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ABSTRACT

A variety of modified minerals have been screened to determine their effectiveness
as agents for the catalytic transformation of the thermally generated off gases arising
from the pyrolysis of the polyolefinic plastic High Density Polyethylene (HDPE). This
polymer has been shown to degrade through a series of known mechanisms to yield
a hydrocarbon product mixture consisting of an homologous series of saturated and
unsaturated hydrocarbons which include alk-1-enes, n-alkanes, alk-x-enes and o-®-
dienes.

Modification treatments have been wide ranging having included activation of the
parent mineral by means of pillaring, ion exchange and acid activation. The
activated products have been characterised by XRD, XRF, TGA and vibrational
spectroscopy. Moreover, evolved gas analysis has been employed to perform
catalytic screening runs on these modified minerals. In particular, attention has been
paid to the activity of these materials in respect of the formation of potentially fuel
applicable hydrocarbons, namely those exhibiting high octane ratings, including
aromatics and branched dliphatics from the feedstock species present in the HDPE
pyrolysate gas mixture.

Pillared clays (PILC's) have proven ineffective in this role as a consequence of their
poor reproducibility and lack of selectivity towards the formation of single ring
aromatics.

Likewise, ion exchange has been found 1o influence strongly the catalytic behaviour
of previously acid activated clays, with autotransformed samples offering
dehydrocyclisation (DHC) activity at levels significantly greater than seen with some
ion exchanged samples, particularly protons.

Acid activated metakaolinites have demonsirated poor selectivity in terms: of
aromatic formation, although total DHC activity is good. Metakaolin also gave rise to
appreciable activity in respect of the formation of the single ring aromatics selected
for monitoring in this work. Isomerisation activity was prevalent over these materials,
but coking levels were high.

Acid activated smectites represent the most suitable candidates to fulfit the role of
single step fuel generation from the transformation of the gas stream resulting from
HDPE pyrolysis. It has been found that careful control over the chemical and physical
properties of acid activated clays can be achieved through consideration of the
severity of the activation parameters chosen to induce modification. In addition, the
nature of the activated product is strongly dependant on the nature of the base
clay. In particular, acid activated beidellites have been shown to exhibit high levels
of surface acidity as determined through the thermal desorption of cyclohexylamine.
These materials consequently give rise to respectable activity and selectivity in terms
of the formation of highly octane rated methyl substituted single ring aromatics,
principally trimethylbenzene.

In contrast, acid activated montmorillonites have been seen to offer lower levels of
total surface acidity and have been shown to be active in promoting skeletal
isomerisation reactions to yield branched dliphatics, again, highly octane rated.

This activity variation has been attributed to the formation of highly Brensted acidic

silanol containing Surface Localised Acid Pools (SLAP’s) on the exposed surfaces of
the former as a consequence of the isomorphous substitution patterns observed in
the tetrahedral sheets of beidellites.
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disposal methodologies applied to spent polymers. In particular, landfiling and direct
incineration have come under particular scrutiny due to their resultant loss of the
chemical and energy content of the waste plastics. Direct incineration has also
received considerable negative press in respect of the emission of potentially
environmentally hazardous products, such as carcinogenic dioxins which result from

the burning of plastic.

The majority of commercially manufactured plastics are polymerised via processes
that involve a degree of catalytic control in order to determine the precise nature of
the polymer product. It is therefore logical, that as catalysts become more prolific in
the chemical industry, that catalytically active materials will one day form an 36@8_‘
component of both the manufacturing and recycling aspects of the polymer

industry.

Recent attempts to incorporate catalytically active materials into existing polymer
recycling technologies have seen the application of Zeolites in this role. Zeolites are
three dimensional aluminosilicate frameworks which exhibit several features which
lead to their efficient operation as hydrocarbon reforming catalysts, including high
surface area, high thermal stability and high levels of acidity. While initial results
involving the use of Zeolites as post pyrolysis polymer transformation catalysts have

been promising, in that potentially fuel applicable hydrocarbon mixtures have been



obtained, the relatively high cost of synthetically manufactured Zeolites has proven to

be a significant deterrent to the commercial development of this technology.

In conirast, modified clay minerals, which posses many of the advantageous
catalytic properties of their synthetically manufactured Zeolitic counterparts, have
received little attention with regards to their potential application in this role. Raw
clays have been shown to exhibit minimal levels of catalytic activity in this respect,
whereas modified minerals, and in particular acid activated and pillared clays,
represent a cheap and widely available alternative for use as hydrocarbon reforming
catalysts in such novel plastic recycling technologies. The relative economy of
modified clays over their synthetically manufactured counterparts also allows for their
disposal after a single application, with the consequence of eliminating costly

catalyst regeneration processes.

The efficiency of acid activated clays as hydrocarbon reforming catalysts was
realised more than 50 years ago, when Eugene Houndry found that acid activated
smectites gave fuel range hydrocarbons in high yield when used in the treatment of

crude oils.

The primary aim of the work presented in this thesis relates to the determination of the
relative efficiency and selectivity of a variety of modified minerals with respect to the
reformation of the thermally generated off gases produced during high density
polyethylene decomposition. Activity and selectivity comparisons will be drawn with

commercially available materials including silica alumina's and zeolites.
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1. INTRODUCTION TO POLYMERS

The term ‘polymer' is a generality which is applied to an ever increasing range of

materials, all of which share a common feature, they are all large molecules which

are made up of simple repeating units.

The number of different types of these structural building blocks occuning in any
given polymer, in addition to the chemical composition and loci of appearance in
the overall polymer chain of these groups, collectively combine to determine the
resultant chemical, physical and mechanical properties of the processed polymeric
material. Moreover, polymer properties can be enhanced through the addition of
additive materials at the processing stage. Furthermore, catalysts can be employed
to exert control over the polymerisation process and examples of this will be given

later.

In recent years, a massive industry has grown around the design and development of
polymeric materials to fulfil a wide range of industrial and commercial applications.
Indeed, it could be stated that following on from the importance of the stone and
iron ages to the development of society as we know it, we currently live in the age of

the polymer.

As the field of polymer chemistry has grown, it has become necessary to develop a
classification system so as to assign materials to a general class. Such classifications
are made on the basis of the physical properties of the resultant polymer materials
following processing of the raw polymer resins. The flow diagram shown in figure 2
below illustrates this classification system. Of the subdivisions shown, the plastics, and
in particular the thermoplastics are by far the most widely employed of polymeric
materials. Recent figures! show that the European Union cumently consumes 30

million tonnes of plastics per year, of which 12% (3.6 million tonnes) are the
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1.1. THE POLYMER INDUSTRY

The growth in the global use of polymers has been explosive. During the 1980’s,
global consumption of plastic polymer resins overtook that of both iron and steel. This
growth is due in part to the ability of chemists to engineer highly desirable attributes
info polymer systems. By selecting a suitable starting material and catalyst to
incorporate into the polymerisation process, materials can be generated which are

highly suited to particular applications.

Examination of the polyethylenes is perhaps the best illustration of this point. The
polyethylenes represent a sizeable range of materials with a diverse ronge‘ of
properties and applications, ranging from insulation in the electronics industry,
through light weight flexible carmier bags, to rigid high performance pipes for the
transport of fluidised media.3 The ability to engineer such a diverse range of physical
and mechanical properties into a single family of polymeric materials is due, in part,
to the utilisation of catalysts which exert control over the degree of branching of the

feedstock monomer which occurs during the polymerisation process.

An example of this control can be seen with HDPE which itself is a completely linear
high molecular weight material, exhibiting a high degree of impact strength. In
comparison, Low Density Polyethylene (LDPE) contains significant numbers of both
short and long chain branches along the length of the carbon backbone. In
addition, Linear Low Density Polyethylene (LLDPE), which has a molecular weight
comparable to that of HDPE, has a relatively small number of short chain branches
attached to the main chain. In terms of physical properties, the low density
analogues of the family are much more flexible, a feature which dictates their

ultimate use.

V. Gibson & D. Wass, Chemistry in Britain 35, 7 (1999) 20.
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1.1.2. TERMINOLOGY

Typically, polymer names are based on the monomer from which the material is
made. Families of polymers can be grouped and named according to the presence
of a particular functional group within their structures. For instance, the polyesters are
so called due to the existence of the ester linkage {C-O-COj within their respective

monomeric units.

Although such systematic names are in widespread use, many polymer chemists still
refer to polymers using their more tfraditional names which are based on the presence
of particular functional groups. For instance, alkene derived polymers are often

referred to as vinyl polymers, or as polyolefins.

1.1.3. NOMENCLATURE

Prior to the introduction of catalytically controlled polymerisation processes in the
early 1950's, unsaturated hydrocarbon polymerisation was achieved through the use
of high temperature and high pressure induced free radical reactions. Such
processes gave rise to highly branched polymers such as LDPE for the ethene
(ethylene) monomer. The introduction, in 1953 of Karl Ziegler's transition metal
catalysts for ethene polymerisation permitted a higher degree of conirol to be
achieved over the branching amrangements during the polymerisation process, thus

aliowing property refinement in the finished product.

More recently, the introduction of catalysts based on metallocene complexes of
group 4 metals,45 have seen further enhancements in branching control and thus the

capability fo engineer polyethylene polymers for specific applications.

*H.H. Brintzinger et al, Angew. Chem. Int. Ed. Engl. 34 (1995) 1143.
> M. Bochmann, J. Chem. Soc. Dalton Trans. {1996) 255.
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1.2.1.1. LANDFILLING

The committal of spent plastics to landfill sites has been carried out for many years.
Research has shown that landfill sites are typically responsible for the generation of
significant quantities of methane, a known contributor to greenhouse gases. The
durability of plastics prevents their rapid degradation, but over time these materials
will degenerate, and so provide carbon and hydrogen precursors for the subsequent
generation of potential greenhouse gases. More importantly, the placement of
waste plastic in landfill sites means that the valuable chemical and potential energy

contents of these materials are lost.

1.2.1.2. DIRECT INCINERATION

Direct incineration of waste plastic has been widely practised. While the method
reduces the volume of waste by upto 90%, it also presents many of the same
problems encountered with landfilling. Uncontrolled combustion of plastics has the
potential to generate considerable air pollution, including high levels of dioxins which
can ultimately enter the human food chain.é In addition, the burning of waste plastic

results in the loss of both the chemical and energy content of the material.

Such problems have been counteracted by the introduction of waste-to-energy
technologies in which the energy content of the polymer is reclaimed for further use.”
This was inifially achieved through the use of controlled incineration, in which the
resultant energy was harnessed and used to generate renewable energy in the form
of steam, hot water and electricity. However, such waste-to-energy plants have
been slow to achieve universal acceptance due to the constraints on the use of the

resultant energy produced.

¢ C. Schaschke, Biological Sciences Review, September 2000, 19.
7 C. Molgaard, Resources, Conservation and Recycling, 15 (1995) 51-63.

13



Typicdlly, such energy is employed on site. In addition, many have voiced concern
over the emissions from such plants, particularly the loss of dioxans and furans
typically formed through the breakdown of polyesters, which may ultimately enter
the human food chain. Another negative aspect associated with such plants has
been the relatively low cost of landfill which has reduced the growth and investment

in incineration technology.

However, times are changing. With the introduction by the United Kingdom (UK)
government of landfill regulations in 1996, and the subsequent initialisation in 1998 of
a landfill tax, alternatives to direct disposal of plastics have become increasingly

attractive.

122. ENERGY RECOVERY FROM WASTE PLASTICS

The recovery of energy from plastics is rapidly amassing importance as the disposal of
waste and conservation of current resources takes on a greater degree of
importance. As indicated previously, due to their derivation from petroleum
feedstock’s, plastics possess a very high energy content, which in terms of British
thermal units (Btu) is comparative to that of coal, and superior to that of paper and
wood. It should be noted that in the overall field of spent polymer treatments, the
energy recovery opfion should be viewed as complimentary to mechanical recycling
and depolymerisation, and not as a replacement for these vital components of the

recycling family.

1.2.2.1. PROCESSED ENGINEERED FUEL (PEF's)

The term Processed Engineered Fuel (PEF) is that applied to a processed material
composed of a mixture of waste plastics and paper. Generally supplied in the form
of processed pellets, PEF is typically a low ash, high energy value product. Due

mainly fo the incorporation of the plastic content of this material, PEF's have heating

14



values in the range 7000 to 16000 Btu per pound whereas coal typically generates

9000 to 12000 Btu per pound.

One of the major advantages of PEF is the ability to use the material as fuel in existing
energy supply facilities without the need for extensive modification. In addition, due
to the burning characteristics of the composite, it is perceived that the material has
environmental advantages over codl, in that the emission levels of both sulfur dioxide

and carbon dioxide are significantly reduced relative to the fossil fuel.

1.2.3. ADVANCED RECYCLING TECHNOLOGIES

In contrast to the direct disposal and energy recovery options outlined above, focus
is increasingly falling on the options of chemical and feedstock recycling of waste
polymers. Collectively these technologies have become known as Advanced

Recycling Technologies (ART).

Although ART is increasingly seen as the way forward in the field of polymer recycling,
it remains complimentary to mechanical recycling, which is useful for the recovery of
clean plastic for direct reuse in new plastic products. Mechanical recycling however
is not always practical due to the inclusion of additives and colouring agents in a

significant proportion of consumer polymer waste.

1.2.3.1. CHEMICAL RECYCLING

The term chemical recycling is used to describe technologies, which involve the use
of chemicals to induce depolymerisation of condensation and addition polymers
back to their original monomers. Typically, condensation polymers such as PETE are
freated in this fashion, and the resultant monomers are blended with virgin polymer

resins and formulated into new products.

15



1.2.3.2. FEEDSTOCK RECYCLING

This term is applied to processes that involve the thermal depolymerisation of linear
and substituted polyolefins such as HDPE, intfo smaller hydrocarbon intermediates.
Depending upon the conditions used o execuie the process, the resultant
hydrocarbon mixture often has a chemical makeup which would allow for ifs

application as a low grade fuel.

The following chart is a Total lon Chromatogram recorded for the post pyrolysis
molecular trap desorption of the products obtained for the pyrolysis of HDPE at 4200C

in an atmosphere of Nitrogen. (Figure 5).

Figure 5 - Total lon Chromatogram For The Pyrolysis Of HDPE At 4200C

Normalised Total Ion.Chromatogram (OTM Desorb) For The Thermal Treatment
Of HDPE (1 Pellet) At 420C
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The work, reported by Breen et als, identified the characteristic quartets (figure 5)
attributed to an homologous series of saturated and unsaturated hydrocarbons.
Mass spectrometric analysis based on individual molecular fragmentation patterns
dllowed for the identification of the quariet components, in order of increasing

retention time, as follows;

a,0-dienes = alk-1-enes = n-alkanes = alk-x-enes

8 C. Breen & P. M. Last, Journal of Materials Chemistry, 9 (1999) 813 - 818.
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The product mixture from such a treatment of HDPE can therefore be seen to yield a
range of hydrocarbons, a significant proportion of which are unsaturated. Such a
hydrocarbon mixture has limited application as a fuel due to the lower combustion
temperatures required by hydrocarbons containing single or multiple double bonds,

when compared directly to saturated materials.

The author noted that the levels of branched materials seen in the product mixture
were low, particularly in the case of the higher carbon number analogues. In
addition the level of aromatics seen was extremely low, although such observations

are in agreement with others.?.10.11

1.24. CATALYTIC TRANSFORMATION

As interest in the field of polymer recycling has grown, so too has an interest in the
incorporation of catalysts into existing ART programmes. Numerous research groups
have used catalytically active materials to alter the chemical makeup of
intermediate mixtures obtained through established feedstock recycling

technologies.

Zhibo et al'z have shown that the catalytic transformation of the gases evolved
during the pyrolysis of plastic waste, can lead to the production of product mixtures
containing levels of aromatic and branched hydrocarbons which are significantly
elevo’redi above those found in uncatalysed product mixtures. The importance of the
aromatic and branched species lies in the octane rating of fuels intended for use in
combustion engines. Typically, the higher the octane rating, the smoother the

process of fuel burning within the engine.

? W. MCCaffery, M. Kamal & D. Cooper, Polymer Degradation and Stability, 47 (1995)
133.

10 A, Uddin, K. Koizumi, K. Murata & Y. Sakata, Polymer Degradation and Stability, 56
(1997) 37 — 44.

11 H. Kastner & W. Kaminsky, Hydrocarbon Processing, May (1995) 109 - 112.

127, Zhibo et al, Catalysis Today, 29 (1996) 303 - 308.
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As can be seen from the data in table 3 above, materials which have high ociane
ratings are aromatics as well as branched dliphatics. As such, it is these types of
species which are preferential for inclusion in commercial fuel mixtures, as they
enhance the overall octane rating and hence the efficient combustibility of the fuel

mixture.

Several interested parties have employed a range of materials as solid acid catalysts
to effect the catalytic transformation of the relatively low octane hydrocarbons
evolved during the thermal decomposition of waste polyolefinic polymers such as

HDPE.

Nakamura and Fujimoto'4 have shown that the use of an iron supported coal-derived
active carbon catalyst shows excellent activity towards 1hé liguefaction of
polypropylene (PP) at low reaction temperatures. While the material demonstrated
high levels of cracking activity, generation of aromatics over the surface was

particularly low.

Likewise, Blazso's found that copper and iron chlorides could be employed to depress
the occurrence of radical fransfer reactions during the decomposition of polyolefins.
The transition metal chlorides were also found to enhance aromatic yield, although
temperatures of around 1000°C were required to promote this type of aromatisation

activity via hydrogen elimination.

A much more common theme throughout such research work has been the utilisation
of solid acid catalysts, and in particular acidic silica alumina’s (SA) in addition to

members of the zeolite family.

14 1. Nakamura & K. Fujimoto, Catalysis Today, 27 (1996) 175-179.
15 M. Blazso, Journal of Analytical and Applied Pyrolysis, 51 (1999) 73 - 88.
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In 1983, Uemichi and co — workers'é¢ found that passage of post pyrolysis gases from
the thermal decomposition of HDPE over acidic synthetic SA’s gave rise to enhanced
aromatic yields relative to the non catalysed process. Likewise, Ohkita et al'7 were
also able to illustrate the effectiveness of acidic SA’s in promoting such aromatisation

reactions to yield potentially fuel applicable liquid hydrocarbons.

By far the most widely employed of the synthetic acidic solids used to effect these
preferential hydrocarbon reforming reactions have been the zeolites and in particular
H*ZSM-5. It has been found that in addition to enhancing aromatic yields, zeolites
can also offer the economic benefits of lower pyrolysis temperatures,'© an increase in
the rate of polymer decomposition!8 in addition to an increase in product selectivity,

and hence individual component yield.'¢

Typically, one of two experimental set ups is used to execute these investigations.

1. Physical mixing of the polymer and catalyst.?.10.18.19,20.21,22.23

2. Physically separating the polymer and catalyst.24.25.26.27

16 Y. Uemichi, A. Ayame, Y. Kashiwaya & H. Kanoh, Journal of Chromatography, 259
(1983) 69 -77.

7 H. Ohkita et dl, Indusfrial Engineering and Chemisiry Research, 32 (1993) 3112 -
3116.

18 W_Ding, J. Liang & L. L. Anderson, Fuel Processing Technology, 51 (1997) 47 — 62.

19 K. Liv & H. Meuzelaar, Fuel Processing Technology, 49 (1996) 1.

20Y, Uemichi, Y. Kashiwaya, M. Tsukidate, A. Ayame & H. Kanoh, Bulletin of the
Chemical Society of Japan, 56 (1983) 2768.

21 R. Mordi, R. Fields & J. Dwyer, Journal of Analytical and Applied Pyrolysis, 29 (1994)
45,

22 G. Audisio, A. Silvani, P. Beltrame & P. Carniti, Journal of Analytical and Applied
Pyrolysis, 7 {1984) 83.

2 X. Xiao, W. Imierczak & J. Shabtai, Div. Fuel Chem., 40 (1995) 4.

24P, L. Beltrame, P. Carniti, g. Audisio & F. Bertini, Polymer Degradation and Stability,
26 (1989) 209.

25T. Yoshida, A. Ayame & H. Kanoh, Bulletin of the Japanese Petrolium Institute, 17
(1975) 218.

2 C. Vasile, P. Onu, V. Barboiu, M. Sabliovschi, G. Moroi, D. Ganju & M. Florea, Acta
Polymerica, 29 (1998) 306.

27 C. Vasile, P. Onu, V. Barboiu, M. Sabliovschi, G. Moroi, Acta Polymerica, 36 (1985)
543.
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It has been found that in order to effect efficient catalytic transformation of the gases
evolved during the pyrolysis of polymer waste, the catalytic material must exhibit a
significant degree of acidity. The role of the structural acidic sites is fo promote the
formation of carbonium ions on the surface of the catalyst.2? This in turn allows the
hydrocarbon intermediates to undergo further reactions to effect final product
formation. Catalytic cracking reactions are promoted over both Brensted and Lewis
acid centres. Bronsted catalysed processes include the addition of a proton across
the double bond of an olefin to generate a reactive carbocation which can
subsequently crack or undergo charge or skeletal isomerisation. In the case of Lewis
catalysed reactions, hydride ion abstraction from linear alkanes also induces
carbocation formation, and likewise a range of secondary reactions involving the
carbocation become possible. The following list gives some of the secondary
transformation reactions which may occur during the passage of the pyrolysis gas

through the catalyst bed;

a. Dehydrocyclisation

b. Hydrogenation

c. Catalytic alkylation

1.2.4.2. ZEOLITES AS SOLID ACID CATALYSTS

The structure of many Zeolites is negatively charged due to the presence of
tetrahedrally co-ordinated aluminium atoms within the molecular framework. This
negative charge is balanced through the introduction of charge compensating
cations. The replacement of these cations by protons allows for a convenient
method of introducing strong acid sites into the material. The direct freatment of
Zeolites with mineral acids results in the partial degradation of the structural

framework. Therefore, compensating sodium ions are removed by washing the

22 A. Korma & B. W. Wojciechowski, Catal. Rev. Soc. Eng., 27 (1985) 29.
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material with ammonia, which results in one for one exchange of ammonium for
sodium ions. The material is then heated to approximately 500°C. The calcination
process causes decomposition of the ammonium ion, with the resultant loss of

ammonia and the residence of protons in place of the original sodium cations.

While there is no doubt that Zeolites have proved an invaluable test bed for the
process of post pyrolysis catalytic fransformation of polymer waste, the relatively high
cost of producing these materials synthetically has and will continue to limit their

application on a commercial scale.

Examinations of the potential candidates to provide a competitor to Zeolites shows
that doy minerals appear to present an excellent alternative. It is perhaps not by
coincidence that these materials found employment in the petfroleum industry during
the 1960’s, when they were used as cracking catalysis. Following the development
of Zeolites, with their increased control over the cracking parameters, clay minerals

were rapidly made redundant.
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2. INTRODUCTION TO CLAY MINERALS

Despite the technological advances which have occured throughout the latter part
of the twentieth century, including the elucidation of the structure of Deoxyribose
Nucleic Acid (DNA), the advent of mobile telecommunications and the propulsion of
manned missions into space, there is sfill no universally accepted definition of what

precisely constitutes a clay or clay mineral.

21. CLAY MINERALS
One of the earliest attempts at defining a clay mineral was made by Agricola?
{1546), who believed clays to be members of the earth element due to their being

cold and dry to the touch. Agricola defined earth elements as being;

“a simple mineral body which can be worked with the hands when it is moistened,
and from which a mud can be made when it is saturated with water”

A more recent definition of what exactly constitutes a clay mineral was given by

Grim? (1953);

“In general, the term clay implies a natural, earthy, fine grained material which
develops plasticity when mixed with a limited amount of water”

Despite the fact that these definitions are separated by almost four hundred years,
they essentially convey the same information. In a geological context, the term clay
is used as a reference 1o particle size, and a clay is considered to have a particle size

<4pm.30 However, more recently, high purity minerals are considered to have a size

fraction of <2um.3!

30 R.E. Grim, Applied Clay Mineralogy, McGraw Hill, New York, 1962.

31 S. Guggenheim & R. T. Martin, Definition of Clay and Clay Mineral: Joint Report of
the AIPEA Nomenclature and CMS Nomenclature Committees, Clays and Clay
Minerals, 43 (1995) 255 — 256.
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The roots of modern clay science can be traced back to the early 1920's, and in
particular to the advent of X-Ray Diffraction {XRD). Pioneering XRD studies on clays,
carried out by Hadding3? and Rinnie34 indicated that clay minerals were typically
composed of crystalline material. Such observations ran contrary to the belief of the
scientific community of the time that clays were amorphous in nature. Subsequent
work by Ross35 and Hendricks,3¢37 along with their respective co-workers confirmed

these preliminary findings.

In 1930, Pauling383 published further XRD work on a range of clay minerals. These
results indicated that despite a significant variation in the chemical composition over
the range of materials sfudied, the dimension of their unit cell in the plane of

cleavage was very similar in all cases, falling in the range 5.1A to 8.8A. These results

led Pauling to propose that clays are formed from the joining of individual layers of
material to from extensive two dimensional sheets. The occurrence of this sheet type
morphology has given rise to the term phyllosilicates in respect of clay minerals. This
term translates literally as ‘'leaf like silicates' and relates to the layered structure

observed in clays.

Closer examination of the nature of these sheets confirms that all clay minerals are
essentially composed of only two different sheet types. Joining of these sheets in a

variety of arangements gives rise to a range of mineral sub groups.

3 A. Hadding, Eine Réntgenographische Methode Kristalline und Kryptokristalline
Substanzen zvu Identifizieren, Z. Krist., 58 (1923) 108 - 112.
34 F, Rinne, Rontgenographische Untersuchungen an Einigen Feinzerteilten Mineralien

Kunstprodukten und Dichten Gesteinen, Z. Krist., 80 (1924) 55— 69.

35 C. S. Ross, The Mineralogy of Clays, Trans. Ist Int. Congr. Soil Sci., Washington, 4
(1927) 555 - 561.

36 S. B. Hendricks, Z. Krist., 71 (1929) 269 — 273.

37 S. B. Hendricks & W. H. Fry, Soil Science, 29 (1930) 457 — 478.

38 |. Pauling, Proceedings of the National Academy of Science U.S., 16 (1930) 578 —
582,

¥ L. Pauling, Proceedings of the National Academy of Science U.S., 16 (1930) 123 -
129.
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2.1.1.2. THE OCTAHEDRAL SHEET

The octahedral sheet is composed of a series of individual octahedral units which are
polymerised to form a two dimensional sheet structure. Each octahedral unit has the

formula M2.3(OH)¢, where M is either a divalent or trivalent cation.

The octahedral sheet basically consists of two parallel planes of closely packed
oxygen atoms or hydroxyl groups. These species in turn act as ligands for
octahedrally co-ordinated metal ions, typically aluminium (AR*), magnesium (Mg?*)

oriron (Fe3*) , which are located centrally within the octahedral co-ordination sphere.

As indicated by the formula for the unit cell, the arangement of atoms in the

octahedral sheet allows for differential occupation of the available octahedral sites.

If aluminium predominates in the octahedral sheet, then on average only two out of
every three available octahedral sites are occupied, and the material is said to be
dioctahedral. In materials in which the octahedral sheet is rich in either magnesium
or iron, dll three of the available sites are occupied and the material is referred to as

being trioctahedral.

Octahedral sheet residency is determined by a combination of the elements present,
in addition to the overall layer structure of the material. The occumrence of oxygen
atoms or hydroxyl groups within a structural unit contributes negative charge to the
structure as a whole. Such negative charges are compensated for by the octahedral
cations. In the case of aluminium, the element is present as the ionic species Al3*,
whereas the smaller magnesium ion occurs as Mg?*. Therefore for each aluminium
cation present in the layer structure of a clay mineral, a total of 1.5 of the ionic Mg
species are required to achieve the same compensating effect, the result of which is

differential residency.

30



212 THE PHYLLOSILICATES

As indicated previously, the phyllosilicates or layer silicates are formed through the
condensation of individual tetrahedral and octahedral sheets to form exiensive two

dimensional layered structures.

The ratio and arrangement of the differing sheet types provides the basis of the
classification system for clay minerals. The combination of tetrahedral and
octahedral sheets to form layered materials is facilitated by the fact that the
individual component sheets have almost identical dimensions. In addition the
individual sheets exhibit symmetry which allows for the sharing of oxygen atoms
between the two different sheet types, a process which results in the formation of

bonds and hence joining of the sheets to form layers.

2.1.2.1. DIMORPHIC CLAY MINERALS

The joining of an individual silica tetrahedral sheet to an individual octahedral sheet
results in the formation of a dimorphic mineral of which Kaolinite is perhaps the most
widely studied example. Such minerals are also known as 1:1 or T:O (Tetrahedral :

Octahedral) minerals.

2.1.2.2. TRIMORPHIC CLAY MINERALS

In contrast to dimorphic clays, the trimorphic analogues are formed from the
condensation of a single octahedral sheet sandwiched between iwo individual
tetfrahedral sheets. Such morphology results in the materials being referred to as 2:1

or T.O:T type clays.

Figure 9 below is a diagrammatic representation of the layer structure of a trimorphic

clay mineral, and clearly shows the existence of the bonds which allow for joining of

the individual sheets to form the layered structure observed in clay minerals.
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exchangeable cations. The magnitude and location of this charge allows for a sub
classification system to be applied to fimorphic clays. Table 5 above illustrates the

nature of this sub classification.

2.2. SMECTITES

The smectites are by far the most widely studied of the irimorphic class of clay
minerals. In addition, the materials are also of significant industrial importance,
finding application in a variety of industrial situations. Differentiation between
individual smectites is made on the basis of chemical composition, with different
members of the group classified according to the species and location of the cations

resident in the tetrahedral and octahedral sheets.

23. PROPERTIES OF SMECTITES

As highlighted previously, smectites are used in a vast range of commercially viable
applications. Such a diverse range of uses can be attributed to the variable
properties that they exhibit due to sfructural variations seen through the smectite

mineral class.

231. ISOMORPHOUS SUBSTITUTION

Variability in chemical composition arises through a process known as isomorphous
substitution in which internal substitutions result in the replacement of ARt in the
octahedral sheet by ions of similar size but different and usually lower valency (eg.
Mg?* or Fe?*), and to a lessor extent the replacement of Si#* by AR+ in the tetrahedral
sheet.#0 The former process accounts for the transformation of dioctahedral minerals
into trioctahedral species. Table 6 gives the idealised formulae for the more

important members of the smectite class of clay minerals.

40 C. T. Johnston, Sorption of Organic Compounds on Clay Minerals: A Surface
Functional Group Approach, 1-44 in: Organic Pollutants in the Environment (ed. B. L.
Shawhney) Clay Mineral Society Workshop, Lecture 8, Boulder, CO, USA, 1996.
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The compensating cations are not fixed in the mineral structure and as such are
exchangeable, typically with ions of higher valency replacing those of lower valency.
The higher valency replacement ions are generally associated more tightly to the
interlayer exchange sites than the ions they replace, primarily as a consequence of
enhancements in the magnitude of the attractive electrostatic forces between the
cation itself, and the negatively charged mineral surface. In naturally occurring
smectites, Ca?*, Mg*, Na* and K* predominate as charge compensating

exchangeable cations.42

232. CATION EXCHANGE CAPACITY (CEC)

As highlighted previously, the charge compensating cations resident in smectites are
not fixed in position, and as such are exchangeable. The C.E.C acts as a measure of
the cation storage ability of a given mineral, and in doing so provides an indication of
the charge imbalance imparted to the mineral stucture as a result of isomorphous
substitution. High layer charge smectites can exchange in excess of 100 millimoles of

M* per 100g of clay.

As highlighted in table 4, smectites play an important role as agricultural carriers in
soils by fulfilling crucial roles in the supply of nutrients and water to growing plants. As
a result of their cation exchange capabilities, smectites are able to act as negatively
charged colloidal bridges, and thus promote the supply of essential nutrients from the
weathering of primary minerals within the soil matrix, to plant rootlets, via a process of

proton exchange.43

It has been shown that charge compensating cations resident in the interlayer region

of a smectite clay are more readily exchangeable than those associated with the

42 G, W. Brindlay & g. Brown, Crystal Structure of Clay Minerals and their X-Ray
Identification, Mineralogical Society, London, 1980.
43J, Konta, Applied Clay Science, 10 (1995) 275 - 335.
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surface exchange sites.# The exchangeability of charge compensating cations of
smectite structures in aqueous suspensions containing a secondary cationic species is

govemed by a number of key factors;

f—
.

The magnitude of the layer charge on the mineral.

N

The properties of the interlayer cation (hydration energy, size, valency).

3. The relative concentration of the secondary cationic species.

»

The population of exchange sites on the clay.

As a general rule, physically small, high valency metal cations are highly effective at

displacing and replacing charge compensating cations resident in the interlayer

region of smectite minerals.4546

2.3.2.1. DETERMINATION OF THE C.EC.

Throughout the years, a variety of methods have been developed io allow for the
determination of the C.E.C. of smectites. The following represents some of the more

popular methods for the determination of this parameter;

1. Uptake by the clay of the ammonium ion species (NH4*).47
2. Exchange of the clay with Methylene Blue.*8
3. The adsorption of the coloured species Cobalt Sulphate.4?

4. Rapid methods involving the uptake of a Cu-ethylenediamine complex.50

44R. E. Grim & G. Kulbicki, American Mineralogist, 46 (1961) 1329 — 1369.

45 R. E. Grim & R. H. Bray, Journal of the American Ceramics Society, 19 (1936) 307 —
315.

46 R. W. McCabe, Clay Chemistry: Inorganic Materials (eds. D. W. Bruce & D. O'Hare)
John Wiley & Sons, England (1996) 314 — 363.

47 R. H. S. Roberison & R. M. Ward, Journal of Pharmacy and Pharmacology, 3 (1951)
27 - 35.

48 G. W. Brindley & T. D. Thompson, Israel Journal of Chemisiry, 8 (1970) 409 — 415.

49 C. N. Rhodes & D. R. Brown, Clay Minerals, 29 (1994) 799 — 801.

50 F. Bergaya & M. Vayer, Applied Clay Science, 12 (1997) 275 - 280.
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