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ABSTRACT

A series of quaternarized ammonium mono and di-cations, quaternarized amino
acid ester mono and di-cations, and quaternarized polyammonium cations were synthesized
by methylation rzaction. The synthesized quaternarized ammonium derivatives were
incorporated into the interlamellar space of the smectites, montmorillonite (SWy-1) and
hectorite (SHCa-1). The adsorption of these quaternarized ammonium cations by the
smectites were studied by colorimetric and Na-electrode methods. Also the CEC values
were determined from the adsorption isotherms and were found to be close to the CECs of
the smectites. The intercalation of the quaternarized ammonium cations into the
interlameliar space of thesmectites were evaluated by X-ray powder diffraction technique
and the changes of the interlayer spacings upon iicercalation were measured. The
adsorption and X-ray results indicated that the quaternarized ammonium cations adopt a
parallel orientation arrangement in the interlamellar space of the smectites.

Insight into the micropore structure of the prepared organo-smectites has been
obtained with N, adsorption and desorption studies. The BET interlayer surface area,
external surface area, micropore volume and mesopore volume were calculated from the N,
adsorption and desorption isotherms. The total BET surface areas of the orgnao-smectites
were in the range of 58-224 m%g, depending on the size of the intercalated cations. It has
been implied that the incorporation of the quaternarized ammonium cations into the
interlamellar space of the smectites results in a microporous material with a network of

cavities whose height and volume are controlled by the size and the shape of the organic

cation,



The gas chromatographic properties of these organo-smectites have been
determined with focus on the separation of air, CHy and CQO, as well as the separation of
Ci-C4 and Cs-Cg hydrocarbons. The organo-smectites have been proven to be a GC
adsorbent for gas separations. The separation of methane and carbon dioxide was controlled
by the interactions with the clay surface, not by the interaction with the substituents of the
alkylammonium chain. The shapes of the microcavities played a role in the separation of
gas mixtures. The CO, retention time has been found to increase with increasing the free
surface area of the organo-smectite. Moreover, it has been shown that the retention time of
C;-C4 hydrocarbons decreased with increasing the free volume of the organo-smectite.

Furthermore. some microporous organo-smectite materials have been imbedded
into the cross-linked polydimethylsiloxane (PDMS) polymers giving composite membranes.
The composite membranes have been evaluated by the gas permcation experiments. The
pure gas permeation results showed that the gas permeabilities decreased upon filling of the
organo-smectites into the PDMS polymers. The pure gas permeability ratios of Oy/N; and
CO,/CH, were found to be controlled by both the organo-smectite content and the
microporosity of the organo-smectites. The maximum pure gas permeability ratio for
CO,/CH, achieved was 8.7 as compared to 3.9 which was obtained for organo-smectite free

PDMS membranes.
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Chapter 1

Introduction

1.1 The Chemistry of Clay Minerals

1.1.1  Structure of Clay minerals

Clays are naturally occuring minerals, characterized by a layered structure!, The
principal building eclements of the clay minerals are two-dimensional arrays of
silicon-oxygen tetrahedra and two-dimensional arrays of aluminum or magnesium
oxygen-hydroxyl octahedra?, In most clay minerals, the tetrahedra and octahedra sheets are
superimposed in different fashions to form the clay layers. Figure 1.1 schematically
illustrates the framework structure of a 2:1 clay. In the silicon-oxygen sheets, the silicon
atoms are coordinated with four oxygen atoms and the oxygen atoms are located on the four
corners of a regular tetrahedron with the silicon atom in the center. In the aluminum or
magnesium oxygen-hydroxyl sheets, the Al or Mg atoms are coordinated with six oxygen
atoms or OH groups which are located around the Al or Mg atom with their centers on the
six corners of a regular octahedron, The analogous symmetry and the almost identical
dimensions in the tetrahedral and the octahedral sheets allow the sharing of oxygen atoms
between these sheets. The fourth oxygen atom protruding from the tetrahedral sheet is
shared by the octahedral sheet. Clay minerals can be classified according to their layer

structure. In general, there are two groups: 1:1 and 2:1 clays. The 1:1 mineral consists of



repeated layers which are made up of one tetrahedral sheet and one octahedral sheet. The
2:1 mineral consists of layers which are made up of two tetrahedral sheets and one on
either side of a central octahedral sheet. Montmorillonite and hectorite which will be used
in this work are 2:1 smectite clays. Within each layer a certain unit repeats itself in a lateral
direction. When the octahedral sheets are made up of Al(III), only 2/3 of the available
octahedral positions need to be filled to maintain the electrical neutrality of the layers. This
kind of clay minerals is defined as dioctahedral clays. On the other hand, when the
octahedral sheets are made up of Mg(Il) , one must fill all available octahedral positions to
achieve the electrical neutrality of the layers. This clay belongs to the trioctahedral group.

o s
A o Al3+. M82+
o o?
@ OoH
4001
-
surface of silicate
layer contains O%

Figure 1.1 Schematic representation of a 2:1 layered clay



The most important property of clay minerals is the existence of a net negative
charge on their layers2. The neutral 2:1 layer structure is represented by the mineral
pyrophyliite in which the octahedral sheets are made up of AI(ID). If the octahedral sheet
contains Mg(Il) atoms and all the octahedral positions are filled, the electroneutral structure
represents the mineral talc. Smectite clays such as montmorillonite and hectorite are
derived from the above two neutral minerals by substitution of some of the tetrahedral Si(V)
atoms by AI(IIT) or of some of the octahedral AI(III) or Mg(Il) by Mg(I) or Li(T). This
substitution by a lower valency atom causes a deficiency of positive charge, resuiting in the
observed negative layer charge. The negative charge of the clay layer is counter balanced by
adsorbed or intercalated exchangeable cations, usually a mixture of alkali and alkaline
earths metal cations. These are called exchangeable cations since they can be replaced by
other cations from solution. The extent of isomorphous substitution and therefore the
magnitude of the layer charge, is determined by the clay cation exchange capacity (CEC),
the amount of adsorbed cations needed to neutralize it. The layer charge in octahedrally
charged clays is distributed over all oxygens in the framework.

Clay minerals are also characterized by the nature of their interlayer spacings®. The
distance between two clay layers in a stack is called the interlayer spacing as shown in
Figure 1.1. In some clays this distance is not fixed, but expandable. When dispersed in
water these clays can swell, intercalating up to four water layers.

Table 1.1 shows a classification of clay minerals, according to the layer structure
(1:1 or 2:1 minerals), the occupancy of the octahedral sheet (dioctahedral or trioctahedral)

and the nature of the interlayer spacings (stable or expandable).



Table 1.1 Classification of clay minerals.

Type of layer | Type of sheet | Interlayer space Clay
Dioctahedral Stable Kaolinite
1:1 Expandable Halloysite
Trioctahedral Stable Serpentines
Dioctahedral Stable Illites
Micas
Pyrophyllites
Expandable Beidellite
Nontronite
- Montmorillonite
Trioctahedral Stable Talc
Micas
Expandable Hectorite
Stevensite
Saponite
Sauconite
Vermiculite

Smectite clays possess a combination of cation exchange, intercalation, and
swelling properties which makes them unique. Their capacity as cation exchangers is
fundamental to their intercalation and swelling properties. This distinguishes smectites from

the mica and pyrophyllite-talc groups of minerals, which have little or no ion exchange

capacity.




1.2 Cation exchange, intercalation and swelling properties of smectite clays

The most important property of smectites is their ability to expand beyond a single
molecular layer of intercalant. The extent of interlayer swelling depends on the nature of the
swelling agent, the exchange cation, and the layer charge of the clay. The Li* and Na*
exchanged forms of the minerals are particularly susceptible to swelling by water?. As the
interlayer water content of Na*-smectites is increased with increasing partial pressure, the
interlayer spacing can jump to a value corresponding to two or more intercalated water
layers. Under appropriate conditions the silicate layers can be separated by hundreds of
angstroms of water. In fact, the silicate layers of Na*-montmorillonite in dilute aqueous
suspension are completely dispersed. As the concentration of the dispersion is increased,
gelation occurs. The gelation phenomenon, which occurs at a concentration as low as 2
percent clay by weight, is believed to result from layer edge-to-face interactions which
generate a "house-of-cards” structure?. The inorganic cations in the interlamellar spaces of
the clay may be exchanged when the clay minerals holding them come in contact with a
solution rich in other cations. The alkali ions are more easily replaced than the alkaline ions.
The stability of the inorganic cations in the clay may be considered as the following
sequence?:

Na* <K* < Ca?* <Mg?* <NH/*
Ca?* is generally more stable or more firmly fixed in the interlayer space than is Na*.
However, this series can vary with conditions or type of clay mineral. The cation exchange
capacity depends on the structure of the clay and its charge density. For expandable clay
minerals, there is a linear increase of the CEC with the layer charge. Table 1.2 shows the
structural formulae, the CEC values of pyrophyllite-talc minerals and two smectite clays>S,
The positive charge deficiency in the layers of smectites ranges from 0.4 to 1.2 e per

SigOs’. In hectorite which typically exhibits a layer charge of 0.66 e per SigO,y, the cation



exchange capacity on an anhydrous basis is 89 milliequivalents per 100 grams. In
montmorillonite, the laye‘lv' charge of 0.68 e per SigO,, is obtained which gives rise to the
cation exchange capacity, 87 milliequivalent per 100 grams®. With large, complex
exchanged cations, the extent of ion replacement may be size-limited. Since the average
distance between exchange equivalents in the smectite is about 8.3A, cations with
cross-sectional diameters greater than this value can fully cover the interlamellar surfaces
before 100 percent exchange is reachedS. Although the interlamellar surface is very large,

the size of the exchanging ion can be a limiting factor in determining ion loading.

Table 1.2 Formula and CEC values of pyrophyllite-talc minerals and smectite clays

Mineral Formula mc((:]Eﬁ 00g

Pyrophyllite [Al, 0](Sig 0)O0(OH)4 -
Talc [Mge.0l(Sig 0)Og(OH)4
Montmorillonite | [Al3 2Fe*g26Mgg 4gFe?*,171(Siz 84Aly 16)020(OH)eX Y059 | 0.87
Hectorite [Mgs,30Alp.44Lip 661 (Sig 00)020(0OH)4 X0 66 0.89

As shown in Figure 1.2, various types of cations can be intercalated into the
interlamellar space of the smectites?, The pillaring agent P* may be an alkylammonium ion,
a bicyclic amine cation, a'tris metal chelate or a polynuclear hydroxy metal ion. The region
between the pillaring cations defines the pores for the adsorption and the possible catalysic

reactions of organic molecules. The intercalation of a large cation into the interlamellar




space of smectites can create different sizes of pores which will exhibit molecular sieving

properties.

| —l 1'\1*- Eiﬁ

P PH (P /N N‘H
| — :+ R RR
(P*) (P :
l ] E Mx(OH)yM
pillared clay : Michel,™

Figure 1.2 A schematic representation of pillared clay

Neutral molecules other than water can also be intercalated between the silicate
layers of smectites. Several binding mechanisms may operate in the intercalation processes.
For example, the hydrated water molecules in Cu?* exchange forms of smectites can be

replaced by pyridine (py)®:

[Cu(H,0),1%* + py —  [Culpy)d® + xH0

where the horizontal lines symbolize the silicate layers.



1.3 Organo-clays and their environmental applications

A very important property of smectites is its ion exchange capacity. The inorganic
cations in the smectites can be replaced by a variety of organic cations. The intercalation of
the organic cation into the interlamellar space results in a microporous organo-clay material
depending upon the size of the organic cation and the nature of the clay. The study of the
microporosity of organo-smectites was pioneered in the 1950s by Barrer'®. In a series of
papers, which he recently reviewed, Barrer, with his co-workers, showed that when the
natural interlamellar inorganic cations of montmorillonite and hectorite are replaced by
small alkylammonium organic cations, permanent microporosity is created, and sorption of
gases and of organic molecules is very favored!C. The type of exhangeable cations on clays
strongly influence their sorptive characteristics!®.

In the past few years, there has been increasing interest in designing recyclable
inorganic adsorbents for the efficient removal of organic pollutants from aqueous solutions.
The chlorinated phenols represent one of the most challenging classes of priority pollutants
to be removed from waste streams and ground waters!!, The removal of trace levels of
priority pollutants from extremely large volumes of wastewater is a microseparation process
requiring cost-effective adsorbents!2, It has been established that modified clay adsorbents
are suitable for such applications due to the organophilic properties of the organo-clays'14,
Depending on the size of the organic cation, the exchanged organic ions have been shown to
form either a microscopic organic phase as in hexadecyltrimethylammonium-smcctitc‘5 or
discrete organic-modified surface adsorption sites as in TMA-smectite!. The substitution
of organic cations reduces the hydration of the clay and decreases the free aluminosilicate
mineral surface area. As a result, the surface properties of the clay may change considerably
from highly hydrophilic to increasingly organophilic as the inorganic cation is progressively

replaced by the organic cation. Therefore the sorption properties to organic compounds



would be very favored. Organic cations possessing long-chain alkyl groups are particularly
able to impart hydrophobic quality to the mineral surface. Such clay-organic complexes can
sorbe molecules. This process is essentially a non-polar interaction between the organic
phase of the clay organic complex and the hydrophobic organic molecule. It has been
shown that the uptake of phenol and chlorophenols from water was enhanced by modified
clays exchanged with large quaternary alkyl ammonium cations. It has been reported that
dry hexadecyltrimethyl ammonium-smectite (HDTMA) acted as a dual sorbent for the
sorption of non-ionic organics!®. The frec aluminosilicate mineral surface functioned as a
solid adsorbent and the bulky organic moieties of the exchanged HDTMA ions functioned
as a partition medium. It has been recently reported that addition of cetyl pyridinium cations
to a hydroxy-Al cation exchange form of montmorillonite resulted in an effective adsorbent
for removing pentachlorophenol and benzo(a)pyrene from aqueous solution!’. Moreover,
aluminum-pillared clays modified by the addition of the nonionic surfactant have been

found to exhibit interesting adsorption properites with regard to chlorinated phenols!8,

1.4 Reactions on clay surfaces

Beside the adsorption properties of the clays, another important property is the
presence of Bronsted and Lewis acid sites on the surface of the clays®, Many organic
reactions can take place in the smectite interlayers involving the activation of the reagents
by the acid sites. In those organic reactions, the first step is the protonation of one of the
reagents by the Brensted acid sites of the clay. For example, the dehydration of primary
alcohols over AP**-montmorillonite at 200°C has been shown to yield 1,1'-dialkyl esters in

high yields!®. In this case the reaction is catalyzed by the acid sites of the clay.



2 RCH,CH,OH + H* — RCH,CH,-0-CH,CH,R +  H,0 (-1

Other types of acid catalyzed reactions found to occur in clays were oxidation reduction
processes such as the conversion of 1,1'-diphenylethylene to benzophenone and
1,1’-diphenylethane and hydrogen transfer reactions between 9,10-dihydroanthracene and
1,1-diphenylethylene which took place on synthetic hectorite2021,

There are also cases in which the clay was used to adsorb a catalyst in addition to
the reagents. An example of a catalyst is the rhodium hydrogenation catalyst RhL, * (L =
triphenyl phosphine n=2 or 3) adsorbed in hectorite. In homogeous solution, this complex
catalyzed the hydrogenation of both terminal and nonterminal olefins, while in the clay
interlayer space terminal olefins were selectively hydrogenated®. The higher selectivity 10
the terminal olefins was attributed to the interlamellar spacing of 7.7A of the clay upon
intercalation of the catalyst. A pillared clay has been proven to be a catalyst for the
conversion of cyclohexane to benzene at 550°C2. Its activity was found 1o be substantially
higher than that of a commercial chromia catalyst supported on alumina. Similar pillared
clays, intercalated with alumina and zirconia were found to be petroleum cracking catalysis
having shape selectivity compared to that of commercial zeolite catalysts. The hydroxy
zirconium pillar is a Zry oligomer of the type Zr,(OH)** 4, and the structure of the pillar
for hydroxy aluminum is an Aljy oligomer related to the cation Al;;0,(OH)™*,,. The
remarkable thermal stability of the Zr, and Al,, pillared smectites has been attributed to the

formation of metal oxide clusters upon dehydroxylation of the hydroxy cations at elevated

temperature?4,

10



L5 Membrane gas separation processes in industries

15.1  History

Membranes are microporous barriers of polymeric, ceramic or metallic materials
that can be used in separation processes. The development of membrane processes for the
gas separation has made remarkable progress during the last two decades. Membrane
separation of gases has emerged from a technical curiosity in the 1860’s to initial
commercialization in the 1970’s followed by intense research activity and further
commercialization in the 1980’s®, Major applications have been for the recovery of H,
from purge gas streams, removal of CO, from natural gas and the separation of oxygen
from nitrogen in air?8. Operating pressures range from 100 psi for oxygen/nitrogen
separation to 1,000 psi and greater for recovery of H, from purge gases. While the first
modules for gas separation were of hollow fiber design, spiral-wound membrane modules

.

have become more common recently?S, Membrane separation has become economically
competive in these areas because of the development of high-flux asymmetric membranes
and the ability to fabricate such membranes in the form of hollow fibers. These membrane
processes are competitive with conventional gas separation techniques. The great interest in
membrane separation technology is due mainly to the fact that it is potentially
energy-efficient. In addition, the required process equipment is simple, compact, and
elatively easy to operate and control25,

Membrane business as a whole is expected to grow at a rate of 10 to 15% per year,

with gas separation systems being the main growth area. It has been estimated that the

present market for gas separation systems is expected to grow to $1.5 billion by 199527,
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152  Membrane Materials

In general, membranes used in industrial gas separation are of polymeric materials.
There are many types of membrane materials including glassy (cellulose acetates,
polyamides, polysulfone, polyimide) and rubbery polymers (silicone rubbers, nitrile
rubbers)?6, The natural and synthetic rubbery polymers are the most permeable of the
polymeric materials to the permeant gases. However, the selectivity in these polymeric
materials is low. Glassy polymers tend to have very high selectivities with permeation rates
depending on the morphology of the membrane. Asymmetric glassy polymers have both
high permeation rates and high selectivities. The main advantage of polymers as a material
for membrane preparation is the relative simplicity of thin film formation which enables
one to obtain rather high permeability rates. However, polymeric membranes have several
limitations such as low selectivity, high temperature instability, swelling and decomposition
in organic solvents, and a low ability to be stream sterilized. In petroleum industry, refinery
streams can contain many contaminants such as asphaltenes, various organic species,
metals, colloidal particles, silica, polymers, tars and others. These streams can foul
membranes, leading to substantial reductions in permeation rates and changes in separation
efficiencies®. These limitations can be overcome by using inorganic and molecular sieve
membranes?®0,

Ceramic and other inorganic membranes have found application in many industries
since about 1980. Ceramic and inorganic membrane exhibit several advantages such as
thermal stability, ability to withstand prolonged exposure to non-aqueous media, stability to
pH and organic solvents®!. The disadvantages include high cost, low selectivity and their
fragility due to brittleness®!. Much progress has been made in recent years to improve the

weakness mentioned above. This remains a new challenge for membrane separation

processes.

12



1.6 The goals of the research

The objective of this work was to design new organo-clays with rigid, large,
hydrophobic microcavities whose size, shape and functionalities would be well-controlled
for specific recognition. The microporosity of the organo-clays was to be characterized by
both XRD and BET adsorption methods. These organo-clays were explored as gas
chromatographic adsorbents for the gas separations due to their microporosity. Further
approach involved the incorporation of organo-clay materials into polymers to form
composite membranes. The efficiency of these composite membranes for gas separation

was tested. Scheme 1.1 summarizes the research direction of this thesis.

chromatographi
adsorbents

Gas separation

Organo-clay Microporosity

organo-clay

polymeric
membranes

Characterizatio

Scheme 1.1 Summary of research direction of this thesis
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Chapter 2

Synthesis

2.1 Introduction

As discussed in chapter 1, the natural clays exhibit adsorption properties. The
inorganic cations in the clay can be replaced by larger organic cations and therefore the
basal spacing of the organo-clay will be increased. This intercalation produces a pore
network whose size can be adjusted by changing the size of the intercalated cation. In order
to prepare some microporous organo-clay materials, several quaternarized ammonium
derivatives with different alkyl chain and functional groups were synthesized. Some
quaternary alkylammonium mono-cations such as EtyN*, Pr,N*, Bu,N*, Pe,N*, Hex,N*,
Hep,N* and OciN* have been incorporated into the interlamellar cpace of the clay32,
Amino acids which have both one or two amino groups and one carboxylic group should
also be intercalated into the interlamellar space of the clays upon tri-methylation of the
amine functions. Such quaternarized amino acid ester derivatives which have both ester and
tri-methylated ammonium functional groups provide good examples for incorporation
studies and chromatographic studies. Some polyammonium cations were also be prepared
from the corresponding polyamines by methylation reaction, provided quaternarized

ammonium cation with higher charge density as compared to the quaternarized amino acid

ester derivatives,
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2.2 Synthesis and characterization of methyl quaternarized amino acid ester

derivatives

2.2.1  Esterification

The natural amino acids can be transferred to the corresponding methyl esters by
esterification reaction. There are many methods for esterification of carboxylic group in the
literature. Esterification of carboxylic acid can be achieved via acid chloride method®.
Other methods include esterification by pyrolysis of the tetramethylammonium salt*® ,
reaction with alkyl halides using hexamethylphosphoramide (HMPA)%S, reaction with
dimethyl sulphate®® and reaction with alkyl halides using cesium salt’’. However,
esterification via dimethyl sulphate has been subject to side reactions involving hydrolysis
of the dimethyl sulphate by the basic medium and hydrolysis of the ester once it was
formed. With alkyl halidés, esterification was found to be generally rapid and quantitative,
and allowed the preparation of esters other than the methyl variety. Esterification via
cesium salt and alkyl halides has been used for the preparation of esters derived from
protected amino acids and peptides under mild conditions. Reaction of suitable protected
amino acid or peptide cesium salts with alkyl halides could yield the desired esters readily
under neutral conditions at room temperature. No racemization has been observed during
this process. Esterification of amino acids by using thionyl chloride is a simple and efficient
method. In the case of esterification of amino acids, this last method was adopted for the
methylation of the carboxylic group according to the procedures reported by Boisonnas et
al*® using SOCI, and methanol. Scheme 2.1 represents the esterification reaction of amino
acids catalyzed by SOCI,. By this method, lysine and ornithine were effectively transferred
to methyl esters with very high yield (>90%).

Other amino acid esters such as GLY-Et, Ala-Et, Val-Et, Leu-Et and Phe-Et have

also been synthesized similarly in our laboratory3?.
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NH, MeOH/SOCl, *NH; - CI

! A |

) 0]

R = NH;(CH,); - and NH(CHy),-.

Scheme 2.1 Esterification of {-amino acids

2.2.2  Quaternarization

Many methods can be used for methylation of the amine groups. Most methods
used for quaternarizing an amino group involved a methylation reagent and a strong base.
Prolonged reaction time and heat were often needed?®4!.. These stringent conditions limited
the applicability of the method, and could lead to surprizing results during the methylation
with dimethy! sulphate?2. Diazomethane in aqueous solution can also be used but the
reaction was very slow. The combination of methyl iodide-potassium bicarbonate-methanol
has been proved to be a mild, efficient, reasonably selective, and generally applicable
reagent for the quaternarization of amines®3, By this method, several tri-methylated amino
ester derivatives were prepared by N-methylation of the corresponding amirio esters using
Mel under mild basic conditions. Scheme 2.2 represents the methylation reaction of the
amino acid esters. The methylation reagents did not attach the methyl ester group. For the

full quaternarization (two amine groups), more methyl iodide and sodium bicarbonate were

16



added after the o.-amino group was completely quaternarized.

*NH, - CI *N(CH
i Mel / NaHCO, | (CH)s
CH — COOCH3 » ?H — COOCH3.I-2
|
RNH,*. CI MeOH RN*(CHy)s
(4] ()]

R = (CH,); - and (CHy)-

Scheme 2.2 Quaternarization of (/)-amino methyl esters

223 Synthesis of methylated quaternary polyammonium cations

Two methylated quaternary diammonium cations (Me;N*CH,N*Me,,
Me;N*CH,CH,N*Me;) and  one  methylated  quaternary tetraammonium
(Me;N*CH,CH,N*(Me,)CH,CH;N*(Me,)CH,CH,N*Me;) cation were synthesized from
the corresponding diamines and tetraamine. It has been shown that N,N,N’,N’-tetramethyl
ethylene diamine with zinc borohydride was a good reducing agent for acyl chlorides®4,
1,1,4,7,10,10-hexamethyltriethylene tetramine has been found to be a good inultidentate
ligand and the metal complexes of this polyamine has also been eriployed in carbohydrate
epimerization®>,  Keggin-type and Dawson-type  heteropolytungstate  (HPT,
15-R(CsHy)TiPW,;055% and ns-R(CsH,)-TiP,W ;04,7 fons were of interest as possible

soluble models for industrially important metal oxide supported catalysis*647 and as small,

17



highly electron dense labels for the study of biological specimens®®, The R group
represented a chemoselective protein-reactive functional group at the end of an organic
spacer arm. One limitation in the use of these polyanionic HPT EM labels is the tendency
that they have to form insoluble precipitates with biomolecules bearing positively charged
groups?®50, This nonspecific electrostatic interaction hampered the intended binding of
HPT to specific sites on the biomolecule by way of the protein-reactive functional group at
the end of the spacer amm. An organic polycation with the charges appropriately spaced and
with additional water-solubilizing groups could well exhibit preferential electrostatic
interaction with the HPTs, thereby effectively preventing precipitation with other cations.
Simple tetra- and pentaammonium salts and quaternary diamines were all of low aqueous
solubility. When methylated quaternary tetraamine was employed, the nonspecific
precipitation reaction between  polycationic  biomolecules and  polyanionic
heteropolytungstates (HPT's) was prevented®!. The methylated quaternary polyammonium

cations were prepared by the treatment of the corresponding polyamines with Mel in

ethanol. The synthesis is summarized in scheme 2.3.

N\
Me,N - NMe, MesN*  *NMe;
(MMDA)
Mel /NaHCO;
Me,N NMe, -_— Me,)N' tNMe,
EtOH (MDEA)
N/ N/ \ /N \N/\
Me,N NMe NMe NMe, MesN*  *NMe, *NMe, N*Me,
(MTETA)

Scheme 2.3 Quaternarization of polyamines
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2.24  Characterization of quaternarized amino acid ester and polyamine derivatives

H NMR, *C NMR, IR and MS were used to characterize the sythesized organic
derivatives. In the 'H NMR spectrum of quaternary methyl lysine ester, two significant
signals at 3.07 and 3.20 ppm were observed and assigned to the two different tri-methyl
groups (Me;N*—-N*Me;)2, Also, the methyl ester group gave a singlet at 3.65 ppm. In the
BC NMR spectrum, two strong signals at 55.8 and 55.3 ppm comesponded to the
methylated carbons of the molecules. A 1N13C coupling was also observed in the spectra
examined and splitting of the signals was observed. IR spectrum of the quaternarized lysine
methyl ester gave a significant vibration at 1750 cm’!, indicating the presence of a ester
carboxylic group. Elemental analysis also confirmed the structure of this product (see page
198, chapter 8).

In the 'H NMR spectrum of MMDA?*I,, a single peak at 3.56 ppm was assigned
to the protons of the methyl groups and a singlet at 4.30 ppm corresponded to the methylene
protons. In the 13C NMR spectrum of MMDAZ*1,', only two signals at 57.3 and 60.8 ppm
were observed which were assigned to the methyl carbons and methylene carbon
respectively. Typical 'H and 13C NMR spectra for the quaternarized MMDA* Y, are
shown in Figure 2.1. MDEA2* showed a similar 'H and 13C NMR spectrum (see page 199).
For the quaternarized tetraammonium cation (MTETA*],"), the 'H and *C NMR spectrum
are more complicated. In the 'H NMR spectrum of this compound, the ethylene protons
were found in the region between 4.2-4.5 ppm with irregular triplet. The two dimethyl
groups ga\}c a singlet at 3.51 ppm and the two tri-methyl groups showed a singlet at 3,39
ppm. In the 13C NMR spectrum, wwo significant signals at 55.3 and 57.5 ppm were observed
and corresponded to the two different types of methyl carbons.

MS analysis of (LYS-Me)l,, (MMDA)I, and (MTETA)l, showed the
corresponding ion fragments at 245.3, 132.9 and 289.1 for LYS-Me?*, MMDA?* and
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Figure 2.1 'H and 13C NMR spectrum of quaternarized MMDA*T"5(D,0).



MTETA#* cations, respectively (see pages 198-200).

2.3 Conclusion

Two different types of quaternarized ammonium cations were synthesized and

characterized by 'H NMR, 13C NMR and MS spectroscopy methods.
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Chapter 3

Studies of The Incorporation of Organic Cations
By Clay Minerals

3.1 Introduction

The layered structure of clay minerals was discussed in chapter 1. Due to
isomorphous substitution, clay minerals carry a permanent negative charge in their
structural framework. The negative charge of the clay layer is counter balanced by sorption
of an equivalent amount of extraneous inorganic cations such as sodium, calcium and
potassium. The inorganic cations in the clays can be replaced by organic cation such as
alkylammonium and quaternary ammonium cations®?, The alkylammonium cations have
been known to cause considerable modifications in the hydration and swelling properties of
the clay®*3556, The large organic cations are more strongly held by the clay than are the
inorganic cations. Their presence markedly alters the dispersibility of the clay and
practically destroys their ability to swell in water®’. In fact, the intercalation of
alkylammonium cation into the interlamellar space of the clays has been studied
extensively’®5%60, Quantitative exchange of the interlayer cations of smectites by
alkylammonium cations provides the best method for characterization of smectites and

determination of their layer charge®1:%2, The intercalation of the pillared cations into the
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interlamellar space of the clays leads to the formation of porous networks analogous to
those of zeolites. Since pillared clays can have pore sizes similar to larger than those of
zeolites, they offer a promising way in modifying the pore size of solid materials for
separation purposes. The most obvious manifestation of the introduction of organic
molecules into the interlayer space of clay is a modification of the basal spacing of the
mineral. The orientation of the intercalated cation depends on the layer charge density of
the clay, the charge density of the cation, and the size of the cation. Clays exchanged with
long chain alkylammonium ions show long basal spacings related to the length of the
carbon chain, Quantitative relationships with the layer charge of the silicate, the shape, the
cross-sectional arca of the molecules and the resulting basal spacings of the complexes
formed can be found in the literature®, A larger size of alkylammonium cation would cause
a bilayer structure in the interlamellar space of the smectites. The adsorptions of some
quaternarized amino acid ester derivatives, phosphonium and polyammonium cations are
discussed in this chapter with three different systems to examine the interaction between
these organic cations and the smectite clays. Further characterization of the organo-clays by

X-ray diffraction method will be discussed in chapter 4,

3.2  Intercalation of quaternary ammonium derivative cations into the interlamellar

space of clay minerals

Three types of quaternarized ammonium derivatives or quaternarized phosphonium
cations are used in this study including quaternarized ammonium (phosphonium)
mono-cations, mono- and di-quaternarized amino acid ester derivative, and
poly-quaternarized ammonium cations. All these quaternarized cations could be intercalated

into the interlamellar space of the clays. The adsorption isotherms of these organic cations
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by the clays are studied and the CECs are calculated from the adsorption isotherms, Two
clays are chosen for this study, Na-montmorillonite and Na-hectorite. The first system
includes tetramethyl ammonium (TMA®), trimethyl glycine ethyl ester (GLY-Et*) and
tetraphenylphosphonium (TPP*) cations. In this system, the exchange process between the
alkylammonium (phosphonium) cations (N*) in th= solution and the Na* ions in the clay (Z)

can be represented by the following equation®;
Na*-Z + N* = N*-Z + Na* (3-1)

The above reaction proceeds until the exchangeable sodium ions are completely or nearly

completely replaced. The thermodynamic equilibrium constant K for the above reaction is

defined by:
K =y Hynt . (INa*][N*-ZD/([Na*-Z][N*]) (3-2)

where yy,+, Yn+ are the activity coefficients of the Na* ion and the organic cation in the
solution respectively, and [Na*], [N*-Z], [Na*-Z}, [N*] arc the concentration of the Na* ion
in the solution, the organic cation adsorbed by the clay, the Na* ion in the clay and the free
organic cation in the solution, respectively. For a dilute solution, the mtio vy, +/yn+ is

approximately 1%, Therefore, equation 3-2 can be rewritten as:
K=([Na*][N*-Z])A[N*][Na*-Z]) (3-3)
In the second system, some di-quaternarized ammonium derivative cations are employed.

These include quaternarized lysine methyl ester (LYS-Me?*), quaternarized omithine

methyl ester (ORN-MeZH), quaternarized methane diamine (MMDAZ*) and quaternarized
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ethylene diamine (MDEA?*) cations. The exchange equilibrium between these
quaternarized ammonium cations and Na*-saturated montmorillonite or hectorite (Z) may

be expressed as:

2Na*Z  + AT = ZA% + 2Na* (3-4)
The K constant is given by:

K=({Na*]}Z-AZ*])([A*][Na*-Z]?) (3-5)

where [A 2*] and [Z-A?*] are the concentration of the organic cations in solution and on the
clay respectively.
The Na*ions released is twice as much as the organic cations adsorbed by the clay.

In the third system, a poly-quaternarized ammonium cation (MTETA%) is

introduced. The equilibrium equation is expressed as:

4Na*-Z + B# = B#+.Z + 4Na* (3-6)
where [B%*] and [B*-Z] are the concentration of MTETA%in solution and on the clay
respectively.

In equations (3-4) and (3-6), the concentration of [Na*) can be expressed as:

[Na*]=2[AZ*) and [Na*]=4[B*"] respectively.

To simplify the calculation, the concentration of [A2*] in equation (3-4) and the

concentration of [B**] in equation (3-6) are transferred to the general form [N*] with the
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unit in milliequivalent (meq). Therefore the equilibrium constant in the cases of di- and

poly-quaternarized ammonium cations can be rewritten as:

K=({Na*][N*-Z])/((N*]{Na*-Z]) (3-7)

In order to determine the CEC of the clays, some assumptions have to mace: (a) The
CEC is assumed to be equal to the sum of the concentration of Na* ions remaining in the
clay and the concentration of organic cation adsorbed by the clay; (b) The total
concentration of organic cation added [N*]yshall be equal to the sum of the concentration of

organic cation adsorbed by the cluy [N*-Z] and the concentration of the organic cations

remaining in the solution [N*]. Tuat is:

[IN*]o=[N"]+[N*-Z] (3-8)

Let  x=[N%],, y=[N*-Z]
Therefore equation (3-7) becomes:

y2
K= (2-9)
(x-y)(CEC-y)

Solving equation (3-9) gives:

K(x+CEC)-K2(x+CEC)*+4(1-K)K CEC x)!2
2(K-1) (3-10)

y=

where x, y are the initial moles of organic cation added and the moles of organic cation
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adsorbed by the clay respectively. By inserting x, y values to equation (3-9), the K constant
and CEC can be calculated using a non-linear fitting procedure. The moles of organic cation
adsorbed by the clay (y) can be measured either by colorimetry or Na electrode methods

which will be discussed in the following section.

3.3 Adsorption measurements

3.3.1  Colorimetry method
Adsorption isotherm is formed by plotting the molar amount of the organic cation
adsorbed by the clay against the molar amount of the organic cation added in the solution.
The amount of the cation adsorbed by the clay can be determined by measuring the change
in concentration of the supernatant solution after solutions of the quaternarized ammonium
salts of different strengths have been shaken with accurately weighed amounts of clay.
Although no further increase in the amount adsorbed was observed after stirming the
suspension for 2 hours, an overnight stirring in room temperature was adopted in all
instances to ensure that equilibrium was attained. The clay suspensions were then
centrifuged. There are several methods which can be used for the measurements of the
ammonium cation either by elemental analysis or by tiration of the ammonium contents.
There are also other spectrometric methods which can be used for the measurements.
However, in the latter methods, the cations to be measured have to be UV-vis or fluorescent
active in order to be detected by UV-vis or fluorescence spectroscopic methods.
In the cases of quaternarized ammonium salts, they are neither UV-vis active nor
fluorescent active compounds. Therefore a new method has to be used to determine the
concentration of these types of quaternarized ammonium salts, Colorimetric methods are

classically used for the quantitative determination of various types of amines. These
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methods were developed primarily for the determination of traces of long-chain aliphatic
amines in water®®. Bromo-cresol green (sulphonphthaleins) could react with primary,
secondary, tertiary and quaternary amines to form a yellow complex. This complex was
extracted from the aqueous solution by shaking with chloroform. The intensity of the yellow
colour in the chloroform layer after extraction was proportional to the concentration of
amine and was estimated by comparison with Loribond permanent glass colour standards®é.

The structure of Bromo-cresol green is shown as below:

Bromo-cresol green

This method was adopted and modified in this study. Instead of colour
determination by comparison of the colour with the standards, the concentration of the
quaternarized ammonium salt was determined by UV-vis absorbance at 415nm after the
quaternarized ammonium salt reacted with Bromo-cresol green. In all the cases studied
here, calibration curves (the relationship between the concentration and the absorbance at
415nm) were made. By this method, the adsorptions of GLY-Et*, LYS-Me2*, ORN-Me?*,
MMDA?* and MDEA?* cations by Na*-montmorillonite and Na*-hectorite could be

measured. In the cases of TPP* and MTETA%, the colorimetric method was no longer
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suitable and a Na* electrode method was used for the measurements of the adsorption by

the clays.

3.32  Sodium electrode method
Theoretically, as the quaternarized ammonium cations are adsorbed by the clay,

the molar equivalent amounts of organic cations adsorbed are equal to the molar amounts of
sodium ions released from the clay. Therefore the adsorption of the cations by the clays can
be evaluated by the amounts of sodium ions released upon exchange with the organic
cations. The concentration of the sodium ions in the solution can be determined by a sodium
selective eletrode®”. This method has already been applied to the cation adsorption study in
our group*?,

The relationship between the Na electrode potential and the Na* concentration can
be expressed as®’:

E = cte + RTIF In(yy,+ . [Na*)) (3-11)

where E is the potential of the Na* electrode, cte is the potential difference between the
reference electrode and the selective electrode, vy, + is the activity coefficient of the Na*
ion and [Na*] is the Na* concentration in solution.

Before the measurements, a series of standard Na* solutions were prepared and the
potentials for these solutions were measured. Plotting the potential against the In[Na*], a
standard curve was obtained. From the slope and the y-intercept of the standard curve,

equation 3-11 could be rewritten as:

Cnat+ =exp (E-37.92)/15.71 (3-12)
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where Cy,+ is the concentration of the Na* ions released from the clay and £ is the
potential measured from the Na-electrode. Therefore the quantity of the Na* ions exchanged

by the organic cations can be determined by measuring the potential value of the solution.

3.3.3  Adsorption isotherms and CECs of Na-montmorillonite and Na-hectorite

The adsorption isotherras for the quaternarized ammonium derivative cations and
quaternarized phosphonium: cation in solution by Na-montmorillonite and Na-hectorite are
shown in Figure 3.1-3.15. The isotherms are plotted as milliequivalent moles of the
quaternarized cations adsorbed by the clay against the milliequivalent moles of
quaternarized cation added in the solution. The CECs and log K values are calculated from
the adsorption isotherms and are given in Table 3.1 and 3.2. The cation exchange capacity
of Na-montmorillonite (<0.2um) and Na-hectorite (<2.0um) are taken as 87 meq/100g and
89 meq/100g respectively™ %, From the adsorption isotherms, one can note that the
maximum adsorption amounts are close or in a little excess to the CEC of the clays. This
demonstrates that there is only monolayer cation coverage in the interlamellar space of the
clay. The monolayer coverage can be confirmed by the X-ray diffraction results given in
chapter 4. It has been shown that the adsorption amounts of atkylammonium compounds
may exceed the exchange capacity of the mineral®. Electroneutrality is maintained by
simultaneous adsorption of anions. For small cations, the excess salt accumulated in the
interlayer space may be easily desorbed by washing with water or alcohol-water mixture,
but for large cations the excess adsorbed will resist washing®. If the cations are too large,
the area available may become insufficient to accommodate all the cations and therefore the
cations may form double layers’. If the cations have asymmetric structures with the charge
at one end, the cations may also form double layers, each one in contact with one silicate
surface or they may stand at large angles to the basal plane®. In our cases, the quaternarized

ammonium cations adopt monolayer coverage sincc the sizes of all the cations are smaller
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Figure 3.1 Adsorption of GLY* by Na-montmorillonite
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Figure 3.4 Adsorption of TMA* by Na-montmorillonite

o
-
'

o
-

0.2

0.0

0.0 0:1 0:0 O:I 0:. I:D l:! 1:4 1.4 l:l
Cation added (meq/g)

Figure 3.5 Adsorption of TMA* by Na-hectorite
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than the area of the clay surface per unit charge (see chapter 5).

The adsorption of organic cations by the clays is influenced by both electrostatic
(coulombic) and van der Waals attractive forces®. The adsorption isotherms on
Na-montmorillonite and Na-hectorite show that the slope of the isotherms (log K) rises
more steeply for the organic cations with higher molecular weight. This observation is of
general applicability to the adsorption of the organic cations by montmorillonite™!. The
linkage between the organic cations and the charged silicate surface is fundamentally
electrostatic forces. Also, van der Waals attraction between the aliphatic residues and the
surface as well as between the adjacent molecules adds to the adsorption forces and
becomes progressively significant as the molecular weight increases. For larger cations, van
der Waals forces dominate the adsorption process. For a given cation, the initial rise in the
slope of the isotherms can be explained in terms of co-operative exchange. The presence of
an ammonium cation on the clay will favour adsorption of other cations on adjacent sites’2,
Since van der Waals forces decay rapidly with distance, their contribution to the adsorption
energy will be greater for those cations which are in close contact to the surface, as in the
cases of TMA* and MMDA?*, The log Kcap values for these two cations are larger than
that of GLY-Et* although the molecular weights of TMA* and MMDAZ2* are smaller than
that of GLY-Et*.
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Tabte 3.1 Equilibrium constant K and CEC values for the adsorption of
various organic cations on Na-montmorillonite

Cations Molecular weight log Kcap CECs (meq/g)
GLY-Et* 146 1.3+0.1 0.92 +0.02
TMA* 74 1.8+0.1 0.91 £ 0.01
LYS-Me?* 246 22+0.1 0.88 £ 0.02
ORN-Me?* 232 2.1£0.1 0.85+0.01
MMDAZ 132 19+0.1 1.06 £ 0.02
MDEAZ 146 2.1£0.1 1.03£0.02
MTETA% 290 22%0.1 0.95 £0.02
TPP* 339 2.10.1 0.83 £0.01

Table 3.2 Equilibrium constant K and CEC values for the adsorption of
various organic cations on Na-hectorite

Cations Molecular weight log Kcap CECs (meq/g)
TMA* 74 1.8£0.1 0.99 + 5,01
LYS-Me?* 246 22+0.1 0.81£0.02
ORN-Me?+ 232 22+0.1 0.83+ 001
MMDAZ 132 1.6£0.1 1.02£0.02
MDEA%* 146 20£0.1 0.91+0.02
MTETA* 290 23+0.1 0.90 £ 0.02
TPP* 339 1.8£0.1 0.82 £ 0.01




3.4 Conclusions

Some quaternarized ammonium catons were intercalaied into the interlamellar
spaces of smectites. The adsorption studies gave information on the nature of the
incorporation of these organic cations in the clays. The cation exchange capacities of the
smectites were also determined. Both colorimetry and sodium electrode methods were used

for the incorporation measurements.
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Chapter 4

Characterization of Organo-Clays by X-Ray Diffraction
and Scanning Electron Microscopy

4.1 Introduction

Smectite minerals have dioctahedral or trioctahedral 2:1 layer structure with
isomorphous substitution leading to a negative layer charge. The structural units of smectite
clays consist of a sandwichk of one octahedral sheet between two tetrahedral sheets as
discussed in chapter 1. For the studies of the clay layer structure, X-ray diffraction provides
knowledge of the type or types of clays present, and the degree of crystalline order’®. X-ray
powder diffraction is undoubtedly the most widely used technique for *dentification and
characterization of clay minerals. X-ray diffraction techniques can yield information about
the interlayer spacings of the clay minerals, especially in the cases of modified clay
minerals, where the interlayer spacings are variable. In more recent years, clectron
microscopy and microanalytical techniques have provided very powerful insights into these
areas, notably into the details of clay formation and transformation in various
environments’?, Scanning electron microscopy provides direct imaging of particle
morphologies at scales down to only a few nanometres and when used in back-scatier mode
can be a very sensitive means of identifying different minerals since the brightness of the

resulting image depends strongly on mean atomic number. The principles of X-ray
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diffractometry and scanning electron microscopy as well as the applications of these

techniques to the organo-clay minerals are discussed in this chapter.

4.2 X-ray diffraction analysis of interlayering in clay minerals

4.2.1  X-ray diffraction methods in clay mineralogy

X-rays are electromagnetic radiations characterized by wavelengths between 0.1
and 4.5A. They are generated when electrons collide with the atoms of an obstacle’. The
energy lost by the electrons in these collisions is emitted as X-ray photons. The
wavelengths of these photons are a function of the amount of energy lost by the electrons
during the encounters. This gives rise to a continuous spectrum of X-ray radiation’3, When
the energy of the bombarding electrons is varied 10 a critical level, which depends on the
composition of the target, they have sufficient energy to penetrate to the interior of the
atoms and dislodge electrons from the inner most shells. Electrons from higher levels fall in
to fill the vacancies, emitting X-ray photons having a characteristic wavelength, which
depends on the difference between the energy levels involved in the transition. This gives
rise to a characteristic or line spectrum as shown in Figure 4.13. The charactenstic spectrum
from a Mo target can be seen as superimposed on the white radiation spectrum’®, In the
selection of diffraction beam, a monochromatic (i.e., single wavelength) x-ray beam
simiplifies the analysis of structural spacings in clay minerals. However, Figure 4.1(a)
shows the characteristic spectrum with two peaks ko and k. If one could eliminate the k8,
an essentially monochromatic beam can be obtained. A metal foil is selected to absorb the
shorter wavelength kf radiation of the target metal, but is relatively more transparent to the
longer wavelength ko radiation as shown in Figure 4.1(b). The intensity of the continuous
spectrum is also reduced. There are several radiation sources available for the clay studies.

Table 4.1 shows some characteristics of radiations used in clay studies. The widely used
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widely used radiations for clay studies are copper and cobalt. Copper radiation is quite

adequate for X-ray analysis of most clay materials.”

characteristic characteristic
spectrum spectrum
M
kp 1
ka ka
continuous continuous
spectrum spectrum

\ k kB
®)

wavelength —

()

wavelength—*

Figure 4.1 The continuous and characteristic spectrum of a metal target
(@) withoutand (b) with an appropriate filter

Table 4.1 Some characteristics of X-radiation used in clay studies

Element Cu Co Fe
(A) (A) (A)
Ko 1.5418 1.7903 1.9399
K8 1.3922 1.6208 1.7566

When an incident X-ray beam imnpinges upon an array, scattering occurs such that

the scattered waves interfere with and destroy one another, In certain specific directions the



scattered waves are in phase with one another and combine to form new wave-fronts. This
constructive interference is known as diffraction. The directions in which diffraction occurs
depend upon the size and shape of the unit cell of the crystal, whereas the intensity of
diffraction is determined by the actual atomic array or the nature of the crystal structure.
X-ray diffraction can be conveniently visualized as a reflection of the incident
beam by parallel, closely spaced planes of atoms within a crystal. The reflected rays
combine to form a diffracted beam only if they differ in phase by a whole number of
wavelengths, that is, if the path length difference is equal to a multiple of the wavelength of
the X-ray used. The condition for reflection is met only when the Bragg’s equation is

satisfied?:

nA=2dsin@ 41

where X is the wavelength of the X-ray, d the spacing between the lattice planes and 6 the
angle cf incidence of the X-ray beam. Figure 4.2 shows a beam of parallel X-rays of
wavelength A falling at angle 6 onto the face of a crystal possessing a layer structure of
parallel planes of atoms with spacing d™,

A diffractometer consists of an X-ray generator, a goniometer for measuring
diffraction angles and a number of electronic circuits for determining the intensity of
diffraction at any angle. The diffractometer is shown schematically in Figure 4.3%. The
X-ray beam passes through the flat sample in the specimen at an incident angle of 6. The
diffracted beam by the sample is then recorded by a counter which is mounted so as to
sweep an arc. The sample is rotated about the goniometer axis to sweep all the values of 6.
At the same time the counter is moved along the goniometer arc so that the angle between
the X-ray generator and the receiver is 20, A diffraction peak is detected when the sample

passes through a value of 8 for which equation 4-1 is satisfied. Measuring the angle 0 at
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which diffraction occurs allows the calculation of the lattice spacing d, from which the

lattice dimension can also be deduced.

Figure 4.2 X-ray diffraction from a layer structure
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receiving slit

----------------------------------

specimen

Figure 4.3 Schematic representation of a diffractometer X-ray
optical system.

With respect 1o diffraction from the layer-structured crystal illustrated in Figure
4.2, as the crystal is rotated through an arc, it will pass through positions at which the phase
differences are 1,2,3... wavelengths and where there will be a series of reflections deriving
from the set of planes of spacing d. In clay mineralogy such reflections derive from the
fundamental layer-repeat of clay minerals, they are of great diagnostic significance. X-ray
diffraction from one set of planes deriving from a layer-repeat has been considered as basal
reflections (00/), but diffraction will also occur from many other lattice planes within a
layer-structured crystal™®. For clay minerals these planes may be referred to in a general
way as non-basal (#kl) planes, as they occur at right angles or are inclined to the basal
planes. The complete X-ray powder pattern of a clay mineral, therefore, consists of basal
and non-basal reflections and when the mineral is highly crystalline this pattern should be
completely diagnostic for identification purposes. Clay minerals are identified by using
X-ray diffraction patterns of oriented aggregates that enhance the basal(00l) reflections.

The hkl peaks are not very diagnostic because the structures of most clays are very similar
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in their X-Y directions. It is the atomic pattern along Z that is the most different from
mineral to mineral. In an oriented film, order is found in only one direction, the direction
normal to the basal plane (i.e. normal to the plane of the clay laycrs, the c-axis), the
direction that coincides with the stacking sequence of the layers. The observed X-ray
diffraction pattern is only due to the lattice plane spacings along that direction. However,
one hk! reflection is of particular diagnostic significance and should always be measured
whenever possible. This is the 060 or 60 reflection, which occurs at about 1.5A and is often
stronger and sharper than the other hkl reflections®. Measurement of this reflection will
yield the b parameter in the unit cell of the clay mineral and will indicate whether it belongs
to the dioctahedral or trioctahedral subgroups. In general, the 060 reflection of dioctahedral
minerals occurs between 1.49 and 1.51A, whereas for trioctahedral minerals a spacing
between 1.53 and 1.55 A is usually recorded.

The dyy, diffraction can be calculated from all the dy, diffractions by the following

equation®:

dogy = (door +2dgoz + 3dgs + 4dgos + - )/n (4-1)
n=1,234..

The spacing of the organo-clay which is the distance between the layers can be calculated

from the dgq; by subtrating from the dgg, value the thickness of the silicate sheet, 9.6A%7;
c(A) = dgg; - 9.6 (4-2)

The thickness of the silicate sheet is the distance between the two repeat layers without the

interlayer cations as shown in Figure 4.4%77,
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2:1 layer

Figure 4.4 Diagrammatic sketch of smectite minerals.

4.22  X-ray diffraction patterns of organo-clay minerals

X-ray diffraction by clay minerals is used mostly s an analytical tool for the
identification of minerals®68.787980 Qriented thin films of montmorillonite and hectorite
exchanged with various organic cations were prepared as described in chapter 8 and their
X-ray diffraction patterns were measured.

Figures 4.5 and 4.6 show the X-ray diffraction patterns of oriented films of
Na*-montmorillonite and Na*-hectorite respectively. On these figures, the intensity of the
diffructed X-rays is plotted on the vertical axis against the value of 26. In the spectra of
Na*-montmorillonite, two strong peaks, which are attributed to dgg; and dggy, as well as two

road weak dgg; and dpg3 peaks are observed. From these four dgy, peaks, a value of dogy =
12.1 A is calculated. There are other small peaks at d = 1.99 A, 2.82A, 3.35A and 4.27A
respectively. These peaks are attributed to the impurities quartz (d = 3.35, 4.27 A) and NaCl
(d = 1.99, 2.82 A)3, The Na-hectorite gives a similar X-ray diffraction pattern except that

relatively broader peaks are observed. In this case, the dggy, oo and dggs are seen, from
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Na-montmorillonite

RL) 28 22 16 10

Figure 4.5 X-Ray diffraction spectrum of <0.2um Na-montmorilionite

ﬂ

Na-hectorite

Figure 4.6 X-Ray diffraction spectrum of <2.0um Na-hectorite
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which a value of dgg; = 13.6 A is calculated.

Figure 4.7 and 4.8 show the X-ray diffraction pattemns of oriented films of
montmorillonite and hectorite exchanged with MMDA®Y cation. On these figures, the dy,
values are seen to shift to higher values as compared to the Na-montmorillonite and
Na-hectorite. In all the organo-montmorillonite and organo-hectorite samples, dgg,, dggs and
dggs are observed but dgg, are very small. From the dgg; values, the dggy are calculated
which are shown in Table 4.2. The quartz peaks are also found in those X-ray diffraction
patterns of organo-clays. Another weak peak is seen in all the organo-clay samples at about
1.5 A which is attributed to the dggy reflection®. The 060 reflections alloss the distinction
between dioctahedral and trioctahedral types because the b cell dimension is more sensitive
to the size of the cations and to site occupancy in the octahedral sheet than are the a or ¢
dimensions. The d(060) values depend on the composition of the octahedral sheet, the
amount of Al in tetrahedral coordination and the degree of tetrahedral tilt?s,
Montmorillonite is a dioctahedral smectite whereas hectorite is a trioctahedral one. In all
the organo-montmorillonite samples, the d(060) reflections are seen at 1.50A and in the
cases of organo-hectorite samples, the d(060) reflections are found at 1.52A.

All the basal spacings (dyy) and the interlayer spacings of the
orguno-montmorillonite and the organo-hectorite are shown in Table 4.2 and 4.3. The
spacings are calculated from equation 4-2. The basal spacings depend upon the size and the

orientation of the alkylammonium derivative cations in the interlamellar space of the clays.
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Figure 4.7 X-Ray diffraction spectrum of MMDA-montmorillonite
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Figure 4.8 X-Ray diffraction spectrum of MMDA-hectorite
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Table 4.2 Basal spacings and interlayer spacings of organo-montmorillonit=

Sample dpoy (A) c (A)=dgg,- 9.6
Na-M 12.4 2.8
GLY-E--M 13.6 40
TMA-M 139 4.3
LYS-Me-M 14.2 4.6
ORN-Me-M 14.0 44
MMDA-M 13.9 43
MEDA-M 14.0 4.4
MTETA-M 14.6 5.1
TPP-M | 18.8 9.2

Table 4.3 basal spacings and interlayer spacings of organo-hectorite

Sample doo1 (A) C(A) =dgg - 9.6
Na-Hectorite 134 3.8
TMA-H 14.2 4.6
LYS-Me-H 14.6 5.0
ORN-Me-H 14.4 4.8
MMDA-H 14.3 4.7
MEDA-H 14.5 49
MTETA-H 14.6 5.0
TPP-H 18.7 9.1
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As can be seen in Tables 4.2 and 4.3, the interlayer spacings for Na-montmorillonite
and Na-hectorite are 2.8A and 3.8A respectively. In these two purified clays, the clay sheets
are held apart from each other by Na* cations and associated water molecules. In the
expendable clays, the interlayer cations are atiracted more to water than to the relatively
small layer charge. It has been shown that a continuous variation of dpg, with available
water or relative humidity>®!. The change in apparent dgy results from an ordered
interstratification of continuously changing proportions of successive hydrates, i.c., as
relative humidity is increased from 1 to 100%, Na-smectite has discrete thicknesses of 9.6,
12.4,152 and 18 A. The value 2.8 A comresponds to the thickness of one layer of water,

The spacings in most of the organo-clays are in the range 4-5A which are larger than
those of the parent clays. The orientation of the cations in the interlamellar spaces are
strongly dependent on the charge density of the clay and the size of the cations. Figure 4.9
shows three different orientations of the alkylammonium cations®2. As the charge density of
the clay increases, the intercalated cations have to adopt a more perpendicular orientation
with respect to the clay layers. In the extreme case, a completely perpendicular cation
orientation is obtained. If the size of the cation exceeded the available arca of the clay as in
the case of tetraoctyl ammonium cation, there would be a jump from a monolayer to a
double layer’2, Since the cross-sectional surfaces of the organic cations in our cases arc all
smaller than the unit clay surface available, the interlamellar distances are independent
upon the charge density of the clays. Therefore, the interlamellar distances depend only on
the size of the cations intercalated. The interlamellar distances of these organo-clays (4-5A)
are corresponded to the height of the tri-methylated ammonium group, showing that the
tri-methyl ammonium group determines the interlamellar distance, with the side chains of
the organic derivatives lying parallel to the clay surfaces. For example, the optimum
orientation of LYS-Me?* is shown in Figure 4.10 where the dimensions, a and b, and the

height of the molecule, are indicated. The length of the molecule, 11.5A, is much larger
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than the spacing measured from the X-ray diffraction such that a perpendicular orientation
in the interlamellar space is impossible. The molecule takes a stable parallel orientation in
the interlamellar space, producing a 4.6A basal spacing. The height of the molecule, 5.6A is
slightly larger than the interlayer spacing, 4.6A. This is atributed to the fact that the
molecule can key into the vacancy of the silicate layers8, In the cases of TPP-M and

TPP-H, the interlamellar distances increased to 9.1 and 9.24, respectively.

Charge density of the clay

Figure 4.9 Dependence of charge density of the clay in the orientation of cations

In addition, the interlayer spacings for the organo-hectorites are larger than that for
the corresponding organo-montmorillonites. The difference in the interlayer spacings
between the two organo-smectites might be due to the different composition of the
tetrahedral and octahedral sheets in these two clays. The organic cations could key further

into the clay sheets in the montmorillonite than in the hectorite.
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Figure 4.10 Size of a LYS-Me?* cation and its orientation in the interlamellar

space of the clay
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4.3  Scanning electron microscopy of clay minerals

4.3.1  Scanning electron microscopy of clay minerals

In recent years, scanning electron microscopy (SEM) has proven to be a powerful
ool for mineralogy study because it can produce photomicrographs with an apparent three
dimensional quality’. In clay mineralogy, scanning electron microscopy is used either as an
analytical tool for the identification of a given clay or to look at the morphology of clay
minerals®4, The characterization of clay minerals by SEM such as kaolin, chlorite and
smectites has been well established®3%, In the study of clay morphology, SEM can give
some information on a variety of characteristics and texture of the clays. For example, a
sample made up of the two clays chlorite and smectite have different morphology but the
same X-ray diffraction pattern®’. SEM has been used to look at the configuration of clay
particles such as size and shape®. Smectites are characterized by their crinkly, ridged,
honeycomb-like texture4#7, SEM can also be used for the studies of the aggregation
features, interlocking and interpenetration of the clay particles. For example, SEM showed
that the aggregation of the Li-montmorillonite platelets are face-to-face arrangements8®, In
recent years, SEM has been used for the studies of aggregation stacking of pillared
clays®>%%, Scanning electron microscopy can be used to look at the way in which clay
minerals are formed in nature. SEM has been used to look at such processes as the smectite
to illite conversion series, the formation of kaolinite and the formation of
montmorillonite%3192, In’all these studies the change in the morphology of the clays was
monitored by SEM. Finally, SEM has been well used for the studies of the surface

charactc-istics of membranes and the pore structures of membranes®394,
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432  SEM of organo-clay minerals

All the SEM were taken from the dried organo-clay samples. Figure 4.11 shows
the layer structure of homoionic <0.2 pm Na*-montmorillonite. It shows a typical
morphology of very thin layer structure. The paricle aggregation depends on the
physico-chemical conditions of a sedimentation process®. Usually, there are three types of
aggregates, including  edge-edge-type  aggregates, edge-facc-aggregates  and
face-face-aggregates. Replacement of the Na* ions by TPP*, LYS-Me* and MMDA?*
organic cations has an effect on the configuration of the particles. The SEM micrographs of
montmorillonite exchanged with these organic cations are shown in Figures 4.12-4,14,
When the larger organic cations are intercalated into the interlamellar space of the
Na-montmorillonite, the aggregation of the particles of the organo-clay will be different
from the Na*-montmorillonite. In general, all the organo-clays give similar platelets as seen
in Figures 4.12(a)-4.14(a). In the cases of MMDA-M and LYS-Me-M, the higler
magnification in Figures 4.12(b) and 4.13(b) show that these organo-clay platelets have
very smooth surface shapes. In the case of TPP-M as shown in Figure 4.14(b), however, the
particles appear as glassy shards as compared to the samples in Figures 4.12(b)-4.13(b). It
has been shown that the surface properties of the particles of pillared clays are related to the
layer aggregation”®, It is possible to form delaminated layers for the pillared clays which
result from the preparation procedures®®97. The detaminated structure of pillared clays
results in the formation of very sharp edged particles®’. The porosity studies (chapter 6)
have shown that the TPP-M sample has a larger amount of mesopores and macropores. The
mesopores and the macropures may be formed partly from the delamination of the layers

once the larger cations are intercalated into the interlamellar space of the clay®%7,
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Figure 4.11 SEM photographs of <0.2ym Na-montmorillonite
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(b)

Figure 4.12 SEM photographs of MMDA -montmorillonite
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(b)

Figure 4.13 SEM photographs of LY S-Me-montmorillonite
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)
Figure 4.14 SEM photographs of TPP-montmorillonite
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4.4 Conclusions
X-ray powder diffraction was used to study the changes of the basal spacing of the

clay minerals upon intercalation of the quaternarized ammonium cations. SEM also gave

information about the morphology of the clays and the organo-clays.
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Chapter 5

Microporosity of Organo-Clay Minerals

5.1 Introduction

It has been shown that when the natural interlamellar incrganic cations cf
montmorillonite and hectorite were replaced by small alkylammonium organic cations,
permanent microporosity was created, and sorption ot gases and of organic molecules was
very favored!®, Figure 5.1 describes the intercalation of organic cations into the
interlamellar space of the clay where d, is the distance between the layers and dy represents

the distance between the cations.

g EEE Intercalation

i (LU Q.
=0 1

O — natural cations (Na*, Ca’* mainly).

O ~= Organic cation.

Figure 5.1 Schematic representation of intercalation of organic
cation into the interlamellar space of clay
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Such cxpanded clay minerals may function as molecular sieves, intercalating many
permanent gases and non-polar hydrocarbons which are not intercalated by the parent
Na-montmorillonite. These pillared clays behave like two-dimensional molecular sieves.
Pore height d; (controlled by the size of the interlayer cation) can be obtained directly from
X-ray diffraction measurements. The width d; of the pore opening is controlled by the
charge densitics of both the interlayer cation and the smectite. Since the layer charge
distribution in smectite clays is inhomogeneous, hence, nonuniform pillars distribution and
pore widths are expected®, Moreover, if the interlayer cations (Na*, Ca?* mainly) are
replaced by oligomeric cations of elements such as Al, Zr, Ti, Cr and Fe, the interlamellar

space d, can increase to 16-20A %, An example of such a cation is the Keggin jon:
[Al1304(0H),(H,0),,]™

In these pillared clays, the free distances, d; between the adjacent pillars are, however, not
well defined. Probably, in the process used in their synthesis, some pillars may fuse
together, giving a rase of uh s of dy so that the micropores will be more iregular than
those in the organoclay molecular sieves and in zeolites. According to the [UPAC
classification, the micropores are defined as pores with diameter less than 20A and
mesopores are those with pore diameter between 20-500A. Macropores are defined for
those pores larger than 500A in diameter®. The micropores are further divided into
supermicropores with pore diameter between 6A and 16A and ultramicropores with pore
diameter less than 6A.

The porous structures of solids can be characterized by 2°Si NMR, XRD and gas
adsorption methods'®191 Gas adsorption is a classical technique to study the textural

properties of porous solids and clay minerals. The most commonly used procedure for
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determining surface area of a powder is to derive the amount of adsorbed nitrogen (or other
inert gas) at monolayer coverage from a BET plot of adsorption isotherm data. Knowing the
projected cross sectional area per molecule in a monolayer, the surface area is calcuiated
from the monolayer coverage. Since inert gases in general do not penetrate between layers
of a clay, only the total exiternal surface area is determined for these minerals. The ex:ernal
surface areas of montmorillonite (SWy-1) and hectorite (SHCa-1) have been reported to be
31 m%g and 58 m?g respectively using nitrogen adsorption method!®. In order to
determine the internal surface area of the clays, methods based on the adsorption of polar
molecules such as water, glycol and glycerol have been reported!%2, The polar molecules
which are able to penetrate between the layers of clays yield data for the total internal and
external surface areas. For example, in the case of the sepiolite, a clay characterized by a
chemical structure similau; to zeolites, the micropore distribution and the effective size of
the channels were measured by such a combination of incorporation and BET methods!®?,
Before the BET measurement, the samples were treated under a water vapour atmosphere at
various pressures 1o fill progressively the sepiolite micropores with water. The total surface
area was then measured and the outer surface area was estimated by comparison of the
surface area of the vacuum-dried sepiolite with that filled with adsorbed water. The
effective size of the channels was estimated from the number of various molecules of
different sizes sorbed by the sepiolite.

The classical BET technique for the measurement of surface area and pore volume
is limited in certain circumstances, especially in the case of micrcporous solids. To
overcome this intrinsic limitation, “"continuous” adsorption techniques have been recently
developed!04105.1%6 1n those techniques, a low pressure sorption instrument is used to
simplify the analysis of microporous solids and the adsorbate is admitted to the sample at a
slow flow rate. The low relative pressure (1077-10° torr) permits previously unattainable

insights into micropore structures down to 3A. Moreover, the high resolution allows for
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pore size distribution analysis of porous organo-clays. The continuous N, adsorption
method has been used for the studies of the pore structure and surface area of organo-clay

samples whose preparation was described in chapter 8,

5.2 Nitrogen adsorption and desorption studies on microporous organo-clay

minerals

5.2.1  Principles of nitrogen adsorption and desorption on porous solids

When a solid is exposed in a closed space to a gas or vapour at some definite
pressure, the solid adsorbs the gas. The quantity of gas taken up by a sample of solid is
proportional to the mass m of the sample, and depends also on the temperature T, the
pressure p of the vapour and the nature of both the solid and the gas!??. The quantity (n) of

gas adsorbed by the solid can be expressed in moles per gran: of solid:
n=f(p,T, gas, solid) (5-1)
For a giver gas and temperature, the equation 5-1 can be rewritten as:

n = f(pIpokr, gas, solid 5-2)

P/py: relative pressure of gas

where p is the vapour pressure and p, is the saturated vapour pressure. Plotting n against the
relative pressure p/p, results in an isotherm. Five types of isotherms (Types I-V) are usually
obtained, as shown in Figure 5.2!%7. Types I and IV isotherms are typical isotherms for

solids containing microporosity and mesoporosity respectively. Types ITI and V isotherms,
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in which Type 11l is given by a non-porous or macroporous solid and Type V is given by a
mesoporous or microporous solid, are characteristic of weak gas-solid interactions. The

stepped isotherm Type V1 is rare in practice. Type Il is characteristic of non-porous solids.

I z m j

Amount adsorbed

Relative pressure, p/p?

Figure 5.2 Five Types of adsorption isotherms, together
with a stepped isotherm Type VI

Microporous solids are characterized by Type I isotherms as shown in Figure
5.3197. At lower pressure, there is an enhancement in gas-surface interaction energy and
therefore the pore is filled for very low relative pressures (0.01 or less) so that the isotherm
rises steeply from the origin. The enhancement of adsorption energy and the steepness of
the isotherm are dependent on the nature of the adsorbent-adsorbate interaction and the
polarizability of the adsorbate. At higher region of relative pressure (0.1-0.2), the
interaction energy increases only slightly and the increased adsorption which is observed is

the result of a cooperative effect. This will give rise to a rounded knee to the isotherm. As
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the relative pressure is approaching unity, the isotherm shows a plateau which is nearly
horizontal. This limit exists because the pores are so narrow that they cannot accommodate
more than a single molecular layer on their walls. Thus a purely microporous solid will give
rise to a Type I isotherm, having a very steep initial branch succeeded by a more gradual
approach to the plateau. Xerogels of silica, titania, alumina and stannic oxide give Type I
adsorption isotherms!?. Particularly well defined Type I isotherm is typical of zeolites. If
the isotherm is of Type I with a sharp knee and a plateau which is horizontal, the uptake n,
at a point close to saturation p/pg, is then a measure of the micropore volume. When it is
converted to a liquid volume, it may be taken as actually equal to the micropore volume as
shown in Figure 5.3. For example, in the adsorption isotherm of TMA-M, a nearly Type I
isotherm can be seen in the region of 0.006-0.1 p/py (Figure 5.6, page 76). The micropore
volume can be estimated by multiplying the volume adsorbed by the sample by the ratio of

gas and liquid density of N,, 0.00156.

1 Yy
0 pip? 1.0

Figure 5.3 A Type Iisotherm
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Generally, the microporosity is associated with an appreciable external surface
(mesoporosity or macroporosity). The mesoporous solids are characterized by Type IV
adsorption isotherms. In micropores, the adsorption of gas occurs by micropore filling while
the adsorption of gas in mesopores is thought to be processed by layer-by-layer coverage
and capillary condensation. A characteristic feature of a Type IV isotherm is its hysteresis
loop where the isotherms for adsorption branch and desorption branch do not coincide!®.
The exact shape of the loop varies from one adsorption system to another. It is also possible
to relate the hysteresis loop to the morphology of the adsorbent. According to the TUPAC
classification, a Type IV hysteresis loop can be divided into four types designated H1, H2,
H3 and H4 as shown in Figure 5.4197 H1 and H4 represent extreme types, and, H2 and H3
may be regarded as intermediates between the two extremes. An hysteresis loop is normally
associated with capillary condensation. The formation of a liquid phase from the vapour at
any pressurs below saturation cannot occur in the absence of a solid surface which serves to
nucleate the process. Within a pore, however, the adsorbed film acts as a nucleus upon
which condensation can take place at a pressure below the saturation pressure governed by
the Kelvin cquation (equation 5-3). In the initial part of the isotherm, adsorption is restricted
1o a thin layer on the walls until at a certain point capillary condensation commences in the
finest pores. As the pressure is progressively increased, wider and wider pores are filled
until the entire system is full of condensate at the saturation pressure. In the converse
process of evaporation, the problem of nucleation does not arise. The liquid phase is already
present and evaporation can occur spontaneously from the meniscus as soon as the pressure
is low enough. It is because the processes of condensation and evaporation do not

necessarily take place as exact reverses of each other that hysteresis can arise!0’.
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HI H2 H3 H4

Amoun! adsorbed,»

Figure 5.4 Four types of hysteresis loops

The shape of the hysteresis loops in Type IV isotherms depends on the structures
of pores present in the solids. As mentioned above, a vapour is able to condense in the pores
of a solid even when its relative pressure is less than unity. The vapour pressure for which a

capillary condensation occurs is governed by the Kelvin equation!97;
RTin plpg = -2VLiry (5-3)

where p/p, is the relative pressure of vapour in equilibrium with 2 meniscus having a radius
of curvature r,, R is the gas constant, T is the normal boiling point of nitrogen (77.3K) and
Y and V;, are the surface tension (8.855 mN/m) and molar volume of the liquid nitrogen
(34.6 cm® mol), respecti~ely. In cylindrical pores with one closed end, capillary
condensation commences at that end to form a hemispherical meniscus and evaporation can
commence at this hemispnerical meniscus at the same relative pressure. As a result, there is
no hysteresis observed in this case. However, if the cylinder is open at both ends, the
capillary condensation has to take place on the film of the walls. On the other hand,
evaporation from the full pore can take place from the hemispherical meniscus at each end.

Condensation and evaporaticn occur at different relative pressure and therefore a hysteresis
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loop results. In the case of slit-shaped pores where the sides of the slit are truly planar and
parallel, the capillary condensation cannot occur at any pressure below saturation since the
mean radius of curvature of a plane is infinite (equaton 5.3). The adsorbed films on
opposite walls will increase in thickness and the pore becomes full of adsorbate when the
films meet each other as shown in Figure 5.5. If the width of the pore exceeds a few
molecular diameters, the state of the adsorbate is the same as its liquid. Thus, evaporation
can commence at the cylindrical menisci at a certain relative pressure which is govemned by
the Kelvin equation. This process continues at that same pressure until the core is
completely empty. Thus the mechanisms of filling and emptying are completely different.
Multilayer formation on one hand and capillary evaporation on the other. In actual solids,
not only will there be a distributon of slit widths, but the sides will rarely be exactly
parallel or truly plannar and some plates will touch each other so as to produce
wedge-shaped pores. Also, the adsorbent is frequently nonrigid, so that the slit-width
increases during adsorption and decreases during desorption. Therefore, a hysteresis loop
r-sults in these slit-shaped pores. The hysteresis loops encountered in practice have the
general form of Type H3 as to be seen in all the isotherms of organo-smectites which
contain layered structure. Furthermore, numerous porous solids are made up of spherical
particles, each in contact with two or more of its neighbours. Capillary condensation can be
nucleated by the adsorbed film in the cavities between the particles at the pressure below
the saturation pressure of the vapour. As the pressure increases, the liquid film extends
inwards until the adjacent tori touch each other. At this point, a spherical cavity is formed
and will then suddenly be filled up. Therefore the adsorption curve in this type will be given
as a nearly vertical in shape at a certain relative pressure depending on the the radius of the
cavity. Evaporation can commence at a hemispherical meniscus in the window of the
cavities. Since the radius of the window is always larger than that of the cavity, the

evaporation from the window will give a jump at a lower relative pressure. As a result, a

72



hysteresis is present and has a form of H1 (Figure 5.4). The type H2 loops are often found
in some corpuscular systems such as silica gels where the distribution of pore size and
shape is not well defined and type H4 is typical for Type I isotherm, indicative of

microporosity!?’.
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dX liquid condensate
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Figure 5.5 Slit-shaped pore of width &P, showing adsorbed film
with thickness ¢ and core of width d¥.

5.22  Adsorption isotherms and desorption isotherms of microporous crgano-smectite

In a continuous adsorption method which is based on volumetric analysis, the total
volume of gas delivered or withdrawn from the sample is calculated by multiplying the flow
rate by the total experimental time. The raw data obtained with these analysis are
pressure-time data. The volume adsorbed by the sample is calculated by subtracting the
“dead space” volume, that is, the volume of the mainfold, holder and sample from the total
adsorbed volume. The calibration experiment consists simply of running an adsorption and
desorption experiment with an empty holder with He, then the parameters obtained are
corrected for the dead volume. Knowing the saturation pressure (n,) and the volume
adsorbed by the sample (V) at different pressures (p), an adsorption isotherm is obtained by

plotting V as a function of the partial pressure of nitrogen, or relative pressure p/pe- To
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determine the volume of gas desorbed from the sample, the volume of gas not desorbed is
subtracted from the tota! volume removed from the system. The volume not desorbed from
the sample is calculated. from the helium calibration. The desorption isotherm is then
constructed by plotting the volume desorbed per gram of sample against the relative
pressure, p,/pp. Before the N, adsorption and desorption measurements, the samples were
outgassed at 150°C and 10-10-torr in order to remove eventual traces of water. Table 5.1
shows that there was no significant change in weight before and after the heating treatment
indicating that there were not any moisture in the samples treated by the normal drying

procedure of the organo-clay (see chapter 8).

Table 5.1 Experimental data for organo-clay samples
before and after heating reatment

Sample Weight before Weight after

heating heating
TMA-M 0.0951 0.0930
LYS-Me-M 0.1276 0.1272
MMDA-M 0.0861 0.0840
TPP-M 0.1065 0.1060
GLY-Et-M 0.0992 0.0991
MMDA-H 0.0950 0.0943
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The adsorption and desorption isotherms of organo-clays (TMA-M, MMDA-M,
MMDA-H, LYS-Me-M, GLY-Et-M and TPP-M) are shown in Figures 5.6-5.8. Those
adsorption isothc.ms are combination of Type I and Type IV adsorption isotherms
indicating that there are micropores and mesopores in these organo-clays. Figure 5.9 shows
the adsorption isotherms for all the organo-montraorillonite. From this figure, one can note
that TMA-M and MMDA-M give relatively stronger micropore adsorption compared to that
of GLY-Et-M, LYS-Me-M and TPP-M. in the latter cases, LYS-Me-M shows a stronger
adsorption than GLY-Et-M and TPP-M. The shape of the adsorption and desorption
isotherms can be qualitatively related to the pore saucture and surface area contribution of
the organo-clays. The shape of adsorption/desorptinn isotherms for the samples of TMA-M,
MMDA-M and LYS-Me-M are very similar except that LYS-Me-M has lower adsorption in
the lower p/py region. This demonstrates that the pore structures in these three samples are
very similar. In contrast, the isotherms for the samples of TPP-M, GLY-Et-M and
MMDA-H are different. Especially in the case of TPP-M and GLY-Et-M, there is a very
strong adsorption in the region of 0.9-1.0 p/py. As discussed above, the strong adsorption in
the higher relative pressure indicates that there are relatively larger mesopore volumes in
these two samples as compared to the others. The difference in the adsorption amounts at
higher relative pressure region between the isotherms of MMDA-M and MMDA-H is
atiributed to the difference in the external/internal surface ratio, MMDA-H has a higher
external surface area than MMDA-M,

Type H3 hysteresis loops are seen in all the isotherms of the organo-smectites of
this study. The characteristic of type H3 hysteresis loop in these organo-clay samples
indicates that the mesopores in the samples are slit-shaped pores. However, as seen in
Figure 5.6-5.8, the hysteresis loops in the samples of MMDA-M, TMA-M and LYS-Me-M
are different from the samples of GLY-Et-M, MMDA-H and TPP-M. In the latter cases, the

desorption isotherms show larger hysteresis loops than the former cases. This is because
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there exist larger amount of mesopores in the latter samples as will be shown in the
mesoporosity analysis (section 5.3.2). In the case of TPP-M, there is an enhanced
desorption in the relative pressure region of 0.85-0.95, probably due to the larger mesopores
in this sample. Moreover, for these samples, the desorption data could not be obtained at
relative pressures of 0-0.3 p/py. In this region, the amount of sorbate leaving the solid

becomes so low that the outlet valve is unable to maintain the set flow.

5.23  BET equation and BET surface areas of organo-clays

The BET model is derived from the non-porous solids which give rise to Type II
isotherms!%”. From the Type II isotherm of a given gas on a particular solid it is possible to
derive a value of the monolayer capacity of the solid which then can be used to calculate its
specific surface!®®, The monolayer capacity is defined as the amount of adsorbate which
can be accommodated in a completely filled, single molecular layer. The surface area per

gram of the solid is given as:

Sa=Vg.a,.N (5-4)

where S, is the specific surface area, ap, is the average area occupied by a molecule of
adsorbate in the monolayer , N is the Avogadro’s constant and V_ is the monolayer capacity
in moles of adsorbate per gram of adsorbent. Th: BET treatment is based on a kinetic model
of the adsorption process in which the surface of the solid is regarded as an amray of
adsorption sites. The rate at which molecules arrive frcm the gas phase and condense on the
bare sites is equal to the rate at which molecules evaporate from occupied sites. The total
surface area of the sample can be calculated from the adsorption isotherm and the linearized

BET equation, which is given below (equation 5-5):
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p/[V(po-p)I=1/Vpe + [(c- DIV . cl(p/pg) (5-5)

where V is the amount of adsorbate adsorbed in moles per gram of adsorbent and ¢ is the
BET constant which is related to the enthalpy of adsorption. Plotting the left side of the
equation versus p/py (the relative pressure of adsorbate) results in a straight line. V and c

can then be obtained from the slope and the y-intercept of the linear regression.

S(slope) = (c-1)/V,C (5-6)
I(intercept) = 1/V_c (5-D

The parameters ¢ and V,, are obtained as ¢ = S/ + 1 and V,,, = 1/(S + ). Therefore tne BET
surface area S, can be calculated using equation (5-4). For nitrogen, a value of 16.2 A2 for

a, will be used and after applying the appropriate conversion factors, S, (m?%g) can be

expressed as:
S, =435.V,, (5-8)

The total surface area in the solids containing micropores and mesopores can be
readily estimated from the BET equation. The BET equations of various organo-clays
which are calculated from the adsorption duta of Figures 5.6-5.8 are given in Figures
5.10-5.12. In all the cases, the BET equations give curvature. The changes in slope can be
attributed to the variation in the isosteric heat of sorption due to variable microporosity
resulting from inhomogc?ities in pillars distribution and in clay platelets stacking®2. The
BET equations give straight lines only for p;/p, values between 0.006 and 0.1. The BET
surface area were calculated from this straight line region and are given in Table 5.2. The

external surface area, calculated from the t-plots (section-5.3.3) are also given in Table 5.2.
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Since the height of the micropores in the organo-clays is in the range 4-5A, only a single
nitrogen layer can be adsorbed in the interlamellar spaces. Due to the bilayer characteristic
of the clay swructure, the difference between the BET surface area and the external surface
area represents only the mono-interlayer surface area (surfaces for one layer in the
micropore cavities). Therefore, the total interlamellar surface area would be twice as much
as the mono-interlayer surface area. The total and mono-interlayer surface areas as wel! as
the monolayer/BET surface ratio (microporosity) in percentage are also included in Table
5.2. TMA-M, MMDA-M and MMDA-H give 66-78% microporosity compared with 7-27%
for LYS-Me-M and GLY-Et-M. The larger amounts of microporosity in the samples of
TMA-M, MMDA-M and MMDA-H are attributed to the smaller size of these cations
(higher cation charge density). These BET results demonstrate that the free interlayer
surface area of the organo-smectites can be controlled by changing the size of the
intercalated cations. The BET surface can be further increased to (300-496 m?g) if pillars

such as Zrg(OH)¢>* and Al}3(OH),,™ are intercalated into the interlamellar space of the

clay®?,

524  T-plotanalysis and micropore volumes

The t-plot analysis method was developed by Lippens and deBoer as a way to
differentiate between the adsorption mechanism in micropores and that occuring in
mesopores and macropores!%’. The t-plot method may be used to arrive at a value of the
micropore volume. A t-plot is obtained by plotting the adsorption isotherm in terms of the
volume of gas adsorbed versus the statistical film thickness (t). The thickness (t) is defined
as the thickness of the adsorbate gas molecule on the walls of the pores. It is equal to the
product of the number of statistical molecular layers in the film (V/V,,) and the thickness of

a single molecular layer (3):

t=(V/V,) 3§ ' (5-9)
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V=(V /8)t=bt (5-10)

where V is the molar amount of adsorbate adsorbed by the adsorbent, V,, is the monolayer
capacity known from BET and b, is the slope of the t-curve. If N, is used as adsorbate, & is
then 3.54A on the assumption that the arrangement of molecules in the film is hexagonal
close packing. A t-plot is obtained by plotting the amount adsorbed against the statistical
thickness t. In mesoporous and macroporous solids, the adsorption of gasas take place in a
layer-by-layer fashion. However, the mechanism of adsorption in micropores, on the other
hand, does not follow this process and it is believed that adsorption in micropores occurs by
pore filling or capillary condensation which is analogous to filling a glass with water. If the
surface of the solid has standard properties, the t-plot corresponding to the isotherm of the
nonporous powder will be a straight line passing through the origin and having a slope
proportional to the specific suiface of the powder. For the microporous powder, the t-plot
will show an upward derivation curve and two linear regions are obtained which are
separated by a transition region as seen in Figure 5.13-5.15!10, The first region represents
both micropore filling and surface coverage of large pores. The second linear region give
the layer-by-layer adsorption taking place in meso and macropores but not in micropores.
From these two regions, the micropore volume and the meso(macro)-pore surface area
(external surface) can be calculated. Therefore, the volume occupied by the micropores is
then obtained by extrapolating the second linear region to the y-axis. The y-axis intercept
multiplied by the ratio of the gas and liquid densities of the adsorbate (0.00156 for N,) will
provide the micropore volume in cm® per gram of solid. The micropore volume and the
mesopore volume will be discussed later. Since the surface area of porous solids have been

defined (equation 5-4), the surface areas of mesopores and macropores are given as:

A,=2_5Nb, (5-11)
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The surface area of meso and macropores (external surface area), provided by pores with
radii larger than 10A will be given by ths slope (b)) of the second linear region once it is
multiplied by 15.7 in order to convert to the appropriate units of square meters per gram of
solid. The external surface area of organo-clay samples are shown in Table 5.2. It is noted
that the external surface area in organo-montmorillonite are almost the same except in the
case of GLY-Et-M whicl{ gives a relative larger external surface area. The larger external
surface area is also found in the sample of MMDA-hectorite due to the larger external
surface area of the hectorite as compared to the montmorillonite. From the external surface
area as well as the BET surface area of organo-clays which are measured from the BET

equatons, the free interlamellar surface area available can be calculated.

325  Calculation of free interlamellar surface areas

The interlamellar free surface area which was measured experimentally can also be
calculated from the total surface area of the clay and the cross-sectional surface area of the

cation!11112 The formulae for Na-montmorillonite and Na-hectorite are!13:

Na-montmorillonite:

(S 34Alp,16)(Fep 26A13 22MEp 4oFe*2 12)050(0H) X 65

Na-hectorite:

(Sig pp)(Alp p4Mgs 30Li0,66)020(0H) X *g 66
where X represents the inorganic cation in the interlamellar space of the clay.

The unit cell weight and total surface area can be calculated from the unit cell

formulae and unit cell dimensions®. The external surface area of the clay is obtained from
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the experimental measurement. The unit cell weight, total surface area and extcrnal surface
area of the smectite clays are given in Table 5.3, The total interlamellar monolayer surface
area can then be calculated. Because of the bilayer characteristic of the interlayer structure,
the monolayer interlamellar surface area is half as much as the difference of the total

surface area and the external surface area. The calculations are shown as follows:

SWy-1:  Spym = (740-31)72 = 355m?g
SHCa-1: Syym = (725-58)/2 = 332 m¥/g

where St . is the total interlamellar monolayer surface area.
The calculated total interlamellar monolayer surface area of the organo-smectites are shown

in Table 5.3.

Table 5.3 Unit-cell weight, total surface area, external surface area
and interlamellar monolayer surface area of clays

Unit cell Total External Interlamellar

weight surface area surface area | monolayer
Sample ®) (m?/g) (m2/g) area (m?/g)
SWy-1 746.3 740 31 355
SHCa-1 762.6 725 58 332

Therefore, the free interlamellar monolayer surface area of organo-clays can be
calculated by subtracting from the surface area covered by various interlamellar cations the

total interlamellar monolayer surface area. The calculation must allow for the fractions of
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the total cations which are located upon external surfaces of the crystallites. These fractions
are estimated as 4% for montmorillonite and 11% for hectorite!!!. Since the X-ray
diffraction results have demonstrated that the organic cations in the interlamellar space in
all the cases are oriented nearly parallel to the sheets of the clay, the clay surface area
occupied by the organic cation will be considered to be the cross-sectional surface area of
the cation molecule. The cross-sectional area of molecule can be estimated from the
projection on the a and b planes of the molecules!!4115, On the basis of the molecular
dimensions of the CPK models, the cross-sectional surface area of the cations was
estimated. For example, the cross-sectional surface area of Me,N* cation is 36 A%ion and

the interlamellar monolayer surface area occupied by the ions is :
Sion = (0.68 x 6.02 x 103 x 36 x 1020)/746.3 x 96% = 190m?/g
Then the free interlamellar monolayer surface area of TMA-M is given by:
Sg = 355 m?/g - 153 m¥/g = 202 m?/g
These calculations allow the estimation of the interlamellar monolayer free surface area and
the comparison with the experimental results. The cross-sectional surface area of the

interlayer cations and the calculated free interlamellar monolayer area as well as the

experimental free interlamellar monolayer surface area are given in Table 5.4.
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Table 5.4 Calculated interlamellar free areas and experimental free surface areas of organo-clay

Area of cation Area occupied Calculated free Experimental free

Organo-clay
(A%ion) by ion (m¥/g) interl. area (m?/g)| interl. area (m?/g)

TMA- 29 153 202 165
MMDA-M 47 124 231 150
MMDA-H 47 109 223 144
LYS-Me-M 93 245 110 15.2
GLY-Et-M 60 316 40 53
TPP-M 106 367 0 0

It is noted that the smaller cations, TMA* and MMDA?*, occupy much less
interlamellar space than the larger cations LYS-Me?* and GLY-Et*. Therefore the free
interlayer surface area in the samples of TMA-M, MMDA-M and MMDA-H are much
larger than that in the samples of LYS-Me-M and GLY-Et-M. The free interlamellar surface
in LYS-Me-M is larger than that in GLY-Et-M. In the case of TPP-M, the large size cation
(area 106A%ion) is larger than the clay surface area available per unit charge (70A? per
monolayer clay sheet). However, the special C; orientation of TPP* caton can force the
cations to adopt a compact packing inside the interlamellar space of the clay. The cations
completely occupy all the interlamellar surface of the clay by head-to-end stackings and no
microporosity is obtained in this sample. This consideration is in agreement with the
experimental data which gave nearly zero micropore volume. As compared the surface area
of MMDA-M with MMDA-H, one finds that the hectorite give larger external surface area
than the montmorillonite while montmorillonite has larger interlamellar surface area than

hectorite. It is also noted that the calculated free surface area are larger than the
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experimental values. In the calculation, it is implicitely assumed that the distribution of
organic cations in the clay is homogeneous and, as a result, that the organo-clays have an
homogeneous pore size distribution. However, the organo-clays may contain different sizes
of pores and therciure some very fine pores can exist in the samples, which are not
accessible to nitrogen molecules. Also, it has been shown in the cation adsorption studies
(chapter 3) that the amounts of cations adsorbed by the clays exceed the CEC values of the
smectites. Since the calculation of the surface area occupied by the cations is based on the
average CEC value, the actual surface area occupied by the interlayer cations are higher
than the calculated value. Thus the experimental free interlamellar surface areas are lower
than the calculated value. From the results presented above, one concludes that the larger is
the size of the intercalated cation, the smaller is the free interlamellar surface available in

the silicate sheets of the clay.

5.3 Micropore und mesopore size distribution analysis

5.3.1  Micropore size distribution

The analysis of nitrogen adsorption isotherms is a standard method for the
detemination of the pore size distribution (PSD) of porous solids. Several analysis methods
have been developed to calculate the pore size distribution, starting from the Kelvin
equation which relates the size of a pore to the pressure at which capillary condensation
occurs for the fluid whithin it!!é11%.118 These methods also require a description of the
adsorbed layers which form on the pore walls prior to condensation. This is determined
from an isotherm measured on a non-porous solid with a smililar chemical nature. The
Kelvin equation is derived from thermodynamic considerations and is hence exact in the

limit of large pores, but it becomes progressively less accurate as the pore size decreases
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and breaks down completely when the pore becomes so small that the molecular structure
of the fluid becomes significant!!®120, Therefore these methods will fail for pore sizes in
the micropore range. It has been shown that the lower limit of applicability of analysis
methods based on Kelvin equation is about 90 A!2l. The analysis of the micropore size
distribution is even more problemadcal because these sizes are too small for
thermodynamic techniques to be applicable. Recently a new analysis method has been
developed which is based on a molecular model for nitrogen adsorption in a pore!?!122, The
development of this technique allows the calculation over both the mesopore and
micropores size ranges using a single analysis method. The model gives a realistic
representation of the phase behaviour of nitrogen in pores of all sizes, whilst reproducing
the Kelvin equation in the limit of large pores.

Another simple quantitative model for the calculation of micropore sizes was
proposed by Horvath and Kawazoe, who developed it for adsorption in active carbon!23.
This method (H-K) is based on statistical thermodynamics of the adsorbed gas molecules on
surfaces. The free energy of a sorbed gas molecule was related to the distance between the
gas molecule and the solid surface. The smallest pore size is constrained by the diameter of
the sorbent molecule (e.g., for nitrogen: 3.65 A). The interaction between the adsorbent and

the adsorbate can be expressed as:

RTIn (pipy)= Uy + P, (5-12)
where Uj is the expression of the adsorbent-adsorbate interactions and P, is an implicit
function of the adsorbate-adsorbate-adsorbent interactions. In this method, the micropores

are considered to be slits between two layer planes. The potential function over a surface

(interaction energy between a gas molecule and an infinite layer) is given:
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® =3.06 O*[-(c/r)* + (o/")19] (5-13)
O* = (NAN(3.06)20%) (5-14)

where g is the distance between a gas atom and the surface at zero interaction energy, r is

the distance from the surface, N, is the number of atoms per unit area of surface, A, is a

constant.

The potential function between two parallel layers in the case of one adsorbate

molecule is therefore given by:

® = [(NANH-(c/r)® + (ofN'0 - {o/(l-r)}*+ {o/(-)1T)
(5-15)

where [ is the distance between the nuclei of the two layers. The potental function between

the two layers filled with adsorbates is:

O = (NA, + NA D26 { -(a/n? + (o/n)10
{o/(-N1* + [o/(1-)]'?) (5-16)

where N, is the number of molecules per unit area of the adsorbate and

Ay = (6mco0)/1(0 /%) + (Oa/x)] (5-17)
Ay = (3mca )2 (5-18)

where m is the mass of an electron, c is the velocity of light, o, is the polarizability and %,
is the magnetic susceptibility of an adsorbent atom, o, and x4 are the polarizability and

magnetic susceptibility of an adsorbate molecule.
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Equation (5-16) consists of two parts. The first part, N,A,/28* multiplied by the
expression in parentheses, corresponds to K'l. U, (equation 5-12), and the second part
corresponds to K-! . P, (equation 5-12). Having taken into account equation 5-12, an
average potential value that depends on the absolute values of distances between the two

layers can be calculated as:

RTIn(pipg) = KN A, + NpA RS- 252 ([-(o/r)* + (o/n)'® - (o/t-n)}* +
{o/(1-r))1%)dr (5-19)

where K is Avogadro’s number and
d=d,+d, (5-20)

d, is the diameter of an adsorbent atom and d, is the diameter of the adsorbate molecule.

Integration of equation 5-19 gives the following result:

RTIn(pip,) = K(NA, + N,A o (1-d) x [6*13(1-d12)*- 6'9/9(1-d/2)° -
o*/3(d/2)? + 619/9(d/2)%] (5-21)

We now have a function of p with respect to /. Having used the data of a nitrogen

isotherm at liquid nitrogen temperature, the expression can be obtained:
wiw,, =fll-d;) (5-22)

where w is the mass of the nitrogen adsorbed into pores, w,, is the maximum amount of

nitrogen adsorbed into the pores and /-d, is the effective pore size. , the maximum amount
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of nitrogen adsorbed into the pores (w.,.) can be determined at p/py =0.9. The calculation of
pore size distribution can be carried out by substituting different (I-d,) valus in the range of
0.35-1.4nm into equation 5-21. Using the data of the adsorption isotherms, the w values
corresponding to the chosen (I-d,) pore sizes can be calculated. By plotting w/w,, against
(I-d,), the pore size distribution is obtained. The micropore size distribution of organo-clays
are shown in Figure 5.16-5.18. The effective micropore size of these organo-clays are given
in Table 5.5. It is noted that TMA-M, MMDA-M and MMDA-H yield very sharp micropore
size distribution and show effective pore size at 5 A. These compare with a size determined
by XRD of 4.3, 4.3, 4.8A respectively. The LYS-Me-M, GLY-Et-M and TPP-M have broad
size distribution with pore sizes between 8-18A. The broad micropore size distribution is
attributed to the lower microporosity in these samples. The micropore volumes which are
determined from t-plot are also presented in Table 5.5. It is found that those pillared
smectites with smaller cations such as TMA* and MMDAZ* give large micropore volume
(about 0.06 cm®/g) while those pillared smectites with larger cations such as LYS-Me2*,

GYL-Et* and TPP* give small or even no micropore volume (0-0.006 cm?/g).
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Table 5.5 Effective micropore pore size and micropore volume

organo-smectite clays
Effective micro- Micropore volume
-cl

Organo-clay pore size (diam. A) (cm’/g)
TMA-M 5-6 0.068
MMDA-M 5-6 0.061
MMDA-H 5-6 0.063
LYS-Me-M 8-18 0.006
GLY-Et-M 8-18 0.003
TPP-M - - 0

532  Mesopore size distribution

The possibility of calculating the pore size distribution of a porous solid from the
capillary condensation region of its Type IV isotherm has long been recognized!%’. A
relative pressure 0.95 is adopted as starting point with isotherms. The pore size distribution
can be obtained by analysis of the desorption isotherm. The method used is based on the
BET method which involves the area of the pore walls and uses the Kelvin equation to
correlate the partial pressure of nitrogen in equilibrium with the porous solid to the size of
the pores where capillary condensation takes place!!6.The volumes desorbed from the
sample at different pressures are converted to liquid volume by multiplying by 0.00156. As
described in section 5.2.1, when capillary condensation takes place during the course of the
isotherm determination, the pore walls are already covered with an adsorbed film having a

thickness t. Thus capillary condensation occurs not directly in the pore itself but rather in

103



the inner core. Consequently the Kelvin equation (5-3) leads to values of the core size rather
than to the pore size. Substituting the constants into the equation 5-3, the core radius r,; can

be resolved:

I, = 4.14 / log(pi/po) (5-23)

The thickness of the nitrogen film adsorbed on the walls of the pore at a given relative

pressure is given!!6;

1(A) =3.5 x [5/2.302l0g(p/py)] P (5-24)

The radius of the pore r, is given by adding to the Kelvin radius r, the value of the film
thickness t, that is:
T

In calculation of the pore volume, it is necessary to correct for the core volume. The volume
desorbed (8V,) for a given group of pore at each interval of p,/pg is calculated from the

desorption isotherm and converted to a liquid volume. Then the core volume §V,X emptied

during the stage i is given by:

VK =58v,- v (5-26)

The volume of the multilayer film on the walls of all the pores §V,f is obtained from the

thinning of the nitrogen film:
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8V =0.064 x Atx £ (3A,) (5-27)
where At is the difference between film thickness of the pore at two different pressures and

A, is the surface area for a given group of pores.

Therefore the corresponding pore volume is given by:
8V{P=Q; (8Y;- 8V;H (5-28)

where Q; is the conversion factor.

Q; is a function of both pore shape and film thickness:

Q; = [r/(ry, + AD)? (5-29)
where 1, and r, are the pore radius and core radius between pressures p; and p;,; and At is
the difference between the film thickness of the pore at these two pressures. Since at values
of the Kelvin radius above 304, the At is very small, then equation 5-29 becomes:

Q= (rfr)? . (5-30)

The final volume AV{F will correspond to the volume desorbed from pores with average

radius rp,. The pore size distribution is obtained by plotting the 8V P/8rP against 5tP.
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Table 5.6 Effective mesopore size, mesopore volume and total pore volumes
of organo-smectite clays.

Effective mesopore Mesopore volume Total pore volume
Organo-clay | . (diam. A) (cm3/g) (>20A, cm%/g)
TMA-M 40 0.048 0.213
MMDA-M 40 0.051 0.215
MMDA-H 40 0.074 0.244
LYS-Me-M 40 0.018 0.215
GLY-Et-M 40 0.049 0.316
TPP-M 40 0 467 0.467
200

The mesopore size distribution analysis are shown in Figures 5.19-21. The
effective meso(macro)-pore size and the total pore volumes (diameter >20A) which are
calculated from the mesopore size distribution analysis, together with the mesopore
volumes are given in Table 5.6. As can be seen, all the organo-clays have mesopores with
an effective size at 40A in diameter except for TPP-M. The mesopores in the
organo-smectites may contribute to the pores formed between the plate-like particles’®7.
The total pore volume in TMA-M, MMDA-M, MMDA-H and LYS-Me-M are almost the
same due to the same preparation procedure. In the case of TPP-M, there are two types of
mesopores with sizes at 40A and 200A in diameter, respectively. The larger mesopore in
the TPP-M sample may be attributed to the greater layer delamination occuring after the

clay layers are greatly expended®%5, The delaminated layer structure is illustrated in Figure
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5.22. For comparison, the micropore volume, mesopore volume and the calculated
micropore volumes which are calculated by multiplying the interlamellar surface areas by
the basal spacings of the organo-clays are shown in Table 5.7. The calculated micropore

volumes agree with the experimental values in all the cases.
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Mesoporosity

Figure 5.22 microporosity and mesoporosity in the pillared clays

Table 5.7 micropore volume and mesopore volume of organo-clays

Free Interl. d, Calculated Micropore Mesopore

Organo-clay Surf. Area | (A) Micropore Volume Volume

(m¥/g) Vol. (cm¥/g) (cm’/g) (cm*/g)
TMA-M 165 4.3 0.071 0.068 0.048
MMDA-M | 150 4.3 0.065 - 0.061 0.051
MMDA-H 144 4.7 0.068 0.063 0.074
LYS-Me-M| 15 4.6 0.007 0.006 0.018
GLY-EtM | 5.3 4.0 0.002 0.003 0.049
TPP-M 0 9.2 0 0 0.467
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54 Conclusions

The microporosity and the mesoporosity of the organo-smectites were studied by
using a continuous nitrogen adsorption method. The BET surface studies gave both the
external surface area and the interlayer surface area of the organo-smectites. The studies
indicated that the interlamellar surface area of the organo-smectites can be controlled by
changing the size and the charge density of the organic cation. Furthermore, the micropore
and mesopore size distribution analysis allowed the estimation of the shape and size of the
micropores and mesopores in the samples. The studies strongly proved that these
microporous organo-smectite clays have the potential for the separation applications due to

their microporosity.
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Chapter 6

Chromatographic application of organo-smectites in
gas separations

6.1 Introduction

There is a great deal of interest in industrial gas separation systems. It is estimated
that the entire gas separation market will be $1.5 billion by the year 1995124, Currently, the
greatest need for gas separation is for nitvogen enrichment for inert blanketing. The second
largest need is for the removal of carbon dioxide from natural gas and hydrogen sulfide
from natural gas. Other separations which have high priority are hydrogen recovery in
refinery streams and methane recovery in mines. The separation of CO, from natural gas in
enhanced oil recovery operation (EOR) is an important induswial process. COQ, is
considered as a suitable, high molecular weight gas which can be injected into a depleting
well in order to keep the pressure up (2,000 psig) and hence maintain oil production
capacity. Therefore natural gas contains high contents of CO, and subsequent removal of
CO, from the natural gas is necessary. A EOR process is schematically represented in
Figure 6.1 where a membrane system is used to remove the CO, for the reinjection and at
the same time used to remove the light hydrocarbons!®, Landfill gas has received attention
as a source of renewable energy because it contains 40-60% CH,, which was to be enriched

to over 90% as pipelinequality!?®, Currently, there are several commercial separation
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processes including cryogenic separation, adsorption separation and membrane separation
processes. Cryogenic separation process is a liquefaction followed by distillation process. It
remains the most frequently used process for large-scale applications. However, this is an
energy consuming process. Adsorption separation process is an alternate method which
provides efficient separation. A major development in adsorption technology is the pressure
swing adsorption (PSA) process. In PSA the sorbent is periodically regenerated by reducing
the total pressure. The cycle time is short due to the possibility of rapid pressure reduction.
Consequently large throughputs can be achieved and an increasing number of new
separations using PSA are being commercialized!?’. The adsorptive separation can be
achieved by three mechanisms: steric, kinetic or equilibrium effect. In the steric separation
process, only small and properly shaped molecules can diffuse into the adsorbent, whereas
other molecules are totally excluded. There are only two major steric separation processes
used in industry: the drying process by 3A zeolite and the separation of normal paraffins
from iso-paraffins and cyclic hydrocarbons using SA zeolite. Kinetic separation is achieved
by virtue of the difference in diffusion rates of different molecules into the sorbent.
Equilibrium separation can be achieved by the difference in affinities of gas molecules on
the adsorbent. Commercial separation processes using molecular sieve zeolites are mainly
equilibrium processes. The only kinetic commercialized separation is air separation using
molecular sieve carbon. The kinetic separation of air by 4A zeolite and the separation of
CH,/CO, mixture using molecular sieve carbon have recently been investigated!28.129.130
Membrane separation is a new efficient separation process “which is economically
comparable with other separation processes. As mentioned in the previous chapters, the
intercalation of pillaring cations into the interlamellar space of the smectite clays results in
a microporous material whose structure is similar to zeolites. These microporous
organo-smectites might be used for separation processes due to their micropore structure.

Moreover, a large flexibility is offered by these kinds of materials because the size of
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intercalates can be changed and therefore the pore size and volume can be controlled. The
chromatographic application of these organc-smetite clays on the separations of CH,/CO,
and C,-C, hydrocarbons was studied here in order to explore the potentials of these
microporous organo-clays for adsorption separation processes'®!. Further application of

these materials in membrane separation processes will be discussed in chapter 8.

CH,4
Compressor T
95%
2000 Psig !
€0, Membrane Unit Removal of HyS, Hy0, Heavy
Hydrocarbons
€0,
CO4, Hy8, H40 and Hydrocarbons
CO, Injection Y ————»  Crude Ol
~. Oil Reservoir

Figure 6.1 Schematic representation of a EOR process!®
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6.2  Aspects of chromatographic applications of clay minerals

The analysis of permanent gases (i.e. Hy, Oy N, CO, CHy and CO,) generally
involves gas-solid chromatography. A wide variety of adsorbents have been used for this
purpose. Zeolite A, X and ion-exchange modified zeolites give molecular sieve effects due
to their homogeneous pore structures and pore sizes and they are useful for the analysis of
many gases but imeversibly adsorb carbon dioxide at normal temperature!*2. Carbon
molecular sieves do not separate oxygen and nitrogen as well as do zeolites; however, they
elute carbon dioxide. Silica Gel and Aluminas are other adsorbents which can be used for
the analysis of several gases and some of the lower hydrocarbons, but do not separate
oxygen from nitogen. Various porous polymers can also be used for the separation of
gases. It has been shown that natural clay minerals such as attapulgite and sepiolite exhibit
zeolite-like pore structures and these two clay minerals have been used as chromatographic
adsorbents for the separations of inorganic gases and light hydrocarbons!33-134, The concept
of pillaring smectite clays was demonstrated more than 3C years ago by Barrer and
MacLeod!?%12 and microporosity was first demonstrated in 1955 with Mey,N* and Et,N* as
the interlayer cations!®. If layered silicates are exchanged with cations large enough to
create an interlayer space, a notable range of shape-selective microporous sorbent can be
obtained. The expanded clays freely intercalate many permanent gases and non-polar
molecules that are not intercalated in the parent montmorillonite. As a result, the sorption
capacity is greatly enhanced and, as with zeolites, intracrystalline sorption requires no
threshold pressure. The selective uptakes of various gases, paraffins and aromatics on the
modified organo-clays have been reviewed recently!?.
Dimethyldioctadecylammonium-montmorillonite (Bentone 34) was the first commercial
chromatographic adsorbent in which cations swell a clay and fill all the interlayer spaces!36,

The long chains of the organic cations in this organo-clay are closely packed and are steeply
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oriented to the clay surface. This organo-clay has been shown to permit the selective uptake
of paraffins, aromatics and heterocycles'®!3, In this case, the interlamellar distances played
only a minor part in the separation of aromatic isomers, because the interlamellar surfaces
of the clay were completely occupied by the cations. The Bentone 34 has also been
modified as a liquid chromatographic phase by its mixture with a silicone oil and dispersion
on Celite!”. The utilization of organo-clays as chromatographic stationary phases has
received much attention in that time. White!8 described the exchange of clays with several
qQuaternary alkylammonium ions and these organo-clays displayed selective retention of
aromatics relative to paraffins and naphthenes when they were used as stationary phase!38,
An organo-smectite exchanged with methylbenzyldioctadecylammonium and containing an
amide additive has been shown to have selective adsorption for several organic compounds
such as alcohols, esters, ketones and hydrocarbons!3®, However, only limited data on the
application of organo-clays for gas separations can be found in the literature. Also possible
applications of pillared clays as new adsorbents in separation processes remain largely
unexplored. Thielmann and McAtee have studied the gas chromatographic behavior of
montmorillonite exchanged with metal-rris-(EDA)(tri-(ethylene-diamine) chromium amn
cations in the separation of polarizable gas such as nitrous oxide and light hydrocarbons!4®,
Several chloroalkylammoniums exchanged montmorillonites were also used for the
separations of light hydrocarbons and oxides of nitrogen (NO, N,0, N,05 and N,0,)141.
There is now renewed interest in intercalated clays, because it is realized that their pore
sizes and shapes could afford larger flexibility than those of zeolites. The application of
pillared organo-clays offer a new direction for separation processes. Our work on the
application of various organo-smectites as chromatographic adsorbents for gas separations
has been published recently'®l. At the same time, it was reported that separations of air,
N,/CHy, CsHg/CgH,4, CH4/CO, and the Cg aromatic isomers could be achieved in a pillared

zirconyl-clay column'*®!43, The separation was considered to be accomplished by
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equilibrium and/or kinetic separations,

If the height of the galleries network in the organo-clay is close to the kinetic
diameter of the gases, one expects the diffusion of gas molecules in the interlamellar pores
to be restricted. The diffusion restriction would allow the gas molecules to diffuse in
different rates depending on their molecular size and the interactions with the interlamellar
siliceous surface. The difference in diffusion rates of the gases contributes to the effective
gas separation. It is known that pore size in the range 4-8A is suitable for gas separation!44.
There are several ways to modify the micropore size of the organo-smectites: (1) varying
the size and shape of the ionic interlayer props; (2) increasing the cation charge and
therefore decreasing the number of the interlayer cations; and (3) altering the composition
of the siliceous layers and therefore their anionic charge.

In this chapter, the application of microporous organo-clays as chromatographic
adsorbents for gas separations will be explored and the effects of organic cation size,
surface area, microporosity of the organo-clays and charge density of the clay on the

retention parameters of N, O3, CH,, CO, and C,-C, hydrocarbens will be studied.

6.3  Principles of gas chromatography

Generally, chromatographic separations are based on multiple partition of the
compounds to be separated between phases during continuous, dynamic operation driven by
the carrier gas flow. One of the two phases is stationary and the other is mobile, moving
along the liquid or solid stationary phase. In gas chromatography the mobile phase is a gas
and the stauonary phase can be either a liquid (GLC = gas liquid chromatography) or a solid
(GSC = gas solid chromatography)!45:146, The carrier gas flows through the separation

column and is the medium for the transportation of the components to be separated. The
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individual components are temporarily dissolved in the stationary phase or adsorbed on the
surface of the solid stationary phase, depending on the chemical properties of the solute and
the sationary phase. The intensity of the intermolecular interaction between the solute and
the stationary phase governs the vapor pressure or the concentration of a certain solute
within the mobile phase. The partition equilibrium of a solute between the two phases is
described thermodynamically by the partition coefficient. In GLC with a gaseous mobile
and a liquid stationary phase, the partial pressure of the solute above the stationary phase at
the equilibrium can be described by Henry’s law if the concentration of the solute within the
stationary vhase is low. In GSC, a equilibrium between sorbate and sorbent is determined
by the adsorption and desorption process.

The separation efficiency of chromatographic columns can be characterized by the
theoretical plate numbers (N) and the height equivalent to a theoretical plate (HETP). The

number of equivalent theoretical plates (N) , is given by the following equation:

N = /b = 5.54 (tg/b)? (6-1)

where ty is the total retention time measured in cm or minute and b is the peak width at
half-height measured in cm or minute. In the plate theory, the column is thought to consist
of a finite number of hypothetical stages and equilibrium is attained in each stage. The
separation efficiency is indicated by the equivalent height of each stage which is given by

the ratio of the theoretical plate number N and the column length L:

HETP=N/L (6-2)

A high separation efficiency is achieved by a small equivalent height, The equivalent height

or height equivalent to a theoretical plate (HETP) is given by the van Deemter equation for
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linear adsorption isotherms:
HETP=A +B/u+Cu (6-3)

where A=2D_ /1, B=4R/Pe and C=2¢/[kK(1-€)]
Here u is the interstinial velocity, D, is the molecular diffusivity, t is the axial tortuosity, R,
is the particle radius, Pe is the Peclet number, ¢ is the interparticle void fraction, k is the
mass transfer coefficient used in the linear driving force equation, and K is Henry's constant
for the linear isotherm. The first term (A) in equation 6-3 accounts for the geometry of the
packing. It is very difficult to have uniform particle size in the packing materials and the
overall effect is that spaces along the column are not uniform. When a sample migrates
down to the column each molecule follows different paths and each path is of a different
length. In addition to these different path lengths there are variations in the velocities of the
mobile phase. Therefore, irregular diffusion results from flow through randomly spaced
particles in the column. The second term (B/u) refers to the longitudinal diffusion in gas
phase. The third term (Cu) contributes to the resistance to mass transfer process.

The interstitial velocity u plays a role in the contribution of the threc terms on HETP
equation. The dependence of HETP on y is illustrated in Figure 6.2, showing the three

contributions to the HETP. The optimum velocity which yields the minimum HETP is:
Hopt = (B/C)\2 (6-4)

Below o, peaks are broadened mainly by molecular diffusion. Above Hopy the mass
transfer resistance is the main cause for broadening. Equation 6-3 is the simplest form of the

van Deemter equation. Many other effects can be taken into account leading to more

complex cquations 46,
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Figure 6.2 The dependence of HETP on the flow velocity!4?

A gas chromatogram is described by the retention value and effluent concentration
as shown in Figure 6.3. The distance of a peak from the injection point I on the time

coordinate is the total retention time tg during which the solute is retained in the column'45;
tR=ty + 1 (6-5)

where ty, is the time during which the solute is present in the mobile phase and t; the time

when it is in the stationary phase. The difference t, is the so-called net retention time which

is proportional to the partition coefficient K and increases as the latter increases. The

capacity factor k’; is given by the ratio of t; and ¢ _:
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k'i =1 / Ly (6-6)

The separation of the solute components can be evaluated by the selectivity coefficients or

separation factors (&} which is given by the relative retention times of solute pairs:

@ = (t)/(t,); = k'fk’; (6-7)
The resolution between two Gaussian elution peaks is defined by the parameter:
Rap = (tga -1re)/4bag (6-8)

where by = (b, + bg)/ 2, b,, and by are the half widths of peaks A and B, respectively.

Complete resolution requires Rag 2 1.5. The N needed to achieve the resolution

Rz for two Gaussian peaks is:

N=4R?%p [(a+ )/(a+ 1)) (6-9)

where o is the separation factor defined in equation 6-7. Thus the column height required

for complete resolution is obtained directly as the product of HETP and N.
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Figure 6.3 A gas chromatogram, showing the reention time and effluent concentration!43

The above parameters are useful for the evaluation of the separation by gas-solid
chromatographic methods. In the use of a solid adsorbent for GSC, the specific surface area,
the chemical composition and the porous structure are very important factors affecting the
performance of the chromatography. The greater the surface area the higher is the
probability of sorption processes to occur. Retention of sorbate molecules on the adsorbent
depends upon the chemical nature and geometric pore structure of the adsorbent, molecular
weights of sorbate molecules, their geometric and electronic structure and the temperature
of the column. The sorbate - _ules may either diffuse toward sorbent surface and/or
diffuse into the pores, depending on the size of the pores in the adsorbent and the gas
molecules. ;I'hc carrier gas may also have a significant effect on the separation process.
Adsorbents with high surfaces may adsorb the carrier gas and tiius decrease the numver of
the active sites, resulting in a change of component adsorption activity. A change in carrier

gas from hydrogen or helium to nitrogen, for example, may produce sharper peaks because

of the higher adsorption capacity for nitrogen!4®,
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6.4 Separation of permanent gases by organo-clay smectites via chromatographic

route

6.4.1  Separartion of carbon dioxide and methane by organo-smectite clays

It has been previously shown from the microporosity studies that the incorporation
of organic cations into smectites can result in a microporous material with a network of
cavities whose height and volume are controlled by the size and the shape of the organic
cation. This is illustrated in Figure 6.4, showing three different types of organo-clays which
are obtained by intercalation of different types of organic cations into the clay. Moreover,
functionalities, such as ester groups, can be attached to the organic cation, so that one can
easily synthesize a material with tortuous channels whose walls combine hexagonal arrays
of silicate oxygens and organic functions. If the intercalated cations are large enough that
the interlayer surfaces of the clay are covered completely by the cations (as in the first case
of Figure 6.4), no microporosity can be obtained in the organo-clay. When the intercalated
cation has the proper size, micropores are obtained. Therefore, the pore sizes can be
controlled by both interlamellar distance (d,) and inter-distance (d;) as in the latter two
cases of Figure 6.4. The X-ray diffraction results have already shown that the interlamellar
distance in most of organo-smectite clays in our case are in the range 4.0-5.1A. The height
of galleries in these organo-clays is slightly larger than the kinetic diameter of gases such as
N,, O,, CH; and CO,. The kinetic (sieving) diameters (A) of some permarcn® gases which

are based on the sorption in zeolites are given as follows!47:

N, 0, CH, CO,

3.64 3.46 3.8 3.3
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The chromatographic separations of gases by these organo-smectites were studied
with focus on their ability in separating carbon dioxide-methane and C;-C, hydrocarbons.
All the quaternary alkylammonium derivatives were incorporated at full loading of the clay
(100% of the CEC) and the particles of size 60-120 mesh were selected as packing material
for chromatographic columns. The separation of gas mixture was accomplished in a 3ft x
1/8 in o.d. column, In gll the cases, the flow rate (He) was controlled at 25 ml/min. The
retention time was recorded as the time from the injection point to the point where the
maximum response was obtained. In the calculaton of the capacity factors, He gas was
considered as a non-retained gas. Therefore, the time for He gas travelling through the
column was the time of retention in a column (t,,) which was 0.14 minutes in all the cases.
Thus, the net retention time could be calculated by subtracting the t,(0.14 min) from the
total retention time.Three different systems were examined:

(1)  organo-smectites with quaternary phosphonium, quaternary ammonium or
quaternary ammonium derivative cations (monocations, e.g. TMA™*, GLY-Et*, TPP™);

(2)  organo-smectites with quaternary ammonium derivatives of amino acids
bearing two amino-groups (dications, e.g. LYS-Me?*, ORN-Me2*);

(3)  organo-smectites with quaternary ammonium cations (di- or polycations, e.g.
MMDA?, MDEA?*, MTETA%),

The gas chromatograms for the separation of air, CH, and CO, gas mixture by the
three organo-montmorillonites in the first system are given in Figure 6.5 and the retention
parameters as well as the separation factors for these systems are given in Table 6.1. For
comparison, the chromatographic parameters for those gases on Na-montmorillonite

column are also shown in the table.
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Figure 6.5 Chromatograms for the separation of air, CH; and CO, by
organo-montmorillonites. Columns: 3ft x 1/8 in.o.d. Carrier gas: He at 25ml/min. Column
temperature:  30°%c. (a) TPP-montmorillonite; (b) GLY-Et-montmorillonite; (c)

TMA-montmorillonite. Peak identification: A=air; B=methane; C=carbon dioxide.
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Table 6.1 Retenton parameters of air, CH,, CO; on organo-smectites with mono-cations
at 30% (He flow: 25 mi/min).

Column | ta(air) | R(CHy) | (COp | K(CHy) | K'(COy) | Sep. factor(e)
(CO,/CH,)
GLY-Et:M| 0.4 09 3.0 5.7 20.4 3.6
TPP-M 0.4 0.4 1.1 1.9 6.9 3.7
TMA-M | 10 34 31.5 232 224 9.7
TMA-H | 08 2.5 26.2 16.9 186 110
Na-M 0.2 0.2 0.3 0.4 1.1 2.0

While large separation of CHy/CO, was observed for the column of TMA-M, relatively
poor separations were observed for GLY-Et-M and TPP-M columns. No separation was
observed for Na-montmorillonite. In the case of Na-M, the interlamellar distance (2.8A)
makes the interlamellar spaces inaccessible to the gas molecules with kinetic diameter
larger than 2.8A. The gas molecules have adsorption/desorption equilibrium only on the
external surface. Therefore the differences in adsorpdon/desorption processes for air, CH,
and CO, on the external surfaces are very similar such that no separation can be achieved in
a short Na-montmorillonite column. The poor separation for CH,/CO, in the case of TPP-M
might be attributed to the large amounts of mesopores (pore size: 40A, 200A in diameter) in
this sample as indicated in chapter 5. As a result, the gas molecules can be easier adsorbed
into the mesopores and subsequently desorb from these pores. It is also noted that the
retention times of CO, and CH, in TMA-M are higher than that in GLY-Et-M. In these two
cases, the interlamellar distances (d,) are in the range 4.0-5.0A, but the size of the two

intercalated cations are quite different, TMA* being smaller than GLY-Et*. As a result,
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TMA-M has much larger free siliceous surfaces than GLY-Et-M. These results indicate that
the retention times of CHy and CO, are highly dependent upon the nature of the intercalated
cations and thus the microporosity of the organo-clays. The cylindrical CO, molecule
(dimensions 3.3A by 5.3A), constrained in a space of reduced dimensionality, is strongly
interacting with the aluminosilicate surface, in strong contrast with the spherical, non-polar,
CH, molecule (diameter 3.8A).

The above results strongly suggest that the separation methane/carbon dioxide is
principally controlled by interactions with the clay surfaces, not by the interactions with the
polar alkylammonium chain. This means that organo-smectites with higher microporosity
would provide better separation for CH,/CO,. Reducing the cation size is one way to
increase the free interlayer surface area, thus the microporosity of the organo-smectites.
Another approach to obtain a larger free interlayer surface area is to increase the charge
density of the intercalated cation. The effects will be seen in the second system of
organo-smectites with quaternary ammonium derivative dications. In this system, the
interlamellar distances afe also in the range 4.6-5.1A, slightly larger than the kinetic
diameter of CH4 and CO,. The retention times of air, CH, and CO, on these
organo-smectites are given in Table 6.2. As noted, the CO, retention times decreased with
an increase of the size of the cation intercalated. Separation factors 8.1 and 8.9 were
achieved in the cases of LYS-Me-M and ORN-Me-M respectively. The effect of the charge
density of the intercalated cation can be seen when comparing the quaternary ammonium
derivatives of the amino esters LYS-Me?* and ORN-Me?* with the quaternary ammonium
derivative of the amino ester GLY-Et* given in Table 6.1. Although the size of GLY-Et*
and ORN-Me?* are similar, the charge density of ORN-Me?* is approximately twice as
much as that of GLY-Et". ORN-Me-M provides more free interlayer surface area than
GLY-Et-M and accordingly the separation of CH,/CO, on ORN-Me-M is much better than
on GLY-Et-M.
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Table 6.2 Retention parameters of air, CH 4 and CO, on organo-smectite columns
with di-cations at 30°c (He flow rate: 25ml/min).

Column tr(Air) | tg (CHy tg (COp) | K'(CHy) | K'(CO,) |Sep. factor(er)
ORN-Me-M 0.7 2.1 16.1 14.0 114 8.1
LYS-Me-M 0.6 1.6 13.1 10.4 92.6 8.9
ORN-Me-H 0.6 1.5 13.2 9.7 93.3 9.6
LYS-Me-H 0.9 1.7 9.7 11.1 68.3 6.2

On the basis of the above results, it appears that the larger the free interlayer
surface area is in the organo-smectite, the greater the separation of CH,/CO, can be
achieved. The free siliceous surface area plays a role in the separation of these gaseous
mixtures. On the other hand, the functional groups in the intercalates play only a minor role
in the separation mechanism. In addition, an optimum separation is obtained when the
height of the galleries is slightly larger than the kinetic diameter of the gases. As further
evidence supporting this conclusion, one should consider the results obtained for
alumina-pillared montmorillonite, This Al;3’*-pillared montmorillonite did not permit the
separation of CH,/CO, mixture, In this case, the height of the galleries network (7.4A) is
much larger than the kinetic diameter of the two gases and therefore the interaction of the
CO, with the siliceous surface would be dramatically reduced.

In order to confirm the above interpretations, some other quaternary polyammeoniur:

cations with higher charge density were prepared including MMDAZ*, MDEA?* and
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MTETA*. In some cases, the surface area per unit charge of cation is smaller than that for

the cations in the first two systems and therefore the corresponding organo-smectites have

relatively larger free interlamellar surface area. The retention parameters of air, CH; and

CO, on these organo-smectites are shown in Table 6.3. The interlamellar distances of these

organo-smectites are again in the range 4.3-5.1A. Among these higher charged cations,

MMDAZ* has the smallest surface area per unit charge and the free interlamellar surface

area in MMDA-M is the greatest. The retention times of CH, and CO, were found to be the

largest in the MMDA-M column. This is a further indication that the siliceous surfaces of

the organo-clays is a important factor for the separation of CH,/CO,.

Table 6.3 Retention parameters of air, CH, and CO, on organo-smectites with higher
charge density cations at 30°c (He flow rate: 25ml/min).

Column tp(Air)

tR(CH4)

IR(CO?)

Sep. factor(c)

K'(CHy) | K(COp | (co,cHy)
MMDA-M | 136 4.08 3672 | 281 261.3 9.3
MDEA-M | 081 2.03 2563 | 133 181.9 13.7
MTETA-M | 105 2.6 34.5 17.6 245.4 13.9
MMDA-H | 101 2.97 27.34 | 202 194.3 9.6
MDEA-H | 078 1.86 2500 | 123 177.6 14.4
MTETA-H | 0.5 1.48 2570 | 9.6 182.6 19.1

Figure 6.6 shows typical chromatograms for the separation of air/CH,/CO, by four

different columns as discussed above. While no separation was observed for

Na-montmerillonite, CO,/CH, separation factors of 8.1 and 13.9 were obtained for
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ORN-Me-M and MTETA-M, respectively. The retention times of CO, and CH, on these
microporous  organo-smectites can be comelated to the microporosity of the
organo-smectite as compared the retention times of CH,/CO, with the microporosity, as
shown in Table 6.4. As noted, the retention times of CH, and CO, increase with an increase

of the microporosity in the organo-smectites.

Table 6.4 Comparison of GC parameters of air, CH, and CO, on various
organo-smectite columns with BET surface and microporosity

Organo- BET surface | Microporosity tx(CHy) tr(COy)
smectite (m?/g) (%)

GLY-Et-M 77.3 7 0.9 3.0
TPP-M 55.9 0 0.4 1.1
LYS-Me-M 56.6 27 1.6 13.1
T™MA-M 210.3 78 34 31.5
MMDA-M 194.1 77 4.1 36.7

The charge density of the smectite clay can also affect the retention times of CH,
and CO,. Since the charge density is higher in hectorite than in montmorillonite, the
organo-montmorillonite .'provides larger free surface area than the corresponding
organo-hectorite. Also, the interlamellar distances in organo-hectorites are slightly larger
than that in the corresponding organo-montmorillonites. These two effects are attributed to
the relatively larger retention values for the organo-montmorillonites compared to the

corresponding organo-hectorites (Tables 6.1-6.3).

To compare the gas chromatographic retention results systematically with the size of
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Figure 6.6 Chromatograms for the separation of air, CH, and CO, by
organo-montmorillonites. Columns: 3ft x 1/8 in.o.d. Carrier gas: He at 25ml/min. Column
temperature:  30°%. (a) Na-montmorillonite; (b) GLY-Et-montmorillonite; {c)
ORN-Me-montmorillonite; (d) MTETA-montmorillonite. Peak identification: A=air;

B=methane; C=carbon dioxide.
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intercalates and subsequently the free interlayer surface area of the organo-smectites, a

calculation for the free surface area of the organo-smectite is necessary.

642  Calculation of free interlayer surface area of organo-smectite clays

The total surface area of clays can be calculated from their CECs and the chemical
formulas as described in chapter 5. The charge density (cd) of the smectite is derived from
the CEC value and the total surface area of the clay%8, The charge densities of SWy-1 and
SHCa-1 are calculated as follows:

SWy-1:
cd = (740x10%% A2%/g)/(6.023x102x0.87x 103 charge/g)
= 141A%/charge
SHCa-1:
cd = (725x102° A%/g)/(6.023x1023x0.89x 103 charge/g)
= 134A%/charge

The calculation shows that the surface area per unit charge in SWy-1 and SHCa-1 are
141A2 and 134A2, respectively. Because of the stacked structure of clays, the surface area
per charge in each sheet of SWy-1 and SHCa-1 are 70A2 and 67A?, respectively. Figure 6.7

illustrates the unit surface area in the layered clay.
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Figure 6.7 Schematical representation of a unit squared surface of SWy-1

It is assumed that the charge distribution in the clays is homogeneous and therefore
the unit surface is assumed to be squared. The dimensions of the unit square surface area in
SWy-1 and SHCa-1 are thus (8.4)2 and (8.1)2A2, respectively. The X-ray diffraction studies
of the organo-smectites have showed that the side chains of the organic derivatives must lie
parallel to the clay surfaces. Therefore, the surface area occupied by the cation can be
estimated from the cross-sectional surface area of the caton. The cross-sectional surface
area of the cation can be calculated by measuring the projection surface area of its CPK
molecular model with a flat orientation. The subtraction from 140A2 of twice the value of
the cross-sectional area of the organic cation affords the free surface area per charge of the
organo-clay. For example, the free interlayer surface area of GLY-Et-M is calculated from

the unit charge density of montmorillonite and the cross-sectional surface area of the cation

(60 AZfion):

FSAcLy.Em = 141A%ch - 2 x 60A%ion = 21 A%/ch



However, this calcularion is only valid for the case of organic monocations. More generally,
the free surface area per charge of this organo-clay (FSA, in A2) is given by the following

equation?:

FSA=(nxSAC-2xCSA)/n (6-11)

where FSA is the free surface area of the organo-clay, SAC the surface area per unit charge
of the clay, CSA the cross-sectional surface area of the cation and » the cation charge. The
calculated free surface aiea of the organo-smectites and the gas chromatographic retention
times of CH, and CO, on organo-montmorillonites and organo-hectorites are shown in
Table 6.5 and 6.6.

By comparing the retention times of CH, and CO, with the calculated frec surface
area of the organo-smectites, it appears, in general, that both the retention times of CH,4 and
CO; increase with the increase of free surface area of the organo-smectites. Figure 6.8 and
6.9 show the relatonship between the retention times of CH, and CO, on various
organo-smectite columns and the aluminosilicate surface area not covered by organic

cations (free surface area).
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Figure 6.8 Retention time of methane (a) and carbon dioxide () on a series of

organo-montmorillonites as a function of the free surface area per charge of the

organo-montmorillonite.
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Figure 6.9 Retention time of methane (a) and carbon dioxide (¢) on a series of

organo-hectorites as a function of the free surface area per charge of the organo-hectorite.
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643  Separation mechanisms for organo-smeclites

As mentioned in the beginning of the chapter, the adsorptive gas separation can be
achieved by one of three mechanisms: steric, kinetic or equilibrium effects!?5. There are
several possible chromatographic pathways for the separation of CH,/CO, on the
microporous organo-clays, Firstly, there might be an adsorption of gas molecules to the
alkylammonium chains of the cations. It has already been pointed out that the retention
times for CH, and CO, decrease with an increased size of the cation. This suggests that
sorption on the intercalated cation is not the major pathway. Secondly, an alternate
interpretation for the long retention times of CO, could be a chemical interaction with
residual water molecules on the clay surface. This interpretation can be ruled out since very
short retention times of CO, were observed when the samples were not, or imperfectly,
dried, plausibly because of the decrease of microporosity. Also, the conditioning of the
organo-smectite columns prior to use as chromatographic adsorbent removes the surface
water. Table 6.7 shows the retention times of CO, on a MMDA-M column as a function of
heating temperature and heating times used in the conditioning procedure. As noted, the
retention times of CO, increased with the increase of the heating temperature and time, and
finally the retention times remain constant. This experiment demonstrated that the heating
treatment removed the water retained within the surface of the organo-smectite. Thirdly,
separation of CH,/CO, can occur on the basis of their dimensions or steric configurations
(microsieve effect). However, the increasing sequences for the CH,/CO, retention times are
not in the same order as the increasing molecular diameter of the gases. The microsieve
effects are not dominant in the case of CH,/CO,. Finally, the strong interaction of the CO,
with the siliceous sheets could account for the separation of CHy and CO,. Owing to the
electronic structure of CO,, carbonate could be transiently formed by binding of the carbon
atom to the framework of oxygen or hydroxyl groups, as was shown, for example, for

ion-exchanged zeolites!® or for mica®. The larger the clay surfaces available in the
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organo-clays the stronger is the interaction between the CO, and the clay surfaces,

However, at this stage, we cannot distinguish between the physisorbed and chemisorbed

CO,.
Table 6.7 Retention times of air and CO, as a function of heating temperature and
heating time on a MMDA-M column.
Heating 30°C 60 °C 90°C 90 °C
temperature
Heating tirue 12 hr 3hbr 8 hr 8 hr
tg (air) 0.56 0.86 1.34 1.36
tr (CCy) 13.50 18.58 36.52 36.72

In addition, the retention times of N; and O, were found to be smaller than that of
CH, and no separation for N,/O, was observed so far in the organo-clays columns (Tables
6.1-6.4). The microsieving effects can be seen as one compares the GC results with the
molecular sizes of N, O, and CH,. In these cases, the order of increasing retention time

parallels the order of increasing kinetic diameter of the gases as shown below:

0, N, CH,

 J

Kinedc diameter

Y

Retention time -

For N, and O,, the adsorption/desorption equilibrium processes in the organo-clay are very

similar because of their similar molecular sizes. Therefore, no separation could be achieved
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in these organo-smectites which have a micropore size distribution.

Further evidences for the microsieving effects can be obtained from the retention
values of carbon monoxide. The retention times of CO on various organo-smectites are
given in Table 6.8. The CO retention times were smaller than that of CH,, but larger than
that of N, and O,. It is also noted that the CO retention time increases slightly as the
microporosity of the organo-clays increases. Since CO has a similar kinetic diameter as
nitrogen and oxygen molecules, the retention of CO is close to that of N, and O5. The
relatively larger retention times of CO compared to N, and O, are attributed to the polar
property of CO molecule. These results indicate that microsieving does occur, especially on

the organo-clays with larger microporosity.

Table 6.8 Retention times (min) of CO and CO, on various organo-smectites

at 30°C and He flow rate 25ml/min.

Column tr(Ny, O)) tr(CO) tr(CO9)
LYS-Me-M 0.44 0.56 13.10
LYS-Me-H 1.02 1.02 9.70
ORN-Me-M 0.62 0.62 16.10
ORN-Me-H 0.52 0.63 10.80
TMA-M 1.05 1.45 31.50
TMA-H 0.82 1.14 26.24
MMDA-M 1.36 1.84 36.60
MMDA-H 0.81 1.08 27.34
MDEA-M 1.13 1.64 25.60
MDEA-H 0.65 0.92 25.00
MTETA-M 1.05 1.30 34.50
MTETA-H 0.49 0.67 25.40

So far, it has been shown that the gases such as air, CO, CH, and CO, can be

separated by using organo-smectite columns. Figure 6.10 gives a chromatogram showing
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Retention Time (min)

Figure 6.10  Chromatographic separation of air, CO, CH; and CO, by a
MMDA-montmorillonite column. Colwumns: 3ft x 1/8 in.o.d. Carrier gas: He at 25ml/min,
Column temperature: 30°C hold 4 min. then to 100°C at 10°C/min. Peak identification:

A=air; B=carbon monoxide; C=methane; D=carbon dioxide.
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complete separation of air, CO, CH, and CO, by a MMDA-M column where a temperature
program was used. A good separation of various inorganic gases could be achieved in a
short organo-clay column. Further chromatographic studies on these organo-smectites will

be explored for the separation of C,-C, and Cs-Cq hydrocarbons.

6.44  Separation of C;-C4 and Cs-Cy hydrocarbons by organo-smectites

Separation of C;-C, is important for the petro-chemical industry. Consumption of
energy in the cryogenic separation of the lower hydrocarbons which are formed in many
processes is rather high. This leads to large investment in the processing of these gases by
other technology'*®. Adsorption and membrane separation processes look quite promising
for this purpose. The utilization of organo-clays as chromatographic adsorbents for the
separation of C;-C, hydrocarbons has been reported in the literature in which the retention
times of C,-C,4 hydrocarbons were related to the surface area and the interlamellar distance
of the organo-clay.133:134.137,138,140.141,151

In order to determine the separation efficiency of organo-smectites for C;-C, and
Cs-Cg hydrocarbons, s2veral organo-smectites were used for this study. Usually, the
chromatographic separation was performed in a 3ft x 1/8in. 0.d. column. In some cases, a
very short column, 9in x 1/8in o.d., was used to get a sharp separation for C,-C,
hydrocarbons. Due to the relatively higher molecular weight of hydrocarbons, higher
temperature (140°C) and higher He flow rate (35 ml/min) than those used for CH,/CO,
separation were applied to reduce the retention time of hydrocarbons on these
organo-smectites.

The retention times of C,-C, hydrocarbons on various organo-smectites are shown
in Table 6.9 and Table 6.10. The retention times of hydrocarbons on the organo-clay
columns were observed to be larger than that on the Na-montmorillonite column. No

measurable separation was observed for Na-M column. In contrast, complete separations of
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C)-C4 hydrocarbons were observed in all the organo-smectite columns. In the case of Na-M
column, the interlamellar spaces were inaccessible to the hydrocarbon molecules. As a
result, the hydrocarbon molecules took the external paths and therefore the differences in
the adsorption/desorption processes for various hydrocarbons were not enough to allow
separation to occur. The longer retention times on the organo-clay columns are attributed to
the fact that the hydrocarbons can be adsorbed in the micropores. The retention times of
Cy-C4 hydrocarbons are also seen to increase with the increase of carbon number of the
hydrocarbons. This is illustrated in Figure 6.11, showing the relationship between the
retention time of C;-C4 hydrocarbons on the organo-hectorites and the carbon number of

hydrocarbons. This indicates that microsieving does occur in these organo-clay samples.

Table 6.9 Retention times of C;-C,4 hydrocarbons on various organo-hectorites
at 140°C and He flow 35 ml/min.

Column Spacing(A)| tR(C)) tr(C2) tr(Ca) tr(Cy)
TMA-H 4.6 0.29 2.06 6.14 22.80
LYS-Me-H| 5.0 0.47 2.24 8.38 34.19
ORN-Me-H| 4.8 0.30 1.83 6.88 32.48
MMDA-H 4.7 0.29 1.94 5.87 21.82
MDEA-H 4.9 0.22 1.81 6.50 28.83
MTETA-H| 50 0.17 1.14 4.46 20.38
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Figure 6.11 Retention time of C;-C4 hydrocarbons on various organo-hectorites vs. carbon
number of the hydrotarbons. (1) LYS-Me-hectorite; (2) ORN-Me-hectorite: (3)
MDEA-hectorite; (4) TMA-hectorite; (5) MMDA-hectorite; (6) MTETA-hectorite.
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Table 6.10 Retention times of C,-C, hydrocarbons on various organo-montmorillonites
at 140°C and He flow 35 ml/min (*column temperature 30°C).

Column Spacing(A) tr(Cy) tr(Cy tir(C3) tr(Cy)
Na-M 2.8 0.10 0.10 0.10 0.10
TPP-M* 9.2 0.54 1.10 2.50 7.50
LYS-Me-M 4.6 0.66 2.63 8.30 32.08
ORN-Me-M 4.5 0.35 1.94 6.14 29,31
MMDA-M 4.3 0.33 2,35 6.54 2494
MDEA-M 44 0.37 3.39 12.99 63.20
MTETA-M 5.1 0.28 1.58 5.23 24.30
T™A-M 43 1.64 5.15 --- ---

In the case of TMA-M column, however, much longer retention times for C, and
C, were measured, and the C; and C4 hydrocarbons were totally adsorbed or trapped in the
smectite The dimensions of the micropores in this sample and the cross-sectional

dimensions of C; molecule are estimated as below:

micropore
/ A |‘
NS, o
—»13.5-5.5 Ale— —» g2
TMA-M
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As can be seen, the smaller dimension of the C; molecule is larger than the lower limit of
the micropore dimensions so that the C; molecule is totally trapped in the micropores.
Similarly, C, molecule would be trapped in the micropores. Further evidences can be
obtaind from the retention times of C3/C4 hydrocarbons on the MDEA-M column where
larger retention times were recorded. Again, the dimensions of the micropores in this
sample limit the adsorption/desorption process. This is a good indication of the
microsieving effects for these organo-clays.

Contrary to the case of the CH,/CO, separation, the retention times are smaller in
the cases where a large free interlamella. surface was estimated. This suggests that the
retention parameter of hydrocarbons are correlated to the micropore volume. The
correlation between the retention times of hydrocarbons and the micropore volumes of are
shown in Table 6.11. As can be seen, the retention times of C; and C; hydrocarbons
decrease with an increase of the micropore volume. However, much smaller retention times
of hydrocarbons were observed in TPP-M column in which large amounts of mesopores
were found (Chapter 5). In this case, the C;-C, separation could be achieved at room
temperature as shown in Figure 6.12. This column could be used to separate higher
hydrocarbons {Cs-Cg) due to the larger mesopores (Figure 4.13). Furthermore, a sharp
separation of C;-C4 hydrocarbons could be achieved in a very short MMDA-hectorite

column (9 in. x 1/8 in.0.d.) where a temperature program and higher flow rate were used as

shown in Figure 6.14.
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Figure 6.12 Chromatographic separation of C,-C, hydrocarbons by a TPP-montmorillonite

column. Columns: 3ft x 1/8 in.0.d. Carrier gas: He at 35ml/min. Column temperature: 30°C.

! | I ;|
0 5 10 15

Retention Time (min)
Figure 6.13 Chromatographic separation of Cs-Cg hydrocarbons by a TPP-montmorillonite
column. Columns: 3ft x 1/8 in.o.d. Carrier gas: He at 45mi/min. Column temperature: 90°C

hold 1 min., then to 170°C at 20°C/min.
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Figure 6.14 Chromatographic  separation of C,-C; hydrocarbons by a
MMDA-montmorillonite column. Columns: 9 in. x 1/8 in.o.d. Carrier gas: He at 50 ml/min.

Column temperature: 70°C hold 4min., then to 90°C at 10°C/min.
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6.5 Conclusions

The gas chromatographic separation capacity of organo-smectites containing
different quaternary ammonium cations and quaternary polyammonium cations were
investigated. The microporous organo-smectites proved to be an effective gas-solid
chromatographic adsorbent for gas separations. The separation CH,/CO, is controlled by
the molecular interactions with the clay surface, not by interactions with the polar
substituents of the alkylammonium chain. The shape of the microporous cavities played a
role in reducing the dimensionality of the chromatographic pathways. The height of the
galleries (4.0-5.0A) should be slightly higher than the kinetic diameter of the gases. The
retention times of CHy and CO; on the organo-smectites were related to the microporosity
of the organo-smectites. Microsieving effects were observed in the cases of Ny, O, CO and
C,-C,4 hydrocarbons, in which the increasing retention times were in the same order as the
increasing molecular diameter of the gases. Moreover, it was shown that the retention times
of C,-C4 hydrocarbons on the organo-smectites were controlled by the micropore volumes.
More importantly, the GC results demonstrated that the organo-clays could provide large

flexibility in controlling the pore size for the separation purposes.
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Chapter 7

Gas Permeations in Organo-smectite-Polymeric
Composite Membranes

7.1 Introduction

As described in chapter 6, gas separations are very important industrial processes
which can be achieved by several approaches, including adsorption, cryogenic and
membrane processes. Among these separation methods, membrane separation are viewed as
a simplification of the present technology. Today, gas separation with membranes is widely
accepted in the traditional chemical and petroleum refining industries!®2. A number of
membrane plants are used for the separation of carben dioxide from mixtures with
hydrocarbons in OER processes®. Removal of hydrogen sulfide and carbon dioxide from
natural gas is an ideal application for membranes since both H,S and CO, permeate through
the membrane much faster than methane!®3, Few membrane plants are used for the
separation of nitrogen from air for the inerting process?S,

Membranes are microporous bastiers of polymeric, ceramic or metallic materials,
that can be used in separation processes?®. The driving force for separation of a given
component s provided by differences in hydrostatic pressure across the membrane, The
membranes considered for gas separation are microporous materials or effectively

nonporous materials. The concept of gas separation with a membrane involves taking a
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mixture of gases (A + B) and passing it over a membrane and A (or B) is collected in the
permeate stream while gas B (or A) passes over the thembrane to be collected in the

nonpermeate stream as shown in Figure 7.11%,

permeated stream

A
P2 4
Py
P A__A A__ A A P, unpermeated
! L stream
Feed —»| — Py — > B

(A+B)

Figure 7.1 Schematic representation of a membrane separation system

Membranes may be classified according to their material, morphology and
packaging geometry. There are many types of membrane materials available for the gas
separations. Glassy polymers such as cellulose acetates, polysulfone, polyamides,
polyimides and rubbery polymers such as silicone rubbers, nitrile rubbers are the most
common polymeric materli.als. With respect to the economic standpoint, the membrane must
exhibit high permeability, high selectivity, chemical inermess and mechanical stability.
High permeability and selectivity are required in order to minimize the costs26,
Polydimethylsiloxane (PDMS) is the most permeable of the polymeric materials to the
gases, but shows very low selectivities?5134, In contrast, traditional glassy polymers have
very high selectivities with permeation rates depending on the morphology of the

membranes. Table 7.1 shows the gas selectivities for several different rubbery and glassy
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polymers?526155, An asymmetric membrane which consists of a microporous layer
(100-200pm thick) and a very thin (0.1-1.0um) skin layer provides both high permeation
rates ang high selectivities!38157, The separation of gas mixtures through an asymmetric
membrane occurs in its thin skin rather than in the porous layer such that high permeation
rate and high selectivity result. A pure gas permeability ratio of 200 for CO,/CH, could be
achieved in an asymmetric cellulose acetate membrane!%6, Inorganic membranes have
received much attention in recent years because they have advantages with respect to
organic membranes doe to their chemical and thermal stability and higher
permeability!#+158:159 The separation mechanism is controlled by Knudsen diffusion and
surface diffusion. However, these separations have a relatively low selectivity. Recently, a
separation factor of 65 for CO,/CH, has been obtained in a modified microporous ceramic
membrane!6?, It has been reported that zeolite-polymer membranes could be made by
filling the zeolites into the polymer!®!. The filling of the zeolites caused very large
increases in the diffusion time lag, but would have only minor effects on the steady-state
permeation’®2. The separation of O,/N, was increased from 2.99 to 4.06 by increasing the
silicalite content of 25%'%%. Furthermore, the molecular sieve effect could be seen from the
zeolite-polymer membranes for the separation of gas mixtures!6!. Recently, it was reported
that filling of vermiculite and mica in polymer films resulted in a dramatcal reduction of
gas permeability!%4.

It has been shown in chapter 6 that the microporous organo-clays are able to
separate some gas mixtures via chromatographic route. In order to explore the possibility
whether organo-clay materials can be used as membrane materials for continuous
separation processes, some of the microporous organo-smectiies were: imbedded into
rubbery polymers to make composite membranes. Furthermore, gas permeabilities of these
organo-smectite-polymeric composite membranes were measured and the gas transport

through the microporous organo-clay PDMS composite membranes was studied.,
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Table 7.1 Separation factors of rubbery and glassy polymers

Ideal separation factor a(A/B)
Polymer
O,/N, CO,/CHy

Rubbery polymers
Polydimethylsiloxane 2.1 34
Natural Rubber 3.0 4.4
Butyl Rubber 3.9 6.6

Glassy polymers
Polysulfone -- 28
Cellulose acetate -- 31
Polyimide(6FDA-DAF) i - 51

7.2 Organo-smectite polymeric composiie membranes

It has long been recognized that siloxane polymers, examplified by PDMS
(polydimethylsiloxane), have much higher permeability to gases than most other polymer
materials!*, The uncross-linked polymers are widely used in the manufacture of cosmetics,
food-processing materials, and medicinal preparations!3, They are valued for their lubricity
and their ability to lower surface tension and act as antifoam agents. The rigidity of the
polymers depends on the molecular weight of the silicone. The siloxanes with lower

molecular weight can be cross-linked to increase the molecular weights. Usually, four
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processes are used to cure silicones'®®. In high-temperature vulcanizing (HTV) systems,
polymers containing methyl or vinyl groups are cross-linked with peroxides. In
room-temperature vulcanizing (RTV) systems, two cure methods are used'®S, In the older
methods, silanols are condensed with a moisture-sensitive silane cross-linker, or a metal salt
which catalyzes the reaction between silicon hydrides and silanols. The latter reaction
liberates hydrogen which can be used to produce foamed products. The average polymer for
heat cured rubber has aroud 7000 silicon units in the chain while the average RTV polymer
has around 100 units in the chain. In addition to varying the molecular weight, important
effects can be obtained by varying the structure of the polymer and the nature of the organic
groups attached to the sjlicon atoms. A variety of groups including phenyl, vinyl and
hydrogen can substitute for the methyl group in a silicone. For example, partial substitution
of methyl with phenryl imparts improved high temperature oxidation resistance and also
provides the greatest low temperature flexibility of any silicones, a property that is
important in many low temperature applications, such as those encountered in the aerospace
industry.

There is a wide variety of RTV systems commercially available. The most
common type of RTV system is a one-package silanol condensation curing RTV system.
The polymer in this system is usually a polydimethylsiloxane which is low in molecular
weight and has hydroxyl end groups. A RTV system contains, a usual filler which is used to
increase the strength and resistance to oxidation and hydrolysis, and a crosslinking system.
The crosslinking system contains a trifunctional organosilane such as
methyliriacetoxysilane, methyl-tris(ketoximino)silane, etc., and a catalyst such as
dibutyltindilaurate. This combination of compounds is mixed by the manufacturer angd is
stable until it is exposed to the atmosphere. When exposed, the silane undergoes hydrolysis
with atmospheric moisture and condenses with the polymer in a reaction catalyzed by the

metal soap. Reaction of polymer at the three reactive positions of the silane thus develops
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the crosslinked network needed for the attainment of physical properties approaching those
of heat cured rubber. This type of product has many applications, mostly as sealants,
adhesives and caulking compounds. A second type of RTV system is a two-package silanol
condensation compound which uses a low molecular weight polysiloxane mixed with
fillers. The usual cross-linking system is 2 polyfunctional silane such as ethyl orthosilicate
or a hydrolyzed and condensed version of ethyl orthosilicate, along with a metal soap
catalyst such o5 dibutyltindilaurate, stannous ocroate, etc. In the two-package system, one
package usually consists of polymer and filler mixed with the ethyl orthosilicate. In this
case, the metal soap is the second package and is mixed in shortly before use. Alternatively,
one package may consist of polymer and filler and the other of the orthosilicate and metal
soap catalyst. A recent development is a one part addition cured system in which all the
components are present but which require heat to trigger the reaction. Cure rates in all the
systems are functions of the temperature and time of heating. The following scheme

represents the cross-linking reaction between the silane and the metal salt:

Me Me Me Catalyst Me Me

| I | | |
{Sli—o —Sli —0—?i"“OH] + Ei0-Si= —_— ‘E ?i“"o—?i } + EtOH
Me n

Me Me Me n Me
polydimethylsiloxane Cross-linked poly-
with lower molecular dimethylsiloxane
weight and end OH groups

Figure 7.2 Silicone curing reaction
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Siloxane polymers have much higher permeability to gases than most other
polymer materials. Therefore, these polymers have long been of interest for gas separation
membranes?®!%%. We have shown in the preceding chapters that microporous
organo-smectites have the protential for gas separation. The questions immediately arise:
(1) how can this organo-clay material be imbedded intc the PDMS matrix to form a
composite membrane? (2) how would the organo-clay affect the gas transport in the
organo-clay PDMS composite membrane?

In this study, dried organo-clay materials with size less than 230 mesh were
selected. The details for the preparation of organo-clay PDMS composite membranes are
described in chapter 8. The membrane thickness and organo-clay content ranged from 110
to 140um and from 20 to 45%(w/w), respectively. The space between the clay particles can
be filled with the polymer materjal. The prepared composite membranes were used

immediatcly for permeation experiments without further treatment,

7.3 Pure gas permeation in PDMS and Organo-clay-PDMS membranes

7.3.1  Resistance model through organo-clay PDMS composite membranes

Models describing gas transport through membranes depend on the morphology of
the polymer materials. The solution-diffusion model is frequently used to describe the gas
transport in a rubber polymer, e.g. polydimethylsiloxane (PDMS)?6167.168 This model
postulates that permeation occurs by sorption of the penetrant gas in the membrane,
riolecular diffusion of the gas in and through the membrane, and desorption of the gas a:
the opposite interface. The permeation rate of the gas is a product of a mean diffusion

coefficient and a solubility coefficient:
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P=DS (7-1)

where P is the permeability coetficient, D is the diffusion coefficient. S is the solubility

coefficient. The diffusion coefficient D and solubility coefficient S are given by:

C

D = [/ D{c) dc] / (C,-Cy) (7-2)
|

S= Cz /p2 (7-3)

where C; and C; are the equilibrium concentrations of penetrant dissolved at the two
membrane interfaces when the penetrant pressures at these interfaces are P, and p,,
respectively, and D(c) is the mutual diffusion coefficient for the penetrant/membrane
system. This model assun;cs that the membrane contains no permanent pores through which
gas flow can occur. Free volume model has been also developed to describe the gas
transport in rubbery polymers!$%17, It implies that the permeant diffuses by a cooperative
movement of the permeant and the polymer segments, from one "hole" to the other within
the polymer, the creation of a "hole" caused by fluctuations of local density.

Dual mode sorption model is commonly used in glassy polymers!7!:!72, This model
comprises a sorption isotherm consisting of a dissolved solubility which obeys Henry's law,
and a "hole filling" solubility (molecules residing in microcavities) which obeys the
non-linear Langmuir isotherm. Once again, an assumption that the membrane is essentially
pore free, is made using this model. In contrast, in the case of porous membrane, the gas
transport is described by adsorption on the surface of the pores and transportation due to the
pressure difference through the pores to the permeate side!’>174175, The mechanism

involves simultaneous Knudsen, slip, viscous, and surface flow through the porous
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membranes. The permeation of a given gas mixture through the membrane is explained by
defining an interaction parameter which is evaluated using experimental permeation data.
The interaction parameter depends on the mixture components, their partial pressures and
membrane for permeation of gases.

Another type of membrane is a composite membrane which is made by supporting
a thin separating membrane on a porous substrate to achieve high fluxes!’s. In these
membranes, the coating serves as the separating barrier and the substrate serves only as a
physical support. A simple resistance model for gas transport through composite
membranes was proposed by Henis and Tripodil?”:!78, A new resistance model .alled
Wheatstone bridge model for the wansport of gases through composite membranes that
were prepared by laminating a silicone layer onto the top of a porous polyethersuifone
sublayer was developed recently!™, A resistance model has been also developed t> describe
the pervaporation flux and selectivity for the separation of ethanol/water mixtures with
silicalite-filled silicone rubber!80, However, there is not any report dealing with resistance
model for gas transport through particle filled composite membranes.

In this study, » :omposite membrane is formed upon addidon of microporous
particles into the puiymer matrir. Therefore the gas transport mechanism in these composite
membranes should be different from that in the polymer itself. The resistance model which
was developed by Henis and Tripodi!”"178 is employed here to describe the gas transport
through the organo-clay polymer composite membranes, anu the model is verified by the
experimental permeation data. Aczording to tﬁc resistance model, the gas permeation rate

Q; (cm?/sec) is given by:
Qi=P;Alp;/1 (7-4)

where P; is the gas permeability in cm?. cm/cmz.sec.cml-lg, A is the cross sectional surface
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area of the membrane available for permeation, / is the thickness of the membrane through
which the component permeates and Ap; is the partial pressure difference across the
membrane. An analogy is made between gas permeation and electrical flow, and the various
portions of the composite membrane are described in terms of their resistance to gas
permeation. The relationship describing the permeation of a gas through a membrane is

equivalent to Ohm’s law which describes the current flow through a resistor:
I=V/R (7-5)

where [ is the current, V is the voitage and R is the resistance, The permeation rate Q; is
equated to the current / and the partial pressure difference across the membrane Ap; is

analogous to the driving force for current flow V. Thus equation 7-4 can also be expressed

as:
Q= Ap/R; (7-6)

in which the resistance to psrmeate flow R, is equivalent to the electrical resistance R:

combining 7-4 and 7-6, one obtain 7-7:
The flux Q; is a function of the pressure difference and the resistance of the

membrane against gas transport. Since the transport can occur through both the rubber and

the organo-clay particles, the membrane resistance R; can be described by a combination of

the resistance for both materials:
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R;=Rpppss + Rorg.clay (7-8)

In equation 7-8, Rppys and Ro,g iy Ar€ in series. However, if the organo-clay particles are
impermeable, there is still a transport route around the particles, and this leads to be takea
into account as a third resistance, R, which is in parallel to the Ry, .,y in equation 7-8.
Therefore, the total resistance for organo-clay PDMS composite membrane is composed of
three elements. The membrane resistance is a combination of resistances in series and in

paralell. Therefore the total resistance of the composite membrane is defined as:

(Ry); = (Ry); + (Ra)i(R3)dl(R); + (R3)] = nRy i+ [nR3 R3,; [(Rp i+ R3 )]

(7-9)
where 7 is the number of organo-clay particles along the transport path and (Ry);, (Ra);, (R3);
are the resistances through polymer matrix, around the particle and through the particle,
respectively. Figure 7.3 shows a schematic representation of the cross section of an

organc-clay filled PDMS membrane and its electrical circuit analogue.

+oast 0l HY PR

R,

Organo-clay tilled membrane l

electrical circuit analog

Figure 7.3 Schematic representation of the organo-clay filled PDMS composite membrane
and its electric circuit analogue
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The individual resistances of equation 7-9 can be determined from equation 7-7

where:

R;i=Rppusi=1iP1iAo (7-10)
Ry i =R ppus,i =1a/P2,: Ap (7-11)
R;3;=Rorg.clayi =13/P3i Ac (7-12)

In above equations, /; is the pathlength between the successive clay particles in the
direction of transport, I, is the pathlength through the PDMS around the clay particles, and
I3 is the length of the clay particle. A, is the total membrane area, A, is the area between the
clay particles, and A, is the area perpendicular to the flow as occupied by the clay in a cross
section.

The I; and I; are related to the total thickness / as given below:

nl+nly=1 (7-13)

The pathlength around the clay particles is a function of the clay particle size,
particle geometry and particle orientation. Since we assume that the clay particles are
homogeneous and spherical, the following relation between I, and /; is made:

12 =Nf2 ’3 - (7-14)

The above relation is illustrated in Figure 7.4. By considering the clay particle content (¢.)

in the polymer matrix, the following relations can be made:

nil;=(1-021 (7-15)
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nly=¢ R 1 (7-16)

where ¢, is the organo-clay content in the composite membrane!8%181,

The cross-sectional area, Ag, A, and A can also be related to the organo-clay content ¢

A, =Ag (1-0) (7-17)
A=A, (7-18)

l !2=1U'213

Figure 7.4 Schematic representation of organo-clay particles in the PDMS
membrane and the pathlengths through and around the particles.

By combining all the above equations, the individual resistances and the total

rcsistance across an organo-Clay PDMS composite membrane can be expressed as:

(Ry);=nRy;=(10,5) 11 Pppys;Ag (7-19)
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(Ry); = nRyi= 120, 11 Pppys {1-0)Ag (7-20)
(RJ)t' =hn RJ,:' = ¢c”3 ! "POrg-clay,i 9. Ag (7-21)

(R = (1 AQ(-0.1P) | Pppys, /2 0,11 (Pppys; (1-0+72 Porg.ciay,i 9]
(7-22)

Therefore the component flux is given as a function of the organo-clay content of the

membrane, membrane thickness, and the permeabilities of the membrane constituents:

(@i = Bp Ao/ L(1-0MP) ] Pppys 4172 6 1P1] (Pppags; (10 72 Porg ciay,i 0
(7-23)

From equation 7-4 and 7-22, the total permeability of the organo-clay PDMS composite

membrane can be obtained:

(PY; = 1/ [(1-0.P) 1 Pppys,+ w2 0P | (Pppys; (1-903+ 12 Poyg.ciyi 0.

(7-24)
The permeabilities for polymer matrix Pppyyg; and organo-clay Porg.ciayi can be calculated
by fitting the equation 7-24 on permeation data. It is reasonably assurned that both PDMS
and clay permeabilities are independent of the organo-clay content of the membrane. Also
both permeabilities are average values which can be measured only for the membrane as a
whole, Both permeabilities may vary with the position of the particles inside the membrane.

The model does not account for these variations.

Regarding to the overall resistance (R,);, there are three contributions, (R} (Ry);
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and (R;);, respectively. In the case of a composite membrane which contains impermeable
particles, the overall resistance has only two components, (R;); and (R;); since (Rj); is

infinity. Therefore equation 7-9 becomes:
(Ry); = (Rp)i+ (Ra); = Ry ; + nRy,; (7-25)

In the case of a composite membrane containing lower organo-clay content and medium
microporosity in the organo-clay particles, the overall resistance is governed by three
components (R, ); (Rz); and (R;3);. As the content and the microporosity of the organo-clay in
the composite membrane increase, the resistance component through the organo-clay
particles (R;); becomes smaller and most of the gas transports through the (R3); side. As a
result, the overall resistance through the highly microporous organo-clay PDMS composite
membrane is governed by (R;); and (R;);. Thus the total resistance through the highly

microporous organo-clay PDMS composite membrane is only given by:
(Ry);=(Ry); + (R3);=nR; + nRy; (7-26)

since the term nR;; R; /(Rz; + R;3 ) is approximately equal to nR; ;, if R3; < R, ;.

Therefore the permeability of the organo-clay PDMS composite membrane is a
function of organo-clay content and the microporosity of the organo-clay. From the
experimental permeation data and the calculated permeabilities for both the polymer matrix
and the organo-clay, the total and the individual resistances of the organo-clay filled PDMS

composite membranes can be calculated:

The gas permeability (cm3-cm/cm?-sec-cmHg) is determined by the following

equation:
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P,=0,114p;Ap (7-26)

where the parameters are defined as before.
The ideal selectivity, o, is defined as the ratio of the pure component permeabilities or the

ratio of the component resistances:

(@)j=P{P;=R;/R; (71-27)
(0)ij = (R); 1 (Rp); (7-28)
(o) = (R 1 (R3); (7-29)
()= (Ra); ! (R3); (7-30)

where the parameters in the above equations are defined as before.

7.32  Pure gas permeation in PDMS and organo-clay-PDMS membranes

In order to examine the gas transport through the organo-clay PDMS composite
memirane. six pure gases were used, including He, H,, O,, N,, CH; and CO,. The
experimental details are described in chapter 8. The data collected for all the membranes
were in terms of volume flow rate. This volume rate was corrected to STP and then
converted 1o permeability using equation 7-26. During the experiments it was observed that
at the beginning of permeation the gas permeabilities changed with time. The procedure in
obtaining the volumetric flow rate consisted of setting the feed gas pressure to the desired
pressure and then waiting 1/2 hour before taking the first flow rate measurement. A second
flow rate measurement was taken 15 minutes later and compared with the first. If a
significant difference arose a third flow rate measurement would be taken in another 15
minutes and again compared. This was repeated every 15 minutes until the flow rates were

constant. For the gases, N,, O,, CH, and CO,, the flow rates remained constant after 2
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hours at a given pressure. However, in the cases of H, and He, more than 48 hours were
needed for a constant flow rate to be established. Why He and H, gases take longer than
other gases to reach steady state is not clear at this point.

In the beginning of the study, three organo-montmorillonites filled PDMS
membranes with 20%(w/w) of filler, including TPP-montmorillonite,
LYS-Me-montmorillonite, and MTETA-montmorillonite, as well as 20%(w/w)
Na-montmorillonite filled PDMS membrane were prepared. For comparison purpose, the
PDMS membrane was also prepared in the same way as organo-clay filled PDMS
membranes. The thicknesses of all the organo-clay-PDMS membranes were kept
approximatelly the same. The feed gas pressure was controlled at 110psig (758 KPag) and
the permeation experiments were conducted at room temperature in all the measurements.
All the pure gas permeabiliies for Na-M-PDMS-20, TPP-M-PDMS-20,
LYS-Me-M-PDMS-20 and MTETA-M-PDMS-20 membranes are shown in Table 7.2. The
effect of the presence of organo-clay particles in the PDMS membranes are clearly seen.
Decreases in gas permeabilities were observed in all the clay and the organo-clay filled
PDMS composite membranes compared to the PDMS membrane. It is also noted that the
permeabilities through organo-clay-PDMS membranes depend upon the nature of the gases
and the organo-clays. The kinetic diameters of gases are shown in Table 7.3. With filling of
organo-clay into the PDMS membranes, the permeabilities of "slow” gases (He, Hy, Ny)
decreased greatly, whereas the permeabilities decreased only slightly for "fast” gases (O,
CO,, CH,). Molecular sieving effects are not observed in these organo-clay PDMS
composite membranes, since the decreases in permeabilities d» not depend on the size of
the gases. The gas permeability ratios of PDMS and various organo-clay PDMS composite
membranes are shown in Table 7.4. Increases in the selectivities are observed in al) the
organo-clay PDMS composite membranes as compared to the PDMS membrane. The

maximum permeability ratios achieved for Oy/N;, CHy/N,. CO,/N, and CO,/CH, were 2.5,
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3.5, 14.6 and 4.2, respectively.

Table 7.3 Kinetic (seiving) diameters of penetrants

Gas He Hz 02 N2 CH4 COQ_

Kinetic
diam. (A) 2.6 2.89 3.46 3.64 38 3.3

These results imply that for the low organo-clay content of the gas transport
through the organo-clay PDMS composite membranes is governed mainly by the polymer
matrix. The organo-clay in the composite membranes acts as a barrier to gas permeation.
The addition of organo-clay in PDMS membrane changed the gas permeability as well as
the permeability ratio. However, the gas selectivities in these organo-clay PDMS composite
membranes are still low, presumably due to the low organo-clay content. The selectivity

should be improved by increasing the organo-clay content in the composite membrane.
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733  Pure gas permeability dependence upon the organo-clay conten: in the

LYS-Me-montmorillonite PDMS compositie membianes

An increase of the organo-clay content in the composite membrane should increase
the resistance to the gas transport. Table 7.5 summarizes the permeabilities of Na-M-PDMS
composite membranes and LYS-Me-M-PDMS composite membranes with different clay
and organo-clay contents. As can be seen, the permeabilities decreased as the organo-clay
content increased from 20% to 45% in the composite membranes. The decrease in gas
permeabilities with the increase of the organo-clay content can be attributed to the lower
permeability of the organo-clay compared to the PDMS. Using the resistance model and the
permeability data of LYS-Me-M-PDMS membranes, the permeabillities of the polymer
matrix Pppys; and of the organo-clay particles Pyyg.; can be calculated from equation
7-24, since the data are known for several values of ¢.. Table 7.6 shows the calculated
permeabilities of the polymer matrix and of the organo-clay LYS-Me-M for various gases.
The calculated permeabilities of PDMS are in excellent agreement with the experimental
values, determined in the case of a PDMS membrane. This is a good test of the pertinence
of the model. Table 7.6 indicates that the permeabilities through the LYS-Me-M particles
are lower than that through the polymer matrix. It is also noted that the permeabilities of the
organo-clays for N, and CH, are about four times lower than the permeabilities of the
PDMS polymer, while the permeabilities of organo-clay for O, and CO, are about two
times lower than the permeabilities of the PDMS polymer. This indicates that the
permeability through the LYS-Me-M is strongly dependent upon the size of the gases. From
the calculated Pppys; and Ppys.p; it is possible to calculate the overall resistance and
various resistance components through the composite membranes using equations 7-9, 7-19,
7-20 and 7-21. Table 7.7-7.10 summarizes the calculated resistances to gases Ny, O, CH,

and CO, for various LYS-Me-M-PDMS composite membranes.
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Table 7.6 Calculated permeabilities for PDMS matrix and LYS-Me-M
in LYS-Me-M-PDMS membrane at 758KPag and 23°C.

Component, i

Pppus, i * 10°
(cm3-cm/cm?-s-cmHg)

Pppus, expr X 10°
(cm?-cm/cm?-s-cmHg)

Prysa,ix 107
(cm?-cm/em?-s-cirfg)

N,
0O,
CH,
co,

297
681
987

3821

229
665
951

3717

73
298

216
1792

Table 7.7 Total and individual resistances to N, permeation flow for LYS-Me-M
PDMS composite membranes with different organo-clay content.

Organo-clay PDMS composite membrane

Resistance
(sec-cmHg/cm?) IL
LYS-Me-M-PDMS-20|LYS-Me-M-PDMS-33|LYS-Me-M-PDMS-45
R, 1.74E+4 1.51E+4 1.06E+4
R, 1.64E+4 3.79E+4 5.85E+4
R; 49,93E+4 41.72E+4 31.50E+4
R, 3.33E+4 4.98E+4 5.99E+4
(R, )cxp 6.03E+4 7.66E+4 9.26E+4

176




Table 7.8 Total and individual resistances to O, permeation flow for LYS-Me-
M-PDMS composite membranes with different organo-clay content.

Resistance Organo-clay PDMS composite membrane
(sec-cmHg/em®) | Me.M-PDMS-20 LYS-Mc-M-PDMS-33PLYS-M:—M-PDMSAS
R, 9.60E+3 6.60E+3 4.63E+3
R, 7.18E+3 16.51E+43 25.46E+3
R, 122.3E+3 102.2E43 77.14E43
R, 14.38E+3 20.81E+3 23.77E+3
(R)exp 24.08E+3 31.78E+3 33.95E+3

Table 7.9 Total and individual resistances to CH, permeation flow for LYS-Me-
M-PDMS composite membranes with different organo-clay content.

Resistance Organo-clay PDMS composite membrane
(sec-cmHg/cm?)
LYS-Me-M—PDMS-ZOFLYS-Me-M-PDMS-?B LYS-Me-M-PDMS-45
R, 5.25E+3 4.56E+3 3.20E+3
R, 4.96E+3 11.40E+3 17.58E+3
R4 169.0E+3 141.2E+3 106.6E+3
R, 10.07E+3 15.11E+3 18.29E+3
(Rexp 17.51E+3 23.95E+3 28.57E+3
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Table 7.10 Total and individual resistances to CO; permeation flow for LYS-Me-
M-PDMS composite membranes with different organo-clay content.

Resistance Organo-clay PDMS composite membrane
(sec-cmHg/om®) | v Me M-PDMS-20 LYS-Mc-M-PDMS-33lLYS-Mc~M-PDMS-45
R, 1.36E+3 1.18E+3 0.83E+3
R, 1.28E+3 2.95E+3 4.54E+3
Ry 20.35E+3 17.00E+3 12.84E+3
R, 2.56E+3 3.69E+3 4.18E+3
(Ro)esp 4.26E+3 5.51E+3 5.99E+3

A closer inspection of these tables reveals the path taken by the permeating gas
through the LYS-Me-M-PDMS membranes. The resistances through the LYS-Me-M
material are much larger than the corresponding resistances through the polymer matrix.
This is because the barrier in the pores of the organo-clay is much greater than that in the
polymer matrix. The resistance components, R, R, R; are variable depending on the
organo-clay content. As ;an be seen in the tables, R; and R; decrease while R; increases
with an increasing content of the organo-clay. The decrease in R; is attributed 10 the
progressive decrease of polymer content in the composite membrane. According to the
resistance model, as the organo-clay content increases, the resistance R; increases while the
resistance R through the organo-clay decreases. Gas transport through the Ry side is much
preferable at higher organo-clay content than at lower organo-clay content. As a result, the

contribution of organo-clay in the gas transport becomes greater at higher organo-clay

178



content. As can be seen, the overall resistance R, increased with the increase of organo-clay
content and the permeability through the composite membrane decreased with increasing
organo-clay content. Figures 7.5-7.8 show the plots of various gas permeabilitics of the
composite membranes as a function of the organo-clay contents. The lines are calculated
from the resistance model and the points are experimental data. These figures show that the
resistance model fits well to the observed permeability results.

From the calculated resistance components, it is also possible to calculate the
individual resistance ratios. Table 7.11 and 7.12 show various total and individual resistance
ratios for the gas pairs: CO,/CH,4 and O,/N,, The resistance ratios of LYS-Me-M for O-'N,
and CO,/CH, are 4.1 and 8.3 as compared to 2.3 and 3.9 for PDMS mer: brane,
respectively. However, the overall permeability ratios of LYS-Me-M-PDMS composite
membrane are lower than that of the LYS-Me-M material because of the contribution of the
PDMS matrix. The permeability ratio for CO,/CH, are seen to increase with an increase of
the organo-clay content. As shown previously in Tables 7-7-7.10, the resistance component
R; for LYS-Me-M decreased as the organo-clay content increased and thercfore the
contribution of the LYS-Me-M becomes greater at higher organo-clay content. As a result,
the differences between the total resistances for gas pair O,/N, and CO,/CH, increase since
the selectivities for gases in LYS-Me-M are higher than in the PDMS polymer matrix.

Table 7.13 summarizes the separation factors for various LYS-Me-M-PDMS
membranes. As the organo-clay content increases from 20% 1o 45%, the selectivity for the
gas pairs O/N, and CO,/CH, increases from 2.5 to 2.7 and from 4.1 to 4.8 respectively. In
contrast, the increase of the clay content in Na-M-PDMS composite membranes does not
result in a variation of the gas sclectivities. Further evidence will be obtained from the
permeation results in organo-clay PDMS composite membranes with high microporosity

and high organo-clay contents.
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Table 7.11 Total and individual resistance ratios of LY S-Me-M-PDMS
composite membranes for gas pair O,/N; at 758KFag and 23°C.

Organo-clay PDMS composite membrane
Resistance ratio
LYS-Me-M-PDMS-20|LYS-Me-M-PDMS-33LYS-Me-M-PDMS3-45
oy 2.3 2.3 23
o, 23 23 23
a3 4.1 4.1 4.1
o 23 24 2.5
(0exp 2.5 24 27

Table 7.12 Total and individual resistance ratios of LYS-Me-M-PDMS
composite membranes for gas pair CO,/CH, at 758KPag and 23°C.

Organo-clay PDMS composite membrane
Resistance ratio
LYS-Me-M-PDMS-20|LYS-Me-M-PDMS-33 [LYS-Me-M-PDMS-45
oy 39 39 3.9
o 39 39 3.9
a3 8.3 8.3 8.3
a, 39 4.1 4.4
(Oexp 4.1 43 4.8
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7.34  Pure gas permeation through higher microporous organo-clay PDMS composite
membranes

As  shown  previously (chapter 5), TMA-montmorillonite  and
MMDA-montmorillonite are characterized by a high degree of microporosity. These two
organo-clays were also imbedded into the PDMS polymer and the permeation through these
composite membranes were studied here. The pure gas permeabilities of
LYS-Me-M-PDMS-45, TMA-M-PDMS-45 and MMDA-M-PDMS-45 composite
membranes are shown in Table 7.14. The gas permeabilities of the TMA-M-PDMS-45 and
MMDA-M-PDMS-45 membranes are lower than that of the LYS-Me-M-PDMS-45
membrane. These results are a good indication that the microporosity of the organo-clay
plays a role in the gas transport through the composite membranes.

As mentioned previously, the gas transport through the organo-clay composite
membranes depends upon the microporosity of the organo-clay and the organo-clay content
of the membrane. At higher organo-clay content and higher microporosity, the resistance
through the organo-clay particles decreases and most of the gas transports through the
polymer matrix and the organo-clay particles. In this case, the overall resistance is mainly
controlled by the resistances R; and R;(see p168). The total resistance is therefore the sum
of the above two components. Since the organo-clay content in TMA-M-PDMS-45 and
MMDA-M-PDM$-45 membranes are the same, the resistances R; can be calculated from
equation 7-10 using the Pppys; values which were calculated from the permeability data of
the LYS-Me-M-PDMS membranes of from the values obtained on the PDMS membrane
(see Table 7.6). The overall resistances through TMA-M-PDMS-45 and
MMDA-M-PDMS-45 are calculated from the permeability data. Thus the resistance R
through the highly microporous TMA-M and MMDA-M materials can be calculated by
subtracting the resistance R; from the overall resistance R,. Tables 7.15 and 7.16 summarize

the calculated resistance components to various gases in TMA-M-PDMS-45 and
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MMDA-M-PDMS-45 composite membranes.

Table 7.15 Resistances to various gases for TMA-M-PDMS-45 membrane.

Resistance
N (6] CH CO
(sec-cmHg/emy . 2 2 4 2
R, 8.59E+3 3.74E+3 2.58E+3 0.67E+3
R, 151.9E+3 36.99E+3 41,61E+3 4,74E+3
R, 160.5E+3 40.73E+3 44,19E+3 541E+3

Table 7.16 Resistances to various gases for MMDA-M-PDMS-45 membrane.

Resistance
N QO CH Co
(sec-cmHg/cm?) 2 2 4 2
R, 10.23E+3 4.45E+3 3.07E+3 0.79E+3
R; 100.9E+3 35.90E+3 50.62E- " 5.39E+3
R, 111.1E+3 40.25E+3 53.69E+3 6.18E+3

The resistances through the organo-clay particles are much greater than the

corresponding values for the polymer matrix, indicating that the overall resistance through
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the highly microporous organo-clay composite membrane is mainly controlled by the
resistance of the organo-clay particles. In addition, the permeability sequence for O,/CH, in
the cases of TMA-M-PDMS-45 and MMDA-M-PDMS-45 are reverse as compared to the
LYS-Me-M-PDMS-45 (see Table 7.14). This is a good indication that the gas transport in
highly microporous organo-clay filled PDMS membranes is mainly controlled by the
permeabilities of the organo-clays. From the resistance data, it is possible to calculate the
permeabilities of the TMA-montmorillonite and MMDA-montmorillonite materials. Table
7.17 shows the calculated permeabilities of the three different organo-clay materials,
LYS-Me-M, TMA-M and MMDA-M. As can be seen, the gas permeability of the
organo-clay increases with an increase of the microporosity. The gas permeability sequency

in those organo-clay materials is found to be:
CO;>0,>CH,;> N,

Due to the strong interaction of carbon dioxide with the siliceous surfaces of the
organo-clay which has been shown in the chromatographic studies, CO; is the most
permeable gas in these organo-clay materials. The smaller molecular size of O, accounts for
its higher permeability while the larger molecular size of CH, accounts for the lower
permeabilities. The lower permeability of N in these highly microporous organo-clay filled
PDMS membranes may be attributed to the relatively lower permeation through the

polymer matrix.
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Table 7.17 Pemeabilities of PDMS, LYS-Me-M, TMA-M and MMDA-M.

Gas Permeability x 10'9, cm3-cm/cm?-sec-cmHg
permeaie PDMS LYS-Me-M TMA-M MMDA-M
microporosity 7% 77% 78%
N, 297 73 122 199
0, 682 298 503 561
CH, 987 216 447 399
CO, 3821 1792 3921 3735

Table 7.18 Permeability ratios of CO,/CH, and Oy/N; in organo-clay
PDMS composite membranes at 758 KPag and 23°C,

Permeability Organo-clay PDMS composite membrane
ratio LYS-M-PDMS-45 | TMA-M-PMDS-45|MMDA-M-PDMS-45

a,;(CO,/CHy) 39 3.9 39

a,;(0,/N,) 23 23 2.3
a3(CO,/CHy) 8.3 8.9 9.4
a3{05/N;) 4.1 4.1 28
a,(CO,/CHy) 4.3 8.2 8.7
o,(O4/N,) 2.7 3.9 2.8
OCoxpt {COH/CHy) 4.8 8.2 8.7
Otexpr (O2/N) 2.7 39 28
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Various gas permeability ratios are calculated from the resistance components and
are given in Table 7.18. MMDA-M has the highest permeability ratio for CO,/CH, (9.36)
and TMA-M has the highest permeability ratio for 0,/N,(4.11). Although LYS-Me-M has a
CO,/CH, permeability ratio of 8.30, the overall CO,/CH, permeability ratio in its PDMS
composite membrane (LYS-Me-M-PDMS-45) is only 4.76. However, in the cases of
TMA-M and MMDA-M, the permeability ratios (e,) in their PDMS composite membranes
are close to the (o) values. These results can be explained in terms of the different gas
transport mechanisms within these three organo-clay PDMS composite membranes. In the
LYS-Me-M-PDMS membrane, the gas transport is governed by both the polymer matrix
and the organo-clay particles. In the cases of highly microporous TMA-M and MMDA
filled PDMS membranes, the gas transport is controlled mainly by the organo-clays. The
permeability ratio incrcas;s 10 a maximum level and this maximum level is approximately
the oy value for the organo-clay material. If this maximum level is reached, any addition of
organo-clay into the PDMS polymer actually deters from the gas permeability ratio. In
contrast, if this maximum level is not reached as in the case of LYS-Me-M-PDMS
—c-:;mposite membrane, the increase of organo-clay content enhances the gas permeability
ratio.

The above study implies that the gas transport mechanism through the organo-clay
PDMS composite membrane depends on the various resistance components within the
composite membrane. In Na-montmorillonite PDMS membrane, the total resistance is the
sum of R; and R;. In the case of LYS-Me-M-PDMS membrane in which LYS-Me-M has a
medium microporosity, the total resistance is & combination of three resistance components,
R;, R, and R;. In the highly microporous TMA-M-PDMS and MMDA-M-PDMS
membranes, the total resistance is the sum of R; and R;.

It should be noted that all the above measurements and calculations are based on

the pure gas permeation and if mixed gases were used the actual separation factors would be
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lower!®!, The permeability of a "slow" gas will be reduced in the presence of a "fast" gas
and vice versa. Taking into consideration the mixed gas effect, 1t appears that these
simulations would lead to lower separation than actually predicted. Nevertheless, they still
provide a means of designing a optimum composite membrane for a particular gas pur.
Figure 7.9-7.12 show the gas permeability of the organo-clay PDMS composite membranes
versus the organo-clay microporosity. Figure 7.13 shows the corresponding permeability

ratio as a function of the microporosity of the organo-clay in the composite membrane.

74 Conclusions

Composite membranes with organo-clay material imbedded in cross-linked
polydimethylsiloxane (PDMS) were prepared. The gas permeation results showed that the
gas permeabilities of the organo-clay imbedded PDMS membranes decreased upon addition
of the organo-clay. The pure gas permeability ratio of carbon dioxide and methane gases
could be controlled by the organo-clay contents and the microporosity of the organo-clay in
the membrane. A resistance model was used to describe the gas transport in these
organo-clay PDMS composite membranes. The model permitted the calculation of
permeabilities for both the polymer matrix and the suspended organo-clay particles. Various
resistance components in the organo-clay PDMS composite membranes were also
calculated using the same model. The contribution of each resistance components to the
overall resistance was dependent upon the organo-clay content and the microporosity of the
or;jano-clay. In the case of PDMS membranes filled with an organo-clay characterized by a
low microporosity, the gas permeates through the polymer matrix, around the particles and
through the microporous particles. In the cases of highly microporous organo-clay filled

PDMS membranes, the gas transport permeates preferably through the organo-clay particles
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rather than around the particles. The overall resistance and permeability were shown to be
functions of the content and of the microporosity of the organo-clay and of the size of the
gases. The overall gas permeability of the composite membrane decreased and the
selectivity increased with an increase of the organo-clay content. The higher selectivities for
the gas pairs CO,/CH; and O4N, in TMA-M-PDMS-45 and MMDA-M-PDMS-45
membranes were attributed to the greater contribution of the highly microporous
organo-clay in the composite membranes. The maximum pure gas permeability ratios
achieved for CO,/CH; and O,/N, were 87 and 4.1 in TMA-M-PDMS-45 and
MMDA-M-PDMS-45 membranes as compared to 3.9 and 2.29 which were obtained for

organo-clay free PDMS membranes.
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Chapter 8
Experimental Methods

8.1 Purification of clays

8.1.1  Monmorillonite

The clay material was a source clay from Clay Spur Wyoming U.S.A.(SWy-1)
obtained from the Clay Source Repository, University of Missouri.

Prior to use, the <0.2um fraction was obtained according to the standard
gravitation procedures described by Jackson et al'®® and by Mackenzie!® for the
purification of clay minerals. A suspension of 15g of the crude montmorillonite (SWy-1) in
200ml of water was prepared. To destroy the carbonates, 1N HCl was added until the pH
was reduced to 3.5 and remained at or near that value for 10 minutes. The mixture was then
centrifuged, the clear supernatant discarded and the sediment washed with HCI (pH 3.5) to
remove soluble salts and exchangeable basic cations. After a second cenwuifugation, the
sediment was redispersed in 200ml of water, the suspension pH was adjusted to 8.0 with
0.1IN NaOH and the suspension was covered and allowed to stand overnight. It was then
transferred to a 600m! beaker marked 10 cm from the inside bottom. Water was added to
the mark. The suspension was sonified for 15 minutes and it was then stirred overnight.

The <0.2um fraction of the clay was then separated by gravitation. After standing
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undisturbed and free from vibrations ovemnight, the suspension above the sediment was
siphoned off and poured into a large vessel. Water was added to the sediment up to the mark
and the sediment was redispersed. The suspension temperature was taken and it was
allowed to stand for the length of time needed for all particles larger than 0.2um to deposit
at the bottom of the beaker!®3(6 hours in our case). The suspension above the sediment was
then siphoned off and combined with the one siphoned off previously. This was repeated
until the supernatant liquid became clear after the 6 hours waiting period. The siphoned
suspension that contained all the <0.2um clay was sonified for 15 minutes and then
acidified to pH 3.5 with 1IN HCIl and 75 ml of a saturated NaCl solution was added to
prepare the homoionic <0.2um Na*-montmorillonite. This caused the flocculation of the
suspension. Most of the clear supernatant could then be siphoned off and discarded. The
suspension was transferred into a dialysis tubing and it was placed in a large bath with
deionized water (dialysis: membranes spectrapor, molecular weight cutoff=3500). The
water was replaced regularly until a negative CI" ion test in the suspension was achieved (at
least 1 week ). The sediment was then freeze-dried for 3 days or was dried by direct heating.
The freezed-dried samples were used for the adsorption experiments and the samples dried

by heating was used for chiromatographic experiments and membrane preparation.

8.12  Hectorite

The hectorite used was from San Bernardino country California U.S.A, HSCa-1
and was obtained from the Clay Source Repository, University of Missouri. The crude
sample contained a large amount of carbonate impurities which could be removed by
acidification with IN HCl as described above. The <2.0um homoionic Na*-hectorite

samples were prepared by the same conventional techniques using gravitations and

saturated NaCl solutions of the cations as before (section 8.1.1).
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8.1.3  Pariicle size analysis

The <0.2um fraction of the homoionic Na*-montmorillonite and <2.0pm
Na*-hectorite were checked by particle size analysis using a Sedigraph 5100 insaument. 2%
suspension solution of the clay (2g/50ml of sodium metaphosphate 0.5%, temperature
34,5°C) was prepared and then transfered into a cell. The density of montmorillonite and

hectorite were 2.54g/cm?> and 2.81g/cm? respectively!®3,

8.2 Synthesis of methyl quaternarized ammonium cations

8.2.1  Tetraalkyl ammonium and phosphonium cations
Tetramethyl ammonium iodide (TMA) and tetraphenyl phosphonium bromide
(TPP) were obtained from Aldrich and were used in all the expereiments without further

purification.
8.22  Preparation of methyl quaternarized amino methyl ester cations

822.1 Esterification of amino acids>®

10g of amino acid (glycine, L-lysine, L-ornithine) was dissolved into a mixture
containing 5 ml of SOCI; and 100 ml of MeOH at 10°C. The mixture was refluxed for 1.5
hours. The mixture was then cooled to room temperature and the product was isolated by
crystallization after standing overnight. The crystals were filtered in suction and were dried
under vacuum at 60°C for 6 hours. The product was recrystallized in a mixwre of McOH

and diethyl ether (1:1) and 12.2g of methyl amino ester was obtained (total yield: 85%).
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8222 Quaternarization®’
650mg of amino methyl ester and 3g of NaHCO; were added into a mixture of

8mi of Mel and 50 ml of MeOH. The mixture was stirred for 3 days and then 2ml of Mel
was added. Stirring was continued for another 2 days. The reaction mixture was filtered into
a flask and the excess Mel and the solvent were removed by vacuum rotary distillation. A
solid was formed in the flask and the product was dissolved in 20 m! of MeOH again. The
product was crystallized by adding 10 ml of diethyl ether into the mixture. Recrystallization
in MeOH and diethyl ether (1:1) gave 620mg of the final methyl quaternarized amino
methyl ester (total yield: >80%).

By this method, the trimethylated derivatives of glysine ethyl ester iodide
(GLY-Et*), L-lysine methyl ester diiodide (LYS-Me¢2*l,") and L-ornithine methyl ester
(ORN-Me?*1,) diiodide were prepared.

Tri-methylated derivative of lysine methyl ester:

MP: 205-207°C;

1H NMR, 8ppm (D,0): 1.80(m, 2H, ¥-CH,), 2.3(m, 2H, §-CH,), 2.5(m, 2H, B-CH,), 3.50(s,
9H, (CH;);N(CH,),-), 3.65(s, 9H, (CH;);NCH-), 3.80(t, 2H, ¢-CH,), 4.30(s, 3H, COOCH,),
4.70{(m, 1H, o-CH); '

13C NMR, &ppm (D,0): 24.38(3-CH,), 24.62(y-CH,), 28.41(B-CHj), 55.26(a-(CH;3;;N),
55.80(e-(CH,)3N), 57.0(-OCH,;), 68.44(e-CH,), 76.82(a-CH,), 170.5(-CQO);

IR(cm!): 3200-2900(s, CH, str.), 1750(s, C=0, ester, str.), 1250(m, C-N, str.);

MS analysis (m/e): 373.2(M*I, 46%), 245.3(M*-2I-1, 15.4), 314.1(M*-I-COOCH,,
10.5%), 185.1(M*-2I-COOCH;-2H, 95.5).

Elemental analysis: C;3H3gN,05l,. Calculated: C 31.26%, H 6.06%, N 5.61% O 6.24%;
Analysis: C31.36%, H 6.04%, N 5.60%, O 7.37%.
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823  Preparation of methyl quaternarized polyammonium cations’

823.1 Preparation of methy! quaternarized merhane diamine diiodide

A solution of tetramethyl methane diamine (5g, 40mmol) and 30ml of EtOH was
added slowly with Mel(13g, 92mmol) and the mixture was stirred for 1 hour. The mixture
was then heated at 90°C for 3 hours and then the mixture was standed overnight. Solids
formed in the solution and filtration gave 8.0g of methyl quaternarized methane diamine
diiodide (MMDAZ*T>,) (yield: 78%).
'H NMR, §ppm (D,0): 3.85(s, 18H, 2(CH,);N"), 4.30(s, 2H, -CH;-);
13C NMR, 8ppm (D,0): 58.0((CH3)3N-), 60.5(CH,);
MS analysis, m/e (fragment, intensity%): 132.9(M*-2I, 53.4), 327.2(M*-Me;3N, 1.4),

8232 Preparation of methyl quaternarized ethylene diamine diiodide

A solution of tetramethyl ethylene diamine (5g, 40mmol) and 30ml of EtOH was
added slowly with MeI(13g, 92mmol) and was stirred for 1 hour. The mixture was then
heated at 90°% for 3 hours and then the mixture was standed overnight. Solids formed in the
solution and filtration gave 8.0g of methyl quaternarized ecthylene diamine diiodide
(MEDA?T,) (yield: 80%).
TH NMR, 8ppm {D,0): 3.45(s, 18H, 2(CH,);N*-), 4.08(t, 4H, -CH,CH,-);
13C NMR, $ppm (D,0): 45.42((CH;)3N-), 57.20(CH,CH,).

8233 Preparation of NNN'.N'-tetramethyl-N.N'-bis [2-N,N,N-trimethylamine
ethyl]-1,2-ethanediaminet tetraiodide

A mixture of tetraamine(4.8g, 21mmol), Mel(6.5g, 46mmol), and 30ml of EtOH
was heated with stirring at 90°% for 3 hours and then allowed to stand overnight. Filtration

gave 10.3g of yellow-white solid, which was partially quatemarized. A 4.6g (20mmol)
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sample was combined with 14.2g(20mmol) of Mel in 30ml of EtOH and 50ml of distilled
water was added. The solution was refluxed for 2 hours. 20 ml of EtOH was added and
reflux was continued for another 3 hours. The mixture was allowed to stand overnight at
25%. Filration gave 7.8 of white powder, N,N,N'N'.tetramethyl-N,N-bis
[2-N,N,N-tri-methylamine ethyl]-1,2-ethane diamine tetraiodide (MTETA‘“L,') (total
yield:49%).

MP: 203-205°C (literature: 198°C);

'H NMR, Sppm (D,0): 3.39(s, 18H, (CH;);N*-), 3.51(s, 12H, (CH;),N=), 4.33(m, 12H,
-CH,CH5-);

13C NMR, &ppm (D;0): 55.30((CHs);N=), 57.55((CHs);N*-), 60.60(MesN*CH;-),
61.17(-CH,N*Me,), 61.48(-N*Me,CH,CH,N*Me,-);

MS analysis (m/e): 671.0M*-I', 1.7), 544.2(M*-2I, 0.2), 417.2(M*-3I', 0.2), 289.1(M*-4I",
1.7), 241.2(M*-4I'-3CH3-2H, 59.7).

8.24  Preparation of organo-clay samples

The prepared quaternarized amino acid ester derivatives and the quaternarized
polyamine derivatives as well as the tetraalkyl ammonium (phosphonium) cations were
incorporated into the interlamellar spaces of Na-montmorillonite and Na-hectorite at full
cationic exchange capacity (cec; 8745 mequiv./100g of clay). The quaternarized derivatives
and the tetraalkyl ammonium (phosphonium) (87 mequiv) were dissolved in distilled water
and then 100g of clay was added into the solution. The mixture was stirred for overnight for
complete exchange and the mixture was filtered. The resulted organo-clay was then dried
under vacuum at 60°C overnight. Abbreviations used for the quaternarized and esterified

amino acid derivatives and other quaternarized derivatives are shown in the following 1able.
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8.3 Adsorption measurements
83.1  Colorimetric method®

8.3.1.1 Preparation of standard methyl quaternarized ammonium cation solutions

A series of standard solutions of LYS-Me2*, ORN-MeZ*, TMA*, MMDAZ2* and
MEDA?* with different concentrations rangeing from 1.0x10°m to 1.4x10“M were
prepared in distilled water.

Sml of each standard solution, Sml of chloroform and 2ml of bromocresol green
solution (10%, w/w in water) were mixed and the mixture was then shaked for 3 minutes in
a closed separating funnel. The mixture was then allowed to stand for a few minutes and
two layers were observed. The chloroform layer was separated and was transfered into a
UV cell for absorbance measurement. By measuring the absorbance at 415.5nm of solutions
with diffferent concentrations, the relation between the amount of cations and the

absorbance was made.

8.3.1.2 Determination of the amount of methy! quaternarized ammoium cations
adsorbed by the clays

In order to determine the amount of methyl quaternarized LYS-Me?* cations
adsorbed by <0.2um Na*-montmorillonite and <2.0um Na*hectorite, 50mg of clay was
dispersed in 50ml of distilled water and 50ml of a solution of methyl quatemarized
LYS-Me?* cation (concentrations: from 1.0x10% to 2.0x10*M) was added. The mixture
was stirred ovemight and then centrifuged for one hour. The solid was kept for further use.
The supernatant solution was taken and was diluted 10 times with distilled water. 5ml of
this diluted solution, 5ml of chloroform and 2ml of bromo-cresol green solution (10% in

water) were mixed. The concentration of the cation remaining in the supernatant solution
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was determined by measuring its absorbance at 415.5nm. The amount of cation adsorbed by
the clay was determined from the difference of the concentration of the original solution
and of the supernatant solution after adsorption by the clays.

The same precedure was used to determine the amounts of other cations (TMA*,
ORN-Me?*, MMDA?* and MDEA?*) ndsorbed by the clays using their absorbances at
415.5nm after mixing with the standard bromo-cresol green soiution (10% in water).

The instrument used for the UV-Vis spectroscopic measurements was a
UVGILFORD model.

832  Sodium electrode method®®

A series of standard solutions with different Na* concentration were prepared
(from 1.0x10%M to 1.2x10°*M) and the voltages of these standard solutions were measured
in a PH/ion meter Coming 155 using a sodium electrode (Coming 476210) and a reference
electrode (Corning 476370). The relationship between the concentraion of the Na* and the
voltage was obtained from the measurements of the standard solution.

The amount of Na* ions of the clay replaced by the methyl quaternarized
ammonium (phosphonium) cations was determined by difference between the original
solution and the supernatant solution of the clays exchanged with the cations. The
adsorption amounts of TPP* and MTETA®* cations by the clays (Na*montmorillonite and

Na*-hectorite) were measured by this method.
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8.4 X-ray diffraction and Scanning electron microscopy

84.1  Preparation of samples
84.1.1 Na-montmorillonite and Na-hectorite

Oriented samples of clays were prepared as followed: A suspension of <0.2um
Na-montmorillonite or <2.0um Na-hectorite was prepared (40mg in 2ml of distilled water).
The dispersion solution was then pipetted onto a fine glass microscope slide. The dispersion

was allowed to dry in atmosphere overnight.

84.1.2 Clays exchanged with methyl quaternarized ammonium (phosphonium)
cations

The <230 mesh samples of organo-clay were selected by a mini-seive and the
sample was dispersed in distilled water(40mg in 2ml of water). The suspension solution was
sonified for 10 minutes and then pipetted onto a glass microscope slide. The dispersion was

allowed to dry in atmosphere,

842  X-raydiffraction spectrum

The oriented films were recorded in a Philis PW 1050/81 Medel X-Ray
diffractrometer using Cu ka x-radiation in Dr. Chao’s laboratory at Carleton University.
The x-ray diffraction p.t'merns for different clays and clays exchanged with methyl
quaternarized ammonium (phosphonium) cations were examined in order to measure the

changes in dgg, of the clays.
843  Scanning electron microscopy

The samples for SEM were prepared by deposition of clay particles on a support

with carbon suspension to order to stick the clay particles and to assure the electron
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conductivity.
The SEM measurement were taken on a Nanobabs 7 scanning electron microscopy

in the department of chemistry of the university of Ottawa. The energy of the electron was

15kv.

8.5  Measurements of BET surface area, external surface area and pore size

distribution

All the N, adsorption and desorption measurements were performed in
OMNISORP 100 analyzer in the laboratory of Professor S. Kaliaguine, Department of
Chemistry, Lava University. A schematic of the apparatus is presented in Figure 8.1, The
instrument introduced the adsorbate gas continuously to the sample through a mass flow
controller. The temperature of the sample is maintained at liquid nitrogen temperatures
(77K) throughout the process. The rate of gas flow was maintained constant (better than
1%) throughout the adsorption and desorption experiments. The volume of gas adsorbed
was calculated by intergrating the flow rate over time and subtracting the predetermined
dead volume. Continuous precision measurements of p and p, were made and each p/pg
isotherm data point was computed using an average of these readings. The continuous
volumetric method provided a superior data base for surface area calculations, t-plot
analysis, pore volume and pore size dsitribution information. TMA-M, LYS-Me-M,
GLY-Et-M, MMDA-M, MMDA-H and TPP-M were used for microporosity studies and the
particle size of the organo-clays were between 60-120 mesh. For the measurement of
nitrogen adsorption isotherms, the samples were dried in an oven at 90°C overnight under
vacuum, Before the adsorption and desorption measurement was conducted, the samples

were outgassed for 3 hours at 150°C at 104-103 torr. A dewar flask containing liquid
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Figure 8.1 N, continuous adsorption apparatus (taken
from the manual of OMINSORP 100)
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nitrogen was placed around the sample tube; the level of nitrogen was kept constant by
periodically replacing the liquid lost by evaporation.

The dead volume was determined by helium, the measurement was automatically
conducted by the use of a computer. Helium was withdrawn from the apparatus, the sample
was outgassed under vacuum until the vacuum was close to 10 torr. Then an nitrogen
adsorption followed by desorption was performed. The volume adsorbed or desorbed by the
sample and the relative pressures were recorded. The calculation from the adsorption and
desorption data gave adsorption/desorption isotherms, BET surfaces, external surfaces,
micropore volume, meso{macro)pore volume, micropore size distribution and

meso(macro)pore size distribution (see chapter 5).

8.6 Gas chromatographic experiments

8.6.1  Column preparation

Several organo-clays were chosen as the packing materials for the gas
chromatographic studies. They were TMA-M, TMA-H, TPP-M, GLY-Et-M, LYS-Me-M,
LYS-Me-H, ORN-Me-M, ORN-Me-H, MMDA-M, MMDA-H, MEDA-M, MEDA-H,
MTETA-M and MTETA-H. All the organo-clays samples were prepared on full loading
(100% cec) of the clay as described in section 8.2.4.

The dried samples were grounded and size fractioned in a mini-sieve. The 60-120
mesh particles were chosen for column packing and were dried in an oven under vacuum at
90°C overnight. The columns were prepared from stainless steel tubing with outer diameter
1/8 in. The columns were packed with the prepared organo-clays (60-120 mesh) by pouring
the organo-clays into the straight tubing while it was vibrated all the time. The filled

columns were stopped with glass wool and were bent into coiling shape. The colurin
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lengths were 3 ft. long in most the cases and 9 in. long in some cases.
8.62  Gas chromatographic experiments

8.6.2.1 Conditions of the gas chromatograph
The GC instrument used in this work was a GOW-MAC Model 69-550P with a
thermal conductivity detector and a SP4270 chromatography integrator. Gas tight syringe
was used for gas sampling. All the gases were supplied by Air Products with purity 99.8%
or better.
The packed columns prepared as above were installed in the oven of the GC
instrument and were conditioned at 90°C for 9 hours with carrier gas He at a flow rate 25

ml/min.

862.2 Separation of CHy and CO,

Pure gases CHy, CO,, and, gas mixture of air, CH, and CO, were used in these
experiments. The column temperature was controlled at 30°C and the injector temperature
and the detector temperature were 35°C and 45°C respectively. He was used as carrier gas

with a flow rate at 25 m}/min in all the cases.

8623 Separation of gas mixture of H,, N5, 05, CO, CHy and CO,

The same conditions were used as described in section 8.6.2.2.

8624 Separation of C;-C4 and Cs-Cg hydrocarbons
Both column ti:'mpcraturcs 30°C and 140°C were used. In some cases, a
temperature program was also used in which the column temperature was initiated at 30°C

and raised to 140°C with a rate of 10°C/min. The detector temperature and injector

207



temperature were 175°C and 160°C respectively. The flow rate of carrier gas was controlled

at 35 ml/min in all cases.

8.7 Preparation of organo-clay-polymeric membranes and pure gas permeation

experiments

8.7.1  Preparation of PDMS membranes!®!

The silicone rubber (polydimethylsiloxane, PDMS) membranes were prepared
from RTV615B and RTV615 curing agent which were obtained from General Electric
without further purification. 8.0g of RTV615B and 0.8g of RTV615B curing agent (10%)
were mixed together. After stirring for 2 hours the mixture resulted in a paste. The paste
was mechanically cast on a glass plate. The film was cured on the plate at 70°C for 16 hours
and the thickness of the membrane was 110-120um. The finished membranes were cut into

a coupon in shape and were used immediately for pure gas permeation measurements.

8.72 Preparation oy Organo-clay PDMS composite membranes

8.0g of RTV615B, 0.8g of curing agent and 2.2g (20% wt) of organo-clay powder
(<230 mesh) were put together and were throughly mixed in a flask and stirred for 2 hr.
Then the mixture was cast on a glass plate and the film was cured on the plate at 70° for 16
hours to assure complete crosslinking. The membrane thickness was 100-140um.

By this method, organo-clay-PDMS composite membranes were prepared with 33%
and 45% organo-clay respectively. In the case of the 45% organo-clay-PDMS membranes, 1

ml of hexanes was added into the mixture of organo-clay and PDMS polymer in order to make

a polymer solution.

208




8.7.3  Pure gas permeation experiments

A schematic diagram of the experimental apparatus of a single permeation cell are
shown in Figure 8.2. Before placing the coupon into the permeation cell both the O-rings
and surfaces that contacted with the membrace were cleaned using ethanol. The coupon was
placed on top of a filter paper and both were attached with four small pieces of tape to the
bottom flange of the cell. The membrane skin was left exposed to the gas feed, which
entered from the top of the cell. The bottom flange was then fastened to the rest of the cell
with six bolts. This porcedure was performed for all three cells. Helium gas was then passed
through the apparatus at 100 psig and all fittings were checked for leaks using a solution of
soap water. Flow rates were checked to ensure that none of the coupons were broken. A
broken coupon exhibits very high permeation rates that were both measurable with the
bubble meters.

The steady-state permeation rates at different operating pressures (recorded as psig,
but converted to kPag) were measured at room temperature and pressure with a bubble flow
meter. All gases werc supplied by Air Products with a purity of 99.9% or better. The
experimental data collected as volume flow rate for different gases was first corrected to
s.andard temperature and pressure, and then converted to permeability data
(cm*cm/cm?-sec-cmHg). The effective area of the membrane used for the permeation
sudies was 9.62 cm?, All membranes were tested with the gases in the following order: He,
H,, N,, 0,, CH, and CO,. After this sequence was completed the membrane was retested
with He gas to ensure that membrane performance did not change significantly during the
sequence. Once the experiments for one gas were completed, the membranes were icit to
relax for 24 hours, after which time another gas would be employed. The entire apparatus
was flushed several times with this new gas. The operating pressure and the temperature
were 110psi and 23°C for PDMS and PDMS-organo-clay membranes. In each experiment

the membranes were kept under the operating pressure for at least 2 hours before the first
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reading was taken. Atmospheric temperature and pressure were recorded daily while the

experiment was in operation.
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Figure 8.2 Schematic diagram of permeation apparatus.
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