
may promote the decomposition of aroy] peroxides, but in these instances 
the reactions appear to be homolytic, with the formation of adsorption- 
stabilized benzoyloxy radicals; these reactions are described in Section 5.4. 

The acidic mineral fillers can interfere with the curing of styrene- 
polyester compositions, as well as affecting the vulcanization of elasto- 
mers. Retardation or inhibition of curing may occur by adsorption of the 
accelerators or other additives or by heterolytic cleavage of the peroxide or 
hydroperoxide catalysts. The acidic minerals can also adversely affect the 
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storage of the styrene-diluted prepolymers by promoting premature 
polymerization of the styrene. Potentially acidic minerals used in these 
formulations need to be neutralized by one or more of the methods 
described in Chapter 4, for example, by treatment with polyphosphates, 
by neutralization with bases, or by encapsulation with a neutral inorganic 
gel coating. 

The heterolytic decomposition of peroxides by acidic minerals can be 

used to advantage in improving the weather resistance of filled or pig- 

mented plastics composites. Much of the polymer embrittlement and deg- 

radation, which limits the outdoor service life of plastic articles, is caused 

by ultraviolet-light-induced autoxidation, with the formation and homo- 
lytic cleavage of hydroperoxide intermediates. The inclusion of acidic 
fillers can result in nonradical cleavage of the intermediate hydroperoxides 

and disruption of the autoxidation chain reaction. The addition of 1% of an 
acidic kaolin, for example, into polyethylene pigmented with 10% of tita- 

nia, results in a significant reduction in embrittlement on accelerated 
weathering, compared to that of a similarly pigmented polyethylene con- 

taining 1% of the neutral filler, talc [55]. 

5.2.3. Addition and Elimination 

Acidic mineral surfaces can catalyze the dehydration of alcohols, the 

cleavage of amines, and the elimination of the corresponding acids from 
esters, halides, and mercaptans. The minerals may also catalyze the 

reverse reactions such as the addition of water or amines to alkenes. The 

rates of these reactions are governed by the acidity of the mineral surface 

and the stability of the intermediate carbenium ions formed in Bronsted 

acid-catalyzed eliminations, but may proceed at significant rates under a 
variety of reaction conditions. The dehydration of primary alcohols by 

kaolinites, zeolites, or activated clays, for example, occurs rapidly at 150 

to 250°C, but may also occur to an appreciable extent on storage, at ambi- 

ent temperatures, of minerals treated with long-chain alcohols. Alkylam- 
monium montmorillonites may rapidly decompose on heating at 200 to 

250°C, with elimination of the alkyl groups as alkenes [63]. In contrast, 

hexadecyltrimethylammonium derivatives of some grades of montmoril- 

lonite undergo noticeable decomposition after several months’ storage at 

20°C, with the evolution of trimethylamine, hexadecanol, and hexadecene 

(Figure 5.13) [64]. Slow elimination reactions are also probably involved in 

the geochemical transformation of lipid and other organic sediments into 

petroleum deposits. 
The dehydration of alcohols may be accompanied by the formation of 



196 ORGANIC REACTIONS CATALYZED BY MINERAL SURFACES 

f 
Clne or (CH,),NH 

Cig N (chs), — 

+H,O 

ES (CH,), un =— (CH,),N + HO 

+ 

C,gH,0H + (CH,) NH 

+ 

H,0* + [=ai—o—si =| —— [=ai — on, Ho— sis] 

Figure 5.13 - Some modes for the decomposition of hexadecyltrimethylammonium ions on 

an acidic aluminosilicate surface. 

ethers and by the rearrangement of the intermediate carbocations to form 
a mixture of isomeric alkenes; in the case of 1,2-diols, the products may 

also include aldehydes, dioxanes, and dioxolanes. The dehydration of buta- 

nol or higher alcohols by aluminosilicates or other Bronsted acid species 

usually produces isoalkenes, for example, n-butanol and t-butanol both 

yield isobutene (Figure 5.14). Dehydration of alcohols at elevated tempera- 
tures, typically above 200 to 250°C, may also result in polymerization, 

cracking, and hydride-transfer reactions and the formation of alkanes, car- 

bon monoxide, and carbonaceous residues [65]. Heating of ‘‘single layer”’ 
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glycol-smectite or glycerol-smectite intercalation complexes, for exam- 
ple, above the boiling points of the respective alcohols, results in the forma- 
tion of black solids which may be useful as pigments [66]. 

The mineral-catalyzed dehydration of alcohols is not confined to the alu- 
minosilicates or acidic silica~aluminas, but can also occur in the cavities of 

the porous magnesium silicate mineral, sepiolite, at temperatures near 

300°C. Ethylene is the main product from the dehydration of ethanol by 
this mineral, while Mn-exchanged sepiolites can catalyze oxidative dehy- 
dration of the alcohol to butadiene [67]. 

Pure Lewis acid-catalyzed dehydrations occur via chemisorbed anionic 
intermediates; these may undergo double-bond migration without skeletal 
isomerization. However, the carbonaceous impurities, which accumulate 

on practical Lewis acid catalysts, can act as proton donors, or Bronsted 
acids. 

The rehydration of alkenes can yield mixtures of isomeric alcohols and 
ethers [e.g., 68], although ethers are often the dominant hydration prod- 

ucts. The mineral surface may introduce steric effects that can result in 

selective hydration, for example, of 1-alkenes to bis-(sec-alkyl) ethers in the 

interlamellar regions of an acidic montmorillonite [69]. The formation of 

sec-alkyl ethers is in contrast to the interlamellar dehydration of the 1- 

alkanols, which form di-(alk-1-yl) ethers by the nucleophilic displacement 

of water from a protonated alcohol molecule by an adjacent unprotonated 

molecule [70]. 
Cleavage of adsorbed or intercalated amines by acidic minerals may be 

accompanied by various transalkylation reactions; if water is present, 

alcohols and ethers may also be formed [63]. These reactions are usually 

accompanied by the formation of polymeric materials that can limit the 
conversion of the amines. The transformation of alkylammonium ions or 

amines, on heating their smectite complexes in an inert atmosphere, 

results from a series of equilibrated reactions that are catalyzed by pro- 
tons derived from highly polarized adsorbed, or ligand, water molecules 

[71] (see Figure 5.15). These reactions are favored by the low-diffusion- 

coefficients of the adsorbed amines. 
The decomposition of an ethylammonium montmorillonite, for exam- 

ple, can yield ethylene, ethanol, diethyl ether, ethylamine, and diethylam- 

ine, while heating of an ammonium montmorillonite with ethylene may 

yield small amounts of various ethylamine derivatives. Decomposition of 

the amine complexes in the presence of air can also result in oxidation of 

the intermediate species and the formation of carbonyl compounds as 

byproducts. The degradation of alkylammonium smectites is relevant to 

the performance of their commercial applications as gellants. Decomposi- 

tion of alkyltrimethylammonium bentonites on storage can result in the 

formation of unpleasant odors and in a marginal degradation in the rheo- 

logical properties of the organoclay. However, the degradation is more 

important at elevated temperatures and is one cause for the poor high- 
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temperature performance of greases using gellants prepared from some 

bentonites. 
The mechanisms originally proposed for the transformation of the alkyl- 

ammonium smectites involved reactions between pairs of protonated spe- 
cies [71]. We suggest that alternative mechanisms deserve consideration. 

The reactions may involve the Bronsted acid-catalyzed formation of tran- 

sient carbenium ions which could react with other, nonprotonated species 
which could exist in equilibrium with their protonated forms, but probably 

involve the displacement of water or amine by the reaction between pro- 
tonated and unprotonated amine or alcohol molecules (Figure 5.16). 

Amines and alcohols can undergo a similar series of reactions when 
adsorbed on zeolites [72], probably via similar mechanisms. Acidic miner- 

als can catalyze the conversion of an alcohol into an amine, for example, 

methylcyclopentanol into methylcyclopentylamine [73], or of aromatic 
amines into phenols [62]. 

Two types of mechanisms have been proposed for the dehydration of 

alcohols, respectively involving Bronsted and Lewis acid catalysis [74]. 

Bronsted acid catalysis occurs on the surfaces of aluminosilicates, silica, 

and possibly also on the surfaces of metal oxides ‘‘activated’’ by adsorbed, 

hydrated polybasic anions. Lewis acid catalysis occurs on the surfaces of 

metal oxides, but may also occur on aluminosilicate surfaces that have 

been dehydrated by calcination and used, for example, in low-conversion 

high-vacuum pyrolysis or desorption studies, so that the reaction products 
cannot accumulate on the catalyst surface. 

In the Bronsted acid-catalyzed dehydration, the alcohol is first protona- 

ted by the surface acidic species and then eliminates water to form a carbe- 
nium ion (Figure 5.14). The rates of the elimination reactions generally 
reflect the relative stabilities of the carbenium ions, namely, (1) tertiary > 
secondary > primary and (2) long chains > short chains. The carbenium 
ion may eliminate a @-proton, with or without isomerization, it may alkyl- 
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ate a coadsorbed species, or it may reform the alcohol or an isomeric alco- 

hol by reaction with water. Studies using amorphous silica-aluminas have 
shown that apparently all the surface acidic sites are capable of catalyzing 

the dehydration of alcohols, but that only sites having Hammett acidities, 

H, < —6.3 are involved in skeletal isomerization [75]. The elimination of 

water from adsorbed alcohols usually follows zero-order kinetics, indica- 

ting that the rate-determining step is the fission of the alkyl-oxonium 

bond [74]. The rate of elimination is often greater than that catalyzed by 

protonic acids of equivalent strength, as the mineral surface can stabilize 

the adsorbed carbenium ion and can also increase the subsequent rate of 

deprotonation through the availability of adjacent basic sites. 
The dehydration of an alcohol on a Lewis acid involves the adsorption 

and coordination of the organic hydroxyl group with the Lewis centers 

which, in the case of alumina, are coordination-deficient Al** ions (see Fig- 

ure 5.17). This is accompanied by hydrogen bonding with adjacent surface 

hydroxy groups. This complex differs from the Bronsted acid complex 

because the alcohol is chemisorbed as an ‘‘alkoxide,’’ with protons being 

donated to the mineral surface. This has been demonstrated in nmr stud- 
ies, which show the localization of the alkoxide, and the delocalization of the 

proton via a charge-relay process involving the Al-OH groups and O?7 

ions [76]. The donated protons are acidic, and the mineral-alcohol adduct 

can act as a Bronsted catalyst [77]; purely Lewis reactions may not occur if 

reaction products are allowed to accumulate on the mineral surface. The 

actual structures of the chemisorption complexes probably differ for the 
various types and environments of the Lewis sites, but they are similar to 

the structure shown below. A similar process could occur at low coverage 

on aluminosilicates, with coordination of the alcohol to exposed edge or 

tetrahedral-layer Al’* ions and transfer of protons to the basal oxygen 

sheets [78]. 

The actual mechanism for dehydration by Lewis acids is more complex 

than that indicated above. Apart from side-reactions that can form surface 

proton sources, the mode of dehydration of alcohols on alumina can vary 
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Figure 5.17 The dehydration of alcohols on alumina via a chemisorbed alkoxide intermedi- 

ate. 
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according to the type of alcohol. Primary and secondary alcohols have been 

reported to undergo dehydration on alumina by the Lewis acid-catalyzed 

mechanism, whereas tertiary alcohols undergo dehydration by a pseudo- 

cationic process. In these dehydration reactions, some water must be pres- 

ent in the form of surface hydroxyl groups for the reaction to proceed. 

The presence of water can influence the course of the dehydration reac- 

tions. For example, in the dehydration of 2- and 3-methylbutan-2-ols [79], 

the addition of water increases the yield of @-olefin from the 2-methy] iso- 

mer, but decreases that from the 3-methyl isomer; water decreases the 

aprotic (Lewis) acidity of the alumina. This appears to favor the elimina- 

tion of hydrogen from secondary, rather than from tertiary, carbons. 

The dehydration of alcohols adsorbed on rutile may also occur via carbe- 

nium ion or by z-allylic intermediates [80]. In the presence of water or high 
alcohol concentrations, Bronsted acidity is developed, resulting in the for- 

mation of carbenium ionic intermediates and the formation of isomeric 

alkenes. In the absence of water or excess alcohol, z-allylic intermediates 

with partial carbenium ion character are formed rather than the 7-allylic 

carbanions. 

Galwey [78,81], in studies related to the geological genesis of petroleum, 

found that the desorption of various intercalated medium- and long-chain 

alcohols (from their dehydrated montmorillonite complexes at 180°C, 

under high-vacuum, Lewis acid-catalyzed reaction conditions) yielded sim- 
ilar mixtures of C5 to C8 n-alkenes as the volatile products. Desorption of 
the alcohols under a lower vacuum, which would facilitate the readsorption 

of the reaction products and favor the formation of Bronsted acid catalytic 
species, yielded mixtures of C4 to C8 isoalkanes. These contained small 

proportions of n-alkanes but negligible amounts of n-alkenes. Mixtures of 

C6 to C8 isoalkanes are formed in analogous reactions of dodecanol with 
kaolinite. These products are similar to those obtained from dehydration 
on illite and montmorillonite at higher temperatures [82], indicating that 

the same carbenium ionic intermediates were involved and that the prod- 
uct distribution is probably determined by the rates of desorption. These 

products differ from those normally obtained using nonswelling alumino- 
silicates as catalysts. Such drastic redistribution reactions usually only 
predominate at temperatures above 300°C. This illustrates the powerful 
catalytic environment that can exist on the basal surfaces and in the 
interlamellar regions of the aluminosilicate clay minerals. 

The elimination of hydrogen sulfide from mercaptans is also believed to 
occur by mechanisms similar to those for the dehydration of alcohols; the 
reactions are less facile and, except under vigorous conditions, usually 
yield thioethers as the major products [83]. Esters can undergo Bronsted 
acid catalyzed cleavage, either via the formation of a carbenium ion or by a 
concerted mechanism, to yield alkenes plus acid, while amides can yield 
nitriles under anhydrous conditions [77]. In contrast, alkenes can con- 
dense with carboxylic acids intercalated in montmorillonites to form 
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esters via a Bronsted acid-catalyzed reaction [84]. Carboxylic acids may be 

decarboxylated via protonated intermediates when heated with acidic 
minerals at high temperatures. Stearic acid has been variously reported to 

yield a mixture of linear and branched C15 and C16 alkanes [77], or a mix- 

ture of 2- and 3-methylated C5 to C7 alkanes when heated with aluminosili- 

cates [82]. The difference in product compositions probably reflected the 

different experimental conditions. 

Alkyl] halides may eliminate hydrogen halides when heated with alumi- 

nosilicates, for example, zeolites [85], with the formation of carbenium ion 

intermediates which can alkylate coadsorbed species or result in polymer 

formation. The hydrogen halide produced may promote the reaction, 

although the decomposition may be promoted by the polarization of the 

halide in the surface field of the mineral rather than by protonation by 

some Bronsted acidic species. Dehydrohalogenations can occur on other 
oxide surfaces, and the addition of hydrogen halides to alkenes [86] or the 
formation of alkyl halides from alcohols [87] is also catalyzed by a wide 

range of mineral surfaces. The nitration of aromatic hydrocarbons by 65% 

nitric acid has been claimed to be catalyzed by montmorillonite [88], pre- 

sumably by promotion of the formation of adsorbed NO,*. 

Compounds lacking @-hydrogens or migrating groups, for example, ben- 
zyl or methyl compounds, may undergo a-elimination on mineral surfaces. 
Benzyl mercaptan, for example, yields trans-stilbene when heated with 
zeolites, possibly via carbene or carbenoid intermediates, while the dehy- 

dration of methanol adsorbed on calcined aluminosilicates or zeolites, 
above 250°C, results in the formation of dimethy] ether, which dehydrates 

to form ethylene and higher hydrocarbons. The hydrocarbons may result 

from the formation and decomposition of surface methoxides via carbene 
[89]. However, studies on the conversion of methanol or dimethy] ether on 

zeolites have shown that the methyl C-H bonds are initially nonlabile, 

thus ruling out carbene or oxymethylene intermediates. Instead, an 

oxonium species has been proposed as the intermediate in the formation of 
propylene and higher hydrocarbons and in the methylation of aromatic 

hydrocarbons by methanol over zeolite catalysts [90] (see Figure 5.18). 

5.2.4 Alkylation, Isomerization, and Depolymerization 

The carbenium ions, generated as intermediates in the polymerization, 

addition, and elimination reactions described in the previous sections, 

have been shown to be capable of undergoing extensive isomerization 

involving intramolecular hydride shifts and skeletal rearrangements. 

These ions may also be intermediates in acidic mineral-catalyzed intermo- 

lecular redistribution of hydrogen and skeletal fragments. Although zeoli- 

tes and silica-aluminas are usually used as catalysts for these reactions 

[90,91], they may also be catalyzed by natural or acid-activated clay miner- 

als [92]. Reactions on alumina or other metallic oxides may involve either, 
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Figure 5.18 One reaction sequence for the zeolite-catalyzed transformation of adsorbed 

methanol to higher hydrocarbons. 

or both, carbenium ion (Bronsted acid-catalyzed) or z-allylic (Lewis acid- 

catalyzed) intermediates. 
The acid-catalyzed isomerization of adsorbed organic molecules may 

take several different forms. Olefins adsorbed may undergo geometrical 

isomerization, double-bond migration, skeletal isomerization, condensa- 

tion, and cracking reactions. Saturated aliphatics may undergo skeletal 

isomerization or cracking, while alkylaromatics can undergo substitu- 

tional isomerization, alkylation, and dealkylation. The variety of products 
formed in the bentonite-catalyzed isomerization of the terpene, limonene, 
illustrates the extent of rearrangements that can occur on clay minerals at 

moderate temperatures [93] (see Figure 5.19). 

The course of the dehydration and isomerization ef 4-methylpentan-2-ol 
by silica-aluminas can be correlated with the acidic strength of the effec- 
tive catalytic sites (Table 5.1) [75]. These correlations do not necessarily 

apply to other systems, for example, the isomerization of butene on sili- 

ca-alumina has been reported to occur only on sites having a Hammett 

acidity, H,< — 12 [94]. Correlations between the acidity of titania, mont- 

morillonite, or other silicates, and the isomerization of pinene, and the 

energy of desorption of ammonia, have also been reported [95]. Titania 

containing adsorbed surface bisulfate ions can behave as a superacid cata- 

lyst with active sites having Hammett acidity H, < — 14.5. This material is 

capable of catalyzing the skeletal isomerization and redistribution of 

butane or isobutane at 50°C [94]. 

The extent of these various reactions is determined not only by the cata- 
lyst and reagents, but also by the reaction temperature and residence time. 

These factors determine whether the reaction system can approach ther- 
modynamic equilibrium or whether the product distribution is governed 

predominantly by the rates of the competitive reactions. In general, higher 

reaction temperatures and longer residence times favor more extensive 

rearrangements and redistributions. The products may also be determined 
by steric factors that can apply, for example, to reactions catalyzed by 
acidic sites within zeolite cavities or by interlamellar species in montmoril- 
lonites. 
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Figure 5.19 Some products from the acid-catalyzed isomerization of limonene. 

The alkyl carbenium ions undergo isomerization by a series of 1,2-shifts 

of hydrogen, alkyl, or aryl groups, the process favoring the formation of 

the most stable carbenium ion, that is, the ion with the highest degree of 
alkyl substitution or allylic, benzylic, or other conjugation. In alicyclic sys- 

tems, changes in ring size may also occur to reduce ring-strain and may 
involve distant unsaturated centers which can participate in the formation 

Table 5.1 Correlation between Nature of Reaction and 

Catalyst Acidity* 

Hammett 

Acidity Dehydration Isomerization 

of the Catalytic ee 

Centers” cis-trans 1-2C=C 1-nC=C _ Skeletal 

4.75 to 0.82 + _ — _ - 

0.82 to — 4.04 + + + _ - 

— 4.04 to —6.63 + ao ae + ~ 

Less than — 6.63 ~ + + + 7 

Source: J. P. Damon, B. Damon, and J. M. Bonnier, J. Chem. Soc., Farad. I., 73, 372 (1977). 

Indicators: 4-dimethylaminotriphenylcarbinol (pK, + 4.75); tris(4-methoxylphenyl)carbinol 

(pK, + 0.82); tris(4-methylphenyl)carbinol (pK, — 4.04); triphenylcarbinol (pK, — 6.63). 
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of transannular nonclassical carbenium ion intermediates (Figure 5.14, 7 

and 9). 
Early studies of the isomerization of the three butenes on aluminosili- 

cates showed that the sec-butyl carbenium ion (Figure 5.14, 8) was a com- 

mon intermediate [96]. This has been confirmed in recent tracer studies of 

labeled butenes [97] and by semiempirical quantum chemical calculations 

[98]. The formation of the carbenium ion on silica-aluminas is preceded by 

the formation of a z-bonded adsorption complex between the alkene and 
surface bridged-hydroxyl groups [98], whereas in zeolites, the 7-bonded 

complex may be formed with the exchangeable cations [99]. 
Bronsted acid-catalyzed isomerization reactions are sensitive to the 

nature of any exchangeable cations and to the water content of the reac- 

tion system. For example, the proportion of cis-trans isomerization of 2- 

butene by zeolites, compared to skeletal isomerization in the presence of 

excess water, increases on substitution of exchangeable Na* with Ca** 
ions [100]. Moderate hydration in sodium zeolites can increase the rate of 

isomerization of butene, as the water molecules can act as bridges between 

the proton-donating zeolite hydroxyl groups and the alkene [101]. 
The carbenium ions generated on the mineral surface may alkylate 

other adsorbed, nucleophilic species, such as amines, and aromatic and 

unsaturated compounds [102]. The polymerization of vinylic monomers is 
a special case of the latter reaction. Other examples can be found in the 

dimerization or trimerization of unsaturated fatty acids and esters. The 

oligomerization of natural unsaturated fatty acids, such as oleic acid or 

“tall oil’’ acids, in the presence of acidic clay minerals at 200 to 250°C is 
often used for the preparation of high-molecular-weight acids for resin pro- 

duction [e.g., 103]. The fatty acid ‘‘dimer’’ products comprise a mixture of 

linear saturated, unsaturated, and mid-chain monomethy]-branched 

monomeric acids, acyclic dimers and trimers, plus alicyclic and aromatic 

Ris CH; — (CHp),— oes (CH,)— CO,R 
CH,— (H,)— CH = CH — (CH,)CO,R 

s— Cre), ( 2) 2 Che (CH) — c = CH — (CH,) CO,R 

CH,— (CH,)— CH= CH— CH,— CH= CH,— (CH,)— CO,R 

Ys re ae 
CH,(CH,). (CH) COpR (CH,), 

CH,(CHp), (CH,)CO,R RO,C(CH,). 

€ Hp), 

CO,R 
Figure 5.20 Some products from the acid-catalyzed dimerization of unsaturated fatty 
acids. 
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Table 5.2 Structural Composition of Dimerized Fatty Acids* 

Structure Linoleic Tall Oil Oleic and Elaidic 

Linear 5 15 40 
Monocyclic aromatic 25 20 5 
Nonaromatic 30 50 50 
Polycyclic 40 15 5 

“Source: D. H. McMahon and E. P. Crowell, J. Amer. Oil Chem. Soc., 51, 522 (1974). 

materials (see Figure 5.20). The relative proportions of these products are 
shown in Table 5.2 [104]. 

The mineral-catalyzed alkylation of aromatics has already been demon- 

strated in the cyclization reactions of the styrene-derived carbenium ions. 
Some other examples include the condensation of carbonyl compounds, 

such as acetone, with aromatics to form carbinols [87]; the alkylation of 

aromatics by alkyl halides or alcohols [105,106]; the acylation of aromatics 

with carboxylic acids to form ketones [105]; the conversion of volatile 

unsaturated impurities in aromatic hydrocarbons to less volatile conden- 
sates by treatment with acidic minerals [107]; and the removal of contami- 
nants from phenol prepared by decomposition of cumene hydroperoxide. 
Acid clays can also catalyze the condensation of alkylanilines and formalde- 

hyde and the isomerization of resultant bis-N,N’-(arylamino)methanes to 

bis(aminoaryl)methanes [108] (see Figure 5.21). This reaction is an impor- 

tant stage in some of the dye-forming reactions discussed in Section 5.3. 

Acidic montmorillonites can also catalyze the alkylation of aromatics 

by alkenes [109]. This may proceed via extensive isomerization, as in the 

cyclization of 2-phenylpent-2-ene to 1,1-dimethylindane [110]. Montmoril- 
lonites and zeolites containing exchangeable transition metal ions, such as 

a Cu’*-montmorillonite, can have a surface acidity equivalent to that of 

aluminium chloride. These materials can catalyze the low-temperature 

alkylation of aromatic compounds [111] and the cracking of aliphatic 

hydrocarbons [112]. 
The carbenium ions may undergo intermolecular skeletal redistribution 

by transalkylation and depolymerization ‘‘cracking’’ reactions that are 

the reverse of the alkylation and polymerization reactions. These may also 

be accompanied by isomerization, as in the formation of isobutene from 

cracking of poly(1-butene). The cracking reactions usually occur at temper- 

atures in excess of 200 to 300°C, unless the organic material is a polymer 

with a lower ceiling temperature. Carbenium ion, and radical, intermedi- 

ates have been postulated for the geological transformation of organic 

materials into petroleum. These reactions are commonly believed to be 

catalyzed by aluminosilicate clay minerals codeposited in the organic sedi- 

ments [113-115]. The type of clay mineral present may determine the 

nature of the petroleum deposit formed. (Kaolins promote the formation of 
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Figure 5.21 

light petroleum and natural gas, while bentonites produce heavy petrole- 

ums [116].) The state of hydration of the deposit may also affect the course 

of the transformation. Long-chain carboxylic acids, for example, when 

heated at 250°C under pressure with aqueous montmorillonite, undergo 

radical-mediated decarboxylation, cleavage, and hydrogen abstraction to 
form low-molecular-weight n-alkanes, typical of those found in “‘young”’ 

deposits. In contrast, the reactions on dry montmorillonite yield carbe- 

nium ion-mediated products, such as branched-chain alkenes and alkanes, 

typical of those found in ‘‘old’’ deposits [114]. 

Hydrogen-transfer reactions may also occur between adsorbed species, 
resulting in an acid-catalyzed hydrogenation or dehydrogenation. 
Although alkanes can undergo hydride abstraction to form carbenium 

ions, this abstraction may also occur by “‘protonation”’ of a saturated car- 

bon, followed by elimination of molecular hydrogen, a process that is simi- 

lar to that catalyzed by the “‘super acids”’ [117]. However, the formation of 

carbenium ions from saturated materials adsorbed on aluminosilicates is 
more likely to arise by hydride exchange with other carbenium ions. 

Most of the mineral-catalyzed reactions occurring above 100 to 150°C 

are accompanied by the formation of polymeric carbonaceous residues on 
the catalyst surface. This material can act as a source or sink for hydrogen 

and is a potential source of protons for Bronsted acid-catalyzed reactions 
on Lewis acidic mineral surfaces. Many reactions are found to occur at low 
temperatures only after the mineral has been activated by reaction at 

higher temperatures. This pretreatment results in the formation of a parti- 
ally carbonaceous surface. Excessive ‘‘coke’’ production, however, can 

inhibit catalysis by blocking the mineral surface sites. 

Another source of protons, which may induce Bronsted acid-catalyzed 

isomerization reactions on Lewis acidic oxide surfaces, is chemisorbed 

water molecules which become active at elevated temperatures. Water on 
an alumina surface dissociates at temperatures above 150°C [99,118], and 

this dissociated water can poison the surface acidic and basic sites 

involved in the formation of z-alkenyl anions from alkenes. The residual 

surface hydroxyl groups of alumina have significant Bronsted activity 

[99], for example, isomerization and deuterium exchange between 1,1- 



REACTIONS VIA CATIONIC INTERMEDIATES — 207 

+ CHD, — CH =CH, 
H* " -H 

(a) CD,= CH— CH; ——_> _ CHD, - CH CH, 

-o 
CHD = CH—CH, 

=" 
(b) cD, =CH — CH; —————+ ee cD,= C — CH, 

I 
() ) 

10 11 

R 
ZR i i r 

CH,=C Pe Cc 

) CH, = cH, CH, = cHy ‘cH, eo SS 
/ + + 

hi OH OH Me OH, OH 
hi Al aA VM tthte 

Sag a, 

CH, 12 
) b+ | 

(4) (CH),C—CH= CH, == (CH),c—cH—CH, => (CHy,c—c =CcH, 

Figure 5.22 Reactions of allylic hydrocarbons on alumina. (a) Associative adsorption and 

exchange via carbenium ionic intermediates. (b) Dissociative adsorption, to form o-bonded 

anionic species. (c) Dissociative adsorption, to form z-allylic carbanions. (d) 

dideuteropropene and H,O, characteristic of acarbenium ion intermediate, 
can occur at temperatures near 150°C. However, adsorption at tempera- 

tures near 30°C appears to involve the formation of o-bonded propen-1-yl 

(10) and propen-2-yl (11) intermediate species, or of z-allylic carbanions (12). 

The isomerization of alkenes on these surfaces can occur by two proc- 

esses, an associative process involving proton transfer with some 

adsorbed protonic species to form a carbenium ion (Figure 5.22a) or a disso- 
ciative process involving the loss of a proton and the formation of an allylic 

carbanion adsorbed at a Lewis site (Figure 5.22c) [118,119]; the latter reac- 

tion is related to those occurring in the alumina-catalyzed dehydration of 

alcohols. Both modes may occur on the one catalyst surface under differ- 

ent reaction conditions; the reaction temperature appears to be a major 

factor. 
Isomerization of hydrocarbon chains containing nucleophilic hete- 

roatoms, such as oxygen or nitrogen, can occur readily on mineral surfaces. 

The isomerization of oxiranes (alkylene oxides) to carbonyl compounds is a 

common example of this class of reactions. Thus, butylene oxide adsorbed 

on Bronsted acidic surfaces is converted to butyraldehyde, with crotyl 

alcohol and methyl ethy] ketone as minor byproducts [120]. Isomerization 

of oxiranes may also occur on Lewis acidic surfaces but with the obvious 

exception of ethylene oxide, the products from these reactions are usually 
allylic alcohols formed via allylic carbanion intermediates. The carvomen- 

thene oxide, for example, is converted by a strong Bronsted acid, such as 

silica-alumina, to a mixture of aldehyde and ketones, while reaction on a 
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Lewis acid, such as titania-zirconia, produces a mixture of allylic alcohols 

[121] (see Figure 5.23). A commercially important example of the isomer- 

ization of epoxides is the acid clay-catalyzed degradation and detoxifica- 
tion of insecticides, such as dieldrin, which are converted to biologically 

inactive ketones when compounded with these supposedly chemically 

inert diluents [122]. 

5.2.5 Condensation and Hydrolysis 

Acidic mineral surfaces can catalyze a wide variety of hydrolytic and 

condensation reactions (see Figure 5.24). Examples of the condensation 

reactions include the esterification of sebacic acid by octanol [123]; the 

transesterification of dimethyl terephthalate with ethylene glycol, as one 

method for synthesis of poly(ethylene terephthalate) [124]; the reaction 

between tetrahydrofuran and acetic anhydride to form poly(butylene gly- 

col) diacetates [125]; and a related reaction, the step-growth polymeriza- 
tion of ethylene oxide to a poly(ethylene glycol). 

The widespread use of potentially acidic minerals as fillers in plastics 

compositions, or as “‘inert’’ diluents or carriers for herbicides, pesticides, 
and other biologically active materials, can result in degradative hydro- 
lytic reactions during compounding of the mixture or in subsequent stor- 

age. Soil surface-catalyzed hydrolysis is also an important mechanism for 

CO,CH, 

+ HO-CH,-CH;OH = ——> orroroeO)-corJ 

CO,CH, 

+ (CH,Co), 0 —- cho} CH,-CH;-CH>CH, - O : CO CH, 
Oo 

n 

Figure 5.24 
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the detoxification of agricultural spray residues and can complement the 
microbiological degradation of these materials. Clay mineral-catalyzed 

hydrolysis and transesterification reactions are also important in the 

transformation of organic sediments [126,127] and in the catalysis of pep- 

tide bond formation between amino acids adsorbed on clay mineral sur- 

faces [128]. Other geological organic transformations, such as the prebiotic 

formation of nucleotides and polypeptides, in which the clay mineral sur- 

faces may have acted as templates, are described in Chapter 6. 

Many of the pesticides used in agriculture are organophosphate deriva- 

tives; two examples are parathion and malathion. These thiophosphates 
are particularly susceptible to hydrolysis when adsorbed on the surface of 
aluminosilicate clay minerals, which are common constituents of most 
soils. The hydrolysis may be preceded by rearrangement of the thioester 
and occurs by reaction with ligand water molecules coordinated with the 

exchangeable cations on the mineral surfaces [129,130]. Minerals with 

adsorbed copper ions are potent catalysts for the hydrolysis of pyridone 
organophosphate pesticides, the reaction being promoted by the forma- 

tion of a copper chelate [131] (see Figure 5.25a). Other agricultural chemi- 

cals that are hydrolyzed on clay mineral surfaces include the chlorotriazine 

herbicides (see Figure 5.25b) and the chlorinated aromatic and alicyclic 
pesticides [132]. Acidic clay minerals such as attapulgite or kaolin were 

used at one time as diluents and wetting agents in pesticide dusts and 

sprays, but their use was found to result in loss of activity on storage. A 

dieldrin-attapulgite mixture, for example, lost 98% of its activity after 

storage for one week at 65°C, a temperature typical of that reached in 
railway boxcars in summer [122]. This loss of activity on storage can be 

overcome by the use of neutralized clays. 

RNH. UN (Cl R'NHW -N._LOH 
(b) 2 aoe SHO ZY OTe 

NHR NHR 

Figure 5.25 Surface-catalyzed hydrolysis of some agricultural chemicals. (a) Pyridone 

orthophosphates. (b) Chlorotriazines. 
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Figure 5.26 Examples of the surface-catalyzed condensation of carbonyl compounds with 

alcohols and amines. 

The clay minerals can catalyze the hydrolysis and degradation of poly- 

peptides (polyamides) and nucleic acids. Kaolinitic sediments, for exam- 

ple, can cause the hydrolysis of adsorbed purines, a reaction that normally 

requires catalysis by strong acids [133]. Clay minerals, such as montmoril- 

lonite, have been found to adsorb and degrade a variety of neutral drugs 

such as the digitalis glycoside, digoxin [134]. The adsorption and hydro- 
lytic degradation of the active ingredients is an important consideration in 
the formulation or coadministration of clay-containing drugs. Clay miner- 

als can also catalyze the hydrolysis or disproportionation of chlorination 

agents, such as Chloramine T [135]. The hydrolysis of hydrogen cyanide 

adsorbed on montmorillonite has been reported to yield formamide [136] 

and amino acids [137], the latter reaction being a possible prebiotic source 
of these materials. 

The hydrolysis of adsorbed vinyl] ethers to alcohols and aldehydes has 

already been noted. The acidic mineral surfaces can also catalyze the con- 

densation between these products, or between other alcohols and alde- 
hydes or ketones, to form acetals or ketals [138]; the analogous reaction 

between ketones and amines can be used for the production of ketimines 

[139,140] (see Figure 5.26). These condensation reactions are reversible, 

but the yields may be improved by the use of an acidic catalyst, such as 

silica-gel, which can absorb the coproduct water. The hydrolysis of 

aliphatic esters may also be catalyzed by aqueous aluminosilicates, but 
kinetics studies [141] have shown that the catalysis is effectively confined 
to acidic sites which, in the dry minerals, have Hammett acidities, H <7 
3.0. 

ren. 5()| + ROH ——— PhCH,OR + LO) + Ht 

Figure 5.27 
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Acidic minerals can catalyze the condensation, at elevated tempera- 

tures, of alcohols with phenols to form alkyl aryl ethers; for example, phe- 

nol and methanol are converted to anisole when passed over a 

silica-alumina at 200°C [142]. Alkyl or cycloalkyl benzyl ethers can also be 

obtained in good yield by the reaction, at 150°C, between the respective 
alcohols and a S-benzyltetrahydrothiophenium montmorillonite intercala- 
tion complex, the reaction occurring in the interlamellar spaces [143] (see 
Figure 5.27). 

Heterocyclic species, such as lactams, lactones, or oxiranes (epoxides), 

may undergo acid-catalyzed hydrolysis or condensation when contacted or 

adsorbed on mineral surfaces. Oxiranes may be converted by acidic miner- 

als into glycols or polyethers, with side reactions which include the isomer- 
ization of the oxirane into a carbonyl derivative, which can then undergo 

conversion to an acetal. For example, ethylene oxide can be converted into 

ethylene glycol, poly(ethylene oxide)s, 1,4-dioxan, acetaldehyde, and 2- 

methyl-1,3-dioxolane [144] (see Figure 5.28). If an alcohol is present, the 
products will include the corresponding alkoxyethanol [144,145], while 

mineral surface hydroxyl groups may be similarly incorporated with the 

formation of poly(alkylene oxide)-grafted surfaces [146]. 

Related examples of the mineral-catalyzed reactions of cyclic ethers 

include the polymerization of styrene oxide by zeolites [38], the 

montmorillonite-catalyzed reaction between cyclohexene oxide and a sec- 

ondary amine to form a 1,2-hydroxyamine [147], the condensation between 

furan and propylamine on zeolites to form N-propylpyrrolidine [148], the 

montmorillonite-catalyzed copolymerization of ethylene oxide and tetra- 

hydrofuran to produce prepolymeric intermediates for polyurethanes 
[149], and the conversion of &lactones to polyesters [150] (see Figure 5.29). 

Acidic mineral surfaces can catalyze the redistribution and grafting of 

siloxanes. Cyclic octamethyltetrasiloxane is converted by aluminosili- 

cates into linear poly(dimethylsiloxane), the catalytic centers being 

Bronsted acidic water coordinated with exchangeable Al’* ions [151]. In 

these reactions, adsorbed water can also act as a transfer or terminating 

agent, while reaction with surface hydroxyl groups, of kaolin, for example, 
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Figure 5.29 Some examples of the acid-catalyzed amination of cyclic oxides. 

results in the formation of mineral-siloxane graft polymers [152]. 
The intermediate carbenium ion formed in the ring-opening of the 

adsorbed oxiranes can initiate the cationic polymerization of monomers 
such as styrene, and the propagating cations can, in turn, react with the 

oxirane; for example, styrene can be copolymerized with epichlorohydrin 

by use of an Al-montmorillonite catalyst [153,154] (see Figure 5.30). 

Mineral fillers can assist in the formation of polyurethanes from isocya- 

nates and polyols. Hydrated fillers, such as gypsum, can provide water for 

reaction with the isocyanates [155], while the surface hydroxyl groups of 
silica and silicate glasses can catalyze the condensation reactions [156]. 

Zeolites can be used as carriers for amine catalysts and can act as cocata- 

lysts in one-pot polyurethane sealant compositions. The catalyst, triethyl- 
ene diamine, for example, is absorbed in the zeolite and the resultant 

complex mixed with the isocyanate and hydroxyl] terminated prepolymers. 

The mixture can be stored and is stable until contacted with moisture, 
which displaces the amine catalyst from its protective zeolite cage, thus 

initiating the curing reactions. Zeolites can also assist in other polyconden- 

sation reactions, such as polyesterifications, by absorbing the byproduct, 
water [157]. 

Another series of condensation reactions, which may be catalyzed by 

dry mineral surfaces, is involved in the formation of adsorbed “‘petrochor,”’ 

or ‘‘smell of earth.” This material is desorbed when soil is moistened and is 
responsible for the ‘‘smell’’ of rain which, in the arid areas of the Indian 

subcontinent and elsewhere, signals the end of a drought. Petrochor is a 
complex mixture of oxidized and nitrated phenolic and alicyclic com- 

R 
CH= CHy— CH5— Cl CH,— CH, — CH,—Cl g- CHy— CHy 2— CH, 2 
SI MPU 
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CH 
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Figure 5.30 
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pounds. It is apparently formed when organic vapors, for example, ter- 

penes from foliage, are adsorbed from the atmosphere on to the surfaces of 
dry soils or minerals, such as powdered basalt or kaolinized granites, and 

then exposed to sunlight [158]. The mechanisms involved are still 

unknown, and the extent of involvement by the mineral surfaces is 

obscured by the presence of some of the more volatile petrochor species in 

the atmosphere, as normal trace constituents, during sunny weather [159]. 

5.3 REACTIONS VIA RADICAL-CATIONIC INTERMEDIATES 

Radical-cations can be formed by the transfer of electrons from electron- 

rich centers of adsorbed organic molecules to electron-deficient centers or 
species that may be present on a variety of mineral surfaces. The electron- 

donating centers may be the z-electron clouds of aromatic or unsaturated 

groups or the lone-pair electrons of nitrogen, oxygen, or sulfur. The oxida- 

tion process can result in the formation of a charge-transfer complex, in 

which the transferred electron is shared between the mineral center and 
the organic species, or the transfer may be complete, resulting in the for- 

mation of a radical-cation. 
In homogeneous systems, the electron acceptor may be another organic 

molecule, such as tetracyanoethylene, which may form a charge-transfer 
complex with the donor molecule, or an oxidant, such as oxygen (see Figure 

5.31), ina strongly acidic environment, which may be a solution in a strong 

mineral acid, such as sulfuric acid. The electron transfer between organic 

molecules may also be promoted by the presence of Bronsted acids [160]. 
Dissociation of the charge-transfer complexes, with the formation of 

organic radical-cations, is also promoted by visible or ultraviolet irradia- 

tion. Radical-cations can be formed via charge-transfer complexes with 
very strong Lewis acids, such as aluminum chloride in rigorously aprotic 

media. 
Charge-transfer complexes can also be formed between the Lewis acidic 

sites on alumina or silica-alumina surfaces and coordinated aromatic com- 

ne oe i j Al 

Figure 5.31 One mechanism for the formation of aromatic radical-cations on an oxygenated 

Lewis acidic surface. 
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pounds that have low ionization potentials [161]; the charge-transfer com- 

plexes may be capable of dissociation, to form free radical-cations. 

Electron transfer between the aromatic hydrocarbon, perylene, and Al** 

ions in an aluminum-doped silica gel has been shown by the appearance of a 

six-line signal from a second paramagnetic species in the esr spectrum of 

the adsorbed perylene radical-cation. This is believed to arise from elec- 

trons trapped either on, or in the vicinity of, isolated *’Al** ions [162]. 

The nature of the oxidizing species involved in the generation of radical- 

cations on mineral surfaces is often uncertain. The potential electron 

acceptors may include transition metal ions at surface sites, or within the 
mineral lattice; adsorbed oxygen species, such as chemisorbed molecular 
oxygen, or oxygen radical-anions; exposed, coordination deficient metal 

ions; and lattice defects. The lattice defects may be formed during the acti- 

vation of the mineral, for example, by outgassing at high temperatures 

under vacuum for the removal of adsorbed oxygen or water from the min- 

eral surface. This process can also result in the elimination of molecular 

hydrogen from metal oxides or aluminosilicates and the formation of sur- 

face superoxide radical-anions, O, [163]. The formation of radical-cations 

by reaction between chemisorbed oxygen and aromatic hydrocarbons has 
been established [164], and the counterions associated with the adsorbed 

radical-cationic species are probably O,”. The radical-cations and the oxy- 

gen species may be present as clusters on the mineral surfaces [165]. 
Alumina and silica-alumina samples can contain powerful electron 

donor and electron acceptor centers in close proximity [166], and these can 

promote electron transfer between adsorbed species. Electrons may also 

be donated by the mineral to electron-deficient species, such as tetra- 
cyanoethylene or quinones, to form the corresponding radical-anions [167]. 

The radical-cations are generally very reactive and, unless they are reso- 

nance stabilized or sterically hindered, they can participate in reactions 
that include cleavage into radical and cationic fragments; dimerization, 

with the formation of dications; reaction with anions to form radicals; or 
reaction with olefins to form polymers, with propagation by either the radi- 

cal or cationic centers of the monomer-radical-cation adduct. The radical- 

cations may also undergo further oxidation in order to form diamagnetic 
dications, or disproportionate to form a mixture of neutral and dicationic 
species. 

Many of the reactions of absorbed organic molecules, now known to 
involve cationic intermediates and to be catalyzed by surface Bronsted 
acid species, were originally thought to involve radical-cationic intermedi- 
ates generated by electron transfer to surface Lewis acid species. This sup- 
position arose from studies of silica-alumina cracking catalysts, and 
similar materials, in which the catalytic activity could be correlated with 
the activity for oxidation of perylene and other polynuclear aromatic mole- 
cules. Some correlation was also found between the respective numbers of 
Lewis acid sites and oxidizing species apparently present on the mineral 
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surfaces. It was assumed that the surface species involved in oxidation of 
hydrocarbons were the same as those that promoted other reactions, such 
as polymerization or isomerization of adsorbed organic molecules. The rel- 

ative importance of Bronsted and Lewis acidic centers in mineral catalysis 

was the subject of considerable controversy during the 1960’s, the main 

protagonists being E. Hirschler (Bronsted acidity) and W. Keith Hall 

(Lewis acidity); their respective positions have been summarized in refer- 
ences 168-170. 

Evidence supporting the concept of Lewis acid activity included the 
following observations. 

(i) Infrared spectroscopic studies of pyridine and other amines 

adsorbed on catalytically active mineral surfaces showed that the domi- 
nant species were Lewis acid coordinated adducts, with little or none of the 

Bronsted acid protonated adducts. In these studies, the catalyst samples 

were usually activated by prior outgassing at high temperatures, which 
would have resulted in extensive dehydroxylation of the mineral surfaces. 

(ii) The spectroscopic identification of the chemisorbed polynuclear 
hydrocarbon species as cation-radicals, similar to those readily generated 

by oxidation in concentrated sulfuric acid and similar media. Bronsted 

acids would have been expected to only generate cationic species. 

(iii) The oxidation of triphenylmethane on silica-alumina and dry clay 

aluminosilicate surfaces, to form triphenylcarbenium ions that could be 
recovered as triphenylcarbinol after addition of water to the adduct. The 
carbenium ions were thought to form by hydride abstraction from the 
triphenylmethane by the Lewis acid species, although the fate of the 

hydride ions was never established. 

(iv) The facile oxidation of a variety of aromatic amines in anaerobic 

conditions to form highly colored radical-cations. 

(v) The decolorization of the stable free radical, diphenylpicrylhydra- 

zyl(DPPH), supposedly by electron transfer to surface Lewis acid species. 

The concept of Bronsted activity was supported by the following obser- 

vations. 

(i) Molecular oxygen can form thermally stable surface adducts with 

a variety of oxygen-containing mineral surfaces. These are known to be 

powerful oxidants. Activation of the mineral in a hydrogen atmosphere, or 

pretreatment with reductants, usually resulted in a drastic reduction in 

oxidizing potential of the catalyst, without a corresponding reduction in 

activity for other reactions, such as the polymerization or isomerization of 

alkenes. This showed that the oxidizing and the catalytic species were not 

identical. 

(ii) When isolated and identified, the products from mineral-catalyzed 
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polymerization or isomerization reactions corresponded to those expected 

from a Bronsted-catalyzed process. These studies included the use of deu- 

terium and tritium labeled minerals to demonstrate the involvement of 

surface hydroxylic species in the catalytic process. 

(iii) The catalytic activity of the mineral in the polymerization and iso- 

merization reactions was also correlated with the measurable proton acid- 

ity of its surface. 

(iv) Analogies could be drawn with the catalysis of Friedel-Crafts and 

similar reactions by Lewis acids, such as aluminium chloride, in which the 

true catalytic species are frequently protonic species derived, for example, 

from trace amounts of adsorbed water. These Bronsted acid species may 
be several orders of magnitude greater in catalytic activity than pure alu- 

minium chloride. 

One of the most important examples of the power of Bronsted acid- 
initiated reactions of adsorbed species was eventually provided by Wu and 

Hall [171]. They showed that the “‘oxidation”’ of triphenylmethane was 

catalyzed by Bronsted acid species, and that the reaction did not involve 

adsorbed oxygen, as proposed by Hirschler and co-workers, but instead a 

retroalkylation, followed by hydride abstraction from triphenylmethane 

by the diphenylcarbenium ions (see Figure 5.32). Earlier workers had failed 
to detect the benzene and diphenylmethane coproducts. 

5.3.1 Polymerization 

The polymerization of styrene and its derivatives by dried, acidic alumi- 

nosilicate minerals, such as kaolinite, montmorillonite, or attapulgite, was 

originally thought to involve a radical-cationic initiation process [10] (see 

Figure 5.33). This hypothesis was based on the then-current view that 

Lewis acidic sites were the dominant reactive centers on anhydrous alumi- 

nosilicate minerals and was supported by the observation of a semiquanti- 
tative correlation between the polymerization activity of a variety of 
ion-exchanged minerals and Lewis acid-related activities for oxidation of 
aromatic amines and decolorization of DPPH [172]. The initial styrene 
radical-cations were thought to undergo rapid dimerization to form dica- 
tions; these could propagate by a cationic mechanism and, because of the 
frequency of proton transfer to monomer, yield a polymer virtually indis- 
tinguishable from that initiated by a Bronsted acid. 



REACTIONS VIA RADICAL-CATIONIC INTERMEDIATES _ 217 

PhCH =CH, 
+e 

[ PhCH — CH, | 

ve 
+ + Sty | 

PhCH — CH,—CH,— CHPh 9———> wrrCH=CHPh + CH,—Ct 
| 
H 

Figure 5.33 

Further evidence for an electron-transfer-initiated polymerization was 
found in the enhanced activity of lamellar silicates containing exchange- 

able cobalt ions, compared to that of their sodium or calcium-exchanged 
forms. Cobalt vermiculite, for example, could initiate the polymerization 
of styrene, whereas the calcium and sodium forms of the mineral were inac- 

tive [10]. However, reexamination of the styrene oligomers produced in the 

cobalt vermiculite-catalyzed polymerization indicated that the reaction 
was initiated by Bronsted acidic species, probably residual water mole- 

cules coordinated with the Co** ions [19]. The dimeric fractions from this 
reaction and from that initiated by aluminum kaolinite consisted of a mix- 

ture of 1,3-diphenylout-l-ene and isomeric 1-methyl-3-phenylindanes; 
related moieties comprised the end-groups of the higher oligomers and 

polymeric fractions [22]. No 1,4-diphenylbutane or phenyltetralin deriva- 

tives, which would be indicative of dimerized radical-cation intermediates, 
were detected in the products from these reactions. 

Some evidence for possible radical-cationic intermediates in the Lewis 
acid-catalyzed reactions may be found in the esr observation of trapped 
radicals which are formed when styrene or a-methylstyrene is polymerized 

in the presence of 2,4,6-tri-t-butylnitrosobenzene and solutions of AICI, or 

BF,-Et,O [173] (Figure 5.34). However, the products from reactions in the 
absence of radical traps correspond to those formed by H”*, or AICIl,*, 

cation-initiated processes [5], indicating that the trapping agent itself is 

probably involved in the anomalous initiation. 

5.3.2 Dye-Forming Reactions 

Acidic clay aluminosilicates are capable of rapidly converting a variety 
of colorless, reduced, or leuco-dyestuffs into their oxidized, colored forms 

when solutions of leucodyes are contacted with the minerals [174]. These 

reactions are the basis of the widely used carbonless copying papers and 

duplicating materials. They probably also occur in the preparation of the 

ancient pigment, Maya Blue, an indigo-attapulgite complex [175]. Other 

dye-forming reactions, such as the oxidation of benzidine or N,N,N',N'- 

tetramethylbenzidine, have been used for the identification of bentonitic 

clay minerals [176,177]. These oxidations, like those of the polynuclear 

hydrocarbons, involve the formation of radical-cationic intermediates or 

products. 
Montmorillonite contacted with a solution of benzidine dihydrochloride 
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Figure 5.34 Polymerization of styrene by anhydrous aluminum chloride. (a) By a radical 

mechanism, in the presence of t-butyl nitroxide. (b) By a cationic mechanism, initiated by 

aprotic ionization of Al,Cl,. 

rapidly develops a blue coloration, which changes through green to yellow 

as the complex is dried and as the surface acidity of the mineral increases 

[178,179]. The blue-colored species consists of the radical-cation, or possi- 

bly of a charge-transfer dimer, the electronic structure of which is analo- 

gous to that of quinhydrone. The oxidation can be inhibited by 
pretreatment of the mineral with hydrazine or polyphosphates [176]. 

The Benzidine Blue (see Figure 5.35) is formed by electron transfer be- 

tween the adsorbed amine and an acceptor species within the mineral lat- 

tice. The adsorption and oxidation processes are initially reversible and are 

believed to occur by the sequence of equilibrated reactions [180,181]. Most 

of the oxidation sites occur on the interlamellar surfaces. The electron ac- 
ceptors have been shown to be Fe®* substituent ions located in the octahe- 
dral layer, electron exchange occurring across the aluminosilicate bound- 

ary [180]. The resultant Fe’* ions can be regenerated by aerial oxidation. 

Freshly formed Benzidine Blue can revert to benzidine when the complex 
is extracted with ethanol [182]. On standing or on exposure to oxygen, 

further oxidation and condensation reactions occur, resulting in a perma- 
nent coloration. 

The yellow-colored species, which is formed when the blue complex is 
dried, was originally thought to be a benzidine radical dication. It is now 
known to be the dication, formed by disproportionation of the radical- 
cation in the increasingly acidic environment that develops on dehydra- 
tion of the mineral [183]. This reaction is largely reversible, and the blue 
color of the radical-cation reappears on moistening of the yellow complex. 

Oxidation of benzidine to Benzidine Blue can occur on most other clay 
minerals, with the possible exception of talc. The development of color on 
nonswelling aluminosilicates, or on the magnesium silicate, hectorite, is 
often slower than on montmorillonite [176]. In the case of iron-free hectori- 
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Figure 5.35 Benzidine radical-cation; one canonical structure. 

tes, color development is dependent on aerial oxidation of the base [183], 

but Fe®*-containing hectorites can rapidly convert benzidine to its radical- 

cation complex [184]. The development of a stable blue color is only possi- 

ble when the radical-cation is adsorbed on, and can form a z-complex with, 

the silicate oxygen sheets; Benzidine Blue formed in solution is only tran- 

sient and rapidly decomposes to brown-colored products [182]. 

Other benzidine derivatives, such as tetramethylbenzidine or diamino- 

stilbene, are also readily oxidized to colored species when contacted with 

acidic minerals. In the case of N,N,N’, N'-tetramethylbenzidine, the green- 

ish color of the radical-cation does not alter on dehydration of the complex. 

The bulky methy] substituents prevent the close approach of the nitrogen 

centers of adjacent molecules necessary for the electronic transfer process 

which yields the dication [185]. Other dipheny] derivatives that are isoelec- 
tronic with benzidine, such as 4,4'-dihydroxydipheny] or its dimethyl 

ether, may also be oxidized to form green-colored quinonoid surface com- 

plexes with montmorillonite [186]. Aniline is slowly oxidized on mont- 

morillonite, with formation of brownish materials; the probable oxidant in 

this case is atmospheric oxygen [183]. However, photoirradiation of ani- 

line adsorbed on silica-alumina results in the formation of the aniline 
radical-cation. This can dimerize, forming benzidine, and undergo further 

oxidation to yield Benzidine Blue [187]. Photoassisted oxidation of phena- 
zine to its radical-cation can occur on silica-alumina or magnesia surfaces 

[188]. 
The carbonless copying papers consist essentially of paper coated with 

a mixture of the acidic clay mineral, an acidic resinous binder, and micro- 

capsules containing the color-forming leuco-dyes dissolved in an oily sol- 

vent system; the walls of the microcapsules serve to insulate the 

color-formers from the acidic mineral. Pressure from a pencil tip or the 

impact of a typeface causes the microcapsules to rupture, releasing the 
leuco-dye solution which is then adsorbed on, and reacts with, the mineral 

surfaces to form the colored imprint. Accidental pressure or creasing will 

also cause colored marks on these papers. An alternative system, which 

requires contact between two separate sheets of paper, is frequently used 

in docket books and stationery forms. In this system, the capsules contain- 

ing the leuco-dye are coated on the reverse side of the original sheet, and 



220 ORGANIC REACTIONS CATALYZED BY MINERAL SURFACES 

Figure 5.36 (a) Color-forming dialkylamino- 

RN <O)- NN <O)- NH— biphenylamino and (b) dialkylaminobenzenea- 

zoanilino functional groups. 

the acidic mineral on the underlying duplicate sheet; pressure causes the 
capsules to rupture and transfer the color-forming solution to the mineral- 

containing layer on the duplicate sheet. 
Benzidine is not suitable for use in carbonless papers, but derivatives, 

such as tetramethylbenzidine, and related compounds containing dialkyl- 

aminobiphenylamino (Figure 5.36a) or dialkylaminobenzeneazoanilino 

(Figure 5.36b) groups are used commercially as color-formers. Full color 

development by oxidation of the benzidine analogues is a slow process, and 

other color-formers which give a rapid reaction, but yield colors more sus- 

ceptible to fading, are sometimes used in conjunction with the slower- 
acting, permanent color-formers. The most important of these rapid 

color-formers are lactones related to leuco-Crystal Violet lactone or Mala- 

chite Green o-carboxylic acid lactone. When one of these lactonic leuco- 

dyes is adsorbed on a mineral surface, the lactone ring opens to produce the 
colored zwitterionic form of the dyestuff (see Figure 5.37). This reaction 

results from the polarizing influence of the mineral surfaces [189] and is 
promoted by acidic species [190]. 

A wide variety of color-formers that can provide stable impressions 
with hues ranging across the spectrum from red to violet have been pat- 

ented; some examples are briefly reviewed in references 191 and 192. A 

wide range of acidic minerals and activating treatments have also been 
patented for use in production of carbonless copying papers. The minerals 

are usually acid-treated bentonites, attapulgite, kaolin, or silica-aluminas. 

The activity of these may be enhanced by exchange with Fe** or Ni?* ions 
[190] or by the inclusion of zinc chloride [193]. 

The acidic minerals can catalyze the oxidation of triphenylmethane 
(rosaniline) leuco-dyes (see Figure 5.38). The oxidation of the tris- 

NR» NR, 

c—O 

2 NR, R2N » 

Figure 5.37 Formation of the colored zwitterionic form of a triphenylmethane lactone 
leuco-dye. 
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Figure 5.38 One mechanism for the oxidation of triphenylmethane leuco-dyes. 

(dimethylaminophenyl)methane (leuco-Crystal Violet) is believed to 
involve an initial electron abstraction from one of the nitrogen lone-pairs 

with the formation of a radical-cation that can transfer a hydrogen atom 

(or electron plus proton) to a surface receptor. The hydrogen acceptor is 

usually oxygen adsorbed on the mineral surface. The reaction may become 

autocatalytic as the HO,” and HO,” species produced are efficient oxi- 
dants. Alkylamino derivatives of triphenylcarbinol are also used as leuco- 

dyes; these undergo protonation and eliminate water when adsorbed on 
acidic surfaces. 

Leuco-derivatives of the cationic thiazine dyestuff, Methylene Blue, 

related compounds, and their phenoxazine analogues, are also used as 
color formers [194] (see Figure 5.39). These leuco-dyes usually consist of N- 

acyl derivatives, which can undergo hydrolysis and oxidation when 

adsorbed on an acidic mineral surface; N-benzoyl-leuco-Methylene Blue, 

rit 
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(CH NW7S5-S N(CH), (CH) NS s~ SShucH, 

Figure 5.39 Some reactions involved in the surface-catalyzed color formation from benzoyl- 

leuco-Methylene Blue. 
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Figure 5.40 One reaction sequence postulated for the formation of leuco-Crystal Violet and 

tetramethylbenzidine radical-cationic species by the oxidation of dimethylaniline on Kaolin- 

ite or montmorillonite surfaces. 

for example, would form the dye cation and benzoic acid. However, the 
color development process is more complex than implied by this simple 

reaction sequence. The initial products from the reaction on silica gel or on 

attapulgite, for example, can consist of a mixture of colorless mono-, di-, 

and trimethyl derivatives of N-benzoyl-leucothionine plus their oxidized 

derivatives, the mono-, di-, and tri-methylthiazines, as well as Methylene 

Blue (tetramethylthiazine) itself [195]. The demethylation of the leuco- 

dyes and/or their oxidized forms are reported to occur by a photoassisted 
radical process, although the reaction could involve electron-transfer 

mediated demethylation processes, similar to those which occur during 

the oxidation of other dimethylamino-substituted aromatic compounds, 
including the triphenylmethane leuco-dyes. 

Aromatic amines with low ionization potentials, for example, dimethyl- 
aniline or o-methoxyaniline, can be oxidized on montmorillonite or other 

acidic mineral surfaces to form colored complexes. The oxidation products 
of dimethylaniline (DMA) have been examined in some detail and have 

been shown to include the tetramethylbenzidine (TMB) radical-cation com- 

plex and the triphenylmethane dyes, Crystal Violet and Methy] Violet (see 

Figure 5.40). DMA reacts with montmorillonite to form a green-colored 
complex that may be a derivative of TMB [196], although this has not been 

proven conclusively. DMA is dimerized to TMB via the radical-cation in 
electrochemical syntheses [197], and a similar electron-transfer initiated 

reaction may occur with the intercalated amine. 
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Figure 5.41 The probable mechanism for oxidation of dimethylaniline on Laponite® and on 
other acidic surfaces. 

The oxidation of DMA adsorbed on kaolin apparently takes a different 

course, as the products from the greenish-yellow complex include Crystal 

Violet plus related svecies [172,196]. Oxidation of DMA with oxidants 

such as cupric sulfate is used for the commercial manufacture of Crystal 

Violet. The dyestuff is also formed by the oxidation of DMA in the pres- 

ence of aluminum chloride [198]. 

The oxidation of DMA intercalated in Laponite®, a synthetic iron-free 

hectorite, has been shown to be complex [199]. It apparently involves the 

formation of an intermediate, a bis(anilino)methane, which can yield a blue 

quinoid cation on oxidation in an acidic environment; this monocation 

forms a yellow dication in strongly acidic environments. Methyl Violet is 
formed by condensation of the quinoid cation with DMA, followed by oxi- 

dation of the resultant leuco-base. The oxidation of DMA on montmoril- 
lonite may also involve the formation of the dianilinomethane as well as, or 

instead of, tetramethylbenzidine. 
The dye-forming oxidation of DMA on Laponite® was thought to 

involve the formation of formaldehyde as a transient intermediate [199]; 

this is a dubious assumption. More probably, the mineral-catalyzed con- 

densation involves an intermediate methyliminium species (Figure 5.41), 

formed from the initial DM A-mineral charge-transfer, a process analogous 

to that proposed for the oxidation of DMA in homogeneous systems [200]. 
The predominant formation of Crystal Violet requires the presence of 

excess DMA, to swamp the methylaniline and its derivatives which are 
formed as byproducts in the initial oxidation and condensation reactions. 

The composition of the products formed in the restricted environment of 

the montmorillonite interlamellar space probably differs from those 

formed in the oxidation of DMA adsorbed on the exterior surface of a 
kaolinite. However, detailed quantitative analyses of the products formed 

in the DMA-mineral reactions have not been reported. Triphenylmethane 
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dyestuffs may also be produced by the montmorillonite-catalyzed conden- 

sation of DMA and benzaldehyde [189]. Triphenylamine can be oxidized to 

form a red-colored complex when adsorbed on the exterior surfaces of dry 

montmorillonite [201]. The complex is believed to contain N,N,N',N'- 

tetraphenylbenzidine, formed by dimerization of the triphenylamine 

radical-cations. 

5.3.3 Metal Arenes 

Transition-metal ion-exchanged smectites are capable of forming 

charge-transfer complexes with a variety of aromatic hydrocarbons 

(arenes). The most notable of these complex-forming smectites is Cu’*- 

montmorillonite. This mineral can adsorb benzene to form two different 

types of complex: a green-colored ‘‘Type I’ complex and a reddish-brown 

“Type II’? complex [202]. The Type I complexes are formed by the 
hydrated mineral and contain Cu** ions coordinated with the edge of the 

benzene rings, which retain their planar structure and aromaticity. 

The Type II complexes are formed by dehydration of the mineral in the 

presence of the arene, which enables electron transfer to occur between the 

bare Cu’* ions and the aromatic rings, forming arene radical-cations. 
These radical-cations are not free, but are bound to the Cu‘ ions in the form 

of charge-transfer complexes. This is evident from the esr spectrum of the 

benzene complex, which shows a single sharp resonance signal, arising 

from the radical-cation. The expected hyperfine splitting by the ring pro- 

tons is lost in the exchange-narrowing of the resonance caused by the rapid 
interchange of electrons between the arene and its associated metal ion 

[203]. A significant proportion of the radical-cations formed in the charge- 

transfer process apparently undergo disproportionation, or further oxida- 

tion to form the diamagnetic dications, as the number of Cu”* ions reduced 

exceeds the number of radicals or radical-cations produced (see Figure 
5,42). 

Type II complexes can also be formed with thiophene, naphthalene, 

anthracene, and bipheny] [203]. Methyl substituents can interfere with the 

formation of the charge-transfer complexes, and the methylarenes tend to 

form only Type I complexes [204]. In contrast, anisole can form a Type II 
complex with Cu’* montmorillonite [205]. 

The Type II complexes can revert to Type I species on rehydration in an 
inert atmosphere. Rehydration in the presence of moist air can result in the 
polymerization of the arene, the benzene complex, for example, forming 
poly(phenylene) [206]. The polymerization may involve radical intermedi- 
ates, as metal arenes of this type can react with oxygen, either to form 
radicals or free radical-cations [29]. Aging of the anisole complex results in 
formation of dimethoxybipheny] through the dimerization and deprotona- 
tion of the radical-cation [207]; other arene complexes may also form oligo- 
mers on storage. The oxidative polymerization of benzene to 
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Figure 5.42 The formation and dimerization of a metal arene in a benzene-Cu-mont- 
morillonite charge-transfer complex. 

poly(p-phenylene) by an AICl,-CuCl, mixture, which also involves forma- 

tion of radical-cationic intermediates, probably involves a stepwise cat- 

ionic propagation process [208]; the chemistry of this system would be 
relevant to that of the intercalated arene complexes. 

Arene charge-transfer complexes can also be formed with montmoril- 
lonites or hectorites containing Ag*, Fe**, or VO,* ions. These complexes 
are not formed with smectites, such as saponite, in which the anionic 

charge results predominantly from isomorphous substitution in the tetra- 
hedral layers. In the case of the Fe®* smectites, charge transfer only occurs 

with freshly prepared mineral specimens, which contain hydrated Fe?* 

ions. These hydrated ions, like those of Al®*, undergo hydrolysis on aging, 
in order to form oxy-cations which are ineffective as oxidants. Aging of 

Fe®*-exchanged smectites also reduces their ability to oxidize benzidine to 
Benzidine Blue [184]. 

The formation of charge-transfer complexes can often enhance the 
chemical reactivity of adsorbed species. Dry montmorillonite, for example, 

forms a purple charge-transfer complex with pyridine, which can readily 
hydrolyze in the presence of water vapor, to give the ammonium enolic salt 

of glutacondialdehyde [209]. The complexes formed between alkylarenes 

and alumina are also readily oxidized, toluene, for example, being con- 

verted to chemisorbed benzoate [210]. 

5.4 REACTIONS VIA RADICAL INTERMEDIATES 

Organic radicals are the reactive intermediates in a wide range of reac- 

tions that include the polymerization of monomers and the oxidation and 
degradation of polymers. Many of these reactions can be initiated, inhib- 

ited, promoted, or otherwise modified by the presence of mineral fillers and 

pigments. Organic radical species may be generated, for example, by the 

Bronsted acid-catalyzed breakdown of an alkyl peroxide, by redox reaction 

between peroxides and a mineral surface, or by photolytic processes 

involving the mineral crystal lattice. Radicals may also be produced by 

thermomechanical processes during the compounding of filled polymer 

compositions. Radical species may be stabilized by adsorption on one class 

of surface, yet destroyed by adsorption on another surface. These various 
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reactions are of considerable interest because of the effects of mineral- 

catalyzed radical degradation reactions on the service life of many surface 

coatings and plastics compositions. 

We propose to discuss these reactions under four headings. 

(i) Photolysis and oxidation. This section will be largely concerned 

with the photoinitiated oxidation reactions occurring on the sur- 

face of titania pigments, but will also include other radical-forming 

reactions that involve electron transfer with mineral surfaces. 

(ii) Peroxide breakdown, which will be principally concerned with the 

Bronsted acid-catalyzed homolytic cleavage of peroxides, and 

some related examples of radical-mediated reactions. 

(iii) Radical stabilization and destruction, which will include a brief 

survey of some mineral-radical physical and chemical interactions. 

(iv) Mechanochemical polymerization and grafting. 

5.4.1 Photolysis and Oxidation 

The potential of some mineral pigments and fillers to act as oxidation 
catalysts has been discussed in earlier chapters; the titanias are among the 

most reactive of these materials and can act as both photoactive and ther- 
mal oxidants. 

The principal oxidizing species formed by actinic irradiation of titania 

surfaces have been shown to include adsorbed O,” radical-anions and HO,” 
and HO’ radicals. These species are produced by the reactions of photo- 
generated excitons or electron-hole pairs with adsorbed oxygen molecules 

or surface hydroxylic species. Other photogenerated oxidants may include 
atomic and singlet molecular oxygen, hydroperoxide anions, and hydrogen 

peroxide. Atomic hydrogen has also been proposed as a potential initiating 

species in both the oxygenation and reduction of organic materials. These 

oxidizing species can also be produced by the near-ultraviolet irradiation 
of zinc oxide pigments and may be formed on other metal oxides, such as 

magnesia. However, photocatalyzed oxidation of adsorbed organic materi- 

als on minerals other than titania or zinc oxide may require irradiation 
with light having wavelengths significantly shorter than 290 nm, the 
atmospheric absorption limit of actinic solar radiation. Superoxide and 
oxygen radical anions and related forms of chemisorbed oxygen may also 
be formed in the thermal treatment of minerals. Most nonphotolytic radi- 
cal oxidation reactions that occur on mineral fillers and pigments below 
300°C appear to involve some form of adsorbed oxygen and an adjacent 
electron-deficient surface species. 

The actual mechanisms for the photooxidation of most types of organic 
compounds are still obscure. This uncertainty is reflected in the number of 
different oxidizing species that have been proposed as intermediates in the 
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2 RCH,OH + 0, sen 2 RCHO + 2H0 

2 R,CHOH + 0, ——> 2 R,CO + 2H O 

Figure 5.43 Photooxidation of alcohols by titania; the conventional, simplistic stoichi- 

ometry. 

titania-catalyzed photooxidations. Esr examination of the titania—organic 

adsorbate photolytic reactions that occur near room temperature fails to 

show organic radical species [211]. The intermediate organic species pro- 

duced in the reactions are usually strongly chemisorbed; the desorbed 

products are often complex and can be formed by more than one process. 

The oxidation of alcohols is one of the few mineral-organic photoas- 
sisted reactions that have been extensively investigated. When primary or 

secondary alcohols are irradiated in the presence of anatase or rutile tita- 
nias in an inert atmosphere, dehydrogenation of the alcohol can occur, with 

the respective formation of aldehydes and ketones and the reduction of 

lattice Ti'Y ions to the Ti!” state [212]. Regeneration of the Ti!’ state can 
occur in the presence of oxygen and the overall reaction can be summarized 

by the idealized equations shown in Figure 5.43. The rate of formation of 
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Figure 5.44 Photooxidation of alcohols on titania surfaces; reaction at an oxidizing surface 

site. (Figures 5.44 and 5.45 taken, with permission, from R. I. Bickley and R. M. K. Jayanty, 

Farad. Discuss., Chem. Soc., no. 58, p. 194; copyright © Royal Society of Chemistry, London, 

1974.) 
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Figure 5.45 Photoassisted dehydration and oxidation of alcohols on titania. 

acetone from isopropanol by this reaction has been proposed as one means 

for measuring the photoactivity of commercial titania pigments [213,214]. 

The same oxidizing species are believed to be involved in both the oxida- 

tion of the alcohol and the degradation of titania-pigmented plastics or 
surface-coating compositions. 

The oxidations are more complex than these equations suggest. A mix- 

ture of products may be formed, the proportions of which may vary accord- 

ing to the state of hydration of the titania surface and its degree of 
saturation with the alcohol. 

Bickley and co-workers originally proposed that the oxidation of 

adsorbed isopropanol on titania at ambient temperatures involved a non- 
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chain reaction with adsorbed O, radical-anions or HO," radicals as the 
primary oxidants and with HO’ radicals and H,O, as intermediate oxi- 
dants [215]; part of their proposed scheme is shown in Figure 2.6. Other 
products of the oxidation include propene, acetaldehyde, formic acid 
(chemisorbed formate) and, ultimately, carbon dioxide. Oxidation of the 

alcohols was found to require the simultaneous action of the titania sur- 

face, irradiation, and adsorbed oxygen to yield appreciable amounts of car- 

bonyl products. Bickley and co-workers subsequently proposed that the 

alcohol could be adsorbed on two different surface sites, one of which pro- 

moted photoassisted dehydration, followed by oxidation (Figure 5.44), and 

the other promoted photooxidation (Figure 5.45). The latter reaction 

involves the formation of a surface alkoxide, and the subsequent abstrac- 

tion of a and @ hydrogens, with the formation of an enol that may either 

desorb or undergo further oxidation [216]. The presence of excess alcohol 
or water favors desorption of the enol and limited oxidation of the alcohol 

to the corresponding aldehyde or ketone [212]. 

Teichner and co-workers [217] proposed that the photooxidation of 

adsorbed primary, secondary, and tertiary alcohol vapors on titania (ana- 

tase at 95°C) was generally preceded by dehydration of the alcohols to 

alkenes; these were then oxidized by photogenerated atomic oxygen. 

The relative ease of oxidation of a series of isomeric methylbutanols was 
found to be secondary > tertiary > primary. The products of the oxida- 

tions were: 

(i) From the tertiary alcohol (2-methylbutan-2-ol); acetone, acetalde- 

hyde and butan-2-one (see Figure 5.46). 

(ii) From the secondary alcohol (3-methylbutan-2-ol); acetaldehyde 

and acetone plus smaller amounts of 3-methyl-butan-2-one and 2- 

methylpropanal (see Figure 5.47). 
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(iii) From the primary alcohol (3-methylbutan-1-ol); 3-methylbutanal 

plus lesser amounts of 2-methylpropanal, acetone, and acetalde- 

hyde (see Figure 5.48). In this case, Teichner proposed that the 

dominant reaction was the direct oxidation of the alcohol, without 

prior dehydration to an alkene. 

of t-butanol [219] had previously shown that the acetone and isobutene 

products were formed by different pathways, although some proportion of 

the acetone could have been formed by oxidation of the isobutene. 

These reactions have been reinvestigated by Cunningham and co- 

workers [218], using both vapor-solid and liquid-solid reaction systems. 

They proposed that the dominant reaction was the photodehydrogenation 

(oxidation) of the alcohol, rather than a dehydration-oxidation reaction 

sequence. The oxidizing species were assumed to be adjacent, photo- 
generated surface hydroxyl and hydroperoxy] radicals and the abstraction 
of the skeletal hydrogens was accompanied by a-G cleavage reactions; the 

detailed mechanisms for these reactions were not discussed. Cunningham 

was unable to directly observe any alkene intermediates in these reactions, 
or the rapid oxidation of added alkenes at rates comparable with those of 

the alcohol oxidation reactions. Flash-photolysis studies of the oxidation 
The photooxidation of alkanes on titania results in the formation of 

aldehydes and ketones. Most of the published studies have originated 

from Teichner and his colleagues, who originally proposed that the oxida- 

tion involves the insertion of atomic oxygen into the hydrocarbon mole- 
cules, with the formation of an alcohol; this then undergoes dehydration 

and oxidation to form the observed products [220]. The intermediate alco- 
hols were not detected in these studies. This was ascribed to their much 
greater reactivity. The intermediate alkenes were only observed in the 

absence of gaseous oxygen [221]. More recently, Teichner has invoked 

a second oxidizing species, derived from lattice oxygen anions, to ex- 
plain the high selectivity of the oxidation of 3-methylbutan-l-ol to 2- 
methylpropanal, via the hypothetical intermediate, 3-methylbut-l-ene 

[221]. The second oxidizing species were believed to be O°, O, , O,°-, or 

(presumably) O, radical-anions, formed by the reactions of adsorbed oxy- 
gen with the photogenerated excitons [222]. 

Although alkenes have been assumed to be intermediates in the oxida- 
tion of alcohols, little is known of their own photocatalytic oxidation. The 
oxidation of adsorbed alkenes is often extensive, yielding CO, as the major 
product. The oxidation of propene may yield ethanal (acetaldehyde), pro- 
panal, propenal (acrolein), acetone, and propylene oxide. The last-named 
species may be the initial product in the oxidation reaction of propene by 
the activated oxygen species [223]. 

The proposed intermediacy of atomic oxygen in the oxidation of alkanes 
or alkenes is not in accord with the reactions of authentic atomic oxygen 
with polymers. In these reactions, atomic oxygen is observed to abstract 
hydrogen with the formation of hydroxy] radicals, and of organic radicals. 
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that react with oxygen to form peroxyl species [224]. Although Teichner 

and colleagues were unable to detect hydroperoxides or peroxides in the 
desorbed oxidation products, the products from the photooxidation of 
alcohols, alkenes or alkanes on titania surfaces resemble those which 
would be formed by hydrogen abstraction from the organic molecules in 

the presence of oxygen and surface species which would be capable of 
reducing the intermediate peroxyl radicals [e.g., 225], or alternatively, 

under conditions which would favor rapid decomposition of the intermedi- 
ate hydroperoxides. The photoassisted electrooxidation of hydrocarbons, 

which has mechanistic similarities with the photooxidation process on 

hydrated titania surfaces, has been shown to involve the formation of 

hydroxylated organic intermediates [226]. 

The photooxidation of hydrocarbons by titania appears to involve an 

initial abstraction of hydrogen by trapped holes or bound hydroxy] radi- 

cals. The resultant hydrocarbyl radicals can react with oxygen to form 

adsorbed peroxyl radicals, or they can undergo dimerization, cleavage, or 

disproportionation to form other hydrocarbon skeletons [e.g., 227,228]. 

The peroxyl radicals can decompose on the mineral surface to form car- 
bony] derivatives, or react with the lattice oxygens to form adsorbed alk- 

oxides, or else they can be involved in an autocatalytic oxidation process. 

In all, the photooxidation of a polymer may involve more than forty kineti- 

cally distinct competitive or consecutive reactions. 

The photooxidation of methanol adsorbed on titania results in the for- 

mation of chemisorbed formate ions and eventually, carbon dioxide via 

adsorbed carbonate; methyl formate may be formed by esterification of 
the bound formate by the excess methanol. The oxidation of higher pri- 

mary alcohols also results in the formation of chemisorbed carboxylate 
ions [229]. Aminoacids adsorbed on titania can be photooxidized, the prod- 
ucts apparently being formed by an initial abstraction of an a-hydrogen 

atom, followed by decarboxylation, deamination, or cleavage [230]. Aro- 
matic aminoacids, such as tyrosine, may also form phenolic dimers [231]. 
Titanias can also oxidize reduced, colorless forms of some dyestuffs, for 

example, Crystal Violet, to their colored forms. This reaction has been 

used as a means for estimating the photoactivity of the pigments [232]. 

Titania may act as a photoreductant in the absence of oxygen, provided 
the surface is not completely outgassed, and still retains bound surface 
hydroxyl] groups. Acetylene can be reduced to form a mixture of methane, 

ethylene, ethane, and propene. The photoreduction of ethylene also yields 
these materials plus butene. The reactions probably occur by the addition 
of a hydrogen atom (or of an electron plus a proton) to the adsorbed alkene, 

followed by dimerization or disproportionation of the resultant radicals 
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[233]. The reaction of completely outgassed titania with acetylene or ethyl- 

ene yields benzene or butene, respectively. Titania can also cause the pho- 

toreduction and bleaching of Methylene Blue [234]. The photoreduction of 

nitrogen by titania can yield ammonia and hydrazine [235], while photoly- 

sis of incompletely outgassed titania in the absence of nitrogen, alkenes, or 

other reducible species, results in the formation of molecular hydrogen; 

these inorganic reductions were outlined in Chapter 2. 
Titania is an important component of many high-temperature thermal 

oxidation catalysts, but the photolytic activity of titanias can be usefully 

employed for oxidations at low temperatures, for example, in the formula- 

tion of self-cleaning exterior paints, mentioned in Chapter 2; the photodeg- 

radation of disposable poly(ethylene terphthalate) films which have zero 

strength after 400 hr sunlight exposure [236]; the removal of organic mate- 
rial from waste water by titania-assisted photooxidation [237]; the synthe- 

sis of acetone by the photooxidation of isobutane [238]; and photographic 

processes employing the titania-catalyzed photopolymerization of vinylic 

or acrylic monomers [239]. In the latter example, radicals produced by the 

oxidation or reduction cause the polymerization or cross-linking of the illu- 

minated areas of the composition, the insoluble image being developed by 

washing and removal of the unexposed, soluble material. 

Oxidizing species may be present on the surfaces of other mineral pig- 
ments and fillers. For example, adsorbed butene is oxidized to butadiene 
on a-ferric oxide at near-ambient temperatures [240] and on silica contain- 

ing superoxide radical-anions [241]; these adsorbed oxygen species are 

readily formed when silica, or numerous other oxides, are heated in air. No 

oxygenated products are obtained from the reaction between butene and 

silica containing preformed oxygen radical-anions, whereas these are pro- 

duced in the reaction of butene and oxygen on ultraviolet-irradiated silica 

[241]. The oxidation of arenes by Cu-montmorillonite has been described in 

Section 5.3.3. Cu-montmorillonite and freshly prepared Fe** smectites can 
oxidize hydroquinone to quinone and polymeric quinones; the formation of 
polymeric quinones appears to be a characteristic of the oxidation on a 
silicate surface [242]. 

Aluminosilicates can also oxidize organic materials via radical interme- 

diates at low temperatures, although the reactions appear to involve 

chemisorbed oxygen species and/or variable valence transition metal ions. 
Zeolites, for example, can oxidize contacted a-methylstyrene to acetophe- 
none [243] at room temperature, and montmorillonite can catalyze the 
autoxidation of acetaldehyde to acetic acid, the necessary oxygen being 
obtained from adsorbed water or chemisorbed oxygen [244]. Oxidative 
degradation of aminoacids such as tyrosine can be catalyzed by clay miner- 
als, and in the case of tyrosine, the L-isomer is apparently degraded more 
rapidly than the D-isomer [231]. Fly-ash, the finely divided, airborne sili- 
ceous material produced from burning powdered coal, can promote the 
photooxidation of those polycyclic hydrocarbons which, like fluorene, con- 
tain benzylic hydrogens [245]. 
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The formation of radical species by oxidative decarboxylation of long- 
chain aliphatic acids has been invoked to account for the formation of 
longer chain alkanes when these acids are heated with clay minerals in the 

presence of water. Behenic acid (C,,H,,*CO,H), for example, forms a mix- 
ture of C17 to C29 n-alkanes, similar to that formed by heating the acid 

with a radical initiator [114]. These products are markedly different from 

those expected from reactions involving carbenium ion intermediates and 

are believed to account for the smooth distribution of homologous n- 

alkanes and fatty acids in petroleum and petroleum reservoir waters. 

Although the titania-catalyzed photooxidation reactions described 
above have dealt with relatively simple organic molecules, similar proc- 
esses can occur in the photooxidation and degradation of polymers in con- 
tact with titania surfaces. The intermediates in these reactions are 

probably hydroperoxides and their derivative or precursor radicals. The 
degradation mechanisms of the oxidized polymers are probably similar to 
those occurring in bulk polymers and probably involve similar intermedi- 
ate species [224,246-248]. 

The phenomenon of ‘‘chalking”’, or the erosion of the organic matrix, on 

outdoor exposure of titania-pigmented surface coating materials has been 

described in Chapter 2. Many of the exterior surface coating compositions 

are based on “‘air-drying”’ alkyds that are derived from polyunsaturated 

fatty acids, such as linoleic or linolenic acids. These species undergo autox- 

idation in the presence of oxygen, with the formation of radical intermedi- 

ates which can also react with the unsaturated chains, causing the resin 

film to become cross-linked and insoluble, or to ‘‘dry.’’ These reactions are 

catalyzed by the presence of transition metal driers, such as cobalt and 

manganese naphthenates. Because the driers are retained in the coating, 

autoxidation can continue long after the film has dried, which results in the 

deterioration of the film and its eventual failure. Incorporation of a photo- 
active titania into such a composition only hastens this process, as the 

oxidizing species formed on the pigment just supplement those formed in 

the autoxidation. 
It is possible, by irradiation with light of different wavelengths, to dif- 

ferentiate between the ultraviolet-initiated degradation of the polymers 

and the titania photoassisted oxidation processes. In the case of anatase- 

pigmented materials, the latter reactions occur most readily when the 
composite is irradiated at wavelengths between 375 and 395 nm [249]. The 

actual reactions occurring between the pigment-derived oxidizing species 

and the matrix are still open to conjecture. Whether the oxidants are radi- 

cals or active oxygen species, the reactions almost certainly involve hydro- 

gen abstraction by the oxidant(s), followed by autoxidation with 

atmospheric oxygen [249]; singlet oxygen can react with allylic centers to 

form hydroperoxides directly [250]. 

Titania or zinc oxide-catalyzed photooxidations of most other polymers 

probably also involve the formation of radical intermediates and the even- 

tual degradation of material in the vicinity of the pigment surface to form 
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Figure 5.49 

volatile or extractable low-molecular-weight species. Polyolefins, such as 

polyethylene or polypropylene, undergo chain scission and formation of 

carbonyl compounds [251-253]; titania can also cause thermal oxidative 

degradation during melt-compounding of their composites. The reduced 

thermal stability of polypropylenes in the presence of titania may be partly 

due to the enhanced oxidative degradation of the phenolic stabilizers used 

in the commercial polymer [254]. 
Titania pigments can accelerate the photodehydrochlorination of poly- 

(vinyl chloride) and the chain scission of nylon polyamides [255]. Acrylic 

polymers may also be photodegraded by titania, either by oxidation or, in 

the case of methacrylates, by radical depolymerization. Conversely, tita- 
nia can catalyze the radical polymerization of methyl methacrylate [256] 

and accelerate the ‘‘drying’’ of surface-coating formulations [257]. Tita- 

nias can also promote the benzoin ether photoinitiated polymerization of 
acrylic formulations by the transfer of excitation energy from the pigment 

to the initiator [258]. 

5.4.2 Peroxide Breakdown 

The ability of acidic minerals, such as kaolinites and montmorillonites, 

to catalyze the heterolytic decomposition of peroxides, principally alky- 
laryl peroxides and hydroperoxides, has been discussed in Section 5.2.2. 

These minerals can also accelerate the rate of production of radicals from 

alkyl peroxides and hydroperoxides. This increase results from the greatly 
increased rate of decomposition of the protonated forms of the peroxides, a 

significant proportion of which decompose by homolytic fission. In the 

case of t-butyl hydroperoxide, approximately 20 to 30% of the material 
may decompose by the homolytic pathway (see Figure 5.49). 

The alkoxy radicals produced in these reactions can initiate the poly- 

merization of acrylic monomers and promote the autoxidation of unsatu- 
rated esters and hydrocarbons [61,259]. Similar reactions are catalyzed by 

Bronsted and Lewis acids in homogeneous media [259,260]. The homolytic 
decomposition of peroxides is accelerated by complex formation with 
other small, highly polar ions such as Li* (Figure 5.50a) [261]. This mode of 
decomposition is in contrast with the Haber-Weiss mechanism for hydro- 
peroxide cleavage by variable valence ions (Figure 5.50b). 

Spontaneous polymerization of acrylic monomers has been reported to 
occur on the surfaces of various montmorillonites, for example, hydroxy- 
ethyl and hydroxypropyl methacrylates [262] and methyl methacrylate. 
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Figure 5.50 Metal cation-catalyzed decomposition of hydroperoxides. (a) By polarizing 
ions. (b) By variable-valence ions. 

In the first two examples, the mechanism was originally believed to 
involve a transfer of electrons from Fe’* ions contained in the mineral lat- 

tice, but it is equally possible that the initiators were adventitious perox- 
ides, with the acidic mineral surface or variable-valence species acting as 
coinitiators. Zeolites can also catalyze the decomposition of aroyl and alkyl 

peroxides and hydroperoxides by a redox mechanism with zeolite donor or 

acceptor species to produce chemisorbed radical species [263]; these reac- 

tions are discussed in the next section. 

Although the acid-catalyzed decomposition of alkyl peroxides can be 
used to initiate the polymerization of monomers at low temperatures, this 

reaction is obtained at the expense of initiator efficiency. These reactions 

are still important in plastics technology, for example, in the use of 
peroxyketal-cured styrene-polyester formulations, where an acidic filler 

can reduce the pot-life and increase the cure-time through surface- 

catalyzed reactions [264]. The accelerated decomposition of peroxides, 

such as cumy] peroxide, with reduced initiator efficiency, can also occur on 

titanias and in the presence of titanium compounds, such as titanate esters 

(or some titanate ester-mineral adducts) [265]. 

Other reactions have been reported that involve the mineral-catalyzed 
formation of radical species, although the modes of formation of the radi- 

cals are not described. 
Montmorillonite can catalyze the degradative oxidation of intercalated 

alkylammonium ions via radical intermediates, ethylammonium ions, for 

example, decomposing to form methane via a transient carbonyl species; 

these reactions are in addition to the hydrolysis and redistribution reac- 

tions described in Section 5.2.3 and were thought to have been promoted 

by the mineral surface field [266]. We believe that it is more probable that 

the degradative reactions involve radical intermediates, produced by elec- 
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Figure 5.51 Some mechanisms for the oxidative degradation of intercalated species. (a) 

Carboxylic acids. (b) Amines. 

tron transfer between the amine and an oxidizing species, such as octahe- 

dral layer Fe!" substituent ions (see Figure 5.51). The putative radical 

intermediates in the behenic acid redistribution reactions (p. 233) may 

have been produced via a similar transfer between the carboxylate ions 

and lattice Fe". 
Acidic montmorillonites can catalyze the polymerization of butenes and 

butadiene via carbonium ion intermediates. Friedlander found that a neu- 
tral sodium montmorillonite could also polymerize these monomers, 
apparently via a radical process [32]; the initiation mechanism is still 

obscure. Natural clays frequently contain species that have an esr signal 

centered near the g = 2.00 value typical of organic radicals. This signal is 

partly due to Fe®*, but also results from the presence of humic acid, which 

is readily oxidized under mild conditions to form stable radical species 

[267]. 

5.4.3 Radical Stabilization and Destruction 

Radicals can interact with mineral surfaces in a number of ways. These 
may include physical entrapment, either of an externally generated radical 

or of an organic radical generated in situ, as in the example of the stable, 

bound oxymethylene radicals formed on irradiation of a methoxy-silica 

[268] (see Figure 5.52). Alternatively, the radicals may react with the min- 

eral surfaces and be destroyed by electron transfer with some surface spe- 

cies or else become adsorbed at Lewis or Bronsted acid sites. These 
complexed radicals may then undergo further reactions. 

Physical stabilization of radicals can occur when the adsorbed or 

grafted radicals are isolated so that the normal processes of radical decay, 
by combination, disproportionation, or electron transfer with other spe- 
cies cannot occur. These stabilized radicals are not necessarily unreactive; 
they may combine with oxygen to form new radical species, and many are 
able to initiate the polymerization of vinylic monomers through the forma- 
tion of propagating radicals. The propagating radicals are likely to have 
lower stability than the physically entrapped radicals because of the 
greater mobility of their active centers. Isolated stable radicals can be pro- 
duced by y-irradiation of the mineral, by decomposition of cationic or 
anionic initiators adsorbed on ion-exchange sites on the mineral surfaces 
[269], and by the decomposition of conventional azo or peroxide initiators 
in zeolitic cavities [270] or in microporous silicas or other oxide gels [271]. 
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Figure 5.52 Formation of stable radicals species on a methoxy-silica surface. 

Photolysis of butyl methacrylate on the surface of an activated alumina 
results in the formation of a methacrylate radical stabilized by adsorption 
on Lewis acidic sites [272]. The adsorbed radical can react with oxygen to 

form peroxy radicals, which are also stabilized, or with excess butyl metha- 

crylate or with vinyl acetate to form the respective propagating radicals; 

the propagating radicals lose stability as they escape from the confines of 
the mineral surface. The trapped, stabilized radicals can be displaced from 

the alumina surface by adsorbed bases. 

The peroxy radicals formed by the reaction of atmospheric oxygen with 
zeolite-stabilized poly(butyl methacrylate) radicals (formed by y- 

irradiation of the adsorbed monomer) may have limited stability as repeti- 

tive 1,5-hydrogen shift reactions can result in the formation of free 

monomer molecules; the recombination of these with other radicals can 
cause the active centers to move beyond the stabilizing confines of the 

zeolite cavities [270]. 

Stabilized radicals can be formed in synthetic sodium zeolites by reac- 

tion between peroxides or hydroperoxides with electron acceptor (Z,) or 

donor species (Z,) in the zeolite lattice [263] (Figure 5.53). Peroxides, such 

as cumyl peroxide or t-butyl hydroperoxide, can react with electron accep- 

tor centers to form radical-cationic complexes that decompose, forming 

peroxy radicals and a zeolitic radical-anionic species. These lattice radical 
species are capable of electron transfer to tetracyanoethylene, which is 

converted to its radical-anion; the peroxides do not react with tetra- 

cyanoethylene in the absence of the zeolite. Decomposition of these perox- 

ides in a Co-exchanged zeolite, a donor species, results in the formation of a 

radical-anionic complex that decomposes forming oxyradicals and a 
zeolitic radical-cation; the latter can accept an electron from diphenylam- 

ine, forming its radical-cation. Benzoyl peroxide decomposes via the 

radical-anionic route in sodium zeolites, with the formation of stabilized 

benzoyloxy radicals which, unlike free benzoyloxy radicals, do not undergo 

decarboxylation. 
In many systems, the interactions between radical species and mineral 

surfaces can only be indirectly evaluated from kinetics measurements, for 

example, of polymerization processes. Details of these interactions have 

only been observed in the esr spectra of a few highly stable radical species, 

such as the nitroxides frequently used as spin-probes. 

Di-t-butyl nitroxide (DTBN) is adsorbed on silica, silica-alumina, alu- 

mina, and decationized zeolites at two distinct types of stabilizing sites 

[273]. In one, the DTBN is hydrogen-bonded to surface hydroxyl groups, 
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Figure 5.53 Some modes of decomposition of peroxides in zeolite cavities. (a) Hydroperox- 

ides on zeolite electron-acceptor sites, to form reduction sites. (b) Hydroperoxides on zeolite 

electron-donor sites, to form oxidation sites. (c) Formation of stabilized benzoyloxy radicals. 

and in the other, to coordination-deficient Al ions, when these are present. 

Adsorption at the latter site is shown by the appearance of hyperfine split- 
ting of the nitroxide triplet esr spectrum, which results from electronic 

interaction between the radicals and *’Al** ions. In contrast to the adsorp- 
tion at these two types of site, adsorption on Bronsted acid sites results in 

the disappearance of the esr signal of the radical, probably as a result of 

bimolecular disproportionation of the mobile protonated radicals. The esr 
spectrum of another nitroxide, tetramethylpiperidinyloxyl, when 

adsorbed on silica-alumina, can be used to differentiate between adsorp- 

tion on Bronsted (esr triplet) and Lewis (esr multiplet) sites [274]. 

The partial decolorization of the stable radical diphenylpicrylhydrazyl 
(DPPH) following adsorption on acidic clay minerals was originally 

thought to result from electron transfer to a second DPPH molecule via 

surface Lewis acid sites or other mineral electron-acceptor species. The 

overall redox reaction in the presence of adsorbed water resulted in the 

formation of diphenylpicrylhydrazine (DPPH-H) and quinonoid products 

[275]. Reinvestigation of the reaction of DPPH on dried aluminosilicate 

and on acidified titania surfaces [276] showed that reactions on both types 

of surface yielded similar products. These reactions involve an initial, 
reversible adsorption followed by the slow disproportionation between 
protonated and unprotonated adsorbed DPPH molecules, which gives 
DPPH-H and an intermediate species which undergoes irreversible reac- 
tion with adsorbed water to form a magenta-colored product, believed to 
be an indoaniline (see Figure 5.54). 
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Figure 5.54 Reactions involved in the irreversible hydrolytic disproportionation of DPPH 
on acid surfaces. 

The decomposition of nitroso-t-butane is promoted by electron-donor 
species which occur on the surface of magnesia, and to a lesser extent on 

alumina, but not on silica [277]. Decomposition by irradiation, or on mag- 

nesia surfaces, results in the formation of DTBN, but the reaction on alu- 

mina yields a different radical product, apparently due to the conversion of 
the intermediate t-butyl radicals to isobutyl radicals on the electron- 

accepting mineral surface, a process which is otherwise inherently unfa- 

vorable. Photooxidation of nitroxide radicals can occur on zinc oxide 
surfaces [278] and probably on titanias (see Figure 5.55). 

The decomposition of azo compounds on silica can differ significantly 

from the decomposition in homogeneous media. Hydrogen bond formation 

between the hydroxylic surface and the azo group can significantly reduce 

the activation energy for decomposition, thus increasing the rate. How- 

ever, the rates of recombination of the geminate radicals may also be 
increased, thereby reducing the initiator efficiency. This appears to occur 

in the accelerated decomposition of azobisisobutyronitrile on hydrated 
titanias [265] and in the decomposition of azocumene on silica [279]. In the 

latter reaction, the yields of cumene and a-methylstyrene-derived prod- 

ucts, formed by disproportionation of the geminate cumy] radicals, are 

considerably greater than those formed in homogeneous solution (see Fig- 

ure 5.56). Decomposition of the adsorbed azocumene also results in the 

formation of a-o and a-p cumy] radical dimers which undergo aromatiza- 
tion on the mineral surface. In homogeneous media, these short-lived 

dimers are not aromatized, but revert to cumy] radicals, and thence to the 

stable products, dicumyl, cumene, and a-methylstyrene. 

(cH,),c—N=O ——+ (CH,),C + NO 

oo « MgO (cH,), C—N=0 + (cH,)¢ —* + (cH,).c— N—c(CH,), 
fon 

— 2 AlzO 
(CH,)c—N=O + (CH,) c “23> (cH,),c—N— CH,—CH(CHs), 

Oo 

Figure 5.55 Surface-catalyzed transformations of t-butyl nitroxide. 
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Figure 5.56 The aromatic products from the dimerization and disproportionation of cumyl 

radicals on mineral surfaces. 

The radical-initiated polymerization of acrylic monomers can be inhib- 

ited by the presence of acidic aluminosilicate minerals such as dry attapul- 

gite, montmorillonite, or kaolinite, whereas the neutral mineral, talc, has 

little effect [280]. This inhibition has been ascribed to electron transfer 

between the propagating radicals and coordination-deficient Al** ions, 

and the formation of nonpropagating carbonium ions. This process is anal- 

ogous to the oxidation of triphenylmethy] radicals to triphenylcarbonium 

ions on silica-alumina or alumina surfaces. In contrast, very high polymer- 

ization rates were observed for acrylic monomers in aqueous clay- 
containing emulsions, the acceleration in this case being due to the low rate 

for the radical termination processes resulting from the presence of the 

mineral surfaces [269]. 

Polymerization of acrylic monomers is generally accelerated by the 
presence of finely divided silicas. This has been ascribed to increased initia- 
tion efficiency, in the case of azobisisobutyronitrile initiator on an aerosil 

[281], and to stabilization of the propagating radical by adsorption on the 

silica surface. This reduces the rate of bimolecular termination, but has a 

lesser effect on the rate of propagation, as monomer can still rapidly dif- 

fuse to the radical centers [282]. The presence of silica also decreases the 
termination rate in the polymerization of vinyl acetate and increases the 

average molecular weight of the polymer [283]. 

The effects of aerosil or methylated aerosil on the absolute rates of prop- 

agation, transfer, and termination reactions in the radiation-initiated 

polymerization of adsorbed vinyl] acetate have been studied [284]. The rate 
of propagation of the adsorbed monomer was found to be 100 to 200 times 
less than that in the bulk monomer, as was the rate of transfer to monomer; 

the relative rate of chain transfer to monomer was slightly higher in the 
case of adsorbed monomer on aerosil. The termination process on methy]- 
ated aerosil is a bimolecular process, and the rate of this reaction was five 
orders of magnitude less than the corresponding reaction in bulk mono- 
mer. In consequence, the average molecular weight of the surface polymer- 
ized material is considerably higher than that of the bulk polymer. Acidic, 
coated titanias have been reported to increase the rate of polymerization of 
methyl methacrylate compared to rates in the presence of basic titanias 
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[285]. In this case the acceleration was ascribed to the formation of layers 
of adsorbed monomer that allowed increased rates of propagation. 

5.4.4 Mechanochemical Polymerization and Grafting 

Polymers may be grafted, that is, chemically bound to mineral fillers by 

a number of processes. Those already described in Chapter 4 include the 

condensation of a polymer, having active groups, with reactive mineral 

surface species, usually hydroxyl groups; the copolymerization of poly- 

meric propagating radicals with chemisorbed unsaturated organic species; 

and the initiation of polymerization by chemisorbed azo or peroxide initia- 

tors. Grafted polymers can also be obtained by mechanochemical proc- 

esses that can occur when minerals are ground or subjected to ultrasonic 
vibration in the presence of monomers or polymers, or by irradiation of a 
mixture of mineral and monomer by ionizing radiation. 

When mineral particles are fractured, for example, by grinding in a ball- 

mill, the freshly formed surfaces contain active species that can, for exam- 

ple, react with organic materials, such as alcohols and hydrocarbons; 

initiate the polymerization of vinylic monomers; and adsorb oxygen or 
nitrogen, converting these molecules to electronically excited states [286]. 

Much of the published material on mechanochemical processes in mineral 
-organic systems has originated from Russian workers. Reference should 
be made to translated review articles for details of the chemistry involved 

[287,288]. The initial species formed by interaction between organic mole- 

cules and the freshly cleaved mineral surfaces may be radicals, ion-radicals 

[284], or, in the case of unsaturated molecules, activated z- or o-bonded 

species [290]. 

The location of the active sites can be observed (by electron microscopy) 

by the ‘‘decoration’”’ produced on exposure of freshly cleaved salt or min- 
eral surfaces to styrene vapor [291]. These appear to be accumulations of 
charged point defects on the cleavage steps of the crystalline lattice. The 

activity of the cleaved salt surfaces for the polymerization of styrene 

increases with increasing polarity of the ions, namely, KCl<NaCl< 
CaCO, < SiO, < LiF <CaF,. Decoration also occurs on cleaved amorphous 

glasses. 
Cleavage of silicates or silica results in the formation of silyl and silyl- 

oxy radicals. Although most of these can undergo vicinal recombination, 

approximately 1% of the cleaved bonds remain as isolated, stabilized radi- 

cals [292]. The silyl radicals can react with oxygen to give adsorbed 

silylperoxyl radicals; the latter are oxidizing species and, like the silyl and 

silyloxy radicals, can also initiate the polymerization of adsorbed mono- 

mers (see Figure 5.57). Milling of alumina also generates radicals that can 

be observed by esr spectroscopy. These mechanochemical radicals can 

react with ethylene at low temperatures to form observable propagating 

radicals [293]. Milling of alumina in the presence of ethylene at elevated 
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Figure 5.57 Mechanochemical formation and reactions of silyl radicals. 

temperatures produced low-density polyethylene, half of which was 

grafted to the mineral surface; the molecular weight of the nongrafted frac- 

tion was approximately 10,000 daltons. Similar treatment in the presence 

of polypropylene yielded an atactic oligomer having a molecular weight of 

about 400 daltons. The lower molecular weight results from the greater 

probability of the polypropylene radical undergoing chain transfer [293]. 

The formation of radicals and grafted species can also occur during 
ultrasonic-induced cavitation at a liquid-solid interface. The ultrasonic 

treatment of a mixture of kaolin and iodoform in carbon tetrachloride, for 

example, results in the liberation of iodine and the formation of a 

diiodomethyl-grafted kaolin surface [294] (see Figure 5.58). 

The mechanochemical polymerization of styrene on cleaved metal oxide 
surfaces appears to involve radicals as the propagating species, but the 

polymerization on salts, including calcium carbonate and barium sulfate, 

apparently involves a radical-anionic process [295]. The proportion of poly- 

mer grafted to the mineral surface is dependent on the amount of water or 

oxygen present because oxygen inhibits radical-initiated polymerization 

[290], while water can inhibit the formation of polymer grafts [296]. 

Grinding or melt-compounding of polymers can result in the formation 

of radical species by mechanical cleavage of molecular bonds [297]. The 

formation of polymer radicals is promoted by the presence of fillers, which 

increase the melt viscosity of the composites. The radicals produced may 

graft to the surfaces of reactive fillers, like those of the carbon blacks [298], 
or of the unsaturated monomer-modified fillers described in Chapter 4. 
Polymer radicals can also be produced by abstraction reactions between 

cleaved minerals and polymers. These, in turn, may form grafts with other 
centers on the cleaved surfaces. 

The y-irradiation of minerals can result in the formation of persistent 

reactive surface species. These species can initiate the graft polymeriza- 
tion of monomers added after the irradiation. In the reaction of styrene 
with preirradiated silica gel [299], approximately 10% of the polymer 
formed was found to be grafted to the silica surface. The polymer had a 
bimodal molecular-weight distribution, containing a high-molecular- 
weight fraction, which was shown to result from a radical polymerization 
process, and a low-molecular-weight fraction that resulted from a cationic 
polymerization process. In another study, the proportion of styrene 
grafted to silica gel during irradiation was found to be greatest when the 
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amount of styrene adsorbed corresponded to a surface monolayer cover- 

age. The grafted polymer had a higher average molecular-weight than the 
nongrafted polymer, although the difference decreased with increasing 

styrene content of the irradiated material [300]. Simultaneous formation 

of grafted and nongrafted polymer was observed during the irradiation of 
silica gel containing adsorbed vinyl acetate or acrylonitrile, the grafted 

poly(vinyl acetate) also having a higher molecular weight than the 
ungrafted material [283]. 

Irradiation of unfilled polymers can result in both cleavage and cross- 
linking of polymer chains. This nonthermal cross-linking process can be 

used, for example, in the manufacture of heat-shrink tubing and the 
improvement of low-density polyethylene cable insulation. The extent of 

cross-linking can be greatly increased by the introduction of small propor- 

tions of finely divided fillers. The addition of 0.2% v/v of silica to polyethyl- 

ene, for example, results in a 60% increase in the gel (cross-linked 

polyethylene) content after 5 Mrad of y-irradiation [301]. The rate of 
irradiation-initiated polymerization of methyl methacrylate is also 

increased by the addition of a mineral filler, such as kaolin, with the forma- 

tion of grafted and nongrafted polymer by radical propagation processes 

[302]. 
y-Irradiation is often used to initiate the radical polymerization of 

monomers intercalated in montmorillonites and other lamellar minerals. 
The initiation sites can occur both on the interlamellar and exterior sur- 
faces of the minerals, but, unless the intercalated monomer molecules are 

chemisorbed to specific sites, or have a regular intermolecular alignment 

that favors a rapid propagation process, much of the intercalated mono- 

mer can diffuse to, and be preferentially polymerized on, the exterior sur- 
faces where the propagating radicals are less subject to steric restraint. 

5.5 REACTIONS VIA ANIONIC OR POLARIZED 
INTERMEDIATES 

Many mineral fillers are basic oxides or carbonates, such as zinc oxide, 

magnesia, or calcite, or they are amphoteric, containing both potential 

acidic and basic surface species, like those of alumina or titania. Basic sur- 

face species are also present on some aluminosilicates and other minerals 
that have a predominantly acidic character. Although strongly basic min- 

eral derivatives can be prepared, for example, by doping metal oxides such 
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as magnesia with sodium, the common mineral fillers and pigments do not 

normally develop highly basic surface sites which complement the highly 

acidic sites present on the surfaces of zeolites and silica-aluminas. 

While most of the mineral-catalyzed reactions described so far have 

involved cationic or radical intermediates, many others can involve 

anionic intermediates. Some examples of the latter group, which may be 

formed by dissociative adsorption on Lewis acidic surfaces, have already 

been described in Section 5.2. Some other examples of reactions involving 

anionic intermediates, or of concerted reactions involving coordinated 

intermediates, are described below. 

Basic sites on amorphous silica-aluminas [303] or silica-magnesias 

[304] are believed to be associated with hexacoordinated aluminum- 

hydroxy or magnesium-hydroxy groups, while the acidic sites contain 

tetracoordinated metal-hydroxy groups in a tetrahedral silica network. 

Acidic and basic species can coexist in close proximity on mineral surfaces, 
and many catalytic reactions are dependent on this surface duality. Silica 
and other nonbasic oxides can also develop basic sites when activated at 

high temperatures. These basic species are thought to be O, radical- 
anions [305], or oxide ionic defect centers [306]. 

Anionic derivatives may be formed from adsorbed organic molecules by 

a one-electron transfer, usually from surface O,” radical-anions, to yield 

organic radical-anions, or by hydride-abstraction (two-electron transfer). 
These two types of reaction may occur at different sites. They can be differ- 

entiated by selective poisoning and by titration using Hammett indicators 

(for basic species) and tetracyanoethylene (for reductants) [306,307]. 

Strongly basic oxide surfaces can be prepared by sodium-doping of magne- 

sia; these materials can have sites with Hammett basicity values, H, > 35, 

and are capable of abstracting hydride ions from triphenylmethane (pK, = 

33) and of isomerizing l-alkenes to 2-alkenes [307]. The cis-trans isomer- 

ization of 2-butenes on alumina and zinc oxide surfaces proceeds without 

loss or exchange of the hydrogens at the 2- or 3-positions; this indicates 

that the reaction probably proceeds via an allylic anionic intermediate 
[308]. 

The isomerization of alkenes via carbanionic intermediates on alumina, 

zinc oxide, and magnesia surfaces implies that strongly basic sites can be 

formed during activation by outgassing in vacuum, although the forma- 
tion of the intermediate allylic anions actually involves the cooperative 
interaction of adjacent Lewis and Bronsted acidic centers, or of a Lewis 
acid such as an Al** ion, and an adjacent O?~ anion (see Figure 5.22). The 
effective surface Lewis acid sites may be electron-deficient O?~ anions 
associated with coordination-deficient Al’* ions rather than the cations 
themselves [309]. 

The formation of strongly basic O,~ or other oxygen radical-anions on 
mineral surfaces usually involves activation by irradiation, or by calcina- 
tion, followed by cooling in the presence of oxygen. Freshly calcined cal- 
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cium oxide, for example, adsorbs oxygen at room temperature to form O,~ 

radical-anions [310]. These species can also be formed on alumina that has 

been dried at 300°C [311]. They can be produced by an organic adsorbate- 
sensitized process that does not involve mineral surface one-electron transfer 

processes, but rather hydride abstraction from the sensitizer, for example, 

pyridine, propene, or some other unsaturated species, followed by reaction of 

the organic carbanionic intermediate with atmospheric oxygen [312]. The 

resultant organic radical can form peroxides or dimers, repetition of the proc- 
ess with the latter yielding polymeric species. 

Basic pigments, such as zinc oxide or zinc-doped titanias, can react with 

the ester groups of alkyd resins that are used in many surface coating 

formulations. These reactions, while promoting the dispersion of the pig- 

ments, also can result in extensive saponification and deleterious changes 

in rheology of the composition, with the eventual formation of metal car- 
boxylate gels. Studies of the interaction between zinc oxide and poly(tetra- 

methylene adipate) and the model hemiester, monoethyl succinate, have 

shown that metal-ligand bonds are formed between the polymer and the 

mineral; these bonding species include zinc carboxylate and zinc-hydroxo- 
carboxylate complexes [313] (see Figure 5.59). The coordinative cross- 

linking of low-molecular-weight polyesters by zinc oxide, or by basic zinc 

or magnesium acylates, is used for the thickening of the monomer-resin 

mixtures used in reinforced sheet molding compositions [314]. 
Zinc oxide is used as both a pigment and a vulcanization-accelerating 

additive in sulfur-vulcanized elastomers. The initial stages of the vulcan- 

ization process involve the formation of a zinc mercaptide, which can react 

with sulfur and with the unsaturated elastomer to introduce polysulfide 

cross-links; the vulcanization reaction is a radical-mediated process [315]. 

Poly(viny] chloride) can also be cross-linked by reaction with magnesia and 

a triazinedithiol, the intermediate mercaptide presumably displacing reac- 

tive chloride from the polymer chains [316]. Basic oxides can be used to 

reduce the thermal creep of fluorocarbon (Viton) elastomers that occurs 

with the onset of oxidative degradation at temperatures above 200°C 

[317]. 
Basic minerals can catalyze the ring-opening polymerization of epox- 

ides and lactones. Ethylene oxide is polymerized on the surface of stron- 

Figure 5.59 Thickening of polyesters by zinc oxide or basic 

MW C— O-VVW._—Ss zinc carboxylates. Structure of the complexed zinc salt. 
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tium carbonate that has been activated by adsorbed water [318]; similar 

reactions may occur on the surface of calcite. Zinc oxide can catalyze the 

condensation of epoxides with polycarboxylic acids, the active species 

being a surface zinc carboxylate [319]. Calcined hydrotalcite, a magne- 

sia-alumina composition, can catalyze the polymerization of [- 

propiolactone. This reaction occurs on basic sites having Hammett 

basicity, H,>15; adsorbed water or carbon dioxide can deactivate the 

basic catalytic centers [320]. In contrast, basic mineral pigments may 

retard the acid-catalyzed curing of urea-formaldehyde and amino resin 

polymers; alumina-coated titania, for example, may retard the cure of 

some stoving enamels containing amino resins [321]. 
The adsorption of alcohols on alumina and the subsequent formation of 

surface alkoxide species has been mentioned in Section 5.2.3. The adsorp- 
tion of alcohols on titania involves the formation of surface alcoholates and 
displacement of surface water. On heating, these complexes dissociate; 

primary alcohols yield alkoxides, while secondary and tertiary alcohols 

yield carbonium ions and alkenes [322]. Decomposition of the primary alk- 

oxides can occur when the complexes are heated at 300°C, and in the case 

of the ethoxide adduct, the products are ethylene, diethyl ether, and iso- 

meric butenes [323]. The dehydration of surface alkoxides is a concerted 

process, involving the abstraction of 6-hydrogen by surface oxide or 

bridged-hydroxy] groups [324], and probably involving the formation of a 

six-membered cyclic intermediate charge-transfer complex. Similar cyclic 

intermediates are probably involved in the alkylation of alkoxides (ether 

formation) [324] and in the alkylation or elimination reactions of alkyla- 

mines or alkylarylamines on alumina at 200 to 300°C [325,326]. 

The decomposition of titania surface methoxides is a special case as the 

adsorbed species lack 8-hydrogens, and therefore cannot undergo mono- 

molecular dehydration like the other alcohols, although anatase methox- 

ide can form dimethy] ether at temperatures above 300°C. This reaction is 

accompanied by the formation of a surface methyltitanium species that 

can initiate Ziegler-Natta catalyzed oligomerization of olefins; the methy]- 

titanium species formed on anatase having an environment similar to 
those of alkyltitanium surface groups that are formed by the alkylation of 
TiCl, [823]. Ethyltitanium species are also formed during the dehydration 
of ethanol on anatase; their reaction with the ethylene coproduct yields the 
butenes also obtained from the dehydration of ethanol over anatase (see 
Figure 5.60). In contrast, the decomposition of rutile surface methoxide 
groups occurs at 250°C and produces methane and coke, possibly via car- 
bene intermediates. 

The adsorption of acetone on a titania or alumina surface Lewis acid 
site, followed by the abstraction of one of the 6-hydrogens by an adjacent 
O*~ ion, can result in the formation of surface enolate anions; these can 
react with other acetone molecules to form mesityl oxide [327]. Hexa- 
fluoroacetone is adsorbed on basic titania sites to form salts of 
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Figure 5.60 Mechanism for the formation of butene on desorption of ethanol from anatase. 

hexafluoropropan-2,2-diol that readily decompose forming trifluorome- 
thane and adsorbed fluoroacetate ions [328]. Adsorbed formate ions on 

titania surfaces decompose at 150 to 250°C, forming carbon monoxide; 

adsorbed acetate species are more stable. Anatase surface acetates only 

decompose at temperatures in excess of 350°C, the reaction forming a sur- 

face methyltitanium species. In contrast, acetic acid vapor undergoes a 

bimolecular decomposition on anatase surfaces at temperatures above 
250°C, with the formation of acetone; adsorbed ketene is believed to be the 
key intermediate in this reaction [329] (see Figure 5.61). 

Chemisorbed pyridine, ketones, and nitriles on alumina have been 

reported to form 2-pyridone, carboxylates, and amides, respectively. 

These reactions apparently involve paired acidic-basic sites and a nucleo- 
philic interaction between the adsorbed species, coordinated with the Al?* 

ions and basic, surface AIOH groups [330]. The hydrolysis of the nitriles, 

for example, involves displacement of a surface hydroxo ligand, followed 

by a nucleophilic attack of the coordinated nitrile by the liberated HO7 
group; this reaction occurs at 120°C. The reaction with pyridine occurs at 

temperatures in excess of 300°C and, in the absence of air, involves the 

CH,COOH, CO, + (CH;),COg 

Fe 

pe 5 oe 
H,0g o+ti- CH,COOH, 

Figure 5.61 Catalytic cycle for the thermal generation of acetone from acetic acid vapor in 

the presence of anatase. [Reprinted, with permission, from F. Gonzalez, G. Munuera, and J. 

A. Prieto, J. Chem. Soc., Farad. I, 74, 1526 (1978).] 
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elimination of molecular hydrogen from the intermediate hydroxylated 

adduct. Surface isopropoxides on alumina can reduce coadsorbed ketones 

in a mineral-catalyzed Meerwein-Ponndorf-Verley reaction. Alterna- 

tively, acetone can oxidize coadsorbed alcohols via the related Oppenauer 

process [331]. 

Alkanes, such as propane or butane, can exchange terminal methyl and 

methylene hydrogen atoms with deuterium over activated alumina; this is 

believed to involve the formation of carbanionic intermediates, the 

exchange occurring on particularly active surface O’" or adsorbed O,” spe- 
cies [311]. The exchange reaction can be poisoned by treatment of the alu- 
mina with an alkene, which can form adsorbed 7-allylic species on the 

exchange sites. 

Acetylene can be adsorbed and slowly polymerized on the surface of 

activated alumina and acidic zeolites. The adsorption process appears 

to involve an interaction between the z-electrons of the acetylene mole- 

cules and the surface AIOH groups. The polymerization yields trans- 
polyacetylene, possibly via a Lewis acid-initiated process [332]. The aro- 

matic acetylenes, 3-phenyl-l-propyne and 1-phenyl-l-propyne, are 

isomerized on zinc oxide, with the formation of phenylallene and propargy- 

llic anionic intermediates [333]. Methylacetylene is adsorbed on zinc oxide, 
with dissociation, to form an allenic anion [334]. 

In many mineral-catalyzed reactions, the catalytic processes are uncer- 

tain and have occasionally been ascribed to the effects of polarization of 

the adsorbed molecules in the surface electric field of the minerals; exam- 

ples already discussed in this chapter include the transformation of acids 
aad ammonium salts intercalated in montmorillonites and the polymeriza- 

tion of butene on neutral clays. '*C nmr studies on a variety of organic 
molecules adsorbed on low-iron zeolites and silica have shown that the 
surface field can induce chemical shifts generally comparable to those 

occurring on dissolution. In the case of butenes, polarization of the mole- 

cules is observed, redistribution of the electron cloud making the mole- 

cules more susceptible to specific attack by protons or other charged 
species [335]. 

The polymerization of methyl methacrylate or styrene on degassed sil- 

ica, magnesia, or alumina has been reported to involve the formation of 

strained bidentate z-complexes that undergo homolysis and initiate radi- 
cal polymerization processes. The mechanochemical polymerization of 

these monomers has been ascribed to a similar process that can occur on 
freshly formed surfaces [336]. 
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The adsorption of organic molecules on mineral surfaces, and the vari- 
ous modes of bonding, have been discussed in Chapter 4. The regular crys- 

talline order of many of the mineral surfaces and the disposition of the 

various specific binding sites can result in the adsorption of the organic 

molecules in fixed, sometimes known, orientations with respect to the min- 

eral surface and neighboring adsorbate molecules. The intercalation com- 

plexes formed on adsorption of aliphatic amines or alcohols by 

montmorillonites or vermiculites, for example, can have structures in 

which the alkyl chains form regular, close-packed arrays in the interlamel- 

lar spaces with the axes of the chains inclined to the silicate surfaces (see 
Figure 1.8). In the case of the n-alkylammonium smectites, the angle of 

inclination is a function of the charge density of the silicate surface, with 

typical values in the range 55 to 70°. The apparent angle of inclination can 

be deduced from the basal spacings of the smectite and its intercalation 
complex and the Van der Waals dimensions of the alkyl chains [1,2]. 

The possibility of carrying out reactions on molecules adsorbed at inter- 

faces in a given, fixed orientation has attracted the interest of scientists for 

many years. It offers a potent means for control of chemical transforma- 

tion, with the prospect of obtaining products, formed from reaction at spe- 

cific points on the adsorbed molecules, which may differ from those 
obtained from the reagents in the less restricted environment provided by 

a homogeneous medium. In the case of the clays, there is a more esoteric 

attraction. A number of theories on the origin of life and the formation of 

large, optically active constituents of living matter are based on the con- 

cept of concentration by adsorption of small, abiotic molecules on the min- 
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eral surfaces from the primordial seas, followed by stereospecific 

condensation to form more complex protobiotic species. In these various 

reactions, the mineral surface may act simply as a template in the concen- 

tration and organization of the organic molecules, or it may also act as a 

catalyst or initiator for the subsequent reactions. 

In the previous chapters, we have introduced a number of reactions that 

are affected by, or are dependent on, the adsorption process. These include 

the Benzidine Blue reaction, in which the colored product is stabilized by 

adsorption on the silicate surfaces, and the transformations of intercala- 

ted amines, catalyzed by acidic water molecules that are activated by 

adsorption in the interlamellar spaces of smectites. 
An analogy has been drawn between the potential for orientation and 

stereospecific reaction of adsorbed organic molecules on clay mineral sur- 

faces and the stereospecific Ziegler- Natta polymerization of vinylic mono- 

mers by solid organometallic complexes, in which the surface of the 

catalyst is all-important in presenting the monomer to the propagating 

entities [3]. However, there are relatively few examples known in which the 

course of the reaction or the microstructure of a polymeric product is deter- 
mined by some specific preorientation of the organic molecules on the sur- 
face of aclay or other mineral; this would appear to be an area of research 

that warrants more extensive attention. 
We confine our discussion of the orientation and control of organic reac- 

tions by mineral surfaces largely to systems containing the clay minerals 

or silica-alumina compositions. The reactions will be discussed under the 
following headings: 

(i) Transformation of simple molecules, to form low-molecular- 

weight products. 

(ii) Template polymerization of vinylic or acrylic monomers. 

(iii) Prebiotic syntheses, which includes the clay-catalyzed syntheses 

of chiral peptides, polypeptides, nucleotides, and carbohydrates. 

6.1 TRANSFORMATION OF SIMPLE MOLECULES 

In addition to the electronic effects that may arise from interaction 
between the adsorbed species and surface binding sites, the adsorption of 
organic molecules on minerals imposes steric constraints that can affect 
their reactivity. These steric effects may take several forms, which include 
(1) the shielding, by the mineral surface or by neighboring adsorbed mole- 
cules, of the bulk of a target molecule or specific groups from nonselective 
attack by reagents and (2) the preferential formation of particular geomet- 
rical isomers during addition or elimination reactions. 

The adsorption of organic compounds in close-packed perpendicular 
arrays on a surface can force reagents to preferentially attack exposed 
portions of the molecules; these molecules are often the terminal or near- 
terminal bonds or groups. Aliphatic acids adsorbed on alumina, for exam- 
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ple, show an increased degree of terminal chlorination compared to that in 
homogeneous systems; the yield of 8-chloroctanoic acid is nearly doubled 
(to 33%) when octanoic acid is adsorbed on neutral alumina prior to reac- 

tion with chlorine [4]. 

Selective halogenation has also been reported in the bromination of 

alkylbenzenes and olefins in the presence of zeolites [5]. Toluene and ethy]- 

benzene normally react with bromine, in nonpolar homogeneous media, to 

form bromoalkylbenzenes as the major products. Bromination occurs via 
radical attack on the alkyl chains. However, if the hydrocarbons are 

adsorbed in the pores of a Ca®** or Fe®* zeolite-X, the dominant products 

are p-alkylhalobenzenes, with bromination occurring on the aromatic ring. 

The predominance of the para isomers was ascribed to shielding of the 

alkyl substituent group and ortho positions of the benzene ring by the 

walls of the zeolitic cavities. The ortho-para ratio of the products obtained 
using the Fe** zeolite was greater than that obtained using FeCl, as a 

catalyst in homogeneous media. [6]. Bromine is also strongly adsorbed by 

zeolites, and the adsorption adducts have been proposed as selective bro- 

mination reagents for the preferential attack of terminal or unbranched 
alkene groups or other substituents that are capable of entering the zeolite 
cavities [7]. Bromine adsorbed in a zeolite-5A, for example, was reported to 

react only with the styrene of a styrene-cyclohexene mixture. 

The reported mechanisms for these selective bromination reactions 

have been criticized. In the reactions with alkylbenzenes, the preferential 

nuclear bromination probably reflects a change in the dominant reaction 

pathway from that of a radical-mediated attack on the alkyl substituent to 
that of a zeolite-promoted, or zeolite-bromine-byproduct-promoted, bro- 

monium ion addition to the aromatic ring, instead of being solely due to 

steric effects arising from intercalation in the mineral. In the case of the 

zeolite-bromine adducts, if the openings in the zeolite lattice are small 

enough to prevent the entry of branched chain alkenes, they would proba- 

bly be too small to permit desorption of the brominated products. The 
selective bromination of styrene, in admixture with cyclohexene, is more 

characteristic of a homogeneous radical-mediated bromination by 

desorbed bromine than of a steric-controlled ionic reaction [8]. 

Mutual steric effects resulting from adsorption at high surface loadings 

have been observed in the ozonation of adsorbed branched-chain esters. 
Oxidation of 3,7-dimethyloctyl acetate adsorbed on silica, for example, 

with ozone at 20°C gives good yields of the 7-ol (41%) and 7-norketo (27%) 

derivatives, whereas reaction in homogeneous media is less selective, pro- 
viding respective 28% and 10% yields of these products. The specificity of 

attack at the 7-position of the adsorbed ester is increased further when the 

adsorbed ester is ozonized at — 78°C [9]. 
A number of hydrocarbon hydrogenation or cracking petrochemical 

processes have been described that use various zeolites as “‘shape selec- 

tive’ catalysts. The selectivity in these systems may occur when only one 

part of the reactant molecule can pass through the catalyst pores to reach 
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the internal catalytic sites or a clathrated coreagent; when only certain 

products, having sufficiently small dimensions, can diffuse out of the 

pores; or when steric restrictions within the cavities prevent the formation 

of the transition state species for some reactions, but not those leading to 

the desorbable products. Detailed discussion of these systems is beyond 

the scope of this book, but can be found, for example, in reference 5. Other 

template effects have been indicated, for example, in the fragmentation 

reactions that may occur during the high-temperature, high-vacuum 

desorption of long-chain alcohols and acids from kaolinite and montmoril- 

lonite (Section 5.2.3) [10] and in the transformation of long-chain alcohols 

into benzene on the surface of ferric oxide at moderate temperatures [11]. 

Adsorption of organic species can also affect the product distribution 

formed on irradiation of the complexes. 7-Irradiation of pentane or other 

hydrocarbons, for example, adsorbed as a thin surface layer on outgassed, 
finely divided silica or aluminosilicate, produces a higher yield of branched 

chain species than that obtained by irradiation of the bulk hydrocarbons 
[12]. This probably results from the stabilization of the cationic intermedi- 

ates formed during the irradiation by interaction with the dehydroxylated 

mineral surfaces. 
We have described in Section 1.7.4 some examples in which the “‘two- 

dimensional”’ interlamellar environment favors the intercalation of a par- 

ticular cationic complex ion instead of some related interconvertable 

species which may be more stable in homogeneous media. If the two spe- 
cies differ, for example, in catalytic selectivity, then adsorption can indi- 

rectly influence the course of the catalyzed reactions. 

[Rh(PPh,),H,]* > [Rh(PPh,),H] + H* 

This effect is apparent in the reactions of a rhodium cationic hydrogena- 

tion catalyst (shown above), the active form of which exists in equilibrium 

with its deprotonated derivative. The protonated form, which can be stabi- 

lized by intercalation in hectorite, is a good terminal hydrogenation cata- 

lyst, but a poor isomerization catalyst. However, the deprotonated species 

is effective for both hydrogenation and isomerization. Reduction of hex- 
ene, for example, using the methanol-swollen cationic rhodium-hectorite 
complex yields hexane, whereas reduction by the rhodium complex in 
homogeneous solution results in extensive internal isomerization [13]. 

In many reactions of adsorbed species, the products are found to be 
essentially similar to those formed in homogeneous media, contrary to 
simplistic predictions. In a number of cases this finding has provided a 
useful insight into the reaction mechanisms for the adsorbed species. The 
bromination of diethyl fumarate, for example, proceeds very slowly in 
homogeneous media of low polarity; however, when the ester is adsorbed 
on a hydroxylated silica, the bromination is very fast and highly stereospe- 
cific. Both reactions yield the same product, diethyl meso-2,3- 
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dibromosuccinate. This trans addition probably involves the formation of 
an intermediate bromonium ion. The reaction in the presence of the silica is 

believed to be promoted by the formation of an activated silanol-bromine 

complex (1). This can react with the unsaturated ester to form a 

bromonium-hydrogen-bonded bromide ion pair (2) (Figure 6.1) [14]. A simi- 

lar activated complex may be involved in the aromatic bromination of 
alkylbenzenes in the presence of zeolites. 

The mineral surface-catalyzed elimination of hydrogen halides from 

haloalkanes, or of carboxylic acids from esters, yields initial products that 
are formed predominantly by the trans elimination of a @-proton, similar to 

those formed in homogeneous media, rather than the expected cis elimina- 

tion products that might have been expected from the reaction between an 

adsorbed organic species and acceptor sites on a planar surface [15]. The 

elimination of hydrogen bromide from bromoalkanes, such as 2- 
bromobutane, appears to proceed by a concerted (anti-E,) mechanism over 

basic silica surfaces, which could require the two acceptor sites to be physi- 
cally opposed, for example, on the walls of micropores (Figure 6.2); reaction 

over acidic silica occurs by the syn mode, and yields a greater proportion of 

the cis olefin [16]. The elimination reactions usually yield a mixture of geo- 

metrical isomers, as they may proceed, simultaneously and competitively, 
by both the concerted process and a nonconcerted carbenium ion- 

mediated (E,) process; the initially formed alkenes also may undergo 

surface-catalyzed isomerization (Section 5.2.4). 

Figure 6.2 The intermediate complex postulated for the dehy- 

| a7 drobromination of 2-bromobutene in a porous Cs-silica. 

le No Oo “ (Reprinted, with permission, from M. Misono, T. Takizawa, and Y. 

Ssi7 Yoneda, J. Catalysis, 52, p. 404, copyright © Academic Press, 

/\ New York, 1978.) 
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Elimination of water from alcohols adsorbed on the Lewis acidic sur- 

faces of alumina, on the other hand, commonly yields products apparently 

corresponding to a cis (syn) elimination, although various studies have 

shown that these reactions occur by a concerted process, once again with 

the anti elimination of the trans-6-proton. These reactions are believed to 

proceed via an E,-like, partial-carbenium ionic transition state, in which 

the hydroxy] group of the alcohol is bound to alumina surface hydroxyls, 

‘‘preforming”’ the eliminated water, and in which the alky] chain is inclined 

at an angle to the alumina surface. Sufficient vibrational freedom (rocking) 

of the alkyl chain occurs prior to complete scission of the C-O bond in order 
to allow the trans-G-proton to approach the surface basic receptor site (Fig- 
ure 6.3) [17]. Steric restrictions are minimized, for molecules in this inclined 

configuration, when the adsorbed molecule has a conformation in which 

the more bulky substituents are eclipsed rather than opposed. 

A similar E,-like elimination mechanism could also occur in concerted 
dehydrohalogenations and related reactions. This obviates the necessity 

of reaction in hypothetical micropores to explain anti eliminations on pla- 

nar surfaces. The cis-trans ratio of the initial products is determined by 

the preferred conformation of the adsorbed species and by the acidity or 
basicity of the catalyst surface, which influences the relative frequency of 

E, versus E, elimination. Strongly acidic or basic surfaces favor an E, 
elimination, with an ionic intermediate, and formation of the thermo- 

dynamically more stable trans-alkenes [15]. 

6.2 POLYMERIZATION OF ORIENTED VINYLIC MONOMERS 

Although there have been relatively few reported examples of addition 

reactions between adsorbed species on mineral surfaces, in which the spe- 
cific organization or orientation of the organic molecules prior to reaction 

has been demonstrated, there have been numerous reports of the stereo- 

specific polymerization of molecules adsorbed on the external surfaces or in 
the interlamellar spaces of the clay minerals. These reactions include the 

chain polymerization of vinylic or acrylic monomers, described in this sec- 

tion, and the stereospecific step-growth condensation reactions, for exam- 
ple, of amino acids, which will be discussed in the following section. 

The orientation of the monomer molecules can occur at three levels. In 
the lowest level, for monomers confined as an extended two-dimensional 
phase by intercalation between “‘inert”’ planar surfaces, or as an extended 
one-dimensional phase in a channel, the orientation of the molecules with 
respect to each other will be largely determined by their mutual interac- 
tions. At the next level, small numbers of molecules may exist in organized 
groups, which may result from their association with the randomly located 
interlamellar exchangeable cations, for example, but without extended 
organization of the adsorbed phase. Extended organization of the mono- 
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Figure 6.3 Mechanism for trans-elimination of water from alcohols on an alumina surface 

via a pseudocationic intermediate in a rocking mode of molecular vibration. 

mer molecules occurs at the third level, and results from specific interac- 

tions with some regular array of lattice surface species. In the case of 

polymerization of vinylic (or acrylic) monomers adsorbed on clay mineral 

surfaces, effective organization of the molecules prior to reaction has only 

been found at the second level, although extended organization of mono- 

mers can occur in biological systems and in the template polymerization of 

monomers on synthetic polymer matrices [18]. 

Montmorillonites can intercalate vinylic monomers, such as styrene or 
vinylpyridine, or acrylic monomers, including acrylic and methacrylic 

acids, their esters, and related amides and nitriles, and the intercalated 

monomers polymerized in situ to form “‘insertion’’ polymers [19-22]. The 

polymerization may be initiated by mineral surface species, by irradiation 
of the mineral-monomer complex, or by added radical initiators. The resul- 

tant polymers may be extractable by solvents, but frequently their isola- 
tion requires dissolution of the mineral, for example, with concentrated 

hydrofluoric acid. In many cases, the insertion polymers are found to have 
properties and structures that differ significantly from those of similar 

polymers prepared in homogeneous media. 
Although there have been many published examples of the application 

of the polymerization of clay mineral-monomer complexes for preparation 

of novel composite materials, structural details of the polymers formed 

have only been reported for a relatively few systems, such as the mont- 

morillonite-acrylic ester or montmorillonite-acrylonitrile systems stud- 

ied by Blumstein and co-workers. 
Dry Na-montmorillonites can intercalate methyl methacrylate (MMA) 

to form complexes having basal spacings of 17.2 A and containing the 

equivalent of two layers of monomer molecules lying parallel to the silicate 



266 ORIENTATION AND CONTROL OF ORGANIC REACTIONS BY MINERALS 

surfaces. The bulk of the adsorbed ester is weakly held and can be removed 

by washing or by evaporation, leaving a complex that contains only a 

monolayer of intercalated monomer in each interlamellar region. This 

residual monomer can be polymerized, either by y-irradiation or by ther- 

mal initiation using coadsorbed radical initiators [23]. The polymer formed 

has been shown to have a significantly higher proportion of isotactic triads 

(groups of three monomer units) than conventional radical-initiated poly- 

(methyl methacrylate) (PMMA), which contains mostly syndiotactic or 

atactic triads. The proportion of isotactic triads increases from 15 to 50% 

with increasing cation exchange capacity of the mineral and, in systems 
containing other ion-exchanged montmorillonites, increases with the 

polarizing power of the exchangeable cations [18,24]. Blumstein reported 

that the solution properties of isolated insertion PMMA did not differ 
noticeably from those of a conventional polymer of similar average molecu- 

lar weight [25], although its stereoblock nature was reflected in peculiari- 

ties in the compression isotherm of polymer monolayers spread on water 

[21]. The polymers, while still intercalated in the mineral, have much 

greater thermal stability than the free polymers. This is ascribed to the 

reduced oxidative degradation, due to isolation from aerial oxygen, and to 

the hindrance of thermal motion and the preferential recombination of rad- 
icals formed by thermal decomposition of the intercalated polymer [26]. 

Blumstein has proposed that the monomer molecules in the monolayer 

MMA-mineral complex are present in one of two forms: as free monads, or 
independent molecules, adsorbed with their long axes laying parallel with, 

and weakly bound to, the silicate surface, but having a high degree of rota- 

tional and translational freedom within the two-dimensional interlamellar 
spaces; as isotactic diads that are bound, by ion-dipolar interactions, to 

the exchangeable cations (Figure 6.4). The PMMA formed consists of 
short stereosequences, as expected for a random combination of place- 

ments of isotactic diads and free monads, the proportions of which can be 

correlated with the cation exchange capacity of the mineral [24]. The rate 

of polymerization of monomer in the monolayer complex is at least one 

order of magnitude less than that of MMA in bulk. This has been ascribed 

to steric effects due to the reduced mobility of the monomer in the interla- 

mellar monolayers which, in turn, is dependent on the monomer-ionic inter- 

actions; the stronger the interaction, the lower the monomer mobility and 

propagation rate [27]. 

Cross-linked insertion PMMA can be prepared by the monolayer inter- 
calation, and subsequent polymerization, of MMA containing a bis-acrylic 
ester such as tetramethylene dimethacrylate. The insertion polymer, iso- 
lated after dissolution of the mineral lattice, consists of two-dimensional 
sheets that retain a memory of the mineral lattice [25,28]. The dimensions 
of the sheets, determined by light-scattering methods, correspond to the 
basal dimensions of the original montmorillonite particles. The solution 
properties differ significantly from those of both linear and branched- 
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Figure 6.4 Preorientation and polymerization of intercalated methyl methacrylate. Organi- 

zation of complexed monomers and the formation of isotactic diads. 

chain polymers; this is most noticeable in the tendency of the polymer 

sheets to associate in book-like structures, containing ten or more layers, 

like the platelets of a coagulated smectite. These sheet polymer aggregates 

can be dispersed in strong solvents, but often only after prolonged solva- 

tion or heating. The compact, sheet-like structure, unlike the random coil- 
like structures of branched or linear polymers, permits the development of 
extended physical interaction between the molecules. This mutual interac- 
tion is sufficiently strong to resist rapid dissolution by osmotic solvation 

forces. 

Irradiation of montmorillonite-methy] acrylate complexes also can pro- 

duce an insertion polymer having a sheet-like molecular structure, without 

the need for a cross-linking comonomer [25]. This results from the greater 

tendency of the acrylate esters to undergo radical-initiated chain branch- 

ing reactions which, in the restricted interlamellar environment, results in 

the formation of a two-dimensional polymer; this is in contrast to the three- 
dimensional gel formed by irradiation of the bulk monomer. 

Insertion polymers of acrylonitrile or methacrylonitrile can differ struc- 

turally from those formed in homogeneous media. The nitrile groups of the 
monomer are susceptible to radical attack, although conventional radical 

polymerization techniques result in predominant propagation via the 

vinylic groups alone. However, on heating the linear polymers, radical or 
anionic reactions can result in further condensation of the pendant nitrile 

groups to form highly colored ladder polymeric structures (Figure 6.5). 

Insertion polymers prepared at low temperatures have been found to con- 

tain a high proportion of ladder polymer sequences. This is ascribed to the 
preorientation of the monomer molecules in isotactic diads by ion-dipole 

interactions with the exchangeable cations. These diads have a planar 

arrangement of monomers, with their nitrile groups in close proximity, 

which favors the cyclization process [29]. 

6.3 PREBIOTIC SYNTHESES 

Many of the reports in the scientific literature that refer to the organiza- 
tion of simple molecules on naturally occurring inorganic templates, such 
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Se ee Figure 6.5 Ladder structure formed by condensation of the 

| nitrile groups of a polyacrylonitrile. 

as the kaolins and smectites present in the primordial sediments, are 

related to theories on the origin of life. In the following discussion, we are 

not outlining a case for origin via evolution, as distinct to origin by Divine 

Creation; rather we shall be discussing some chemical reactions leading to 

simple molecules, such as the aminoacids, sugars, lipids, and pyrimidine 

and purine heterocycles, or their condensation products, which are compo- 

nents, or potential precursors, of vital natural organic substances. 

Many of the advocates of a terrestrial origin of life have proposed that 

the mineral surfaces can act as a means for concentration, by adsorption 

from the atmosphere or from the primordial seas, of simple inorganic mole- 

cules, such as ammonia, carbon dioxide, or hydrogen cyanide. Subsequent 

reactions, catalyzed by solar radiation, by electrical discharges, or by the 
mineral surface itself, could then convert the adsorbed species to the more 

complex precursors of biologically active molecules. Many of these reac- 

tions have been demonstrated, under simulated conditions, using the com- 

ponents of the various hypothetical prebiotic environments [30,31]. Some 

workers have also claimed that the mineral surfaces may have also enabled 

the chiral synthesis of optically active complex molecules such as polypep- 
tides [32,33]. Considerable controversy still surrounds work in this field, 

and the various experimental techniques and assumptions used by the var- 
ious schools are frequently subject to criticism by others. We are therefore 

reporting some of the published accounts, with the proviso that, as the 

supposed prebiotic conditions are still hypothetical, these reports cannot 

be definitive. Further work is required, in most cases, to substantiate the 

various claims. 

The use of clay as a template to bring about the formation of living 

molecules goes back to Biblical times. The modern version of the use of 

clays originated in 1949 with J. D. Bernal’s hypothesis that the minerals 

acted as concentrators and organizers of simple molecules prior to their 

conversion into the precursors of proteins and other biologically important 
molecules [34]. 

The starting ingredients of the natural syntheses are variously believed 
to include carbon compounds, such as methane, carbon dioxide, carbon 

monoxide, formaldehyde, and hydrogen cyanide. These could have been 
produced from inorganic materials by hydrolysis or oxidation and would 
have been present in volcanic gases or derived from extraterrestrial 
sources [35]. The nitrogen precursors would have included nitrogen itself, 
ammonia, and possibly hydrazine and hydroxylamine. The primordial 
atmosphere is believed to have been strongly reducing, with a very low 
oxygen content. The activation energy for the syntheses could have been 
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Figure 6.7 Formation of sugars from formaldehyde on a kaolinite surface. (Reprinted, with 

permission, from E. T. Degens, Chemical Geology, 13, p. 1, copyright © Elsevier Scientific 

Publishing Co., New York, 1974.) 

supplied by lightning discharges, or by solar ultraviolet light which, prior 

to the development of the ozone layer, would have included a large amount 

of highly actinic radiation having wavelengths of 100 to 300 nm. Modern 

workers have been able to simulate these hypothetical primordial condi- 

tions in reactors and have obtained a variety of condensation products; a 

few, arbitrarily selected examples are described below. 

Degens and co-workers have shown that minerals, such as kaolinite, are 

capable of catalyzing the reaction of carbon dioxide and ammonia to form 

urea, and they have proposed a series of mineral-catalyzed reactions that 

lead to the formation of aminoacids and polypeptides (Figure 6.6) [36]. 

Related reactions were thought to produce cyanuric acid, the pyrimidine 
nucleoside precursors, cytosine, uracil, and probably also purine deriva- 

tives. The intermediates in these reactions are believed to include formal- 

dehyde and formic acid. Degens has shown that kaolins or calcium silicates 
can promote the transformation of formaldehyde and paraformaldehyde 

to reducing sugars via aldol-like condensations (Figure 6.7) [37]. Further 

reactions between glycine, or other simple aminoacids, and the aldol con- 

densates could result in the formation of the more complex natural ami- 
no acids. 

Ponnamperuma and his colleagues have studied the effects of actinic 

radiation and electrical discharges on atmospheres containing nitrogen, 

methane, and water vapor. The products were found to include hydrogen 

cyanide, formaldehyde, adenine, and nitrogenous polymers, together with 
the a-aminoacids glycine, alanine, aminobutyric acid, and sarcosine, as 
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components of a very dilute prebiotic soup. The amino acids may have 
been hydrolysis products of the heterocyclic nitrogenous polymers [38]. 
Clays were considered to be important as concentrators of the precursors 
from the prebiotic soup and as protective agents for the primitive materi- 
als against destruction by the actinic light [39]. Condensation of the 

adsorbed amino acids, to form more complex molecules, was believed to 

have been promoted by cyanamide and related species which are formed 
under these simulated prebiotic conditions. Clays can also promote the 

formation of C, to C,, hydrocarbons under these conditions [40]. Although 
clays may have assisted the formation of proteins and the earliest nucleic 
acids by the adsorption and ordering of the primitive materials, Ponnam- 

peruma considered that the minerals did not change the reaction pathways 
to these species [39,41]. 

Fripiat has shown that amino acids and purines can be synthesized by 
the reactions of ammonia and carbon monoxide in the presence of out- 
gassed, thermally activated zeolites at temperatures of 250°C or greater, 

which he considered to simulate the ambient conditions during this pre- 

biotic period. The key intermediates in these reactions were believed to be 
formamide and its dehydration product, hydrogen cyanide. Fripiat 

described a scheme whereby subsequent hydrolysis of nitrogenous poly- 

mers could have led to various amino acids, such as glycine, alanine, and 

serine, identified in the products from the simulated prebiotic syntheses 

[42]. Hatanaka and Egami have found that about 40 species of amino acids 
are produced by the reaction of formaldehyde and hydroxylamine in saline 

media at pH 5.5 and 105°C; although their presence was not required for 

the syntheses, the addition of clays, or of the transition elements they 

contained, increased the yield of amino acids under these simulated pri- 

mordial conditions [43]. 
The pathways to the various amino acids, sugars, and the nucleotide 

precursors are highly speculative and controversial, but there is general 

agreement that the concentration from the prebiotic soup and subsequent 

condensation of these species occurred at mineral-liquid interfaces, most 

probably those of kaolins or montmorillonites in marine suspensions or 

sediments [e.g., 3,30,31]. The genesis of the lamellar silicates and the poly- 

peptides may well have been interrelated. Degens, for example, has pro- 

posed that the original polymerization of the amino acids may have 
occurred via the formation of coacervates between hydrated sili- 

ca-alumina (protokaolin) sols and the organic molecules, which, after sedi- 

mentation, could undergo polymerization by epitaxis, or oriented growth, 

followed by natural chromatography, to yield both polypeptides and the 

extended lamellar silicate lattice of kaolin [44]. These processes would have 

been assisted by natural fluctuations in hydration, salinity, and tempera- 

ture of the sediments, which could have provided the different conditions 

required for the adsorption, condensation, and desorption phases of the 

polypeptide synthesis [45,46]. 
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Figure 6.8 Protoenzymatic formation of polypeptides from precursors adsorbed on clay 

mineral surfaces. (Reprinted, with permission, from M. Paecht-Horowitz, Origins of Life,7, p. 

369, copyright © D. Reidel, Dordrecht-Holland, 1976.) 

Although clays could have promoted the formation of polypeptides 

from the zwitterionic amino acids at high temperatures (as originally pro- 
posed by Fox in reference 31), or alternatively, in a fluctuating environ- 

ment, they could also have been formed, under relatively mild conditions, 

by condensation of aminoacyl nucleotides such as the amino acid adeny- 
lates (Figure 6.8), a process that parallels the synthesis of polypeptides in 

living systems. The catalysis of these reactions by montmorillonites and 

kaolinites has been likened to that of a mineral ‘“‘protoenzyme’’ [47]. 
Adenylates of serine, alanine, aspartine, and glycine copolymerize in 

homogeneous media to form random oligomers, with degrees of polymeri- 

zation of 1 to 4. In the presence of montmorillonite suspensions, however, 

the various adenylates tend to form block copolymers. These have degrees 
of polymerization up to 40, the values forming a discrete spectrum based 

on multiples of 6 or 7. Adsorption on the clays allows interaction between 

the molecules of the amino acid adenylates and the formation of preferred 

sequences prior to condensation. This is believed to occur at the alumino- 

silicate layer edges, with movement of the polypeptide product into the 

interlamellar region. The transition metal-exchanged montmorillonites 

have been shown to preferentially adsorb particular nucleotides, and could 
thus favor their polymerization; some examples of specific coadsorption 
have also been reported [48]. 

Possibly the most controversial aspect of prebiotic synthesis is the ori- 
gin of almost exclusive predominance of a particular optical isomer, for 
example, the L-form of the asymmetric amino acids, in the components of 
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most living materials and byproducts. In the absence of some asymmetric 
agent, the various reactions discussed above would have produced racemic 
mixtures of optical isomers, that is, mixtures containing equal proportions 
of the dextro (D) and laevo (L) rotary components, which would have no net 
optical activity. Various classical hypotheses have included the effects of 
the asymmetry of the various radiation fields in the Universe, or to the 
preferential formation or destruction of a particular optical isomer on opti- 
cally active crystals of quartz, or by solar ultraviolet light which had 
become circularly polarized through interaction with the Earth’s magnetic 
field [30]. 

Degens, Matheja, and Jackson have proposed that optical activity may 
have originated from reactions of organic substances adsorbed on clay 

minerals. They claimed to have demonstrated that L-aspartic acid, for 

example, polymerized more rapidly than its D-isomer in the presence of 
kaolin [32,49]. They and others [50,52] have also reported that D-glucose 

and L-amino acids are bound to clay surfaces more tightly than their enan- 

tiomers. As their adsorption stabilizes these species against various natu- 

ral forms of degradation, preferential adsorption of one particular isomer 

could indirectly lead to its eventual predominance. The relation between 
natural optical activity and clay mineral surfaces is still being disputed 

[e.g., 50], and at least one series of attempts to duplicate the asymmetric 
polymerization experiments has failed [51]. 

One important aspect of this work by Degens and others, which so far 

appears to have been overlooked, is the origin of the kaolins used in the 
various laboratory simulations. The kaolins, in all cases, had either been 

obtained from Cretaceous sedimentary deposits or from commercial 
sources that were most probably mined from similar deposits. These 
deposits are of relatively recent origin and are about 100 million years old. 

They were formed during the final days of the dinosaurs, rather than when 

the chemical evolution of protolife is thought to have occurred, about three 
billion years ago. In Section 3.1 we described the printing of molecular 

outlines of adsorbed organic materials onto precipitating silica sols. 
Degens has implicitly indicated that a similar process could occur during 

the epitaxis of the protokaolin coacervates. It is therefore quite possible 

that the asymmetric activity of the Cretaceous kaolins, if it in fact exists, 
might merely be the result of an imprinted memory of the already existing, 

highly developed, optically active natural materials that were adsorbed 

during the crystallization of the mineral lattice. 
The field of study, in which clays serve to bring about these conversions 

of biological activity, is still one which is open to question and one for 

which a great deal of further careful detailed research is still required. Nev- 

ertheless, it seems clear from the examples discussed here and for other 

cases where clear-cut differences have been noted between reactions of 

adsorbed molecules and those in bulk that preorganization of the mole- 

cules can significantly alter the subsequent chemical conversions. 
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SUBJECT IND 

Acetates, surface, 44, 61, 247 

Acetone, 246 

Acetylene: 

photoreduction of, 70, 231 

polymerization of, 248 

Acid-base interactions in composites, 

124, 156 
Acidity: 

Bronsted and Lewis, 33 

Hammett, 35 

of silicate surfaces, 7 

see also Surface acidity 

Acids: 

adsorption, and surface modification 

with, 125 

aliphatic, selective chlorination of, 

260 

carboxylic: 

adsorption of, 126 

decarboxylation of, 201, 

233 

copolymeric, as dispersion 

stabilizers, 159 

unsaturated: 

adsorption of, 127 

oligomerization of, 203 

Acrylic monomers, 102, 234, 

240 

Acrylic polymers, 160 

Actinolite, 27 

Acyl halides, reaction of: 

with alumina, 90 

with layer silicates, 44 

with silica, 88 

with titania, 61 

Addition reactions, 195 

Adenylates, aminoacyl, 272 

Adsorbates, organization and 

reactivity of, 259 

Adsorption, 109-116 

of polymers, 113 

preferential, 87 

Alcohols: 

adsorption, and surface modification 

with, 132 

in alkylammonium smectites, 138 

dehydration of: 

on acidic surfaces, 195 

on alumina, 90, 264 

on titania, 246 

dissociative adsorption of: 

on alumina, 90 

on zinc oxide, 98, 99 

photooxidation of, 227 
reactions of: 

with alumina, 90, 100, 152 

with carbonyl compounds, 

210 

with iron oxides, 101 

with silica, 87 

surface esterification by, 152 

Aldehydes: 

adsorption of, 133 

reaction with alcohols, 210 

Alkadiene polymers, 191 

Alkadienes, conjugated, 189 

Alkanes: 

hydrogen exchange with, 248 

photooxidation of, 230 

Alkenes: 

adsorption of: 

on alumina, 90, 224 

on zine oxide, 99 

alkylation by, 205 

esterification of, 200 

formation of, 196 

isomerization of, 201, 207, 244, 

248 

photooxidation of, 230 

polymerization of, 183, 188, 236, 

241 
rehydration of, 197 

selective bromination of, 261 

Alkyd resins, 233, 245 

297 
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Alkylamines, see Amines 

Alkylammonium smectites, 21, 

136 

Alkylation, 200, 203 

of alumina, 90 

of amines, 198 

of montmorillonite, 44 

of silica, 88 

of silica-alumina, 93 

of silicate surfaces, 44 

of titania, 61 

Alkylbenzenes, 261 

Alkylene diammonium mont- 

morillonites, 24 

Alkylene oxides, 207, 211. See also 

Epoxides 

Alkyl halides, 201, 265 

Alkoxyaluminum acylates, 151 

Alkoxytitanium acylates, 148 

Alumina (aluminum oxide, hydrated 

aluminum oxides), 89 

adsorption on: 

of acids and salts, 126 

of alkenes, 90 

of amines, 129 

of carbonyl compounds, 

133 

hydrogen bonds in, 116 

of neutral organics, 132 

alcohols, dehydration on, 199, 

264 
alkenes, isomerization on, 

244 

pi-alkenyl anions on, 206 

Bronsted acidity of anion-bearing, 

90 

coatings, 94 

organic reactions of, 90 

oxidation on, 225 

radicals from, 241 

reactions of: 

with alcohols, 152 

with alkenes, 90, 207, 244 

with organosilanes, 145 

surface modification of, 126, 144, 

150 

Aluminosilicates (amorphous), see 

Silica-alumina 

Aluminosilicates (crystalline), 1-47 

hydrolysis and surface acidity of, 

40 

model structure for, 6 

oxidation by, 43, 232 

phosphate adsorption by, 26 

see also Kaolinite; Montmorrillonite; 

Smectites 

Aluminum acylates, 151 

Aluminum hydroxide, see Alumina 

Aluminum ions, in silica-alumina, 

91 
Aluminum oxide, see Alumina 

Amides: 

adsorption of, 134 

decomposition of, 200 

Amines: 

adsorption of, 128 

on alumina, 90 

on iron oxides, 101 

on layer silicates, 23, 35, 38, 

2g 
on silica, 87 

on titania, 60 

on zinc oxide, 98, 99 

aromatic, 222 

oxidation of, 222, 235 

reactions of: 

with aldehydes, 210 

intercalated, 197, 235 

surface modification with, 

131 
Amine salts, 131 

Amino acids, adsorption, and surface 

modification with, 135 

oxidation of, 232 

prebiotic, 270 

Aminoalcohols, 130 

Ammonia: 

adsorption of: 

in smectites, 34, 37 

on titania, 61 

oxidation of, 64, 99 

Ammonium acetate, 9 
Amosite, 27 

Amphiboles, 3, 27 

Anatase, commercial production 

of, 53. See also Titania; Titania 

pigments 

Aniline, 219 

Anionic intermediates, reactions 

via, 243 

Anions, organic, formation of, 

244 

Anisole, 224 

Anthophyllite, 27 

Aragonite, 96 

Arenes (aromatic hydrocarbons): 
adsorption on silica, 87 

intercalation complexes of, 224 



metal, 224 

oxidation of, 43 

Aromatic compounds, alkylation 

of, 2038, 205 

Aryls, lithium, 87 

Asbestine minerals, 27 

Aspartic acid, 273 

Attapulgite (palygorskite), 4, 

28 

leuco-dye oxidation on, 222 

styrene polymerization on, 

183 

Autoxidation, 70, 102, 233 

Azo compounds: 

decomposition of, 239 

polymerization via, 165 

Azocumene, 239 

Ball clays, 8 

Barium chromate, 102 

Barium sulfate (barytes), 144, 

150 

Bases, adsorption, and surface 

modification with, 128 

Basicity, see Surface basicity 

Batavite, 21 

Bayerite, 89 

Behenic acid, 233 

Beidellite, 17 

hydration and swelling of, 

19 

surface hydrolysis of, 41 

Bentones®, 137. See also Alky- 

ammonium smectites 

Bentonites, organophilic, 16, 

137 

beneficiation and modification 

of, 16 

from Wyoming, and Texas, 15 

see also Montmorillonite 

Benzidine Blue, 217 

Benzidine salts, 43, 217 

Benzoyl peroxide, 194, 217 

Benzyl mercaptan, 201 

BET adsorption isotherm, 111 

Bleaching earths, 16 

Boehmite, 89 

Bromination, 261, 262 

Brookite, 55 

Brucite, 3 

Butanol, 196 

Butene: 

isomerization of: 

on acidic surfaces, 203 
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on basic surfaces, 244 

on iron oxides, 102 

oxidation of, 102, 232 

polymerization of, 184 

iso-Butene: 

photooxidation of, 70 

polymerization of, 188 

Butylene oxide, 207 

t-Butyl hydroperoxide, 165, 194, 

234, 237 

Calcite, 96 

Calcium carbonate (aragonite, calcite), 
96-98 

adsorption of fatty acids on, 

125 
surface modification of, 97, 125, 

144, 146, 150, 151, 158, 159, 
165, 167 

Carbanions, pi-alkenyl, 90, 99, 206, 

244 

Carbenium ions (carbonium ions): 
formation of, 182 

from alcohols, 198 

from alkenes, 203 

isomerization of, 203 

in polymerization of styrene, 

183 
as reaction intermediates, 181 

Carbodiimides, 155 

Carbon dioxide, 60, 90 

Carbonium ions, see Carbenium 

ions 

Carbonyl compounds, adsorption 

of: 

on alumina, 246 

on titania, 246 

on zine oxide, 99 

see also Aldehydes; Ketones 

Carboxylate salts, 126 

Carboxylic acids, see Acids, 

carboxylic 

Carvomenthene oxide, 

207 

Casson’s equation, 122 

Catalysis, Lewis vs. Bronsted 

acid, 214 

Catalysts: 

cracking, see Silica-alumina 

intercalation of, 262 

shape-selective, 261 

Catalytic activity: 

of acidic silicas, 88 

of alumina, 90, 206 
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of aluminosilicates, 32, 36, 38, 

41, 43 
of chromate pigments, 103 

of fillers and pigments, 182 

of iron oxides, 101 

and surface fields, 235, 248 

of titanias, 62, 67, 70, 72, 74 

of zinc oxide, 99 
Catalytic activity and surface acidity: 

in decomposition of peroxides, 

193, 194 
in dehydration of alcohols, 

199 
in hydrolysis of esters, 210 

in isomerization of alkenes, 199, 

202 
in polymerization of styrenes, 

183, 190 
Cation exchange, see Ion exchange 

Cations: 

compensating, see Isomorphous 

substitution; Ion exchange 

coordination of interlamellar, 46 

exchangeable: 

in attapulgite, 29 

in kaolinites, 10 

in layer silicates, 7 

in micas and vermiculite, 20 

in montmorillonite, 14 

see also Ion exchange; Isomorphous 

substitution 

organic, reactions via intermediate, 

181 
Ceraplasts® 123, 167 

Chalking, 53, 62, 233 
Charge-transfer complexes, 213 

of hectorites, 225 

of Cu-montmorillonite, 224 

Chloride process, for titania 

manufacture, 54 

Chlorites, 21 

Chloro derivatives, surface, 44, 61, 
88 

Chromate pigments, 102 

Chromium acylates, 148 

Chrysotile, 9 

adsorption of acids and salts on, 
128 

beneficiation of, 13 

surface modification of, 128, 166, 

167 
Clays, 2 

acidic, 36 

adsorption of electrolytes on, 113 

catalytic activity of, 181 
deactivation of biocides on, 208 

hydrolysis of nucleic acids and 

polypeptides on, 210 

natural radical species in, 236 

as templates in prebiotic syntheses, 

268 
Complex ions, exchangeable, 21, 

45 
Condensation reactions: 

on acidic surfaces, 208 

on basic surfaces, 246 

Copolymerization, 190, 221 

Crocidolite, 27 

Crystal Violet, 223 

Crystal Violet lactone, 220 

Cumene, 101 

Cumy] hydroperoxide, 192 

Cumy] radicals, 239 

Cyclohexene, 61 

Decationized silicates, 41 

Decomposition of peroxides: 

heterolytic, 192 

homolytic, 234 

Dehydration: 

of alcohols, 198 

of alumina, 89 

of amides, 200 

of attapulgite, 29 

of halloysite, 8 

of iron oxides, 101 

of kaolinite, 20 

of montmorillonite, 20 

of sepiolite, 30 

of silica, 86 

of silica-aluminas, 94 

of titania, 60 

Delamination of kaolins, 12 

Depolymerization, 192, 205 

Diaspore, 89 

Diazomethane, reaction of: 

with alumina, 90 

with montmorillonite, 44 

with silica, 88 

with titania, 61 

Di-t-butyl nitroxide, 237 

Dicumy] peroxide, 192, 237 

Dieldrin, 208 

Diethyl fumarate, 262 

Dihydroxydiphenyl, 219 

Dimethylaniline, 222 

Dimethyl sulfoxide, 9, 46 

Dioctahedral layer structures, 3, 4 



Diphenylethylene, 187 

Diphenylpicrylhydrazyl, 238 

Dispersants, 157 

Dispersion, 116, 157 

Dispersion aids, 157 

Dispersions, stabilization of, 118 

Divinylbenzene, 191 

Dolomite, 97 

Donnan hydrolysis, 40 

Dye-forming reactions, 217 

Electrochemistry of mixed oxide 

coatings, 95 

Electron transfer, 42, 90 

Elimination reactions, 195, 263 

Encapsulation, 163, 191 

Endellite, 8 

Enthalpy of adsorption, 110 

Entropic stabilization, 120 

Entropy of adsorption, 110 

Epoxides (oxiranes): 

polymerization of, 211, 245 
reactions of: 

on acidic surfaces, 207, 211 

on basic surfaces, 245 

surface modification with, 

152 
Equivalent spherical diameter, 

8 
Esterification: 

on acidic surfaces, 208 

of alumina, 90 

of iron oxides, 101 

of montmorillonite, 44 

of silica, 88 

of silica-alumina, 93 

of silicates, 44 

of titania, 61 

of zine oxide, 98 

Esters: 

adsorption of, 133 

decomposition on acidic surfaces, 

200 
elimination from, 210, 245 

reactions of: 

with basic pigments, 245 

with hematite, 101 

with zinc oxide, 98 

Ethers: 

adsorption, and surface modifica- 

tion with, 132 

formation of, 197, 211 

Ethylene: 

photoreduction of, 70, 231 
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polymerization of, 189, 246 

Ethylene diamine complexes, 

46 

Ethylene glycol, 9 

Ethylene oxide, 211 

Excitons, 63 

Faujasite, 30 

Ferric ferricyanide, 47 

Ferric ions, in clays, 10 

electron transfer, and oxidation 

by, 42 

removal of adsorbed, 12 

Ferric oxides, 100-102 

Fillers: 

acid-base interactions with, 124, 

156 

high-modulus polymer coated, 

168 

low-modulus polymer coated, 

169 

and properties of filled polymers, 

ie, 

surface modification of, 108 

wetting and dispersion of, 116 

Flocculants, polymeric, 161 

Flocculation of mineral suspensions, 

161 

Freundlich adsorption isotherm, 112 

Gibbsite, 3, 89 

Glass fibers, see Silica 

Glycerol, 19 

Goethite, 100 

Graft formation, 163 

via adsorbed monomers, 166 

via gamma-irradiation, 242 

via mechanochemical processes, 

168, 241 
via surface-initiated polymerization, 

163 

surface modification for, 127, 142, 

LALA el Ol Oo OOR LOO. 

LOW 

Halloysite, 8 

Halogenation, selective, 261 

Hammett acidity, see Surface acidity 

Hectorite, 17 

acidic derivatives, 38 

charge-transfer complexes of, 

225 
oxidation on: 

of benzidine salts, 218 
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of dimethylaniline, 223 

surface modification of, 136 

Hematite, 100 

Herbicides, 209 

Hydration: 

of alumina, 89 

of fillers and pigments, 115 

of iron oxides, 101 

of silica-aluminas, 92 

of silica and silicate glasses, 87 

of titania, 58 

of zine oxide, 98 

Hydration and swelling: 

of beidellite and saponite, 

19 

of montmorillonite, 18 

of vermiculite, 21 

Hydrazine, 9, 42, 70 

Hydride transfer, 206 
Hydrocarbons, see Alkanes; Alkenes; 

Arenes 

Hydrogen bonds: 

and adsorption processes, 114 

in kaolinite, 7, 9 

Hydrogen cyanide, 210 
Hydrogen exchange: 

by alkanes, 248 

by alkenes, 206, 244 

by styrene, 184 

Hydrogen peroxide, 65, 67, 99 

Hydrolysis: 

on acidic surfaces, 208 

on basic surfaces, 245 

surface: 

of beidellite and vermiculite, 

41 

of hectorite and talc, 42 

of kaolinite, 40 

of montmorillonite, 41 

of silica and silicate glasses, 

87 

thermal, of layer silicates, 42 

Hy droperoxides: 

in autoxidation processes, 233 

decomposition of, 102, 192, 

234 

Hydroperoxy]l radicals, 65, 69, 

99 

Hydrophobic surfaces, 117 

Hydroquinone, 43 

Hydroxy] radicals: 

in autoxidation, 69 

photogeneration of, 64, 69, 
99 

Hydroxyls: 

mineral surface, see Surface 

hydroxyls 

silicate lattice, 3 
exchange with fluoride, 9, 26 

Illites, 20 
Initiators, graft forming, 164, 165 

Intercalation (absorption): 
in alkylammonium smectites, 23, 

138 
in kaolinite, 9 

in montmorillonite and smectites, 

igh, ale 
in polysilicic acids, 87 

Ion-dipole interactions, 131 

Ion exchange, 21-27 

in alkylammonium smectites, 137, 

140 
of attapulgite and sepiolite, 29 

cation affinity in, 22 

of kaolinite, 11, 26 

of layer silicates, 18, 21 

of montmorillonites, 15, 16, 

26 

surface modification by, 136 

of vermiculites and micas, 20 

in zeolites, 31 

Iron oxides, 100-102 

Iron spinels, 100 

Isocyanates, 154,155 

Isomerization: 

on acidic surfaces, 201 

on basic surfaces, 244 

radiation-induced, 262 

Isomorphous substitution, 3, 9-13 

and catalytic activity of smectites, 

LOFT, 3, 41 

and ease of hydrolysis of smectites, 

41 

in kaolinite, 10 

in montmorillonites, 14 

in serpentines, 10 

Isopropanol, 227 

Isotherms, adsorption, 110 

Isothiocyanates, 155 

Kaolinite, 7-13 

adsorption on: 

of amines, 129 

of benzoyl] peroxide, 194 

of phosphates, 26 

alcohols, reactions on, 209 

coformation with polypeptides, 271 



dehydration of, 20 

delamination of, 12 

dimethylaniline oxidation on, 

223 

fatty acids, reactions on, 205 

flocculation by polyacrylamide, 

163 

peroxide decomposition on, 194 

polymerization on: 

of aspartic acid, 273 

of styrene, 183, 217 

prebiotic syntheses on, 270 

surface acidity of: 

calcined, 38 

and degree of hydration, 34 

surface hydrolysis of, 40 

surface modification of, 13, 105, 

131, 146, 147, 151, 158, 159, 

165 

surface properties of, 10 

Kaolins, 7 

acidic, 36 

beneficiation and modification of, 

12 

calcined, 13 

see also Kaolinite 

Ketenes, 155 

Ketones: 

adsorption of, 133 

oxidation of: 

on alumina, 247 

on titania, 227 

reaction with alcohols and amines, 

210 

Lactones, 211, 246 

leuco-dye, 220 

Langmuir adsorption isotherm, 

iMptat 

Laponite®, ey 

Layer charge: 

of montmorillonites, 15 

of smectites: 

and surface acidity, 19 

and swelling by water, 18 

and rate of dehydration, 19 

Layer silicates: 

acidity and basicity of, 32-39. 

See also Surface acidity; Surface 

basicity 

adsorption on: 

of acids and salts, 126 

of amines, 129 

of amino acids, 135 
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anion exchange in, 26 

basic centers on, 39 

Bronsted acidity of, 33 

cation exchange in, 21 

chemisorbed oxygen on, 43 

demetallation and silylation of, 
44 

dioctahedral and trioctahedral, 

3-4 

esterification and alkylation of, 

44 

halogenation of, 44 

hydrogen-bonded adsorption on, 

116 
hydrolysis and lattice degradation 

of, 40 

isomorphous substitution and 

properties of, 10, 19, 37, 41, 

43, 46 
lattice distortion and chemical 

activity of, 17 

Lewis acidity of, 38 

ligand and intercalate reactions 

of, 45 

model structure for, 6 

1:1 and 2:1 structures of, 3 
organic reactions of, 44 

oxidizing surface species on, 43 

surface modification of, 126, 127, 

130, 1386, 144, 148 
surface reactions of, 39-47 

thermal hydrolysis of, 42 

weathering of, 40 

see also Kaolinite; Smectites 

Lead chromate, 102 

Lepidocrocite, 100 

Leuco-dyes, 217 

Lewis acidity, 38 

Limonene, 202 

Maghemite, 100 

Magnesium oxide: 

decomposition of nitrosobutane 

on, 239 

isomerization of alkenes on, 244 

reaction with isocyanates, 154 

Magnetite, 100 

Malachite Green lactone, 220 

Malathion, 209 

Maya Blue, 217 

Mechanical properties of composites, 

122 

Mercaptans, 200 

Mercury, 69 
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Metakaolinite, 13 

Metal alkoxides, surface modification 

with, 147-152 
Metal arenes, 224 

Metal oxides: 

adsorption on: 

of acids, 126 

of amines, 129 

hydrogen-bonded, 116 

of neutral organics, 132 

of nitriles, 134 

reaction with polymeric acids, 

128 
surface modification of, 126, 130, 

144 
Methacrylate polymer radicals, 

237 
Methanol, 201, 231 
Methoxy groups, 44, 61, 246 

Methylbutanols, 228 
Methylene Blue, 222, 232 

leuco-, 221 

Methyl methacrylate, 265 

alpha-Methylstyrene, 187, 190 

Micas, 20 

Mixed oxide coatings, 74, 93-96, 

100 
Montmorillonite, 14-17 

adsorption on: 

of alcohols, 132 

of amides, 134 

of amines, 23, 129 

of ethers, 133 

alcohols, reactions on, 197, 200 

alkylammonium, decomposition 

of, 197 

anion exchange in, 26 

charge-transfer complexes of, 224, 

225 

colored pigments from, 136 
diazomethane decomposition in, 

44 

ethers from alkenes in, 197 

exchangeable complex cations on, 

46 
fatty acids, reactions on, 206 

flocculation by polyacrylamides, 

163 

hexadecyltrimethylammonium, 

195 

hydrogen cyanide hydrolysis on, 

210 

lattice hydrolysis of, 41 

organic reactions of, 44 

oxidation by: 
of alkylammonium ions, 235 

of benzidine, 217 

of dimethylaniline, 222 

of diphenols, 219 
of triphenylamine, 223 

phosphate adsorption on, 26 

polymerization by: 

of acrylic monomers, 234, 265 

of intercalated monomers, 190, 

243 
of styrene, 183, 190 

as prebiotic protoenzyme, 272 

protonation of amines by, 23 

surface acidity of: 

and degree of hydration, 34 

and exchangeable cations, 33 

surface charge, alteration of, 19 

surface modification of, 136 

surface reactions of, 39 

weathering of, 41 
Mordenite, 32 

Muscovite, 20 

Newtonian flow, 121 

Nitriles: 

adsorption of, 134 
hydrolysis of: 

on acid clays, 210 

on alumina, 247 

Nitrogen, 70 

Nitrogen oxides, 61, 90 

Nitroso-t-butane, 239 

Nitroxides, 237 

Nontronite, 17, 42 

Nucleic acids, prebiotic, 270 

Oleophilic surfaces, 117 

Optical activity and clays, 272 

Organophosphates, 209 

Organosmectites, 44, 138 

Oxidation, 213, 217, 226 
on alumina, 90 

on chromates, 103 

on clays, 43 

of complex ions, 46 

on iron oxides, 101 

of polymers, 223 

on titania, 62 

on zinc oxide, 99 

Oxyaluminum acylates, 151 

Oxygen: 

chemisorbed: 

on calcined minerals, 244 



on layer silicates, 43 

in radical-cation formation, 214 

photoadsorption of: 

on titania, 64, 70 

on zine oxide, 99 

Oxygen radical-anions: 

on calcined minerals, 214, 244 

in charge-transfer complexes, 

213 

on silicates, 43 

on titanias, 64 

Ozonization, selective, 261 

Palygorskite, see Attapulgite 

Paper, pressure-sensitive copying, 

219 
Parathion, 209 

Pentaerythritol, 133 

Peroxides: 

decomposition of: 

on acidic surfaces, 192, 234 

in zeolites, 237 

radicals from adsorbed, 234 

Persulphate initiators, 165 

Perylene, 43, 61 

Perylene radicai-cation, 213 

Pesticides, 209 

Petrochor, 212 

Petroleum, 205 

Phlogopite, 20 

Phosphate adsorption: 

on alumina, 90 

on aluminosilicates, 12, 26 

on titania, 60 

Photochemistry: 

of chromate pigments, 103 

of iron oxides, 102 

of titanias, 62 

of zine oxide, 99 

Photolysis of organic adsorbates, 

226, 233 
Photoreduction of organic adsorbates, 

231 
Pigments: 

colored, 99-103 

surface modification of, 108-109 

wetting and dispersion of, 116 

Polarized intermediates, reactions 

via, 248 

Polyacrylamides, 162 

Poly(diene)s, 191 

Polyesters, 158, 159 

Polyethylene, 102, 234 

Poly(ethylene oxide)s, 133 

SUBJECT INDEX 

Polymeric flocculants, 163 

Polymerization: 

on acidic surfaces, 182 

cationic (of vinyl! compounds), 
183-192 

commercial applications, 190 

counter-anions in, 185 

inhibition by adsorbed bases, 

190 
initiation processes, 184 

termination processes, 186 

condensation, 208, 211, 245 

gamma-irradiated, 242 

grafting, see Graft formation 

of intercalated radical-cations, 

224 

mechanochemical, 241 

of oriented monomers, 264 

photo-, 232, 234 

radical, 240 

radical-cationic, 216 

ring opening, 211, 245 

Polymers: 

adsorption on solids, 113 

filled: 

mechanical properties of, 122 

modification by irradiation, 

243 
loops, segments, and tails of 

adsorbed, 113 

photooxidation of, 233 

tacticity of, 185 

two-dimensional, 266 
Poly(methy] methacrylate), 102, 

233, 265 
Polyols, 133 

Polypeptides, prebiotic, 270 

Polypropylene, 234 

Polysilicic acid, crystalline, 87 

Polystyrene, 102, 185 

Polyurethanes, 211 

Poly(vinyl chloride), 102, 234 

Porphyrins, 46 

Prebiotic syntheses, and the origin 

of life, 267 
Propylene (propene): 

dissociative adsorption of, 90 

isomerization of, 206 

oxidation of, 99 
polymerization of, 189 

Pseudoboehmite, 90 

Pseudoplastic flow, 122 

Purines, prebiotic, 270 

Pyridine, 45, 225, 247 

305 
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Pyrimidines, prebiotic, 270 

Pyrophyllite, 3,13 

Pyroxines, 3, 27 

Quilol®, 148 

Radical-anions, 244 

Radical-cations: 

formation of, 90, 213 

polymerization of, 224 

reactions via intermediate, 213- 

225 

Radicals: 

interactions with mineral surfaces, 

225, 236-241 

mechanochemical formation of, 

Tae 2a? 

reactions via intermediate, 225- 

243 

stabilization of, 165, 236 

surface modification via reactions 

of, 163-169 

Reactions, stereospecific, 259 

Refractive indices, table of, 57 

Reinforcement, 122 

acid-base interactions in, 124, 

156 

by encapsulated fillers, 167 

modified polymer interlayers in, 

168 

by silylated fibers and fillers, 146 

Rheology, 121 

Rosaniline leuco-dyes, 220 

Rutile, commercial production, 54. 

See also Titania; Titania pigments 

Saponite, 17, 38 

Scotchgard®, 148 
Sepiolite (meerschaum), 30, 197 

Serpentines, 9, 10 

Silanes: 

adsorption, and surface modification 

with, 102, 143 

copolymeric, 160 

Silano] groups, 86, 92 

Silica, 85-88 

adsorption on: 

of acids and salts, 126 

of amines, 128 

of carbonyl compounds, 133 

of neutral organics, 132 

of water, 115 

alkyl halide decomposition on, 

263 

aluminum-doped, acidic, 88 

bromonium ions on, 263 

coatings, 94 

cumy] radical dimerization on, 

239) 
hydrogen-bonded adsorption on, 

ES 
organic reactions of, 87, 88 

oxidation of leuco-Methylene Blue 

on, 222 

polymerization on, 240 

reactions of: 

with alcohols and epoxides, 

153 
with isocyanates, 154 

with organosilanes, 144 

radicals from, 236, 241 

surface modification of, 126, 144, 

VAT VAS SES 2. 158) loo 166 

Silica-alumina, 90-96 

adsorption on: 

of amides, 134 

of amines, 129 

alcohol dehydration on, 199 

electron acceptor sites in, 213 

organic reactions of, 93 

oxidation of aniline on, 219 

polymerization of styrene on, 

183 

silica and alumina distributions 

in, 91, 92 

Silica-alumina coatings: 

compositions and properties of, 

95 
effects of zinc in, 96 

natural, on clays, 40 

silica and alumina distributions 

in, 93 

Silica gel, see Silica 
on titanias, 94 

Silicates: 

adsorption of acids and salts on, 
126 

surface modification of, 148 

see also Layer silicates; Silica 

Silicones, 157, 211 

Siloxanes, 87, 211 

Silyloxy groups, hydrolysis of, 

144 

Smectites, 13 

adsorption on: 

of alcohols, 133 

of fatty acids, 126 

of nitriles, 134 



alkylammonium, 21-26, 136-142 

commercial applications, 141 

gellation of suspensions, 138, 

140 

sorption by, 137 

alkylphosphonium, 142 

dehydration of, 19 

H+-exchanged (decationized), 

41 

intercalation by, 19 

ligand reactions in, 46 

organocation exchanged, 22-26 

organophilic, 136 

properties of, 18, 19, 36 

see also Layer silicates; Montmoril- 

lonite 

Sodalite, 31 

Stabilization of dispersions, 118-121 

Stearic acid, 95, 201 

Stearylamine, 95 

Steric effects, 260 

Steric stabilization, 119 

polymers for, 159 

Structure formation: 

in aqueous suspensions: 

of attapulgite, and sepiolite, 

30 

of kaolinite, 11 

of montmorillonite, 18, 19 

of silica, 86 

by organosmectite gellants, 140 

Styrene, polymerization of: 

cationic, 183 

with divinyl benzene, 190 

with epoxides, 212 

inhibition of, 190 

derivatives of, 187 

intercalated, 190 

mechanochemical initiated, 

242 
radiation initiated, 242 

Sugars, prebiotic, 270 

Sulfate ions, adsorption of: 

on alumina, 90 

on silica-alumina, 95 

on titania, 60 

Sulfate process for titania manu- 

facture, 53 

Sulfobetaines, 135, 160 

Sulfosuccinates, 128 

Superoxide ions, 64, 67, 70 

Surface acetates, 44, 61, 247 

Surface acidity: 

of alumina, 89, 90 
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and catalytic activity, 182 

in decomposition of peroxides, 

193, 194 

in dehydration of alcohols, 199 

in hydrolysis of esters, 210 

in polymerization of styrene, 

183 

enhancement of, 131 

Hammett, 35, 36 

of iron oxides, 101 

of layer silicates, 32 

Bronsted, 33 

and catalytic activity, 36 

and degree of hydration, 34 

and exchangeable cations, 33 

and isomorphous substitution, 

37 
and layer charge, 19 

Lewis, 38 

measurement of, 35, 38 

neutralization of, 130 

nitroxides as probes for, 237 

of silica, 87 

of silica-alumina, 91 

of titania, 58, 60 

of zinc oxide, 98 

Surface acids, as oxidants, 39 

Surface alkoxides: 

on alumina, 90, 152, 199, 246 

on clays, 44 

hydrolysis of, 154 

on titania, 61, 152, 227 

on zinc oxide, 99 

Surface basicity: 

of alumina, 90 

of calcium carbonate, 97 

of iron oxides, 101 

of layer silicates, 32 

measurement of, 39, 244 

of titania, 58, 60 

of zine oxide, 98 

Surface carbamates, 174 

Surface carboxylates, 125 

Surface chlorides, 44, 61, 88 

Surface enolates, 99, 133, 246 

Surface hydroxyls: 

of alumina, 89 

of aluminosilicates, 26, 33 

bridged, 38, 51, 58, 60, 91, 101 

of calcium carbonate, 97 

hydrogen-bonded interactions with, 

Tas; 

of iron oxides, 101 

of kaolinite, 9, 26 
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of layer silicates, 7 

reactions of, 44 

with alcohols, 152 

with alkoxytitanium acylates, 

148 
with epoxides, 152 

with isocyanates, 154 

with organosilanes, 144 

replacement with fluoride, 9 
of silica-alumina, 92 

of silicas, 86 

terminal, 51, 58, 60, 101 

of titanias, 58 

of zinc oxide, 98 

Surface methoxides, 44, 61, 246 

Surface modification: 

by adsorption, 124-136, 156 

of acids and salts, 125-128 

of bases, 128-131 

of neutral compounds, 131-136 

of polymers, 156-163 

adventitious, 169 

by covalent bonding, 143-156 

by graft polymerization and 

encapsulation, 163-169 

by ion exchange, 136-143 

Surface urethanes, 154 

Suspensions: 

interparticle forces in, 118, 119, 

2 
rheology of, 122 

Tales 3,13 

surface modification of, 158, 

166 

Tallowamines, 137 

Template effects, 264 

Tetramethylbenzidine, 219, 222 

Thermal hydrolysis, 42 

Thiazine dyes, see Methylene Blue 

Titanates, see Titanium alkoxides 

Titania (and titania pigments), 51-80 

acidity of, 58, 61 

adsorption on: 

of acids and salts, 126 

of amines, 61, 129 

of carbon dioxide, 60 

of carbonyl compounds, 133 

of nitrogen oxide, 61 

alcohol dehydration on, 200, 246 

crystalline lattice, 55 

dehydration of, 60 

electrochemistry of, 62 

exciton formation in, 63 

hydration of, 58 
model structure for, 51, 57 

organic chemistry of, 61 
photochemical activity of, 62-74, 

227-234 
relative, of anatase and rutile, 

UP 
photooxidation by: 

active species in, 64, 71 

of adsorbed ions, 68 

of alcohols, 69, 227 

of amino acids, 231 

of carbonyl compounds, 227 

of carboxylic acids, 68, 231 

of hydrocarbons, 70, 230 

of methanol, 231 

of polymers, 233 

of water, 66-68 

photoreduction by, 70 

of alkenes and alkanes, 231 

of Methylene Blue, 232 

of nitrogen, 70 

physical properties of, 55 

reactions (non-photolytic) of: 

with acy] chlorides, 61 

with alcohols, 61, 152, 246 

with carbonyl compounds, 227, 

246 
with carboxylic acids, 247 

with cyclohexene, 61 

with diazomethane, 61 

with epoxides, 153 

with esters, 245 

with isocyanates, 155 

with organosilanes, 145 

with perylene, 61 

with thiony] chloride, 61 

superacidic, 202 

surface hydroxyls of, 58 

Titania pigments: 

acidic, 78 

alumina-silica coated, 76 

coatings, and pigment properties, 

76-79 

commercial production, 53, 76 

composite, 53 

crystalline planes of, 57 

dispersants for, 160 

evolution of, 52, 74 

magnesia-silica coated, 80 

organic post-treatments, 77 

photoactivity of: 

and ionic impurities, 71 

and physical structures, 74 



reduction of, 72, 160 

surface modification of, 74, 91, 126, 

129, 133, 144, 152, 157, 158, 
167 

see also Titania 

Titanium acylates, alkoxy, 148 

Titanium alkoxides, 148 

Titanium alkyls, surface, 246 

Titanyloxy groups, hydrolysis of, 

151 

Transalkylation, 205 

Traube’s rule, 112 

Tremolite, 27 

Triethanolamine, 130 

Trimethylolpropane, 133 

Trioctahedral layer silicates, 3, 4 

Triphenylamine, 223 

Triphenylearbinol, 36 
Triphenylmethane, 216 

Triphenylmethane leuco-dyes, 

220 

Turbostratic disorder, 8 

Tyrosine, 232 

Urea, 9, 270 

Urethanes, surface, 154 

Vegetable oils, 98 

Vermiculite, 20 

alkylammonium, 136 

exfoliated, 21 

isomorphous substitution in, 

10 

reaction with isocyanates, 155 

styrene polymerization by, 217 

surface hydrolysis of, 41 

surface modification of, 136 

see also Layer silicates; Smectites 

Viny] acetate, 240 

N-Vinylcarbazole, 190 

Vinyl ethers, 188 

Vinylic compounds: 

cationic polymerization of, 

183-192 
polymerization of intercalated, 

265 

SUBJECT INDEX 

see also Alkenes 

Vinylnaphthalene, 187 

Volan®, 148 

Water, adsorbed: 

acidity of, 34 

on alumina, 89 

and catalytic activity, 184, 190, 

206 
on iron oxides, 101 

on layer silicates, 35 

on metal oxides, 115 

particle bridging by, 117, 122 

photolysis of, 68, 99 

on silica, 87, 115 

on titanias, 58 

Weathering of layer silicates, 40 

Wetting of surfaces, 116 

Wollastonite, 27, 150 

Yield stress (of suspensions), 122 

Zeolites, 30-32 
acidity of, 33, 34 
amine catalysts absorbed in, 212 
methanol transformation in, 

201 
peroxide decomposition in, 193, 

237 
polymerization on: 

of acetylene, 248 

of styrene, 183 

radical-ions of, 237 

selective halogenation in, 261 

as shape-selective catalysts, 261 

stabilized radicals in, 237 

Zine chromate, 103 

Zine oxide, 98 

photooxidation of organics on, 

226 
reaction of: 

with esters, 245 

with methylacetylene, 248 

with polymeric acids, 128 

with vulcanizing agents, 245 

thickening of polyesters by, 245 
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