Synthesis and Characterization of Nanoclays
for Polymeric Nanocomposites, Paints and

Adsorption Applications

Thesis Submitted to

BHAVNAGAR UNIVERSITY

For the Degree of

Doctor of Philosophy

In

CHEMISTRY

By

PATEL HASMUKH ARJAN

Under the Guidance of

Dr.R. V. Jasra & Dr. H. C. Bajaj
Discipline of Inorganic Materials and Catalysis
Central Salt & Marine Chemicals Research Institute

Bhavnagar - 364 002, Gujarat, INDIA

MARCH 2008



CANDIDATE’S STATEMENT

I hereby declare that the worK incorporated in the present thesis is original and
has not submitted to any University/Institution for the award of a Diploma or a
Degree. I further declare that the results presented in the thesis and the consideration
made therein, contribute in general to the advancement of kRnowledge in science and in
particular to entitled ‘Synthesis and Characterization of Nanoclays for Polymeric

Nanocomposites, Paints and Adsorption Applications”.

Signature of the candidate
Place: Bhavnagar

Date: 24.03.2008 (HAsSMUKH A. PATEL)



H=T ATk F ST AT STTOETT ST
FISTTE 99ehT A7, 9Ea7T3- 368 oo

Lo CENTRAL SALT & MARINE CHEMICALS RESEARCH INSTITUTE
(Council of Scientific &Industrial Research)
Gijubhai Badheka Marg, Bhavnagar 364 002, Gujarat, India

CERTIFICATE BY THE GUIDE

This is to certify that the contents of the thesis entitled “SYNTHESIS AND
CHARACTERIZATION OF NANOCLAYS FOR POLYMERIC NANOCOMPOSITES,

PAINTS AND ADSORPTION APPLICATIONS” are the original research work of
Patel Hasmukh Arjan carried out under my supervision. | further certify that the work
has not been submitted either partly or fully to any other University or Institution for the

award of any degree.

Signature of Ph.D. Guide
Place: Bhavnagar

Date: 24.03.2008 (Dr. R. V. JASRA)



H=T ATk F ST AT STTOETT ST
FISTTE 99ehT A7, 9Ea7T3- 368 oo

Lo CENTRAL SALT & MARINE CHEMICALS RESEARCH INSTITUTE
(Council of Scientific &Industrial Research)
Gijubhai Badheka Marg, Bhavnagar 364 002, Gujarat, India

CERTIFICATE BY THE CO-GUIDE

This is to certify that the contents of the thesis entitled “SYNTHESIS AND
CHARACTERIZATION OF NANOCLAYS FOR POLYMERIC NANOCOMPOSITES,

PAINTS AND ADSORPTION APPLICATIONS” are the original research work of
Patel Hasmukh Arjan carried out under my supervision. | further certify that the work
has not been submitted either partly or fully to any other University or Institution for the

award of any degree.

Signature of Ph.D. Co-guide
Place: Bhavnagar

Date: 24.03.2008 (Dr. H. C. BAJAY)



DEdicatedlto
VIyAleacherstant
HovatialRamilyi



ACKNOWLEDGEMENTS

I would like to express my gratitude to my advisor Dr. Raksh V. Jasra for
exposing me to the field of nanoclays. He has not just guided me in the scientific
problems, but has always taken extra efforts to shape my approach towards research. He
always has been a perfectionist and a good critic to bring this thesis in its present form. I
learnt a great deal from interacting with him.

I would also like to express my sincere thanks to my co-adviser Dr. Hari C. Bajaj
for his unwavering help, support and encouragement throughout the course. His steady
counsel and good humored exhortation to try harder have been an incentive to me to
better myself.

It is my honor to acknowledge Dr. P. K. Ghosh, The Director, CSMCRI for giving
me an opportunity to work in CSMCRI.

I would like to thank Dr. R. S. Somani, Dr. H. M Mody, Dr. ]. G. Bhat, Dr. A. B.
Boricha and Dr. R. J. Tayade for many useful discussions, encouragement and valuable
suggestions. I would also like to thank Dr. Chintansinh Chudasama, Dr. Jince Sebastian,
Dr. Vivek Shrivastav, Dr. Dharmesh Parmar, Mr. Kartik Patel, Mr. Niraj Vyas, Mr.
Hemal Ranpara Mrs. Dipti Ranpara, Mr. Sunil A. P.,, Mr. Summit Sharma and Mr.
Kalpesh Sidhpuria, for their help in early stages of my research at CSMCRI.

I would like to thank Dr. R. S. Shukla, Dr. S. H. R. Abdi, Dr. R. I. Kureshi, Dr. N.
H. Khan, Dr. S. Kannan, Dr, Beena Tyagi, Dr. S. D. Bhat, Mr. Chunawala, Mr. P. G. M.
Pillai, Mr. J. M. Parmar, Mr. B. B. Parmar, Mr. A. H. Lakhani for their kind cooperation. I
am also thankful to Mr. Atul Shah and Mr. Mehul Bhat for helping me in

correspondence with the University.



I would also like to thank my colleagues Ghanshyam, Kunal, Manu, Jinka,
Mallikarjun, Pravin, Sumit, Radheshyam, Munir, Bhavesh, Renjith, Kannan, Achut,
Kavita, Vishal, Pravin, Prashant, Ulka, Santosh, Basha, Churchil, Phani, Manish, Govind,
Dangi, Sudeesh, Jayapratap, Jinesh, Manoj, Murugan, Amit, Shaji, Pramod Makavana,
Jignesh Shukla and all.

I am also thankful to people working in the analytical discipline especially, Mrs.
Pragnaben Bhat, Dr. Jagan Mohan, Mr. Chandrakant, Mr. Vinod Boricha, Viral and Mr.
Vinod Agrawal.

I am deeply indebted to people who have made my stay here at CSMCRI so
rewarding, both professionally and otherwise. The nature of scientific research with its
peaks and nadirs brings with it a unique set of problems and solutions, but I have been
exceptionally fortunate in finding so many people who looked out for me and guided
me.

I acknowledge the financial assistance from Reliance Industries Ltd., Mumbai
under the sponsored project entitled “PP Nanocomposites” in collaboration with
National Chemical Laboratory, Pune.

Last but not the least I heartily thankful to my beloved wife Deepal Patel, my

parent and Kovadia Family for their continuous encouragements.

HAsSMUKH A. PATEL



CONTENTS

Introduction

1.1. Clay minerals
1.1.1. Geology and occurrence of smectites
1.1.2. Composition and structure of smectites
1.1.3. Purification of bentonites
1.1.4. Montmorillonite - water interaction

1.1.5. Nanoclays

1.1.6. Characterization techniques for nanoclays

1.2. Polymer nanocomposites
1.2.1. Methodology
1.2.1.1. Solution induced intercalation
1.2.1.2. In situ polymerization method

1.2.1.3. Melt intercalation method

1.2.2. Types of nanocomposites and characterization techniques

1.3. Nanoclays as rheological modifiers in paints
1.4. Nanoclays for adsorption of toxic molecules
1.5. Nanoclays for supporting metal nanoparticles
References
Beneficiation of Indian bentonites
2.1. Introduction
2.2. Experimental section

2.2.1. Materials

2.2.2. Determination of chemical composition

11

13

16

20

20

21

21

22

25

30

33

37

43 - 69

44

45

45

45



2.2.3. Cation exchange capacity
2.2.4. Beneficiation of bentonite by sedimentation
2.2.5. Chemical treatment of purified bentonite
2.2.6. Characterization
2.3. Results and discussion
2.3.1. Sedimentation of Indian bentonite
2.3.1.1. FTIR and PXRD study of raw and purified bentonites
2.3.2. Chemical treatment of purified bentonite
2.3.2.1. PXRD studies of chemically treated bentonite
References
Synthesis and characterization of nanoclays
3.1. Introduction
3.2. Experimental section
3.2.1. Materials
3.2.2. Synthesis of nanoclay using ammonium salts
3.2.3. Synthesis of nanoclay using phosphonium salts
3.2.4. Characterization
3.3. Results and discussion (quaternary ammonium based nanoclays)
3.3.1. Effect of reaction parameters on properties of nanoclays
3.3.1.1. Effect of reaction temperature
3.3.1.2. Effect of clay concentration
3.3.1.3. Effect of organic modifier
3.3.1.4. Effect of concentration of organic modifier
3.3.1.5. Thermal stability of nanoclays based on ammonium salts

3.4. Results and discussions (phosphonium based nanoclays)

46

48

48

49

50

50

54

60

64

67

70 - 96

71

72

72

73

74

74

75

75

75

79

80

81

83

84



3.4.1. FTIR study of phosphonium based nanoclays 84

3.4.2. PXRD study of phosphonium based nanoclays 86
3.4.3. Particle size distribution of phosphonium based nanoclays 88
3.4.4. Thermal stability of phosphonium based nanoclays 91
References 94
Polypropylene/nanoclays hanocomposites 97 - 122
4.1. Introduction 98
4.2. Experimental section 101
4.2.1. Materials 101
4.2.2. Synthesis of nanoclay 103
4.2.3. Compounding on twin screw extruder 103
4.2.4. Characterizations 104
4.3. Results and discussion 105
4.3.1. FTIR and PXRD of Cloisite 20 A and DODA 90 105
4.3.2. Particle size distribution and thermal stability of nanoclays 107
4.3.3. PP/nanoclay nanocomposites 109
4.4. Nanoclays for paints 114
4.4.1. Materials and methods 115
4.5. Results and discussion 116
References 120

Synthesis of metal nanoparticles (Pd, Rh, Au & Ag) anchored nanoclays 123 - 155

5.1. Introduction 124
5.2. Experimental section 126
5.2.1. Materials 126

5.2.2. Synthesis of Pd and Rh nanoparticles in MMT and POMM 127



5.2.3. Synthesis of gold and silver nanoparticles anchored organoclays
5.2.4. Characterizations
5.3. Results and discussion (Pd and Rh metal nanoparticles)
5.3.1. FTIR and PXRD of Pd and Rh-MMT/organoclay hybrids
5.3.2. TEM analysis of Pd and Rh-MMT/organoclay hybrids
5.4. Results and discussion (Au and Ag metal nanoparticles)
5.4.1. PXRD study of Au and Ag — organoclays hybrids
5.4.2. TEM analysis of Au and Ag — organoclays hybrids
References
Adsorption of aqueous nitrobenzene on organoclays
6.1. Introduction
6.2. Experimental section
6.2.1. Materials
6.2.2. Synthesis of organoclays
6.2.3. Batch experiments
6.2.4. Column experiments
6.2.5. Characterization
6.3. Results and discussion
6.3.1. PXRD and FT-IR of organoclays
6.3.2. Equilibrium kinetics
6.3.3. Sorption isotherm
6.3.4. Fixed-bed experiments
6.3.4.1. Effect of feed rate
6.3.4.2. Effect of feed concentration

6.3.4.3. Effect of size of sorbent

129

131

132

132

136

140

141

144

153

156 - 182

157

160

160

160

161

162

163

164

164

166

167

169

172

175

176



6.3.4.4. Effect of amount of organic moiety exchanged in MMT
6.3.4.5. Effect of temperature and desorption

References

Summary, conclusions and future scopes

7.1. Summary and conclusions

7.2. Future scopes

ANNEXURE

177

179

181

183 - 189

184

188

i-v



Chapter 1

INTRODUCTION



Introduction Chapter 1

1. INTRODUCTION

1.1. Clay Minerals

The term clay has a different connotations and, therefore, should be defined when
it is used. Clay is used both as a rock term and as a particle size term. As a rock term,
clay is used for a natural, earthy, fine-grained material composed largely of a limited
group of crystalline minerals known as the clay minerals. As a particle size term, clay is
used for the category that includes the smallest particles. Soil investigators and
mineralogists generally use 2 um as the maximum size, although the Wentworth scale [1]
defines clay as a material finer than 4 pum. Grim [2] used the term clay material for any
fine-grained, natural, earthy, argillaceous material; in this way, the term can include
clays, shales, or argillites, and some soils if these are argillaceous. Clay is an abundantly
available raw material and has an amazing variety of uses and properties that depend on
clay mineral component, nonclay mineral composition, presence of organic material, the
type and amount of exchangeable ions and soluble salts and clay’s texture.

Clays are comprised of certain groups of hydrous aluminum, magnesium, and
iron silicates that may contain sodium, calcium, potassium and other ions. These silicates
are called the clay minerals, and their classifications are shown in Figure 1.1. The
specific clay minerals are identified by several techniques, including X-ray diffraction
[3], differential thermal analysis [4], electron microscopy [5] and infrared spectrometry
[6]. Identification and quantification of the clay minerals and nonclay minerals present in
a clay material is important because its uses and engineering properties are controlled

largely by these two factors.
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Clay Minerals
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1.1.1. Geology and occurrence of smectite

Smectite is the name for a group of sodium, calcium, magnesium, iron and
lithium containing aluminum silicates, which includes the individual minerals such as
sodium montmorillonite, calcium montmorillonite, nontronite, saponite, and hectorite.
The rock in which these smectite minerals are usually dominant is Bentonite. The name
bentonite was first suggested in 1898 by Knight [7] and is the term commonly used to
describe the industrial mineral. The term bentonite was defined by Ross and Shannon [8],
it was restricted to a clay material altered from a glassy igneous material, usually a tuff or
volcanic ash. Wright [9] suggested that bentonite was any clay composed dominantly of a
smectite clay mineral and whose physical properties are dictated by this clay mineral.
Grim and Guven [10] used Wright's definition in their book on bentonites because there
are many clays designated as bentonite that did not originate by the alteration of volcanic

ash or tuff. Therefore, the term bentonite usually is not based on the mode of origin.

Prevailing wind

1 2
~

Volcanic Ash
Volcano
Lake \\Sea

Figure 1.2. Formation of bentonite during the Cretaceous period (85—125 million years

ago).
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Bentonites in which sodium montmorillonites is the major mineral constituent
commonly have a high swelling capacity [11]. The largest and best quality sodium
bentonite deposits known in the world are located in South Dakota, Wyoming, and
Montana [12]. These clays are commonly called Western or Wyoming bentonites. Huge
amounts of bentonite deposits are available throughout the western and southern regions
of India, particularly Gujarat and Rajasthan. The bentonite is generally light yellowish
green on the outcrop, becoming bluish green away from the outcrop. The highest quality
swelling clay is the yellowish green bentonite, which has been weathered and oxidized.
The major nonclay minerals present in the clay spur bentonite bed are quartz, opal-CT,

feldspar, mica, and some zeolites. Locally calcite and gypsum may also be present.

1.1.2. Composition and structure of Smectites

The clays used in the formation of nanoclays belong to smectite group clays, the
most common of which are montmorillonite (MMT) and hectorite, where octahedral site
is isomorphically substituted. Other smectite group clays are beidellite (BDT), nontronite
(NT), volkonskoite, saponite and sauconite, in which tetrahedral site is isomorphically
substituted as shown in Table 1.1.

A unit layer of smectite minerals (Tetrahedral-Octahedra-Tetrahedral, TOT) is
formed by the bonding through oxygen bridges of one alumina sheet composed of
octahedrons [O: AlO; (OH);] between two silica sheets composed of tetrahedrons [T:
Si04]. These three-layer units are stacked one above another with oxygens in neighboring
layers adjacent to each other, with thickness of 1 nm, as shown in Figure 3. The bentonite

powder consists of the agglomeration of thousands of TOT layers. It produces a weak

Hasmukh A. Patel 5 Ph.D. Thesis



Introduction Chapter 1

bond, allowing water and other polar molecules to enter between layers and induce an

expansion of the mineral structure [13].

Table 1.1. Members of dioctahedral and trioctahedral smectites [11].

Smectite Family lonic Formla

Montmorillonite Sis (Al,.xMgy) O19 (OH), (*My - nH,0)
Beidellite (Si4_xA1X) Al, Oy (OH)2 (Mx : HHQO)

Dioctahedral
Nontronite (SizxAly) Fe; O19 (OH), (M4 - nH,0)

Volkonskoite  (SisxAlx) Cr, O19 (OH), (My - nH,0)

Hectorite Sia (Mg3_y Lly) O10 (OH), (*My‘ nH,0)
Trioctahedral Saponite (SisyAly) Mgz Oy (OH), (My - nH>0)

Sauconite (SisyAly) Zn3 Oy9 (OH), (M, - nH,0)

*My and M, are exchangeable cations like Na’, K", Li" and Ca'™.

The lateral dimensions of these layers vary from 200 nm to several microns
depending on the particular silicate. Stacking of the layers leads to a regular van der
Walls gap between them called the interlayer or gallery. Although the basal spacing is
1.2-1.3 nm at ambient condition, it can be varied with respect to amount of hydrophilic or
organophilic groups situated at gallery. Isomorphic substitution within the layer (either in
octahedral or tetrahedral site) by Mg®", Fe*" or AI’" generates negative charges that are
normally counter balanced by hydrated alkali or alkaline earth cations (Na", K*, Ca", Li"
etc.) residing in the interlayer. Because of the relatively weak forces between the layers,

intercalation of various molecules, an even polymer, between the layers is facile [14].
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: Silicate Layer
_ =5 Inm

Basal Spacing
Interlayer

E| |

w Oxygen
d Al

"} Vacant Octahedral
Site

Figure 1.3. The structure of 2:1 layered silicates.

1.1.3. Purification of bentonites

With the possible exception of vermiculites and micas, clay minerals are found
mixed or associated with other minerals and/or amorphous materials. Identification of
bentonites in a raw clay or soil always requires a purification step. This is because the
presence of carbonates, iron oxides or organic materials interferes with the identification
procedure [15]. Carbonates must be decomposed, especially when the purified clay is to
be used in colloid studies as the calcium and magnesium ions in carbonates impede the
complete delamination of the MMT. Carbonates can be decomposed by the addition of
dilute hydrochloric acid, taking care that the pH does not drop below 4.5 to avoid any
attack on structure of MMT. After the decomposition of carbonates the sample should be

washed to remove the dissolved cations.
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Similarly, the presence of hydroxides prevents optimal dispersion of MMT and
successful fractionation. Iron hydroxides are removed by complexing the multivalent
cations with citrate. Firstly, Fe (III) must be reduced with sodium dithionite to Fe (II)
which forms a stable citrate complex. The treated samples are washed with de-ionized
water to remove complexing cations [16]. Likewise, organic materials must be removed
because high amounts of humic materials associated with the bentonite, can render X-ray
identification difficult. Organic materials, even in small amounts, can also exert a strong
influence on the mechanical properties and flow behavior of MMT dispersions. The
organic materials can be oxidized with hydrogen peroxide.

The structure of MMT is affected by above chemical treatments which are used
for removal of carbonates, hydroxides and organics. However, complete enrichment of
bentonite may only be achieved at a laboratory scale rather than at an industrial scale.
Even then, no more than 90 % enrichment is usually achievable [11]. The classical gentle
purification method consists of replacing the exchangeable cations with Na" followed by
washing with distilled water and sedimentation. Washing removes excess salts as
described before and also enables fine impurities to be separated. The sedimentation

technique based on Stoke’s Law is simple and cost effective [12];

) 2 _ 2k
2{dl-d2)et
Where,
r Radius of given particle (assuming spherical, p),
h Height (cm) through which it falls in time “t” in minutes,
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g Acceleration due to gravity,
dl & d2 Densities of solid and liquid respectively and

n Viscosity of water.

1.1.4. Montmorillonite (MMT) — water interaction

It is well known that when MMT is dispersed in distilled water, positively
charged edges are attracted to negatively charged surfaces of the platelets to form a three
dimensional “house of cards” structure which contains hundreds or thousands of silicate
platelets [17]. The formation of “house of cards” structure in smectite clay dispersion can
be explained in relation to double layer theory. According to this model, most of the
exchangeable ions in the clay dispersion tend to accumulate, due to electrostatic
attraction, near the negative faces of the platelets, but simultaneously have a tendency to
diffuse away from platelet surfaces toward the bulk of the water where their
concentration is low [18]. The equilibration of these opposing effects causes the
formation of a diffuse atmosphere of counter ions, with concentration diminishing with
distance from the platelet face. A negative “double layer” is thus established, consisting
of the negative surface charge plus the diffuse counterions.

The analogous positive double layer is established in association with platelet
edges. When an electrolyte or polar solvent is added to the dispersion, the double layers
are compressed. This allows the platelet edges and faces to come more closely, resulting
in a more rigid structure and consequently higher viscosity, called the formation of
“house of cards” structure. If the double layers become sufficiently compressed, face-face

van der Waals attraction will predominate and the house of cards colloidal structure will

Hasmukh A. Patel 9 Ph.D. Thesis



Introduction

Chapter 1

be lost, which results in to dispersion of 1 nm thick silicates platelets through out the

matrix medium [19].

- — ~+
~+
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Exchangable. — — — =
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— _/WaterLayer
., N e —
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Figure 1.4. Formation of (a) “House of Cards” colloidal structure and (b) different modes

of coagulation of MMT layers.
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1.1.5. Nanoclays

The clays used for the preparation of nanoclays or organoclays belong to smectite
group clays, the most common of which is MMT. One important consequence of the
charged nature of the clays is that they are generally highly hydrophilic species and
therefore naturally incompatible with a wide range of non-polar systems.

Organophilic clay (nanoclay) can be obtained by simply the ion-exchange
reaction of hydrophilic clay with an organic cation such as an alkyl/aryl ammonium,
phosphonium or imidazolium cations in aqueous solution or in the solid state [20-21].
The inorganic ions are exchanged with more voluminous organic onium cations. When
the solubility of quaternary salts is low, water-alcohol mixtures are often used as a
solvent. The ion exchange reaction has two consequences; first, the gap between the
single sheets is widened, enabling organic cations chain to move in between them and
second, the surface properties of each single sheet are changed from being hydrophilic to

hydrophobic or organophilic as shown in Figure 1.5.

Figure 1.5. Schematic picture of an ion-exchange reaction.
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Figure 1.6. Arrangements of alkylammonium ions in the interlayer space of MMT.

The arrangement of the intercalated surfactant cations depends on the layer charge
and alkyl chain length as shown in Figure 1.6 [22]. Short chain alkylammonium ions are
arranged in monolayers, longer chain alkylammonium ions in bilayers with the alkyl
chain axes parallel to the silicate layers. The monolayer has a basal spacing of ~1.4 nm
and the bilayer of ~1.8 nm. The monolayer rearranges in to the bilayer when the area of
the flat-lying alkylammonium ions becomes larger than the equivalent area. The
monolayer/bilayer transition is used to measure the charge distribution and the mean
layer charge. Three layer structures of kinked alkyl chains are observed with highly
charged MMT and/or long surfactants cations. This trimolecular arrangement exhibits a
basal spacing of ~2.2 nm. The term pseudo is used because the positive surfactant groups
are attached on the silicate layers whereas the alkyl chains assume a trimolecular

arrangement by formation of kinks. Paraffin-type arrangements in the interlayer space of
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MMT are formed by quaternary alkylammonium ions with two or more long alkyl chains
[23]. The orientation and mobility of intercalated alkylammonium ions are examined by

X-ray diffraction, infrared and nuclear magnetic resonance spectroscopy [24-25].

1.1.6. Characterization techniques for nanoclays

There is no single or simple procedure for the characterization of bentonite. Clays
and their modified organic derivatives are characterized using conventional as well as
modern characterization tools which include determination of chemical compositions by
gravimetric analysis, inductively coupled plasma (ICP-AES) or XRF, cation exchange
capacity (CEC) using standard ammonium acetate method, surface area measurement,
Fourier transform infrared spectroscopy (FT-IR), powdered X-ray diffraction (PXRD)
and others. Generally, ionic formula is computed on the basis of its chemical
compositions, charge density and cation exchange capacity of clays which provide
information about the types of layered silicates. The instrumental techniques mainly, FT-
IR and PXRD are basic methods for identification of clay structure.

The FTIR spectrum for montmorillonite recorded as KBr pellet and its band
assignments are shown in Figure 1.7. The broad band centered near 3400 cm™ is due to -
OH stretching band for interlayer water. The bands at 3620 and 3698 cm ' are due to -OH
band stretch for Al-OH and Si-OH. The shoulders and broadness of the structural -OH
band are mainly due to contributions of several structural -OH groups present in the clay.
However, the position of the band maximum is clearly indicative of the chemical
composition of montmorillonite. The overlaid absorption peaks in the region of 1640 cm”

' in the FTIR spectrum of purified clay (MMT) is attributed to -OH bending mode in
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water (adsorbed water). The characteristic peak at 1115 cm ' is due to Si—O stretching
(out-of-plane) for montmorillonite. The peak at 1035 cm™' is attributed to Si-O stretching
(in-plane) vibration for layered silicates. The IR peaks at 915, 875 and 836 cm ' are

attributed to AIAIOH, AIFeOH and AIMgOH bending vibrations, respectively.

%T |

4000 3000 2000 1500 1000 400

Figure 1.7. FTIR spectra of MMT recorded as KBr pellet.

Table 1.2. Band assignments for montmorillonite (MMT).

MaX'Ta’ Assignments MaX'Ta’ Assignments MaX|_rPa, Assignments
cm cm
3698  -OHstretching 1151  Srostetching, o5 AIMgOH
out-of-plane bending
3620  -OHstretching 1035  >-Ostetching, 4o, Platy form of
in-plane tridymite
-OH stretching, .
3400 Hydration 915 AlAIOH bending 692 Quartz
tea0 ~ Otbending, g75 AlFeOHbending 529 Si-O bending
Hydration
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PXRD is the basic technique for clay mineral analysis. After preliminary removal
of sand, clay is separated from silt by centrifugation or sedimentation from suspensions.
PXRD patterns are obtained and compared with standards for identification of minerals.
Comparisons are complicated, however, by variations in diffraction patterns arising from
differences in amounts of absorbed water, by the presence of imperfections in the crystal
lattice structure of the minerals, and by mixed-layer structures formed by

interstratifications of minerals within a single particle.
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Figure 1.8. PXRD patterns of raw, purified and organically modified montmorillonite.

PXRD is one of the most important techniques to determine the structural

geometry, texture and also to illustrate impurities (kaolin, quartz, calcite, etc) in layered
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silicates which are present in clays. Generally, the PXRD pattern (Figure 1.8) indicates
that there is presence of impurities such as kaolin (K) and quartz (Q) in raw MMT which
are partly or fully removed on further purification by sedimentation. The reflections
relative to the planes [001] and [002] confirmed the presence of montmorillonite as main
phase. The PXRD pattern of the organoclay revealed a shift in the position of [001]
planes (26 changed from 5.7 to 4.32 degree), meaning an increase in the basal spacing of
this plane. The increase was relatively large, from 1.5 — 2.1 nm and confirms the
occurrence of organic molecule intercalation between silicate platelets. From the PXRD
of organoclays (Figure 1.8), it is also observed that the peaks from [002] planes of
montmorillonite, were not affected during this treatment. This observation highlights that
the unique effect of organic modifier in layered silicates structure is the intercalation of
[001] planes of montmorillonite. The basal spacing of layered silicates depends on the
kind of organic modifier, with bulkier organic modifier as well as its high concentration

resulting into higher interlayer spacing.

1.2. Polymer nanocomposites

The mystery of the ‘nano-world’ has been progressively exposed in recently
years. The nanometer scale is simply a range of 1-100 nm. The real interest in
nanotechnology is to create revolutionary properties and functions by tailoring materials
and designing devices on the nanometer scale. The fillers used in polymer
nanocomposites are of one, two or three nano-dimensional. The dimensionality of fillers

is illustrated in Figure 1.9. Polymer/layered silicates nanocomposites have a one nano-
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dimension, i.e., the thickness of the layer (1 nm in case of MMT) with lateral dimension

of more than 100 nm.

Polymer/layered silicates nanocomposites (PLSN) are a new class of composites.

The filler is present in the form of sheets of one to a few nanometer thick and hundreds to

thousands nanometers long, and their study in different polymer matrices will constitute

the main object of this contribution. PLSN have been more widely investigated probably

because the starting clay materials are easily available, filler loading required are 3-6

%w/w and because their intercalation and exfoliation chemistry has been studied for a

long time [26-33].
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Figure 1.9. Dimensionality of fillers used in polymer nanocomposites.
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Compared to conventional polymer composites and the pristine polymer matrix, PLSN
can exhibit many advantages, including [34-38].

» They are lighter in weight than conventionally filled polymers because high
degree of stiffness and strength are realized with far less high density inorganic
material.

» They exhibit outstanding diffusional barrier properties without requiring a
multipolymer-layered design.

» Their mechanical properties are potentially superior to unidirectional fiber-
reinforced polymers, because reinforcement from the inorganic layers will occur
in two dimensions rather than in one.

» Improve solvent resistance, greater dimensional stability and superior flame
retardancy.

These potential properties enhancements have led to increased applications of
PLSN in various fields, such as the automotive industry (exterior and interior body parts
and fuel tanks), packaging industry (bottles, containers, and plastic films), electronic
industry (packaging materials and exterior parts of electronic devices), coating industry
(paints, wire enamel coatings, etc.) and aerospace industry (body parts of airplanes and
exterior surface coatings) [39-43].

The first commercial application of these materials was the use of clay/nylon-6
nanocomposites as timing belt covers for Toyota cars, in collaboration with Ube in 1991.
Shortly after this, Unitika introduced nylon-6 nanocomposites for engine covers on
Mitsubishi’s GDI engines [44]. In August 2001, General Motors and Basell announced

the application of clay/polyolefin nanocomposites as a step assistant component for GMC
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Safari and Chevrolet Astro vans. This was followed by the application of these
nanocomposites in the doors of Chevrolet Impalas [45]. More recently, Noble Polymers
has developed clay/polypropylene nanocomposites for structural seat backs in the Honda
Acura [46], while Ube is developing clay/nylon-12 nanocomposites for automotive fuel
lines and fuel system components. In addition to automotive applications, clay/polymer
nanocomposites have been used to improve barrier resistance in beverage applications.
Alcoa CSI has applied multilayer clay/polymer nanocomposites as barrier liner materials
for enclosure applications [47]. Honeywell has developed commercial clay/nylon-6
nanocomposite products, Aegis TM NC resin, for drink packaging applications [48].
More recently, Mitsubishi Gas Chemical and Nanocor have co-developed Nylon-MXD6
nanocomposites for multilayered polyethyleneterephthalate (PET) bottle applications

[49].

Table 1.3. Comparison of physical properties of polyamide filled different fillers.

- 30%
Pristine 3-5% 30%
Samples . Glass
polymer nanoclay Mineral .
fiber
Tensile strength, psi 7250 11800 8000 23000
Flexural modulus, psi 120 500 650 1000
Heat distortion temperature, °C 66 110 120 194
Specific gravity 1.3 1.14 1.36 1.35

Source: RTP Co.
It is estimated that there will be 60 million pounds of polymer nanocomposites in

production by 2008. The value of this market is forecast to reach about $211 million by
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then [50]. It is also estimated that widespread use of polymer nanocomposites by car
manufacturers could save over 1.5 billion liters of gasoline annually and reduce CO;
emissions by nearly 10 billion pounds. 15 years from now it is possible that you could
own a car made completely out of advanced polymer nanocomposites.

Any physical mixture of a polymer and an inorganic material (such as clay) does
not form a nanocomposite. Conventional polymer composites that are prepared by
reinforcing a polymer matrix with inorganic materials like reinforcing fibers and minerals
have poor interaction between the organic and the inorganic components, which leads to
separation into discrete phases. Therefore, the inorganic fillers are required to be added in
higher concentrations to achieve enhancements in the thermo-mechanical properties of
the polymer. Table 1.3 shows a comparison of the physical properties of nanocomposites

and conventional composites of polyamide.

1.2.1. Methodology
The preparative methods for PLSN are divided into three main groups according
to the starting materials and processing techniques. These are solution induced

intercalation, in situ polymerization and melt processing [51-55].

1.2.1.1. Solution induced intercalation

This is based on a solvent system in which the polymer or pre-polymer is soluble
and the silicate layers are swellable in solvent. The layered silicate is first swollen in a
solvent, such as water, chloroform, or toluene and then the polymer and layered silicate

solutions are mixed, the polymer chains intercalate and displace the solvent within the
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interlayer of the silicate. Upon solvent removal, the intercalated structure remains,
resulting in PLSN. This approach poses difficulties for the commercial production of
nanocomposites for most engineering polymers because of the high costs of the solvents
and the phase separation of the synthesized products from those solvents. There are also
health and safety concerns associated with the application of this technology. However,
solution induced intercalation is applicable to water soluble polymers, because of the low
cost of using water as a solvent and its low health and safety risks, and can be used in the

commercial production of nanocomposites.

1.2.1.2. In situ polymerization method

In this method, the layered silicate is swollen within the liquid monomer or a
monomer solution so the polymer formation can occur between the intercalated sheets.
Polymerization can be initiated either by heat or radiation, by the diffusion of a suitable
initiator, or by an organic initiator or catalyst fixed through cation exchange inside the
interlayer before the swelling step. This method is capable of producing well-exfoliated
nanocomposites and has been applied to a wide range of polymer systems. The
technology is suitable for raw polymer manufacturers to produce -clay/polymer
nanocomposites in polymer synthetic processes and is also particularly useful for

thermosetting polymers.

1.2.1.3. Melt intercalation method
The melt processing method induces the intercalation of clays and polymers

during melt. This method involves annealing, statically or under shear, a mixture of the
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polymer and organoclays above the softening point of the polymer. The efficiency of
intercalation using this method may not be as high as that of insitu polymerization and
often the composites produced contain a partially exfoliated layered structure. However,
this method has great advantages over either insitu polymerization or solution induced
intercalation. First, this method is environmentally benign due to the absence of organic
solvents. Second, it is compatible with current industrial process, such as extrusion and
injection molding. Therefore, the technology has played an important role in speeding up
the progress of the commercial production of clay/polymer nanocomposites. The melt
intercalation method allows the use of polymers which were previously not suitable for in
situ polymerization or solution intercalation.

In addition to these three major processing methods for PLSN, other fabrication
techniques have been also developed. These include solid intercalation, co-vulcanization
and the sol-gel method. Some of these methods are in the early stages of development

and have not yet been widely applied.

1.2.2. Types of nanocomposites and characterization techniques

In general, layered silicates have layer thickness on the order of 1 nm and a very
high L/D aspect ratio (10-1000). A few weight percent of layered silicates that are
properly dispersed throughout the polymer matrix thus create much higher surface area
for polymer/filler interaction as compared to conventional composites. Depending on the
strength of interfacial interactions between the polymer matrix and layered silicate, three

different types of composites are thermodynamically achievable (see Figure 1.10) [56].
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Figure 1.10. Types of polymer/layered silicate nanocomposites and TEM, XRD

diffraction patterns.

In conventional composites the silicate layers are flocculated due to hydroxylated
edge—edge interaction of the silicate layers. We can easily distinguish both the phase
(filler and matrix) in this type of composites, also known as macro composites.
Intercalated nanocomposites are resulted by insertion of a polymer into the layered

silicate structure in a crystallographically regular fashion, regardless of the clay to
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polymer ratio. While in case of exfoliated nanocomposite, the individual clay layers are
separated in a continuous polymer matrix by an average distances that depends on clay
loading. Usually, the clay content of an exfoliated nanocomposite is much lower than that
of an intercalated nanocomposite.

Generally, the state of dispersion and exfoliation of layered silicates has typically
been established using X-ray diffraction (XRD) analysis and transmission electron
micrographic (TEM) observation. Due to its easiness and availability, XRD is most
commonly used to probe the structure of nanocomposite. By monitoring the position,
shape, and intensity of the basal reflections (dgo;) from the distributed silicate layers, the
nanocomposite structure (intercalated or exfoliated) may be identified. For example, in an
exfoliated nanocomposite, the extensive layer separation associated with the delamination
of the original silicate layers in the polymer matrix results in the eventual disappearance
of any coherent X-ray diffraction from the distributed silicate layers.

On the other hand, for intercalated nanocomposites, the finite layer expansion
associated with the polymer intercalation results in the appearance of a new basal
reflection corresponding to the larger gallery height. The XRD and TEM images are
shown in Figure 1.10. Although XRD offers a convenient method to determine the
interlayer spacing of the silicate layers in the original layered silicates and in the
intercalated nanocomposites (within 1-4 nm), little can be said about the spatial
distribution of the silicate layers or any structural non-homogeneities in nanocomposites.
Additionally, some layered silicates initially do not exhibit well-defined basal reflections.
Thus, peak broadening and intensity decreases are very difficult to study systematically.

Therefore, conclusions concerning the mechanism of nanocomposites formation and their
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structure based solely on XRD patterns are only tentative. On the other hand, TEM
allows a qualitative understanding of the internal structure, spatial distribution and
dispersion of the layered silicates within the polymer matrix, and views of the defect
structure through direct visualization. However, special care must be exercised to
guarantee a representative cross section of the sample. Both TEM and XRD are essential
tools for evaluating nanocomposite structure. However, TEM is time-intensive, and only
gives qualitative information on the sample as a whole, while wide-angle peaks in XRD
allow quantification of changes in layer spacing. Typically, when layer spacing exceed 6—
7 nm in intercalated nanocomposites or when the layers become relatively disordered in
exfoliated nanocomposites, associated XRD features weaken to the point of not being
useful. However, recent simultaneous small angle X-ray scattering (SAXS) and XRD
studies yielded quantitative characterization of nanostructure and crystallite structure in

some nanocomposites [57].

1.3. Nanoclays as rheological modifiers in paints

Nanoclays obtained by interaction of alkyl ammonium cations act as a thixotropic
agent in paints, inks, greases and cosmetics. A small addition of nanoclays can greatly
enhance the rheological properties of the paint system. These properties prevent pigment
settling and sagging on vertical surfaces and gloss is minimally affected due to the low
levels of addition. Rheological modifiers control the flow properties of liquid systems
such as paints, inks, emulsions or pigment suspensions by increasing the medium
viscosity or impart thixotropic flow behavior to liquid system. Several dispersion

procedures are used for conventional organoclays; however, they all can be described by
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two general procedures, pre-gel addition and dry addition. Using either of these
procedures, dispersion is usually carried out under shear.

The pre-gel method involves making 10-15% organoclays (depending on its gel
volume) dispersion in a suitable solvent using a high-speed disperser and a polar
activator. Pre-gels can be made in large batches, stored and used as needed, or as the first
step in the manufacturing process. Direct addition of organoclays involves adding
organoclay as a dry powder prior to, or during, the grind phase in the manufacturing
process. The most advantageous is after the addition of resin and solvent. This will allow
the organoclay to wet out. Polar activator is then added and dispersion continued. In the
wet out step, organoclay is added in the solvent under shear.

This will cause a partial deagglomeration of the platelets, but by no means
complete dispersion. For complete dispersion to occur, the addition of a polar activator is
necessary. The function of polar activators is to disrupt the weak van der Waal forces
which tend to hold the clay platelets together. Once these platelets are separated, it allows
the organic functional groups to free themselves from close association with the clay
surface. These functional groups are now free to solvate in the organic liquid; i.e. they
have a much higher affinity for the organic solvent than the inorganic clay surface
(Figure 1.11).

These functional groups are part of the organic modifier that is attracted to the
clay surface through electrostatic forces [58-59]. The typical structure of organoclay
consists of layered silicate platelet having a long-chain organic compound bonded to its
two faces. In a system containing the fully dispersed and activated organoclay additives,

a gel structure is developed by edge-to-edge hydrogen bonding between hydroxyl groups
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on the organoclay platelet edges. Solvation of the long-chain organic molecule tails
makes them stand away from the clay platelet faces. In most cases a chemical activator
(also known as polar activator) is added to ensure complete delamination, dispersion, and
full activation of the organoclay; however, polar activator free organically modified
layered silicates had also been developed by subsequently ion exchanged organic

modifier with polar functional groups. Polar activators are defined as low molecular

weight compounds of a polar nature.

Solvent
Resin
Organoclay Partial de-agglomeration
Shear
Polar
activator
D S—
Gel structure Full de-agglomeration

Figure 1.11. Mechanism of gel formation.
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The most commonly wused polar activators are propylene carbonate,
methanol/water and ethanol/water mixture. Acetone is an excellent polar activator but it
is seldom used today due to safety and environmental concerns. Several other low
molecular alcohols are also used as polar activators in the industry. While all the polar
activators are highly efficient, the methanol/water or ethanol/water combinations are
most frequently used due to cost considerations in paint formulation, however, propylene
carbonate/water mixture is best suitable for formulating high temperature resistant
greases. An optimum amount of polar (chemical) activator must be used to avoid problem
of reduction in gel strength. If not enough polar activator is used, then even with the
application of shear not all the platelets will be wedged apart. This will result in partial

delamination and inadequate gel strength as shown in Figure 1.12a, b.

95% polar activator
(@) (b) PR
\Y/ Optimum level of \Y/ 5% water
i polar activator i
S S
c Complete c
0 delamination 0
S S
i i
t t
y Incomplete Interference y
delamination of  with bonding
platelets forces 100% polar activator
Polar activator Polar activator

Figure 1.12. (a) Effect of amount of polar activator on viscosity, and (b) effect of polar

activator/water on viscosity of fluid system.
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An excessive level of polar activator interferes with hydrogen bonding and
weakens the gelation forces leading to a reduction in gel strength [60-61]. It should also
be noted that when using an alcohol as a polar activator, it must contain at least 5%
water. If water is absent, the polar activator will not function efficiently, thus reducing
final product performance. Poor gel strength development without the water addition
indicates that not enough water molecules were available to form a bridge between the
hydroxyls on organoclay platelet edges. There are three main types of mechanisms that
occur while adding organoclay into solvent based system: hydrogen bridging or OH-
bonds formation, associativity space orientation which results into gel structure as shown
in Figure 1.11. The rheological properties of the paint system are enhanced by small
addition of organoclays either by pre-gel or dry addition as discussed above. The gel
formation prevents pigment settling and sagging on vertical surfaces to ensure that the
proper thickness of the coating is applied. They also ensure good leveling for the removal
of brush marks and storage stability even with high temperatures. Organoclay is also used
in the ink formulation. It helps to adjust the consistency of printing inks to the desired
level, avoiding pigment sedimentation, providing good color distribution, obtaining
desired film thickness, reduction in misting, control of tack, water pickup and dot gain
control by incorporation of small amount of organically modified layered silicates.
Thickening lubricating oils with organoclays can produce especially high temperature
resistant lubricating greases. Organoclay also gives good working stability and water
resistance to the greases. Such greases are typically used for lubrication in foundries,
mills and on high-speed conveyors, agriculture, automotive and mining. Likewise, the

performance of cosmetics is also enhanced by the use of organoclays and they allow good
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color retention and coverage for nail lacquers, lipsticks and eye shadows. They have been

tested to be nonirritant for both skin and eye contact [59, 62].

1.4. Nanoclays for adsorption of toxic molecules

The organic cation binds to the ionic surfaces of layered silicates and converts it
from a hydrophilic form to an oil-wet, a hydrocarbon adsorbent material, ideal for water
treatment applications. When used for water treatment, organoclays are commonly
utilized in the upstream sector of the petroleum industry for removing hydrocarbons from
refinery process water. Organoclays have also been tested for treating ground and surface
water and for other toxic organic chemicals from pharmaceuticals and pesticides
industries. Organoclays can offer dramatic performance improvements in many other
adsorption applications, including removing oil, grease, heavy metals and polychlorinated
biphenyl; organic matter, such as humic and fulvic acids; polynuclear and polycyclic
aromatics; and sparingly soluble hydrophobic, chlorinated organics. Removing
radionuclides, including pertechnetate, from water is another application with tremendous
potential [63-67].

Humic acid is one of the common contaminant in potable water and is difficult to
remove with conventional flocculation techniques commonly used for drinking water
treatment and activated carbon is very ineffective due to its weak interaction with humic
acid. The comparative studies for removal efficiencies of humic acid from ground water
using different sorbents are shown in Figure 1.13. The use of organoclays in wastewater
treatment has become common in industry today. Organoclays exhibit a synergistic effect

with many commonly utilized water treatment unit processes including granular-activated
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charcoal, reverse osmosis and air strippers. Granular-activated carbon is particularly
effective at removing a large range of organic molecules from water, however, is very
poor for removing large molecules such as humic acid and wastewater containing
emulsified oil and grease. Organoclays have proven to be the technology of choice for

treating oily wastewaters [68].

Water TOC 5.6ppm
x Organoclay Column

@ Amberlite 804
Resin
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Figure 1.13. Removal efficiencies of humic acid by different sorbents [68].

Partitioning is the mechanism responsible for the sorption of organics by
organoclays. The organoclay contains alternating organic and inorganic layers. The
organic layer is comprised of the quaternary ammonium compounds ion exchanged on
the surface. This hydrophobic layer acts as an organic phase into which organic
substances that are dissolved in water can partition. The partitioning efficiency should be
a function of water solubility of the organic substance since the two phases available to it

are water and the quaternary compound in the gallery of the clay. Organoclay is one of
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the ideal material for treating industrial waste water. In the process of manufacturing
heater coils, as part of their quality control (QC), the company leak tests each unit. The
leak testing is conducted by pressurizing the coils while they are submersed in large tanks
of water. Since the leaks are spotted visually, the water in the tanks must be as clear as
possible. As more and more coils are tested, residual oil utilized in the manufacturing
process builds up in the water, causing the turbidity to climb rapidly. In the past, the test
tanks required frequent dumping and refilling, causing problems with discharge of the
oily water and the expense of additional water to refill the test tanks. In the initial testing
of treatment alternatives for this water, three processes were studied which included pH
adjustment, alum flocculation and organoclay column treatment. It was found that pH
adjustment was totally ineffective. The alum flocculation test worked reasonably well;
however, this process required substantial outlays for equipment and allocation of space,

plus a solid waste stream would be produced requiring disposal [69].

Table 1.4. Comparison of alum flocculation and organoclay treatment [68].

Turbidity  Oil and grease

Type sample H Appearance
YRESamP P (NTU) (ppm) PP
Untreated water (a) 6.6 18.0 52 Turbid
(a) Treated with

alum-NaOH- 8.0 0.4 32 Clear
Polymer

Untreated water (b) 7.1 15.0 62 Turbid

(b) Treated with 7.1 0.4 2 Clear

organoclay
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The disposal of such sludges is becoming increasingly more difficult and
expensive. The disposal of such waste also leaves the waste generator with a potential
long-term liability. The best alternative tested was column treatment of the waste with
organoclay. A comparison of the results obtained from the alum/NaOH/polymer
flocculation and organoclay column test is shown in Table 1.4. As can be seen in the
results, the organoclay treatment yielded superior clarity and oil and grease removal
when compared to the alum treatment. In addition to leak test tank waste water treatment,
organoclays can be extensively used to treat military base effluent, oil well acid returns,

boiler feed water, steam condensate among others.

1.5. Nanoclays for supporting metal nanoparticles

Heterogeneous catalysis is attracting more attention because of the increasing
environmental requirements on waste minimization [70-71]. Metallic nanoparticles are
known to present a very high catalytic activity towards a wide range of applications.
However, both their recovery and recycling are often difficult. One solution to this
problem consists of anchoring the metallic nanoparticles on a solid supports. Nowadays,
the most commonly used form of supported metal nanoparticles is activated carbon.
Apart from activated carbon, there are several supports reported as supporting materials
for growing metal nanoparticles and these are widely used as heterogeneous catalysts in
industries as well as academia [72-76]. However, activated carbon is microporous, which
reduces the diffusion of the substrates towards the active particles. In this context, the

design of new catalytic supports bearing both metallic nanoparticles and a hierarchical
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porosity that combines a macroporous structure (for good accessibility) with microporous
domains (for a large specific surface area) could be a significant improvement.

The preparation and catalytic application of clay—intercalated metal complexes
and nanoparticles, initiated by Pinnavaia et al. [77-78], have attracted considerable
attention. One of the most widely used support materials, montmorillonite, belongs to the
group of smectite clay minerals. Metal insertion may be enhanced by utilizing the
swelling property of montmorillonite; i.e., the application of an appropriate dispersion
medium gives rise to expansion of the clay lamellae and hence results in an increased
basal spacing available for guest species. Smectite clays find applications in
heterogeneous catalysis as catalysts or catalyst supports. There are two major classes:
pillared clays and metal complex-layered silicate intercalation catalysts. For the latter
type, transition metal complexes as homogeneous catalysts have been immobilized in the
interlamellar space of layer silicates and used in liquid phase hydrogenation reactions
[79]. The major advantage of these transition metal-clay mineral catalysts is that the
interlayer distance changes as the composition of the reaction medium is changed;
therefore, stereo-specific reactions can be performed. In a further step, the catalytically
active metal ions can be reduced to zero valent metal allowing not only liquid-phase but
also gas phase catalytic reactions to be performed [80].

Dekany’s group studied [81-85] palladium, rhodium and platinum metal
nanoparticles supported on montmorillonite by preparation of these nanoparticles in
quaternary ammonium salts, subsequently exchanged with montmorillonite. The organic-
inorganic hybrid formed acts as a nano-phase reactor which controls and stabilizes the

metal/metal oxide nanoparticles. These organophilic materials proved to be efficient
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catalysts in liquid-phase hydrogenation reactions of alkenes. Mastalir et al. [86] reported
preparation of organophilic PA-MMT catalyst for alkyne semihydrogenation. They
incorporated palladium nanoparticles into organophilic montmorillonite (Pd-MMT)
mediated by a cationic surfactant stabilizer. The proposed mechanism for the successive
formation of the Pd hydrosol and the Pd-MMT is illustrated in Figure 1.14. The apolar
system Pd(acac), dissolved in CHCl; is situated in the internal apolar part of the micelles
formed in the aqueous solution. The addition of an aqueous hydrazine solution to the
micellar system resulted in the formation of Pd’ nanoparticles, stabilized both sterically
and electrostatically by the cationic surfactant molecules adsorbed on the surface of the

particles.

Pdl[acac}: % NH,NH, * Na'-montmorillonite }:EQ{

N
s .::Hma /
layer e A

Figure 1.14. Schematic illustration of the mechanism suggested for the successive

formation of Pd hydrosol and Pd-MMT in a micellar system.

The stabilizing effect of the alkylammonium molecules prevented the aggregation

of nanosized Pd clusters. PA-MMT was obtained by mixing the Pd hydrosol with a dilute
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Na—MMT suspension. The reaction of Na—-MMT with the stabilizing surfactant
molecules resulted in the formation of organophilic alkylammonium MMT, with the
simultaneous release and the subsequent deposition of the Pd nanoparticles on the surface
of the clay lamellae. It should be stressed that the surfactant molecules had a key role in
the preparation of PdA-MMT since they ensured both the stabilization of the Pd particles
and the cationic exchange of the MMT host by rendering it hydrophobic and thus readily
applicable in organic media. By this technique Pd metal nanoparticles of 2.42 nm
(average particle size) was obtained for the concentration of 0.11 %w/w while at higher
concentration of Pd (0.42 %w/w), the average particle size was observed as 3.68 nm.
Gold is usually considered chemically inert, but nanosized gold particles can be
very effective catalysts. This indicates that the catalytic properties of a particular material
can be dramatically influenced by the particle size. The observation that gold particles
with diameters of about 5 nm or less exhibit unique catalytic properties has led to a
search both for an explanation of this quite unexpected effect and for chemical reactions
that are catalyzed by gold [87-90]. In some cases, catalysts based on nanosized gold
particles allow a significantly lower reaction temperature than used in existing processes,
which is promising for the development of energy efficient processes. Silver
nanoparticles are also gaining enormous attention due to its antibacterial efficiency and
catalytic organic transformations. Synthesis of gold and silver metal nanoparticles
involves the reduction of metal salts in surfactant solutions using a reducing agent such as
sodium citrate or sodium borohydride. Murphy’s research group [91-92] reported seeding
growth of gold nanoparticles of various shapes and sizes in quaternary ammonium

surfactants.
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2. BENEFICIATION OF INDIAN BENTONITES

2.1. Introduction

As discussed in chapter 1, bentonite is smectite group clay formed from the
alteration of siliceous, glass-rich volcanic rocks such as tuffs and ash deposits [1-5]. The
major mineral in bentonite is montmorillonite. Bentonite is used in a wide range of
applications such as drilling mud, foundry sand binding, iron-ore pelletizing and civil
engineering uses such as waterproofing and sealant [6-7]. Bentonite has excellent
rheological and adsorption properties. Sodium bentonite has a high swelling capacity and
forms gel-like masses when added to water. Calcium bentonite has a lower swelling
capacity than sodium bentonite [8-10]. The significance of bentonite has increased due to
its ability to form organically modified clays or nanoclays, which are gaining a large
market place in the field of polymer nanocomposites, paints, greases, inks, cosmetics,
wastewater treatment and drug-delivery vehicle in the last decade [11].

The largest sodium bentonite deposits are located in Western United States in
Wyoming, Montana and South Dakota. These sodium bentonites are also called Western
or Wyoming bentonite, which indicates high-swelling sodium bentonite [9]. Other
smaller sodium bentonite deposits occur in Argentina, Canada, China, Greece, Georgia
Republic, Morocco, South Africa, Spain and India [12-13]. Bentonite found in the
Rajasthan and Gujarat in India is different from that available in the rest of world in terms
of its chemical composition and higher iron content, which gives it a brownish-yellow
color. Purity of bentonite plays a crucial role in many applications, especially polymer

nanocomposites, drug delivery vehicle and cosmetics. Organoclays or nanoclays
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synthesized from impure bentonite show haziness in polymer nanocomposite films and
also limited exfoliation of layered silicates during processing of nanocomposites.

In this chapter, we have beneficiated Indian bentonites of three different origins
for improving its physico-chemical properties. There are various methods used for the
beneficiation of bentonites, such as chemical treatment, centrifugation, hydrocyclone and
sedimentation techniques. In the present study, we have used sedimentation technique
governed by Stoke’s Law and chemical treatment to purified bentonite. Firstly, the non
clay impurities present in the raw bentonite were removed by sedimentation and then
purified fraction of bentonites were treated with organic as well as inorganic acids to

improve whiteness/glossiness of the purified bentonite.

2.2. Experimental Section

2.2.1. Materials

The raw bentonite lumps were collected from Barmer district (RB), Rajasthan and
Kutch district (GK), Gujarat. Sulfuric acid (98%), hydrochloric acid (35%), Sodium
hypochlorite (13%), hydrogen peroxide (40%), oxalic acid (99%), citric acid, anhydrous

(99%), sodium dithionite (98%) were purchased from s. d. fine Chem., India.

2.2.2. Determination of chemical composition
The chemical composition of the raw, purified and chemically treated samples
was measured by gravimetric method and inductively coupled plasma-atomic emission

spectroscopy (ICP-AES) [14-15]. The clay samples (~0.5 g) were digested in NaOH or
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KOH in Ni — crucible at 700 °C for 15 min. The digested mass was purged in the 500 mL
of 1:1 hydrochloric acid solution in distilled water. The solution was make up to 500 mL
in volumetric flask and was used for the estimation of SiO,, Al,Os, Fe,0s, TiO,, MgO,
Ca0, Na,O and K,O either by gravimetric or ICP-AES analysis. The moisture content of
the clays was measured by the difference in weight before and after oven dried clay at
110 °C for 5 h. The Loss on ignition (LOI) was measured by the difference in weight

before and after heating the clay samples at 850 °C for 2 h.

2.2.3. Cation exchange capacity

There are different methods used for the determination of cation exchange
capacity [16-18]. Cation exchange capacity of the samples was measured using standard
ammonium acetate method at pH 7.0. About 1.0 g of clay sample was added to the
conical flask contained 100 mL of 1M ammonium acetate solution (pH 7.0) and stirred
for 2 hrs at room temperature (30 °C). The solution is then kept for 30 min to settle down
the clay particles and supernant was filtered through Whatmann filter paper (41). Again,
50 mL of 1M ammonium acetate solution (pH 7.0), stirred for 2 hrs at room temperature
(30 °C) and after 30 min. supernant was filtered out. These processes were repeated 6-7
times to obtained NH, - clay from Na®, Ca®" or K™~ clay. Finally, the NH, -clay was
filtered and washed by methanol until free from excess ammonium ions as tested by
Nessler’s reagent. The NH4 -clay was digested in 500 mL round bottom flask containing
20 mL of 40% KOH solution and 230 mL distilled water at 80-90 °C for 1h. During the
digestion, NH4 - clay is converted to K - clay and liberated ammonia is condensed and

neutralized by 25 mL of 0.1N H,SOj solution as shown in Figure 2.1 (experimental set-
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up for the determination of CEC). The neutralized H,SO4 solution was titrated with 0.1n

NaOH solution and the difference in the concentration is a measured of CEC as;

(Vb - Vs) X N1 X 100
\\

Cation exchange capacity (CEC). meq/100g of clay =

Where, Vb is blank reading, Vs is sample reading, N1 is normality of NaOH and W is the

weight of the clay in gram.

Thermometer

25 mL 0.1 N H,SOj, solution

—

Figure 2.1. Experimental set-up for the determination of cation exchange capacity of

clays.
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2.2.4. Beneficiation of bentonite by sedimentation

Purified bentonite fractions were obtained by dispersing 50, 100, 200, 300 and
400 g of raw bentonite lumps (RB; collected from Barmer district) in different buckets
containing 10 L of distilled water (0.5, 1, 2, 3 and 4% clay slurry), and allowed to swell
overnight, and then stirred for 30 min. According to the Stoke’s law of sedimentation, the
supernatant slurry having desired clay particle size (< 2 pum) was collected after the pre-
calculated time (10 h) and height (15 cm) at room temperature (30 °C). The bentonite
slurry was then dried at 90 °C, ground, sieved through 200 mesh and designated as
RPO0.5, RP1, RP2, RP3 and RP4 respectively. The same procedure was employed for
bentonite lumps collected from Kutch district, which were designated as GKP0.5, GKPI,

GKP2, GKP3 and GKP4.

2.2.5. Chemical treatment of purified bentonite

27.8 mL H,SO4 (IN), 83.4 mL H,SO4 (3N), 90 mL HCI (IN), 270 mL HCI (3N),
270 mL HCI (3N) & 25 mL H;0; (1%), 569.2 mL NaOCI (IN), 6.3 g oxalic acid
(0.1IM), 12.6 g oxalic acid (0.2M), 6.4 g citric acid (0.1M) and 10 g sodium dithionite
were each added in separate 2 L beakers and made up to 1L with deionized water. In each
solution, 10g of purified bentonite (RP) was added and heated at 80-90 °C for 2 hrs with
continuous stirring, cooled, filtered, washed with deionized water, dried and powdered.
The chemically treated clays thus obtained were designated as RPC-1, RPC-2, RPC-3,
RPC-4, RPC-5, RPC-6, RPC-7, RPC-8, RPC-9 and RPC-10 respectively as shown in

Table 2.1.
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Table 2.1. Chemical treatment of purified bentonite.

Sr. Chemical treatment . Sample name
No. (treatment were carried out at 80-90 C for 2 h)

1. IN H,SO4 RPC-1
2. 3N H,S04 RPC-2
3. IN HCI RPC-3
4. 3N HCI RPC-4
5. 3N HCI1 + 1% H,0, RPC-5
6. IN NaOCl RPC-6
7. 0.1M Oxalic acid RPC-7
8. 0.2 M Oxalic acid RPC-8
9. 0.1 M Citric acid RPC-9
10. 1:1 Sodium dithionite RPC-10

2.2.6. Characterization

CEC of raw bentonite (RB, GK) and purified bentonite (RP0.5, RP1, RP2, RP3
and RP4; GKP0.5, GKP1, GKP2, GKP3 and GKP4) samples measured using standard
ammonium acetate method at pH 7.0, montmorillonite content by cylinder enrichment
(CE) method [18]. In the CE method, 15 g of purified bentonite samples was dispersed in
1 L deionized water using ultrasonic dispersion. The suspension was transferred into 1 L
glass cylinders (diameter ~5 cm) and kept in an oven at 60 °C until the water is
evaporated. From the top side of the sediment, 0.5 g of sample from each cylinder was
removed using a sharp knife. These materials were equilibrated for 7 days at 50-60%

relative humidity in order to regain the expansion capacity. Finally, the CEC was
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determined using standard ammonium acetate method and montmorillonite content (%
w/w) with respect to its original CEC of purified samples was calculated. Swelling
volume was measured by dispersing 1 g of clays in cylinder contained 100 mL distilled
water. The cylinders were kept for 24 hrs and the swelling volume was noted as cm’. The
whiteness of untreated, treated montmorillonite and organoclays with reference to
magnesium carbonate block were measured by PEI Digital reflectance meter. Powder X-
ray diffraction (PXRD) analysis was carried out with a Phillips powder diffractometer X’
Pert MPD using PW3123/00 curved Cu-filtered Cu-Ka (A=1.54056 A) radiation with
slow scan of 0.3 degree/second in 2-70 260 degree for raw, purified and chemically treated
bentonite. Fourier transform infrared spectra (FT-IR) of raw and purified bentonites were

measured with Perkin-Elmer Spectrum GX-Spectrophotometer as KBr pellet.

2.3. Results and discussion

2.3.1. Sedimentation of Indian bentonite

We have used Indian bentonites of Barmer district (RB), Rajasthan and Kutch
district (GK), Gujarat. The Chemical composition of bentonite obtained from these
different regions is shown in Table 2.2. Chemical analysis of raw and purified bentonite
samples indicates the removal of excessive nonclay impurities by sedimentation carried
out with lower concentration and thus lower viscosity. The amount of ferric oxide
decreases up to about 9.2 wt% (RB0.5) and 9.4 wt% (GKO0.5) from 10.3 wt% (RB) and
11.2 wt% (GK). However the titania in bentonite of Rajasthan origin is not beyond

detectable limit, the bentonite collected from the Kutch (GK), Gujarat having titania and
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was remained unchanged by sedimentation. Purification of clay minerals using different
inorganic and organic acids has been reported in literature [19-27]. Chemical analysis,
CEC and montmorillonite content of the different samples clearly demonstrate that
sedimentation carried out at lower weight percentage of clay (RB0.5, RB1 and RB2)
yields bentonite free from nonclay impurities. Chemical analysis, CEC and
montmorillonite content of the different samples clearly demonstrate that sedimentation
carried out at lower weight percentage of clay (RB0.5, RB1 and RB2) yields bentonite
free from nonclay impurities. As the concentration of clay increases, the viscosity of clay
slurry increases which in turn makes sedimentation of the non-clay particles (greater than
2 mm) difficult. Montmorillonite content (89% w/w) and swelling volume (24 cm’) of
samples purified by sedimentation at lower concentration (RB0.5 and RB1) is higher
compared to raw and purified bentonites at higher concentration (RB2, RB3 and RB4) as
shown in Table 2.3. The brightness indices of purified bentonite obtained by
sedimentation at lower concentration (RB0.5, RB1) is also higher (60) compared to raw
and purified bentonites at higher concentration (RB, RB4, RB3 and RB2). This is due to
the removal of excessive iron-stained impurities which are responsible for the brownish-
yellow color of bentonite and is also evident from chemical composition as shown in

Table 2.2.
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Table 2.2. Chemical composition of raw and purified bentonite samples.

Sor:ﬁg‘;giat'ion oowhy O Si0,  ALO; Fe0; TiO, CaO MgO NaO KO0  Total
RB (raw) 10.7 563 172 103 _ND 19 21 06 04 99.5
RB4 8.1 57.6 173 101 ND 21 28 09 13 1002
RB3 8.4 56.8 176 98 ND 21 26 0.8 11 99.2
RB2 8.8 57.1 173 95 ND 19 26 0.8 11 99.1
RB1 8.9 57.5 174 92 ND 16 29 09 08 99.2
RBO.5 8.5 57.8 175 92 ND 19 28 08 08 99.3
GK 9.5 56.7 164 112 18 19 12 09 04 100
GK4 75 56.7 185 106 18 15 13 09 07 99.4
GK3 77 56.5 183 101 18 15 15 1 08 99.3
GK2 7.6 55.9 192 98 18 15 16 1 08 99.3
GK1 7.8 55.9 202 94 18 15 15 1 08 100
GKO.5 77 55.9 203 94 15 15 17 12 08 100
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Table 2.3. Cation exchange capacity (CEC) and montmorillonite (MMT) content,

swelling volume and brightness indices of raw and purified bentonite samples.

Sample CEC Ciit%gE MMT content  Swelling \3/olume Br!ghtness
(% wiw) (cm?) index
RB 71 - - 16 54
RB4 72 88 81 16 55
RB3 75 93 81 17 55
RB2 85 97 87 21 57
RB1 90 101 89 24 60
RBO0.5 90 101 89 24 60
GK 72 - - 21 53
GK4 72 88 81 21 53
GKa3 77 91 84 21 53
GK2 87 97 90 25 56
GK1 90 101 89 29 58
GKaO0.5 90 101 89 29 58

The CEC of the clay samples also increases with decrease in the concentration of
the clay in water. Similar trends in MMT content, CEC and brightness index were
observed from the sedimentation study carried out using bentonite collected from the
Kutch (GK), Gujarat. Moisture content of all samples varies between 7 and 9 wt% and
depends on the relative humidity during samples analysis. Loss on ignition which is

carried out at 850 °C in air atmosphere remains almost similar for all samples. Quartz and
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calcite impurities are also removed during sedimentation up to 3 % clay slurry, which

also correlated with FT-IR and PXRD.

2.3.1.1. FTIR and PXRD study of raw and purified bentonites

EEO0.5

10800 jyponp #50 *0 830 SO0 7AD o 830 &l 550 500

1
CIn

% T
\:,
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F-J,r"‘"\_j
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Figure 2.2. FTIR spectra of raw and purified bentonite samples.
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FT-IR spectra of raw and purified bentonite samples recorded in the range 500—
1050 cm ' to study the effect of clay concentration during sedimentation technique are
shown in Figure 2.2. IR peaks at 915, 875 and 793 cm ' are attributed to AIAIOH,
AlFeOH and platy form of tridymite bending vibration respectively.

The characteristic peak at 1115 cm ™' is due to Si-O stretching, out-of-plane Si—-O
stretching mode for MMT. The band at 1035 cm ' is attributed to Si-O stretching (in-
plane) vibration for layered silicates. Intensity of vibrational peak at 915 (AIAIOH) and
529 cm' (Si—O bending) increases as the concentration of clay slurry decreases, which
indicates an increase in MMT content. Intensity of vibrational peak at 875 (AlFeOH) and
692 cm' (quartz) decreases and tends to diminish for lower clay concentration (RB0.5
and RB1), confirming the removal of iron-stained impurities and free silica from

bentonite.

The PXRD pattern (Figure 2.3 a—C) indicates the presence of impurities such as
kaolin (K), quartz (Q) and calcite (Ca) in raw as well as purified bentonite samples,
which are partly or to a great extent removed on further purification by sedimentation.
Most of the quartz and calcite impurities are removed after sedimentation at 2 wt% clay
slurry. There is no change in kaolin peak intensity, probably due to its fine particles and
also less swelling ability of kaolinite mineral. Reflections relative to the planes [001],
[003] and [130-200] confirmed the presence of MMT with dgo; ~ 1.2 nm for samples GK
and RB, indicating the presence of Na-MMT. It is clear from the PXRD pattern that
sedimentation carried out by dispersing more than 2 wt% bentonite in deionized water is

not able to remove non-clay impurities due to higher viscosity of the clay slurry.
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Figure 2.3. Powder X-ray diffraction patterns: a, Raw bentonite, Kutch district (GK) and
Barmer district (RB); b, Raw bentonite (RB) and purified bentonite (RB0.5- RB4), and c,

Raw bentonite (GK) and purified bentonite (GKO0.5- GK4).
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Therefore, it is preferred to suspend a lower amount of bentonite in deionized
water for better beneficiation. It was observed during chemical analysis that the chemical
composition is varying with sample to sample and thus average of chemical composition
of three samples was reported.

Chemical composition, CEC, montmorillonite content, swelling indices and
brightness indexes clearly indicate that most of the non-clay impurities such as quartz,
iron-stained impurities and calcite can be removed from raw bentonite by suspending less

than 2% bentonite in deionized water.

Table 2.4. Upgradation parameters to obtained purified bentonite at different

temperature.

Height after 24 h
Temperature (°C)

lum 2um
15 6.6 26.4
20 7.5 30.0
25 8.4 33.8
30 9.4 37.7
35 10.5 41.8
40 11.5 46.1
45 12.6 50.4

We have carried out series of experiment based on the above observations by
taking 1.5 % w/v bentonite lumps in distilled water and applying Stoke’s Law for

sedimentation to fix out the parameters such as temperature and height for 24 h time for
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less than 1 and 2 um clay particles for rest of the research work in this thesis. The slurry
of bentonite lumps in distilled water (< 1.5 wt.%) were prepared for the upgradation by
Stoke’s Law of sedimentation and the supernatant (< 2pum or < lpum fraction) obtained
after pre-calculated time, height was collected and used for preparation of organoclays.
The upgradation parameters such as temperature, height and time vary with the size of

the vessel used for sedimentation as shown in Table 2.4.

0
S m MMT
— 60
o
% 50 | mBDT
o
o
£ 40 NT
o
o
T 30
2
(@)
o 20|
c
=
0

RP GKP Cloisite Na
Purified bentonite

Figure 2.4. Mineralogical content of the purified bentonite (RP and GKP) and imported

sample (Cloisite Na).

The chemical composition of purified fraction of bentonite clay (RP and GKP)
obtained from 1.5 %w/v bentonite in distilled water is given in Table 2.5. Titania is
present in the GKP and therefore RP was used for the chemical treatment. As shown in
Table 2.5, there is only difference in the chemical composition of GKP and RK with
Cloisite Na (imported sample; Southern Clay Products) is iron content. If ferric

oxide/hydroxide present in the RP and GKP, it could be removed by sedimentation due to
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its non-swelling capacity. It is clear from the sedimentation study that the iron present in
the Indian bentonites is as structural iron (Nontronite, NT) and which is well supported

by FTIR spectra.

Table 2.5. Chemical composition of purified bentonite and imported purified bentonite.

Chemical

composition RP GKP Cloisite Na
(Yowiw)

LOI 8.7 8.6 8.5
SiO; 57.5 56.9 62.6
Al,O4 17.4 16.6 18.4
Fe,O3 9.2 9.4 5.8
TiO, N/D 1.3 N/D
CaOoO 1.5 2.9 1.5
MgO 2.9 1.8 1.5
Na,O 0.9 1.5 0.8
K20 0.8 0.8 0.9
Total (% wiw) 99.3 99.9 100
CEC (meg/100gm) 90 90 92
Moisture content 6.5 6.3 6.4
Brightness index 54 53 81

The calculated ionic formula on the basis of chemical composition of RP, GKP
and Cloisite Na is shown in Table 2.7. From the ionic formula, we have derived

mineralogical composition (theoretical) as shown in Figure 2.4. The NT is higher in
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Indian bentonite (12-14 %) as compared to Cloisite Na (4-5 %). The mineralogical
content clearly shows that the brownish-yellow color of Indian bentonite is mainly due to

presence of higher amount of NT as compare to Cloisite Na.

2.3.2. Chemical treatment of purified bentonite

The bentonite is treated with organic/inorganic acids to improve brightness and to
value-add the clay. Chemical composition and ionic formulas of raw (RB), purified (RP)
and chemically treated bentonite (RPC-1 to RPC-10) are shown in Table 2.5 and 2.6. The
chemical treatments of clay minerals were improved the brightness of the clays at the cost
of their structural leaching [28-29].
The most of the nonclay impurities are removed after purification by sedimentation, CEC
and brightness of RP, are increased from 71 to 90meq/g and 48 to 54 respectively. The
treatment with 1N & 3N sulfuric acid (RPC-1, RPC-2) improves brightness by 10 and 12
% while decreases cation exchange capacity to 10 and 23 % respectively, which is due to
leaching of tetrahedral silica, octahedral alumina as well as interlayer cations. The
treatment with hydrochloric acid also reduces CEC with an improvement in brightness as
shown in Table 2.6. The mixture of HCl and hydrogen peroxide removes substantial
amount of iron-stained impurities (52 %) and improve brightness (12.5 %) but at the
same time CEC decreases by 30 %. There is a negligible improvement in brightness of
purified bentonite (RP) by its treatment with 0.1N sodium hypochlorite. There is a slight
decrease in the ferric oxide content in the purified bentonite (RP) due to its treatment
with organic acids such as oxalic and citric acid, which slightly improves the brightness,

however decreases the CEC of the purified (RP) clay.
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Table 2.6. Comparison of chemical composition, CEC and brightness of raw, purified and chemically treated bentonite.

Chemical

composition RPC-1 RPC-2 RPC-3 RPC-4 RPC5 RPC-6 RPC-7 RPC-8 RPC9 RPC-10
(Yow/w)

LOI 10.4 9.8 9.2 8.1 8.5 7.2 9.7 9.8 9.9 10.9
SiO, 58.3 60.3 57.0 65.6 62.1 58.8 55.7 55.6 56.9 55.8
Al,O3 17.9 16.5 21.9 14.9 19.2 18.5 226 22.5 21.5 21.9
Fe,Os 7.1 6.9 6.8 6.5 4.8 8.5 6.2 6.2 5.6 5.6
CaO 2.4 2.3 1.3 1.4 2.9 2.6 2.4 2.2 2.3 2.4
MgO 2.2 2.5 2.3 2.1 1.5 3.1 1.7 2.1 1.7 1.8
Na,O 0.7 0.8 0.6 0.6 0.5 0.6 0.7 0.7 0.7 0.7
K0 0.9 0.8 0.8 0.7 0.4 0.5 0.8 0.6 0.6 0.6
Total (% w/w) 100 100 99.9 99.9 100 99.96 99.9 99.5 99.3 100
?rrllzec(:qﬂOOg) 82 70 71 63 64 82 82 80 78 86
Moisture 9.44 10.98 10.19 9.94 11.37 11.13 10.1 11.1 10.1 9.43
content

Brightness 57 68 57 68 68 58 57 55 54 60
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Table 2.7. Tonic formula of untreated and treated purified bentonite (RP).

Sample lonic formula

RP (Si3587Al0.13) (Al 124 Mg 929 Fe 947) O10 (OH)2, X— Nao.11, K 9.08, Ca .11
GKP (Si337 Al g.13) (Al 1.19 Mg 0.19 Fe 9.49) O19 (OH)2, X— Na ¢.19, K 0,074, Ca 923
Cloisite Na  (Si4) (Al 145 Mg ¢.17Fe 922) O10 (OH),, X—> Nag.12, K .07, Ca .16

RPC-1 (Si393Al007) (Al 135 Mg 23 Fe 935) O10 (OH)2, X— Na .10, K 0,07, Ca .15

RPC-2 (Si4.01) (Al 120 Mg 025 Fe 35) O19 (OH)s, X— Na .11, K 0.06, Ca 0,02

RPC-3 (Si377Al 023) (Al 154 Mg 25 Fe 934) O10 (OH),, X— Na .08, K .06, Ca 0.09

RPC-4 (Si423) (Al 1.13Mg 21 Fe 31) O19 (OH),, X— Na (.08, K 0.06, Ca 0.09

RPC-5 (Si 4.027) (Al 146 Mg 0.145 Fe 23) O19 (OH)s, X— Na .06, K 0.04, Ca 0220

RPC-6 (Si385Al0.15) (Al 128 Mg 929 Fe 042) O10 (OH)2, X— Na .12, K 9.04, Ca .13

RPC-7 (Si372Al028) (Al 15Mgo.17Fe 031) O10 (OH)2, X— Na .10, K 0.01, Ca .17

RPC-8 (Si37Alo3) (Al 147Mg 022 Fe 031) O10 (OH)2,  X— Na .10, K .05, Cag.16

RPC-9 (Si352Al0.18) (Al 151 Mg o.17Fe 928) O10 (OH)2, X— Na .10, K .05, Ca 0,16

RPC-10 (Si376 Al 0.24) (Al 1 s Mg g.185 Fe 9.28) O10 (OH)2, X— Na .10, K 0,05, Ca .13

The sodium dithionite acts as reducing agents for the iron stained impurities.

Stucki’s group [30-38] have reported several research articles on the basis of iron
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reduction of Fe-rich bentonite and concluded that the structural iron can not be removed.
They have also reported that the nonstructural iron are removed while structural iron
reduced during treatment and re-oxidized after some time within the structure. The
bentonite treated with sodium dithionite gave best results in terms of removal of iron
content (40 %) and very little decrease in CEC (6 %). The decrease in CEC of chemical
treated RP is due to breaking up of the clay structure. The treatments of RP with organic
and inorganic acids digest octahedral alumina and isomorphic substituted Mg*" and Fe*".
The interlayer alkaline cations (Na“, Ca’" and K") are also susceptible to acids and
leached out during treatment. This observation is also supported by calculated ionic
formula (Table 2.7) on the basis of chemical compositions. The mineralogical
compositions of chemically treated clays (RPC1-RPC10) are shown in Figure 2.5. The
change in the MMT, BDT and NT content is due to leaching of structural Si, Al, Fe, Mg
and exchangeable cations. The NT content decreases with inorganic acid treatment at the

cost of structural distortion which in turns reduces CEC of the clays.

70

uMMT mBDT NT
60

50 |

40

30

20

Mineralogical composition (%)

10

RPC1 RPC2 RPC3 RPC4 RPC5 RPC6 RPC7 RPC8 RPC9 RPCI10

Chemical treated purified bentonite

Figure 2.5. Mineralogical content of the chemically treated RP.

2.3.2.1. PXRD studies of chemically treated bentonite
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Figure 2.6. PXRD patterns (a, b and c) of raw, purified and chemically treated bentonite.
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The PXRD patterns of raw, purified and chemically treated bentonite are shown
in Figure 2.6a, b and c; the most of the nonclay impurities such as quartz, opal C and
calcite present in raw bentonite (RB) are removed after purification by sedimentation
(RP). The peak at 21 and 26.5 20 degree are of opal C [100] and quartz [101] respectively
and calcite [104] at 50.5 20 degree in raw bentonite (RB) which diminishes in RP,
indicates that most of the quartz and calcite impurities are removed by purification of
bentonite by sedimentation. The bentonite treated with sulfuric acid (RPC-1, RPC-2),
hydrochloric acid (RPC-3, RPC-4), mixture of hydrochloric & hydrogen peroxide (RPC-
5) and sodium hypochlorite (RPC-6) shows leaching of silica from MMT structure as
observed by increase in quartz peak intensity in PXRD pattern of chemically treated
bentonite.

Apart from MMT structure, these acids, especially inorganic acids digest
octahedral Al, Mg ions and interlayer cations and leave behind free silica, resulted in to
MMT with lower CEC (Table 2.6). The ferric oxide content also decreases by treatment
of these acids with improvement in whiteness. Though the oxalic acid (RPC-7, RPC-8)
and citric acid (RPC-9) have moderately affected MMT structure, they digest interlayer
cations which decreases CEC of MMT. The structure of MMT treated with sodium
dithionite remains almost unchanged with improvement in brightness and only 6 % CEC
decreases. The dithionite treatment was carried out without buffer which resulted into
acidic pH (4-5) during treatment which affects the structure of MMT and thus reduces its
CEC. It is clearly reveals from chemical composition, CEC, ionic formula and PXRD

pattern that organic and inorganic acids destroyed the structure of MMT except sodium
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dithionite. The dithionite treatment removes only non structural iron from the RP. The

structural iron reduced from Fe*" to Fe*" and again oxidized while after some time.
g
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3. SYNTHESIS AND CHARACTERIZATION OF NANOCLAYS

3.1. Introduction

Nanoclays have attracted substantial attention both in fundamental research and
industrial applications because of their superior reinforcement properties in polymer
nanocomposites; rheological modifier in paints and inks; sorbent for toxic pollutants from
wastewater [1-8]. The applications of nanoclays in these fields mainly depend on the type
of organic modifier used for the synthesis of nanoclays [9-11]. Most of the commercially
available nanoclays are produced by exchange of alkali or alkali earth cations in the
interlayer space of MMT with quaternary alkyl ammonium salts [12-14]. Other cations,
such as phosphonium, imidazolium, pyridinium and imminium have also been used due
to their higher thermal stability [15-16].

Several methods have been reported to synthesize clay/polymer nanocomposites;
however, three methods (in situ polymerization, intercalation in solutions and melt
processing) developed during the early stages of this field are widely applied [17-20].
The melt processing technique is mostly used because this process played an important
role in speeding up the progress of the commercial production of clay/polymer
nanocomposites [21]. Alkyl ammonium modified clays are thermally not very stable
above 250 °C and start to degrade at nanocomposites processing temperature (200-300
°C). Therefore, organoclays prepared using quaternary alkyl ammonium salts are less
suitable for most engineering plastics with high processing temperature [22-26]. The
thermal stability of organoclays can be improved by intercalating quaternary

phosphonium salts.
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The first part of this chapter reports the synthesis of nanoclays using quaternary
ammonium salts by the ion exchange interaction of quaternary ammonium salts with
MMT of Indian origin. The effect of reaction temperature, concentration of MMT,
different types of ammonium salts on the physico-chemical properties of nanoclays are
studied in detail. The second part deals with the synthesis and characterization of
nanoclays based on phosphonium salts. The emphasis is put on the thermal stability of

the nanoclays derived from MMT and phosphonium salts.

3.2. Experimental Section

3.2.1. Materials

The raw bentonite lumps were collected from Barmer district (RB), Rajasthan.
Ammonium and phosphonium salts used in this study (listed in Table 3.1) were
purchased from Sigma-Aldrich, USA except dimethyldihydrogenatedtallowammonium

chloride which was obtained from Cutch oil Ltd., India.

Table 3.1. Ammonium and phosphonium salts used for preparation of nanoclays.

Name of compounds Molecular formula

Ammonium salts

Tetrabutylammonium chloride (C4Ho)4 N (CI)
Cetyltrimethylammonium bromide CH; (CH,);5 N (Br) (CH3)s
Strearyldimethylbenzylammonium chloride C¢Hs CH;, (CH,)7 N (CI) (CH3),

*Dimethyldihydrogenatedtallowammonium chloride  (HT),N (Cl) (CH;),
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Phosphonium salts

Tetrabutylphosphonium bromide (C4Hy)4 P (Br)
Tributylhexadecylphosphonium bromide CHj3 (CH»)5 P (Br) (C4Ho)s3
Tributyltetradecylphosphonium chloride CHj; (CHy)13 P (Br) (C4Ho)s3
Tetraphenylphosphonium bromide (C¢Hs)4 P (Br)
Methyltriphenylphosphonium bromide CH; P (Br) (CeHs)s
Ethyltriphenylphosphonium bromide C,H;s P (Br) (CeHs)s
Propyltriphenylphosphonium bromide CsH7 P (Br) (CeHs)s

* hydrogenatedtallow = ~ 65 %C18; ~ 30 %C16; ~ 5%C14.

3.2.2. Synthesis of nanoclay using ammonium salts

The raw bentonite was purified by sedimentation technique [27] as discussed in
chapter 2 and the purified fraction was designated as MMT through out this chapter. The
synthesis of nanoclays under different reaction conditions using quaternary ammonium
salts is tabulated in Table 3.2. The organoclays were prepared at different reaction
temperature ranges, 25-30, 50-60 and 80-90 °C with continuous stirring by adding 0.9
meq of 0.01M dimethyldihydrogenatedtallowammonium chloride (HT) solution in
distilled water for 1 h. The clay slurry of different concentration (0.5, 1.0 and 1.5 %w/w)
were made, ion exchanged by 0.01M HT (0.9 meq) at 80-90 °C with stirring. The
organoclays with different types of organic modifier are synthesized using 0.9 meq of
strearyldimethylbenzylammonium chloride (SMB), cetyltrimethylammonium bromide
(CTAB) and (tetrabutylammonium chloride) TBA (0.01M solution), were added into

MMT slurry (10 g MMT in 1 L distilled water) at 80-90 °C with continuous stirring. The
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organoclays with different concentration of organic modifier were prepared by reacting
MMT slurry (10 g MMT in 1 L distilled water) with 0.22, 0.43, 0.64 meq of SMB at 80-
90 °C with continuous stirring. Organoclays synthesized under different reaction
parameters were filtered, washed with deionized water till free from halide ion (tested by
0.01M AgNO:; solution), dried at 35 °C followed by overnight drying at 110 °C and then
pulverized to pass through 300 mesh sieve and designated by OC 1, OC 2, OC 3, OC 4,
OC 5, 0OC 6, OC 7, OC 8, OC 9, OC 10, OC 11 and OC 12 respectively as shown in

Table 3.2.

3.2.3. Synthesis of nanoclay using phosphonium salts

10 g of MMT was dispersed in 1 L of distilled water. To this dispersion, 0.9 meq
of phosphonium salts (as 0.01 M solution) was slowly added under continuous stirring at
80 °C within 1 h. The products were washed free from halide ions as tested using AgNO;
solution, dried at 35 °C followed by overnight drying at 110 °C and then pulverized to
pass through 300 mesh sieve. The phosphonium-MMT was designated as Pl
(tetrabutylphosphonium-MMT), P2 (hexadecyltributylphosphonium-MMT),  P3
(tetradecyltributylphosphonium-MMT), P4  (tetraphenylphosphonium-MMT), PS5
(methyltriphenylphosphonium-MMT), P6 (ethyltriphenylphosphonium-MMT) and P7

(propyltriphenylphosphonium-MMT).

3.2.4. Characterization
Powder X-ray diffraction (XRD) analysis was carried out with a Phillips powder

diffractometer X' Pert MPD using PW3123/00 curved Cu-filtered Cu-Ka radiation with
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slow scan of 0.3°/s. Fourier transform infrared spectra (FTIR) were measured with the
Perkin-Elmer-Spectrum GX Spectrophotometer as KBr pellet. The nanoclays were
characterized by thermogravimetric analysis (Mettler-Toledo, TGA/SDTA 851e) by
heating samples at 10 °C/min heating rate in the air flow of 40 mL/min. The particle size
analysis (as dry powder) was done on Malvern Instrument - Master sizer 2000 at feed rate

of 50% and air pressure of 1 bar.

3.3. Results and discussion (quaternary ammonium based nanoclays)

3.3.1. Effect of reaction parameters on properties of nanoclays

We have studied the effect of reaction parameters such as reaction temperature,
concentration of clay, different types of organic modifier and concentration of organic
modifier on properties of nanoclays. The physico-chemical properties of nanoclays vary

with reaction parameters.

3.3.1.1. Effect of reaction temperature

The organoclays prepared under three different temperature ranges, 25-30 (OC 1), 50-60
(OC 2) and 80-90 °C (OC 3) as shown in Table 3.2. The reaction temperature markedly
affects the particle size and brightness of the nanoclay. Nanoclays are synthesized at 25-
30 °C (OC 1) and 50-60 °C (OC 2). Average particle size of 8.2 and 7.9 um, with 90 % of
nanoclays in the particle size range of less than 20.2 and 16.8 um respectively was
obtained. The finer particle size with an average particle size of 3.6 and 90 % less than

12.3 pm is observed in OC 3, which is synthesized at 80-90 °C reaction temperature. The
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finer particle size at higher temperature is due to better dispersion of MMT during
synthesis of nanoclays. The particle size distribution patterns of nanoclays synthesized
under variable reaction conditions are shown in Figure 3.1. The brightness of OC 1, OC 2
and OC 3 are 72, 79 and 86 respectively. The improvement in brightness is resulted
because of particle size of nanoclays decreases as we go from lower to higher reaction
temperature. The other properties like percentage of carbon, hydrogen and nitrogen, basal

spacing are remain same in all three samples (OC 1 - OC 3).
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Table 3.2. Effect of reaction parameters on physico-chemical of nanoclay.

Effect of reaction
parameters

Types of organic Conc. of organic

Reaction temperature Conc. of clay modifier modifier in clay

OCl1 OC2 OC3 0OC4 OC5 0OCb OC7Y OoC8 OC9 O0OC1l0 OC1l1 OC12?

Processing of nanoclays

CEC of clay, meg/g 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Clay content, % 1.0 1.0 1.0 0.5 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1.0
Reaction Temp., °C  25-30  50-60 80-90 80-90 80-90 80-90 80-90  80-90 80-90  80-90 80-90  80-90
*OM *HT  *HT  fHT  HT  *HT  *HT 'ISMB *CTAB °TBA !'SMB !SMB !SMB
*OM, meq/g 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 022 043  0.64

Characterization of nanoclays

Moisture cont., % 1.4 1.3 1.4 1.4 1.4 1.4 1.5 2.8 3.7 3.9 3.4 2.7
LOI, % 38.5 38.5 38.6 38.7 38.4 38.6 34.2 28.4 26.7 18.3 244 29.1
Brightness 72 79 86 86 86 82 83 78 65 66 73 79
% C 30.7 30.7 30.7 30.7 30.7 30.7 223 14.6 4.4 5.6 11.2 16.8
% H 4.8 4.7 4.7 4.7 4.6 4.7 3.8 2.8 1.4 1.0 1.8 29
% N 0.9 1.0 0.9 1.0 0.9 0.9 0.8 0.9 0.6 0.3 0.5 0.6
d(0.1), um 1.1 1.5 0.9 1.2 0.9 0.8 1.0 0.5 0.3 0.4 0.8 0.8
d(0.5), pm 8.2 7.9 3.6 3.8 3.6 4.1 3.7 9.3 13.6 14.2 13.8 10.3
d(0.9), um 20.2 16.8 12.3 11.4 12.3 13.8 15.7 24.6 35.8 31.3 28.7 253
d-spacing, nm 3.5 3.5 3.5 34 3.5 3.5 2.6 1.9 1.4 1.5 1.6 1.9

*OM-Organic modifier, “HT- dimethyldihydrogenatedtallowammonium chloride, 'SMB-stearyldimethylbenzylammonium chloride,

’CTAB- Cetyltrimethylammonium bromide, *TBA-tetrabutylammonium chloride.
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Figure 3.1. Particle size distribution patterns of organoclays synthesized under different

reaction parameters.
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3.3.1.2. Effect of clay concentration

The particle size and brightness of nanoclays (OC 4, OC 5 and OC 6) is also
affected by the concentration of clay slurry during the preparation of nanoclay. The
brightness of nanoclay (OC 6) synthesized at higher concentration (1.5 %w/w) is 82 with
an average particle size of 4.1 um. The optimum condition of concentration of clay for
best brightness and finer particle size is 1 %w/w. Other properties of nanoclays are not

affected by concentration of clay for synthesis of nanoclays.

Connolly suface area= 411,76 A° Comolly sutface area= 387.73 A* Comnolly sutface area= 301 A°
Strearyl dimethylbenzylam momum Cetyltrimethylammoninm Tetrahutyl ammonium
cation cation catiofn

Comnolly suface area= 49438 A Comolly suface area= 556.88 A2 Connolly muface area= 58004 A7
14 Cla 18

Dimethyldihydrogenatedtallowammonium cation

Figure 3.2. Optimized energy structures of quaternary ammonium cations (Molecular

modeling software; Accelreys, MS Modeling 3.2).
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3.3.1.3. Effect of organic modifier

The effect of organic modifier on the molecular packing with respect to alkyl
chain length and surface area of intercalated organic cations within the interlayer space of
MMT have been extensively studied [28-30]. Effect of organic modifier on properties of
organoclays was studied by intercalating different quaternary ammonium salts, in which
one or two of the four functional groups attached to nitrogen atom had varying alkyl
chain length. The molecular surface areas and alkyl chain length (Connolly surface)
determined using molecular modeling software at minimized energy (Accelreys, MS
Modeling 3.2), also show dependence of particle size on surface area and chain length of
quaternary ammonium cations (Figure 3.2) with higher surface area and longer alkyl
chain length of quaternary ammonium cation resulting into finer particle size. The
hydrophobicity, brightness, particle size and basal spacing are varying with types of
organic modifier such as HT (OC 3), SMB (OC 7), CTAB (OC 8) and TBA (OC 9) as
shown in Table 3.2. OC 3, wherein two long alkyl chain carrying ammonium ions
intercalated MMT resulted in to finer particle size with an average particle size of 3.6
pum, improved brightness (86), higher basal spacing (3.5 nm) as discussed earlier also, is
due to complete covering of silicate platelets which on during drying does not allowed
agglomeration. The average particle size of OC 7, OC 8 and OC 9 are 3.7, 9.3 and 13.6
um respectively. The brightness of OC 7, OC 8 and OC 9 are 83, 78 and 65, and basal

spacing are 2.6, 1.9 and 1.4 nm respectively as shown in Figure 3.3.
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Figure 3.3. PXRD pattern shows effect of different types of organic modifier on basal

spacing of nanoclays.

3.3.1.4. Effect of concentration of organic modifier

The nanoclays are synthesized by intercalation of SMB with varying CEC of 25
% (OC 10), 50 % (OC 11), 75 % (OC 12) and 100% (OC 7) to study the effect of
concentration of organic modifier on properties of nanoclays. The basal spacing of OC
10, OC 11, OC 12 and OC 7 are 1.5, 1.6, 1.9 and 2.6 nm respectively as shown in Figure

3.4, which indicates that the increase in amount of intercalation resulted into higher
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interlayer spacing. In other word, we can say as the number of carbon atom increases
basal spacing also increases. The average particle size of OC 10, OC 11, OC 12 and OC
7 is 14.2, 13.8, 10.3 and 3.7 um respectively as shown in Table 3.2. Again, the higher
particle size is due to insufficient covering of silicate platelets. The hydrophobicity
increases as the concentration of organic modifier in to interlayer spacing of nanoclays
increases which is observed from moisture content of nanoclays as shown in Table 3.2.
The percentage of carbon, hydrogen and nitrogen are varying with the amount of SMB

inserted into MMT.

1.5ntn

countsss

1.8nm
&.ﬁnm 0C 10
S
OC 11
Z.6nm oc I%M
oC7

“Theta

Figure 3.4. PXRD pattern shows effect of concentration organic modifier on basal

spacing of nanoclays.
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Figure 3.5. (a) TGA and (b) DTA curves for nanoclays with different quaternary

ammonium cations (OC 3, 7, 8 and 9) and MMT (RP).

3.3.1.5. Thermal stability of nanoclays based on ammonium salts
Thermal stability of nanoclays is an important property for the application of

nanoclays in melt compounding of engineering polymers and for high temperature
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resistant greases. The thermogravimetric analysis of RP (MMT), OC 3 (HT-MMT), OC 7
(SMB-MMT), OC 8 (CTAB-MMT) and OC 9 (TBA-MMT) are shown in Figure 3.5. The
initial weight loss up to 150 °C is due to elimination of moisture in RP and OC 9. As the
organic content in OC 3, OC 7 and OC 8 is higher as compare to OC 9, these are
hydrophobic and show only 1-1.5 %wt loss in this temperature range. The degradation of
organic modifier attached to MMT surface is started at 170, 190, 220 and 250 °C for OC
9, OC 8 OC 3 and OC 7, respectively. It is clear from this observation that the organic
modifier with shorter alkyl chain started to degrade faster than organic modifier with
longer alkyl chain. As shown in Figure 3.5, the highest thermal stability is observed for
OC 7 due to presence of aromatic functional group in addition to longer alkyl chain. The
organic modifiers are degraded within temperature range of 170-450 °C. The weight loss
in the temperature region 500-700 °C is due to loss of covalently bound hydroxyl group at

the edges of the alumino-silicate platelets.

3.4. Results and discussions (phosphonium based nanoclays)

3.4.1. FTIR study of phosphonium based nanoclays

The characterizations of MMT and organically modified MMT using FTIR have
been extensively reported [31-34]. In the FTIR spectra of the purified bentonite (Figure
3.6), the bands between 3500 and 3700 cm ' and near 3400 cm ' are indicative of MMT.
The broad band centered near 3400 cm ™' is due to —OH stretching mode of interlayer
water. The bands at 3620 and 3698 cm ™' are due to —OH stretching mode of AI-OH and

Si—OH of MMT structure. The bands at 3698 cm™' due to —OH stretching vibration may
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also be due to the presence of small quantity of kaolinite. The shoulders and the
broadness of the —OH bands are mainly due to contributions of several structural —-OH
groups occurring in this smectite. The overlaid absorption peaks in the region of 1640
cm ' is attributed to —OH bending mode of adsorbed water. The characteristic peak at
1115 cm™' is due to Si—O stretching, out-of-plane Si—O stretching mode for MMT. The

band at 1035 cm™" is attributed to Si—O stretching (inplane) vibration for layered silicates.

400000 RILLH 2000} 1500 1000

Figure 3.6. FTIR spectra of MMT and phosphonium-MMT (P1, P2, P3, P4, P5, P6 and

P7).

The IR peaks at 915, 875 and 836 cm ! are attributed to AlAIOH, AlIFeOH and
AIMgOH bending vibration. In the FTIR spectra of P1, P2 and P3, the peaks at 2940 and
2850 cm ' are ascribed to the asymmetric and symmetric vibration of methylene groups
(CH2), of the aliphatic chain. Tetrabutylphosphonium-MMT (P1) shows a weak intensity

of the —OH bending vibration at 1640 cm ' due to adsorbed water. The phenyl ring
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attached to the phosphonium atom displayed an unusually sharp and relatively strong
vibration band at 1430 cm ™' as shown in the infrared spectrum of P4, P5, P6 and P7. In
addition to this, there is also the HCH stretching vibration band at 1465 cm ' in IR
spectrum of all phosphonium-MMT except tetraphenylphosphonium-MMT (P4). The IR
absorption bands in the low frequency region of the upgraded bentonite and the
phosphonium MMT analogues were largely comparable indicating that the MMT has not
changed upon exchange of the interlayer sodium/calcium ions by the phosphonium

cations.

3.4.2. PXRD study of phosphonium based nanoclays

counts/s

P
F2
Fli

MMT
b L Lo uid wob bl kil e e Lkl bl il ek bl U

3 4 5 6 7 8B 9
“2 Theta

Figure 3.7. PXRD pattern of MMT and phosphonium-MMTs.
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The PXRD data show that basal spacing increased with the alkyl chain length

(Figure 3.7). For the MMT, the spacing was 1.21 nm while the basal spacing for the P1 is

1.4 nm, and for the P2 and P3, 2.32 and 2.19 nm. The basal spacing of the samples P4,

PS5, P6 and P7 was nearly the same (1.76 = 0.065 nm) as the cations are of similar size.

The molecular shape of the phosphonium cations were determined using molecular

modeling software (Accelreys, MS Modeling 3.2) (Figure 3.8). It is expected that

phosphonium cations will occupy configuration inside the interlayer space so that the

positively charged phosphorous is closer to the negatively charged silicate layer to

maximize electrostatic interaction.

Tributyltetradecylphosphonium chloride,

]

Methyltriphenylphosphoninm, Ethyltriphenylphosphonium.,

bromincle

Trbuivlhexadecylphosphonium bromide

bromide

Propylriphenylphosphonium

Figure 3.8. Optimized energy structures of phosphonium salts (molecular modeling

software; Accelreys, MS Modeling 3.2).
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The basal spacing values were plotted (Figure 3.9) against the maximum
molecular length for all phosphonium cations with this configuration. The linear variation
observed between the basal spacing and the molecular length do support the proposed

configuration of phosphonium cations inside the interlayer space.

-
-:"-\.J
L

(]
=
- il

Interlayver spacing (nm)
=

1.2 4+ MMT

[} 0.2 0.4 0.6 (L3 1.0¥ 1.2 . |4
Chain Length (inm)

Figure 3.9. Correlation of basal spacing with chain length of organic moiety in

phosphonium- MMT.

3.4.3. Particle size distribution of phosphonium based nanoclays

The particle size distributions significantly depended on the alkyl chain length of
phosphonium cations (Figure 3.10 and Table 3.3). P2 showed finer particle size as
compared to P1 and P3. P4 showed a finer particle size distribution compared to P5, P6
and P7. These observations can be explained in terms of the aggregation of the
montmorillonite particles in “house of cards” structure of clay observed in aqueous
dispersion [35-40]. When MMT is dispersed in de-ionized water at slightly acidic

conditions, positively charged edges are attracted to negatively charged surfaces of the
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platelets to form a three dimensional “house of cards” structure (Figure 3.11) which

contains hundreds or thousands of silicate platelets.

30

——P1
25 | —0—P2
20

Particle size distribution (um)

100

Figure 3.10. Particle size distributions of phosphonium-MMT (P1, P2, P3, P4, P5, P6

and P7).

Table 3.3. Particle size distribution of phosphonium-MMT (P1, P2, P3, P4, P5, P6 and

P7) and molecular surface area of phosphonium salts.

Particle size/organoclays Pl P2 P3 P4 P5 P6 P7

d(0.1), um 1.19 1.15 1.31 1.15 1.74 1.49 1.41
d(0.5), um 5.40 3.88 8.32 6.75 1472 1030 10.15
d(0.9), um 25.86 13.34  26.89 2847 39.71 3344 36.86
d(0.99), um 46.71 3935 4352 4691 51.00 4994 50.66

Molecular surface area (Conolly surface) of phosphonium salts, A*/molecule

A*/molecule 300.14 510.67 490.65 384.03 329.76 336.54 345.66
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Discrete MMT platelets House of card structure Alkyl and/or aryl
phosphonium -MMT

Figure 3.11. Formation of alkyl and/or aryl phosphonium-MMT from discrete platelets

by breaking House of cards structure.

The particle size of clay in dispersion depends on the number of the platelets
forming this structure. When alkyl/aryl phosphonium salts are added to aqueous
dispersions, the positively charged phosphonium cations will also interact with negatively
charged surface of the clay mineral and reduce its interactions with positively charged
edges of other platelets and thereby decrease the number of platelets in the “house of
cards” structure. Subsequent drying process will, therefore, yield finer particles. The
alkyl phosphonium cations with longer carbon chains (hexadecyltributyl) are likely to
cover the clay mineral surface more efficiently than phosphonium cations with smaller
carbon chains (tetrabutyl or tetradecyltributyl) and lead, therefore, to finer particle. P4,
P35, P6 and P7 have similar numbers of carbon atoms as P2 and P3; however, these show
broader particle size distribution because of smaller organic moieties. The phosphonium-
MMT with shorter alkyl chains or cyclic groups (tetraphenyl, methyl/ethyl/propyl
triphenyl) will cover the surface of a platelet to a smaller degree compared to the longer
chain derivatives. As a result, organoclays prepared using aryl phosphonium salts will

have a “house of cards” structure with a higher number of platelets that on drying results
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in a broader particle size distribution. The molecular surface areas (Conolly surface)
determined using the molecular modeling software (Accelreys, MS Modeling 3.2), also
reveal the dependence of the particle size distribution on the surface area of molecular
cations (Table 3.3) showing finer particle size distribution for higher molecular surface

areas except tetrabutylphosphonium-MMT.

3.4.4. Thermal stability of phosphonium based nanoclays

Comparison of the thermal stability of the three alkyl substituted phosphonium-
MMT(P1, P2 and P3) and four aryl and/or alkyl substituted phosphonium MMT (P4, PS5,
P6 and P7) as shown in Figure 3.12 a, b and 3.13 a, b. The TGA data show improvement
in thermal stability for all aryl and/or alkyl substituted phosphonium MMT as compared
to only alkyl phosphonium-MMT. The tetraphenylphosphonium-MMT (P4) showed the
highest thermal stability at 350-400 °C (5% decomposition), while substitution of phenyl
group by a methyl, ethyl or propyl group (PS5, P6 and P7) led lower thermal stability of
300-350 °C (5% decomposition). The alkyl chain length also affects the thermal stability.
The thermal stability increases with the alkyl chain length. However, P1 having
tetrabutylphosphonium as interlayer ion shows thermal stability up to 350 °C, almost
equivalent tetraphenylphosphonium MMT. This is due to the high thermal stability of

tetrabutylphosphonium cation.
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Figure 3.12. (a) Thermogravimetric analysis of P1, P2 and P3 up to 500 °C; (b)

differential thermogravimetric analysis of P1, P2 and P3 up to 500 °C.
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Figure 3.13. (a) Thermogravimetric analysis of P4, P5, P6 and P7 up to 800 °C; (b)

differential thermogravimetric analysis of P4, P5, P6 and P7 up to 800 °C.
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4. POLYPROPYLENE/NANOCLAYS NANOCOMPOSITES AND NANOCLAYS FOR

PAINTS

4.1. Introduction

In polymer/nanoclay nanocomposites (PNC), a few wt.% of each silicate layer of
clay mineral is randomly and homogeneously dispersed on a molecular level in the
polymer matrix. When molded, the mechanical, thermal and barrier properties of these
materials are superior to those of pristine polymers and/or conventional composites. The
effects are very striking, and have become well known since many excellent reviews have
been published [1-10].

PNC was firstly invented at Toyota Central R&D Labs (Toyota) [11-12]. It bore a
new concept of polymer nanocomposites, expanded the field of polymer science
including preparation, structure and interfaces and led to new applications for
automotive, electric and food industries. Passenger cars equipped with a PCN part were
launched in 1989, only 4 years after this discovery. Since then, extensive worldwide
research on PCN has been conducted not only in the industrial sector but also in the
academic sector. At present, development has widened into almost every engineering
polymer including polypropylene, polyethylene, polystyrene, polyvinylchloride,
acrylonitrile butadiene styrene polymer, polymethylmethacrylate,
polyethyleneterephthalate,  ethylene-vinyl acetate copolymer, polyacrylonitrile,
polycarbonate, polyethylene oxide, epoxy resin, polyimide, polylactide,
polycaprolactone, phenolic resin, poly p-phenylene vinylene, polypyrrole, rubber, starch,

polyurethane, and polyvinylpyridine [13-20].
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The major use of polymers is in molded products. Polymers have been
successfully reinforced using glass fiber, talc, calcium carbonate, carbon black and other
inorganic fillers. The content of the filler is usually between 20 and 40 wt.% of a
composite and sometimes exceeds 50 wt.% in thermosetting resins. Polymers and fillers
are not homogeneously mixed on a microscopic level, and are composed of different
phases. The interface is not large, and interaction between the polymer and the filler is
limited [21-25].

Polypropylene (PP) is the most widely used polymer in the automotive industry
and in commodity products. While it is less expensive, its mechanical and thermal
properties are inferior to engineering plastics such as nylons. However, there is a strong
need to improve the mechanical properties of PP, owing to its low price. After nylon 6
was successfully developed, various research efforts were made worldwide to reinforce
PP using nanoclay, but to the best of our knowledge no successful examples of reinforced
PNC have yet been reported. Since natural pristine clay is hydrophilic and PP is
hydrophobic, there is enormous difficulty in making PNC. Many studies have been
focused on PP and nanoclay based PNC because of the cost effectiveness of PNC in the
automotive, packaging and appliance industries. Currently, there are three different main
approaches to the preparation of PP based PNC: the solution process [26], in-situ
polymerization [27], and melt compounding [28]. In fact, melt compounding has proved
to be an excellent technique because of its ease, versatility and benign character, with
respect to the environment. However, uniform dispersion of nanoclay in the polymer
matrix is essential to achieve the improvements in the thermo-mechanical properties. The

nanoclays have a strong tendency to agglomerate because of the natural incompatibility
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between the hydrophilic MMT nanoparticles and the hydrophobic PP matrix. These
aggregates are very difficult to break down by the limited shear force during melt
compounding. To break down nanoparticle agglomerates and produce nanostructure
composites, many specific approaches have been attempted in recent years. These
approaches can be mainly summarized as: (i) modification of the MMT surface by
surfactant [29] or (ii) modification of the PP matrix by incorporating a more hydrophilic
compatibilizer [30], or (iii) modification of processing conditions [31].

Various efforts have been made to improve the clay dispersion and PNC
properties. Ton-That et al. [30] utilized maleic-anhydride-grafted PP (MA-g-PP), with
varying molecular weight and acid content, to enhance the interaction with the
organoclay. Manias et al. [32] used two approaches, either by using functionalized PP
and common organoclay or by using neat PP and a semi-fluorinated organoclay; to
improve the dispersion and the ultimate properties of PP based PNC. Utracki et al. [33]
used an extensional flow mixer combined with twin screw extruder or single screw
extruder to improve the dispersion of organoclay-PP matrix. However, up to now, full
exfoliation of nanoclay in PP by melt compounding has remained difficult to achieve
[34]; in most cases, the clay in the PP matrix is still in the form of multilayered stacks,
with expanded galleries, rather than individual clay platelets. In principle, the PNC
formation is thermodynamically driven; therefore, this process can spontaneously happen
only with the reduction of free energy during mixing. Consequently, the formation of
PNC is dependent on the interaction between the entropy and enthalpy factors.
Obviously, the conformational entropy of the polymer chains decreases when they are

forced to be confined inside the organoclay interlayer. To balance the penalty originating
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from the polymer chains confinement, it is crucial to form an initial organoclay structure,
to be able to significantly increase its dispersion in the polymer matrix, thus increasing
the entropy of the system. This could be achieved by a larger initial gallery gap resulting
from the intercalant with longer aliphatic tails and high intercalant coverage on the MMT
surface. However, high intercalant coverage is not always better, because the reactive
sites on the clay surface could be hindered. Therefore, intercalant should not be too
crowded on the MMT surface if there is good interaction between the compatibilizer and
the MMT.

Nanoclay prepared from Indian bentonite and imported nanoclay are compounded
with PP and MA-g-PP in twin screw extruder in this part of the chapter. The compounded
PNCs are molded by injection molding into a standard specimen for studying its tensile,
flexural and impact strength. The imported and indigenous nanoclays are fully

characterized and are further used for the synthesis of PNCs.

4.2. Experimental Section

4.2.1. Materials

Polypropylene (PP) copolymers used for this study was obtained from Reliance
Industries under the trade name AMI 400N. The compatibilizers used are maleic
anhydride functionalized PP (MA-g-PP) obtained from Compton Chemicals Company.
Imported nanoclay (Cloisite 20A) is purchased from Southern Clay Products, Inc., USA.
Dioctadecyldimethylammonium chloride (DADO), [CH;3(CHz);7].N(CH3)Cl  was

purchased from Sigma-Aldrich. Montmorillonite (MMT) is obtained by purifying Indian

Hasmukh A. Patel 101 Ph.D. Thesis



Polypropylene/nanoclay Nanocomposites and Nanoclays for Paints Chapter 4

bentonite as discussed in previous chapters. The properties of PP, MA-g-PP and Cloisite
20A are given below,

Properties of polypropylene (PP)

Polypropylene (PP) copolymers; AMI 400N

Density: 0.905 gm /cc

Melt index (ASTM D 1238): 230°C/2.16 kg - 40 gm/10min

Vicat Softening Point (ASTM D 1525): 150°C

Manufacturer: Reliance Industries Ltd.

Properties of Compatibilizer

Maleic anhydride grafted polypropylene (MA-g-PP); Polybond 3200

MFI (190/2.16): 115 g/10 min.

Density at 23°C: 0.91 g/cc

Maleic Anhydride Level: 1.0 wt%

Manufacturer: Crompton Chemicals Company.

Imported Nanoclay (Cloisite 20A)
The Cloisite 20A is prepared from Cloisite Na (MMT) and dimethyldihydrogenatedtallow

ammonium chloride (DMDAC). The structure of DMDAC is,

CH3

|
CHy— N*— HT
-
HT

Where HT is hydrogenated Tallow (~65 % C18; ~30 % C16; ~5 % C14).

Hasmukh A. Patel 102 Ph.D. Thesis



Polypropylene/nanoclay Nanocomposites and Nanoclays for Paints Chapter 4

4.2.2. Synthesis of nanoclay

The nanoclay was synthesized by exchanging 90 meq of exchangeable cation per
100 g of MMT. 1 % solution of dioctadecyldimethylammonium chloride (5.4 g) were
added within 45 min at 80 “C under vigorous stirring to beaker contained 10.2 g of MMT
dispersed in 1 L of distilled water. Organoclay synthesized was filtered, washed with hot
distilled water till free from halide ion as tested by 0.01M AgNO; solution, dried at 60 "C
for 24 h. The dried organoclay was ground and passed through 300 mesh sized sieves.

Sample obtained was designated as DODA 90.

4.2.3. Compounding on twin screw extruder

PP/nanoclay nanocomposites were prepared using two nanoclay samples (Cloisite
20A and DODA 90) on twin screw extruder. Nanocomposites were prepared at 4.5 g
scale using DSM Micro 5 twin-screw extruder and were characterized for structure and
mechanical properties. The compounding was performed at screw speed of 100 rpm at
temperature of 200 °C for 5-7 min., simultaneously the compounded PNCs were molded
in DSM injection molding machine to obtained standard specimen for further study. The
PP and PP with polybond 3200 were also processed under identical conditions for
comparison with PNCs. The amount of PP, nanoclays and polybond 3200 are given in
Table 1. Films of PP, PPB, PNC 1 and PNC 2 were prepared using pellets obtained from
extruder by hot pressing ~1 g of pellets at 200 °C temperature and 6 metric ton of
pressure for 3 min on hot pressing machine followed by controlled cooling with water.

These films were then used for wide angle X-ray diffraction (WAXD).
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Table 1. Composition of PP, Nanoclay and polybond 3200 in PNCs compounded on

twin screw extruder (Batch scale 4.5 g).

Polymer grade Nanoclays Compatibilizer
Sample
Ids AMI 400N Cloisite 20 A DODA 90 Polybond 3200
PP 100 % - - -
PPB 95 % - - 5%
PNC 1 90 % 5% - 5%
PNC 2 90 % - 5% 5%

4.2.4. Characterizations

Fourier transform infrared spectra (FTIR) were measured with the Perkin-Elmer-
Spectrum GX Spectrophotometer as KBr pellet. The particle size analysis (as dry
powder) was done on Malvern Instrument - Master sizer 2000 at feed rate of 50% and air
pressure of 1 bar. The intercalation of the polymer in nanoclay layers was confirmed
using WAXD. WAXD has been employed to determine the changes in d-spacing of
nanoclays and PCNs. Measurements were carried out with a Phillips powder
diffractometer X' Pert MPD using PW3123/00 curved Cu-filtered Cu-Ka having
wavelength of 0.01 nm radiation with slow scan of 0.3°/s in the 26 ranges from 2 to 10.

DSC studies were carried out using a Mettler-Toledo over a temperature range of 50-200

o o
C. A controlled heating rate and cooling rate was maintained at 10 C/min. The tests
were carried out in inert nitrogen atmosphere. The melting point (Ty,), crystallization

temperature (T.) and % crystallinity of PP, PPB and PNCs were determined using DSC
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heating and cooling scans. The tensile testing of injection molded specimen was
performed on Instron Universal testing Machine model 4204, Flexural testing was
conducted on Lloyd’s instruments LRX and Izod impact test was conducted on Ceast
Instruments with notched samples. Transmission electron microscopy (TEM) is used to
get a direct evidence of the structure and spatial dispersion of clay layers. TEM images
were observed with JEOL (JEM1200EX) instrument. Sample for TEM was prepared
using a temperature controlled Leica Ultra cut UCT microtome machine. Extruded pellets
were placed in an arm, which is attached to a motor controlled hand wheel. As the arm
moves vertically pass the diamond knife, the sample is cut into required thickness. Entire
operation carried out at 60 °C. The cut sections are directly transferred to copper grid
with the help of sucrose solution, which subsequently dried before being transferred to
TEM instrument. The ultra thin sections of thickness 70-100 nm were then used to

ascertain the dispersion of clay layers in the polymer matrix.

4.3. Results and discussion

4.3.1. FTIR and PXRD of Cloisite 20 A and DODA 90

FT-IR spectra of cloisite 20 A and DODA 90 are shown in Figure 4.1. Peaks at
3620 and 3698 cm™ are due to -OH band stretch for AI-OH, Mg-OH and Si-OH. The
shoulders and broadness of the -OH bands are mainly due to contributions of several
structural -OH groups occurring in MMT. The overlaid absorption peaks in the region of
1640 cm™ in the FT-IR spectrum is attributed to -OH bending mode of water (adsorbed

water). IR peaks at 915, 875 and 836 cm! are attributed to AlAIOH, AlFeOH and
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AIMgOH bending vibration respectively. Peaks at 2940 and 2850 cm™ for organoclays,
are ascribed to the asymmetric and symmetric vibration of methylene groups (CHy), of
the aliphatic carbon chain. In addition, there is also HCH stretching vibration band at
1465 cm™ in the IR spectrum of organoclays. FT-IR studies clearly indicate the formation

of organic—inorganic hybrids.

Cloisite 20A

%T
DODA 90

4000.0 3000 2000 4 1500 1000 400.0
cm

Figure 4.1. FT-IR spectra of Cloisite 20 A and DODA 90.

The PXRD of pattern of DODA 90 and Cloisite 20A is shown in Figure 4.2. The
peak around 2.7° and 3.8° is corresponds to [001] plane. The basal spacing, dgo; is 3.3 and
2.4 nm for DODA 90 and Cloisite 20A, respectively. The lower basal spacing of Cloisite
20A reveals that the organic modifier (DMDAC) used in the Cloisite 20A has shorter

alkyl chain compared to the organic modifier used for DODA 90. The intensity of the
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peak for DODA 90 is also lower than Cloisite 20A, demonstrates the high crystalline
character of the MMT used for Cloisite 20A. The change in crystallinity arises mainly
due to origin of MMT. The MMT used for Cloisite 20A is originated from Wyoming,

USA while MMT used for DODA 90 is from Rajasthan, India.

conuntsfs

Cloisite 20A

“2Theta

Figure 4.2. PXRD patter of Cloisite 20A and DODA 90.

4.3.2. Particle size distribution and thermal stability of Cloisite 20 A and DODA 90
The particle size of the nanoclays is an important parameter to form PNCs
because with finer particles of nanoclays requires lower time for compounding and ease
in the processing of PNCs. However, the average particle size of Cloisite 20A and DODA
is 8 and 9 pm, respectively; the particle size distribution of DODA 90 is broader than
Cloisite 20A. Though the size of the both nanoclays are in the unit of microns, the

nanoclay term for these microns particles are given because of its single micron particle
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contains thousands of nano-platelets and which are easily expanded in the organic matrix.
The narrow particle size distribution resulted into almost identical size of the filler which
can result better mechanical properties than fillers with broader particle size distribution.
It is clear from the Figure 4.3 that the Cloisite 20A has narrow particle size distribution

while DODA 90 has slightly broader particle size distribution.

10
100
9
8 Cloisite 20A 41 40
7 Cloisite 20A DODA 90 1 80
) d (0.1), pm 2 2 1 70
= 6| d(05),um 8 9 | &
£ 5| d©9.um 16 20
= DODA 90 1 50
9 4
> 1 40
’ 1 30
2 120
1 10
0 0
0.1 1 10 100 200

Particle Size (um)

Figure 4.3. Particle size distribution of Cloisite 20A and DODA 90.

As the melt compounding of PP and nanoclays is the economically viable method,
it is necessary for nanoclay to withstand high processing temperature. In this study we
have compounded PP with nanoclay at 190-200 °C, therefore, it is prime requirement to
study whether these nanoclays are stable up to that temperature or not.
Thermogravimetric analysis of nanoclays is shown in Figure 4.4. The Cloisite 20A and
DODA 90 is started to degrade at about 190 °C and 210 °C temperature, respectively. The

higher thermal stability of DODA 90 over Cloisite 20A is due to higher alkyl chain
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length in organic modifier used for DODA 90. From this study, we can say that the both

nanoclays can withstand PNCs processing temperature.

100 4

90 - ——DODA 90
m —— Cloisite 20A
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|
2
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30 130 230 330 430 530 630
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Figure 4.4. Thermogravimetric analysis of Cloisite 20A and DODA 90.

4.3.3. PP/nanoclay nanocomposites (PNCs)

The WAXD patterns were used to determine increase in the basal spacing [001]
of the nanoclays thereby confirming the intercalation of the PP in the nanoclay layers.
The results are presented in Figure 4.5. The change in the basal spacing of Cloisite 20A
and DODA 90 after compounding with PP and MA-g-PP is 0.19 nm and 0.17 nm,
respectively. The change in the basal spacing clearly indicates the intercalation of PP and
MA-g-PP into nanoclays. The XRD peaks shifted to lower angles suggested that both
intercalated and partly exfoliated nanocomposites were formed. The interlayer expansion
depends mainly on the compatibility between the polymer and the organic intercalant or
clay attribute or both and the chemical interaction between the two phases. Nevertheless,

the intensity of the XRD peak does decrease with the reduction of intercalant coverage.
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Figure 4.5. Comparison of basal spacing of nanoclays after compounding.

Reduction of the X-ray peak intensity can be caused by different factors, but the two
more important ones in this case should be either the reduction of the intercalated
nanoclays aggregates due to exfoliation or the compaction of the nanoclays to form large
aggregates. To verify the cause of the peak intensity reduction, TEM observations were

conducted.

The TEM images in Figure 4.6 reveal the structures for PNC 1 and PNC 2. The
dark and bright regions correspond to the nanoclays and PP matrix, respectively. The
images clearly show the existence of nanoclay clusters in PNC 2, indicating a poor clay
dispersion and disordered structure. Poor dispersion was also seen for PNC 1 but lower
than PNC 2. However, in contrast with PNC 1, these clusters possess a well aligned
structure. These reconfirm the XRD results for the poor nanoclay intercalation and
dispersion. No sign of partial exfoliation can be observed, and so the reduction in the

peak intensity of the PNCs is more likely due to agglomeration.

Hasmukh A. Patel 110 Ph.D. Thesis



Polypropylene/nanoclay Nanocomposites and Nanoclays for Paints Chapter 4

Figure 4.6. TEM images of PNC 1 and PNC 2.
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DSC measurements of PP, PPB, PNC 1 and PNC 2 were carried out to determine
the effect of intercalant type and intercalant coverage on the crystallization behavior. The
melting and crystallization parameters determined from heating and cooling scans are
presented in Table 4.2. PP is a semi-crystalline polymer containing both amorphous
phase and crystalline phases simultaneously. Crystalline domain is the ordered structure
developed by certain factor. Some times presence of dispersed layered nanoclays changes
crystallinity in PP by acting as a nucleating agent. The highest crystallinity is observed
for PNC 1 while PPB and PNC 2 have almost similar crystallinity. Similarly, the
crystallization temperature is observed to be 116.5 °C for PNC 1, while other samples has

T, within the temperature range of 112-114.2 °C.

Table 4.2. Thermal properties of PP, PPB and PNCs.

A Hycorrected Crystallization temp.

Samples (cal/g) % Crystallinity Ty, (°C) T.(C)
PP 13.9 27.9 162.8 112.0
PPB 15.9 32.0 162.1 114.3
PNC1 17.1 343 163.3 116.5
PNC 2 15.7 31.6 163.0 113.3

The addition of nanoclays in PP is accelerating the crystallization process, but not
noticeable increase in the crystallinity is observed. Probably, the partial exfoliation of
nanoclay increases the nucleation effect and accelerates the crystallization process, while

on the other hand, in PNCs, the confined PP segment in the nanoclay interlayer will be
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restricted, resulting in a decrease in the number of crystalline PP chains. In addition, the
absorption of the PP or compatibilizer molecules on the nanoclay surface may also affect
the crystallization behavior of PNCs. Nevertheless, this issue still remains to be
understood.

The static mechanical properties for PP, PPB and PNCs are listed in Table 4.3.
There is increase in the tensile strength by 18 and 20 %, tensile modulus 41 and 39 % for
PNC 1 and PNC 2, respectively with respect to PP. The flexural modulus for PNC 1 and
PNC 2 is also increases by 23 and 22 % by incorporation of 5 % nanoclay in PP along

with 5 % MA-g-PP.

Table 4.3. Mechanical properties of PP, PPB and PCNss.

Tensile Tensile Flexural Flexural Izod Impact
Samples strength modulus strength modulus strength
(MPa) (MPa) (MPa) (MPa) (J/m)
PP 21.6 1110 30.2 910 86
PPB 25.2 1291 33.6 990 81
PNC 1 25.5 1570 339 1120 57
PNC 2 259 1541 36.0 1117 59

Increase in tensile and flexural modulus was consistently observed on repeated
testing. The increase of modulus is attributable to the reinforcement effect. In general, for
inorganic particle-reinforced polymer, the particle-matrix interaction is an important
factor in determining the ultimate mechanical properties of composites because a weak

interface would lower the material integrity and reduce the yield strength. Yield strength
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of nanoclay-reinforced PP was higher than neat PP and PPB, which is indicative of
significant interaction between nanoclay particles and the PP matrix. The impact strength
of PPB and PNCs is observed to decrease with addition of nanoclays and polybond 3200
in the PP matrix. This suggests that reinforcement of PP with nanoclays along with
polybond 3200 negatively influence the impact strength. The impact strength can be
retained in spite of increase in modulus due to reinforcement of PP with nanoclay by

using elastomers toughened PP rather than neat PP.

4.4. Nanoclays for paints

In the past, paints, lacquers and varnishes have contained about 80 % solvent. The
thickening effect in such paints, lacquers and varnishes is achieved mostly by solvent
evaporation. There is a trend in the industry in which manufacturers of such systems
move from high solvent systems to higher solids systems to comply with stricter
environmental limits on volatile organic emissions. Since there is less solvent in such
systems, there is a need to modify the rheological properties of the particular system by
use of a thickener which will impart sag resistance and shear thinning behavior without
reducing the clarity and gloss of the coating [35-39].

Organoclay is formed when MMT is made to react with different types of
quaternary ammonium organic compounds. The type of quaternary ammonium salts used
for the organoclay are determine the compatibility of the resulting organoclay in different
solvents and resin systems, where slight differences in the polarity play an important role.
Due to organophilic nature of organoclays, they are not swell in water as the MMT.

Organoclay can be dispersed in organic solvents and cause the formation of a gel
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structure. The dispersion process is determined by the effect of the solvent on the organic
chains on the quaternary compound and with the mechanical energy given by shearing
the product during the dispersion process. The thixotropic behavior of organoclays is
used widely in almost all of the solvent based coatings. Settling, sagging and leveling of
solvent based paints are controlled by the appropriate addition of small amount of
organoclays. Each formulation containing binders, solvents, extenders and pigments
could be influenced differently by the organoclay addition, so that the proper grade,
dosage and way of incorporation must initially be determined.

In this part of the chapter, we have studied the effect of organoclay addition in
different solvents on stability of the gel volume with respect to time. The objective
behind this work is to study the applicability of organoclays which are prepared from
Indian bentonite. The study emphasizes on dispersion of organoclays in solvents with

different polarity.

4.4.1. Materials and methods

The organoclays used for this study are OC 8 [CH; (CH,),s (CH3); N — MMT], OC
3 [(HT), (CH;), N — MMT] and OC 7 [C¢Hs CH, (CH,)i7 (CH3); N — MMT]. The
synthesis and characterization of these three organoclays are given in chapter 3. The
solvents used are toluene, carbon tetrachloride, chloroform, pyridine, benzene,
tetrahydrofuran, ethanol, acetone and diethyl ether purchased from s.d. fine chem., India.

For measurement of gel volume, organoclay added into 100 mL solvents in a
cylinder. The dispersion is then ultrasonicated for 10 min. and noted the results as cm’

after selected time period.

Hasmukh A. Patel 115 Ph.D. Thesis



Polypropylene/nanoclay Nanocomposites and Nanoclays for Paints Chapter 4

4.5. Results and discussion

The solvent solubility parameters of different solvents are shown in Table 4.4.
With Hansen’s solubility parameters [40-42], 8> = 84" + sz + 847, the correlation
between the degree of exfoliation of organoclays and the solvent in which the clay

platelets are dispersed can be analyzed.

Table 4.4. Solvent solubility parameters of different solvents”.

Solvent 3 8 3, o H';’;’;‘lf;“g
Pyridine 10.61 9.25 4.3 2.9 strong
Benzene 9.15 8.95 0.5 1.0 weak
Toluene 8.91 8.82 0.7 1.0 weak
Carbon tetrachloride 8.65 8.65 0 0 weak
Chloroform 9.21 8.65 1.5 2.8 weak
Tetrahydrofuran 9.52 8.22 2.8 3.9 moderate
Ethanol 12.92 7.73 43 9.5 strong
Acetone 9.77 7.58 5.1 34 moderate
Diethyl ether 7.62 7.05 1.4 2.5 moderate
Water 23.5 6.0 15.3 16.7 strong

*Hansen’s solubility parameters, 502 = 5d2 + 5p2 + 6h2, where 0, is total solubility
parameter, o4 is component due to dispersion forces, o, is component due to polar forces

and oy, is component due to H-bonding. All the solvent solubility parameters have units of

(cal/cm3)1/2.
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It has been found that the dispersion force of the solvent, reflected by d4, is the
principal factor determining whether the clay platelets remain suspended in the solvent
while the polar (8,) and hydrogen-bonding (0y) forces affect primarily the tactoids
formation of the suspended platelets. The organoclays studied are precipitated in solvents
with molecules with moderately strong hydrogen-bonding groups as shown in Table 4.5.
The gel volumes are measured by dispersing 2 g of organoclays in 100 mL solvent.
Simultaneously, the dispersions were ultrasonicated for 10 min and gel volume was

measure after 24 h.

Table 4.5. Gel volume of organoclays (OC 3, OC 7 and OC 8) in different solvents.

Gel volume (cm3) after 24 h

Solvent
oCs8 0oC3 ocC7

Pyridine 10 14 32
Benzene 18 24 34
Toluene 20 32 20
Carbon tetrachloride 36 100 30
Chloroform 90 96 100
Tetrahydrofuran 10 12 100
Ethanol 10 12 12
Acetone 8 14 8
Diethylether 4 8 14
Methanol 10 16 6
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The precipitation effect is correlated with decrease in the gel volume. OC 7 is
completely exfoliated in chloroform and tetrahydrouran. OC 3 is completely exfoliated in
carbon tetrachloride while partially exfoliated in chloroform. OC 8 is partially exfoliated
in chloroform and moderately in carbon tetrachloride. The stability of gel in these
solvents also suggests that these organoclays can be useful for the paint formulations. To
study the effect of concentration of organoclay in solvent and time period on gel volume

we have used toluene as solvent for further study.
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Figure 4.7. Effect of concentration of organoclays in toluene on gel volume (toluene:

100 mL; ultrasonication: 10 min; time: 24 h).

The effect of organoclay concentration in toluene on the gel volume is shown in
figure 4.7. As the concentration of organoclays increases the gel volume increases
linearly due to partition phenomenon of solvent with organic modifier situated at the

surface of MMT. The highest gel volume of 32 cm’ is observed for 2 g of OC 3 in 100
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mL of toluene. The gel volume for OC 7 and OC 8 is 21 cm’. It is clear from the value of

gel volume that the OC 3 is partially exfoliated and OC 7 and OC 8 are precipitated.
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Figure 4.8. Effect of time on stability of gel volume (toluene: 100 mL; organoclays: 2 g;

ultrasonication: 10 min; time: 24 h).

The stability of gels is an important parameter for application of these gels in
paints and resins. As shown in Figure 4.8, the gel volume is decreases with time and also
decrease in the gel volume is faster within 5 h. After 20 h, gel attained stability. The
higher gel volume of OC 3 is attributed to organic modifier which contained two long
alkyl chains. Organic modifier used for OC 7 and OC 8 have single long alkyl chain
therefore the organophilicity of OC 3 is higher as compared to OC 7 and OC 8 which
results into higher gel volume. However, it should be noted that organoclays will result
different property in application such as paint because paint formulation required fillers

and resins in addition to organoclays.
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5. SYNTHESIS OF METAL NANOPARTICLES (Pd, Rh, Au and Ag) ANCHORED

ON NANOCLAYS

5.1. Introduction

The physical properties of nanoscale particles are significantly different from
those of microscopic or readily crystallizing materials of identical chemical composition.
The interest in the synthesis of metal nanoparticles has been growing because of their
unique electronic, optical, thermal, and catalytic properties and promising applications in
interdisciplinary fields [1]. Palladium, rhodium, gold and silver metal nanoparticles based
catalysts are employed in variety of catalytic reactions, as the catalytic activity and
selectivity is usually influenced by the particle size of the metals. Since nanoparticles
tend to be fairly unstable in solution, common methods for stabilizing and controlling
their size employ the use of capping agents such as surfactants, ligands, polymers or
dendrimers [2-3].

Montmorillonite (MMT) and organically modified MMT have been extensively
used as catalyst supports in wide range of heterogeneous catalysis system [4-6].
Palladium nanoparticles have been synthesized by preparing Pd hydrosols in alkyl
ammonium surfactants solution, which is then added to MMT [8-15]. Kaolinite [16],
Activated carbon [17], carbon nanotubes [18], SiO;, [19], Al,O3; [20] and many other
solids are also reported as supporting materials for growing palladium and rhodium metal
nanoparticles and these are widely used as heterogeneous catalysts in industries. Kiraly et
al. have reported in situ generation of Pd metal nanoparticles in smectite clay by

preparation of Pd hydrosol prior to intercalation in MMT and using binary liquid mixture
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[1-2]. MMT is hydrophilic in nature with a high cation exchange capacity, which made
MMT a very useful material in various applications. As such Pd*" and Rh*" ions are very
difficult to exchange completely with interlayer cations (Na', Ca"" or K') present in
MMT. The complete exchange has been reported to be achieved by ion exchanging
reaction for several days under condensation. To overcome this problem, the metal halide
salts are converted in to water soluble metal complex to facilitate faster ion exchange.
Gold nanoparticles have attracted much attention due to their applicability as
oxidative catalyst at reasonably low temperature [21-24]. Different wet chemical methods
have been used for the synthesis of metallic nanoparticles, the most common involving
the reduction of metal salts in surfactant solutions using a reducing agent such as sodium
citrate or sodium borohydride. The citrate method results into relatively large metallic
particles due to weak reducing efficiency in comparison to sodium borohydride, known
for fast nucleation and surfactants drastically inhibits growth [25]. Varied shapes and
sizes by seeding growth of gold nanoparticles in quaternary ammonium surfactants using
different reducing agents have been reported in the literature [26-28]. To support gold
and silver nanoparticles on a stable inorganic or organic matrix is a prime requirement in
applications such as catalysis. Varieties of supports such as SiO,, TiO,, Al O3, Fe,Os,
carbon, clay and polymer for stabilizing gold nanoparticles have been reported [29-31].
There are fewer references available that demonstrate gold nanoparticles supported on
MMT. Paek et al. [32] have synthesized gold pillared alumino silicates by capping the
charged gold nanoparticles using N,N,N-Trimethyl (11-mercaptoundecyl) ammonium ion
as protecting ligands and studied the effect of calcination on the size of gold

nanoparticles. In other report, Chen et al. [33] have adsorbed polyethyleneimine on
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MMT, subsequently added gold salt which were reduced by polyethyleneimine itself.
They have also illustrated the effect of pH on the particle size of generated gold
nanoparticles. Aihara et al. [34] have described the synthesis of gold and silver
nanoparticles in Laponite using gold-amine-nitrate complex and silver nitrate as gold and
silver precursor respectively.

The present chapter discusses a promising approach for the controlled synthesis of
Pd and Rh metal nanoparticles supported on MMT and partially organically modified
MMT (POMM) using [Pd (NH3)4] Cl, and [Rh (NHj3)6] Cl; - complex by eliminating the
preparation of Pd and Rh hydrosol in surfactants prior to intercalation in MMT. The
studies also show the effect of organic modification of MMT on particle size of Pd and
Rh metals. There have not been any report demonstrating single pot synthesis of gold and
silver nanoparticles anchored on organoclay. The objective behind this study was to
synthesize gold and silver nanoparticles supported organoclays. The effect of reduction
path, concentration and type of surfactants on the particle size of gold and silver

nanoparticles anchored organoclay is also studied.

5.2. Experimental Section

5.2.1. Materials

Bentonite was collected from Barmer district of Rajasthan (India). Palladium
chloride (PdCly) and rhodium chloride, hydrated (RhCl; + XH,0),
hydrogentetrachloroaurate  trihydrate (HAuCls;-3H,O), silver nitrate (AgNOs3),

hexadecyltrimethylammonium bromide [CH3(CH3)1sN(Br)(CHj3)s],
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dioctadecyldimethylammonium chloride [(CH3(CH,);7).N(CI)(CHs),] and sodium
borohydride (NaBH4) were procured from Sigma-Aldrich (USA) and used as received.
Liquor ammonia (25% NH;3;) was from s. d. fine chemical, India and
dimethyldihydrogenatedtallowammonium chloride from Cutch oil, India and was used as
received. The [Pd(NH;)4]Cl, and [Rh(NH3)6]Cls solutions were prepared by treating a
solution containing equal amount of water and liquor ammonia with PdCl, and RhCl; + X
H,O. The both the solutions were evaporated on a steam bath until only a faint odor of
ammonia is noticeable. The resulted light yellow solutions were filtered and cooled in an
ice bath to 10 — 15 °C [35].
PdCly + 4NH; = [Pd (NH3),]™ + 2CI
RhCl; + 6NH; = [Rh (NH;)s] ™+ 3CI
Bentonite was purified by sedimentation technique discussed in earlier [36]. 1.5
%w/v clay slurry made in deionized water and supernant of less then 2 um fractions was
collected after pre-calculated time, height at room temperature (30°C). The clay slurry
was dried and ground into fine powder. The chemical composition of the purified MMT
was: 55.9 % Si0,, 20.9 % Al,0O3, 9.15 % Fe;03,2.1 % MgO, 2.8 % Ca0, 0.71 % K,0 and
0.73 %Na,O with loss on ignition of 7.7 %. The cation exchange capacity was measured

by standard ammonium acetate method at pH 7 and was found to be 0.90 meq/g of MMT.

5.2.2. Synthesis of Pd and Rh nanoparticles in MMT and POMM
The POMM samples were typically synthesized by dispersing 20 g of MMT in 2
L distilled water and exchanging 25, 50 and 75 % of exchangeable cations with

dimethyldihydrogenatedtallowammonium cation under vigorous stirring at 80 °C
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temperature for 1 h. The resulting partially organically modified MMT was filtered,
washed until free from halide ion (tested with 0.01M AgNOs solution) and dried, yielded
off white powder and were designated as HT 25, HT 50 and HT 75 respectively.

To 5 g each of purified montmorillonite (MMT) dispersed in 200 mL distilled
water (2.5 %w/v) and stirred to facilitate complete dispersion for 1 h, were added 40 mL
(0.9 meq Pd or Rh/g of MMT) tetraammine palladium (II) and hexaammine rhodium (IIT)
solution portion wise with continuous stirring for another 1 h at room temperature (30
°C), to obtain [Pd(NH3)4] — MMT and [Rh(NH3)s] — MMT respectively. The Pd and Rh
metal complex supported MMT were subsequently reduced using sodium borohydride at
room temperature, which results a grayish-black dispersion. The Pd and Rh-MMT were
filtered, washed, dried at 60 °C for 5 hrs in vacuum oven and ground into fine powder.
The Pd and Rh metal nanoparticles supported HT 25, HT 50 and HT 75 were synthesized
by using 5 g of each POMM (HT 25, HT 50 and HT 75) as supporting materials and
exchanged with metal cations (75, 50 and 25 % Pd and Rh respectively) in iso-butyl
alcohol. As POMM is both hydrophilic and hydrophobic in nature and resulted into poor
dispersion in distilled water, iso-butyl alcohol was used to facilitate dispersion. The iso-
butyl alcohol also acts as a reducing agent and can facilitate reduction of Pd" and Rh™
ions to zero valent metals during the reduction of metal ions with sodium borohydride.
The schematic representation of formation of Pd and Rh metal nanoparticles in MMT and

partially organically modified MMT (POMM) are illustrated in Figure 5.1.
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5
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MMT dispersion [Pd (NHz)4] / [Rh (NH:)s] - MMT Pd or Rh - MMT
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POMM dispersion [Pd (NH:):] / [Rh (NHz)e] - POMM Pd or Bh - POMM

Figure 5.1. Schematic representation of formation of Pd and Rh nanoparticles supported

MMT and partially organically modified MMT (POMM).

5.2.3. Synthesis of gold and silver nanoparticles anchored organoclays

Gold and silver nanoparticles supported on organoclay were synthesized
following different reduction paths as shown in Figure 5.2. In Path 1, 25 mg of HAuCl,4
were added in 0.39 g of hexadecyltrimethylammonium bromide (HDTA) dissolved in
500 mL deionized water at 80 °C. The gold salt in HDTA solution was then reduced by
addition of freshly prepared NaBH,4 solution (50 mg in 10 mL deionized water). This
resulted into wine red solution. 125 mL MMT slurry (1 %w/v) was added to the solution
at rate of 2.8 mL/min with vigorous stirring at 353 K for 45 min. The resultant gold-
organoclay hybrid was filtered, washed with deionized water and dried at 333 K and was
designated as M3HDTG. A 5 %w/w (130 mg HAuCls) gold nanoparticles supported

organoclay was synthesized by similar procedure and denoted as MSHDTG.
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PATH 1 PATH 2

HAuCl, or AgNO; HDTA or DODA solution HAuCl, or AgNO;
Reduction . Exchange with
(NaBH,) MMT

Exchange with slurry
Auor Agsolin MMT
surfactants slurry Au or Ag salt in
factants within organocla
Exchange with . . surtactants within org Y
MMT u Reduction
slurry (NaBH,)
Auor Ag Organoclay Au or Ag

supported organoclay supported organoclay

Figure 5.2. Schematic representation of synthetic route for Au and Ag nanoparticles

anchored organoclay.

In path 2, the reduction was performed after the intercalation of HDTA containing
HAuCls. 25 mg of HAuCly was added in 500 mL HDTA solution. 125 mL MMT slurry
(1 %w/v) was added to the solution at rate of 2.8 mL/min with vigorous stirring at 353 K
for 45 min. The resultant gold salt-organoclay hybrid reduced by addition of freshly
prepared NaBH, solution, formed gold-organoclay hybrid which was subsequently
filtered, washed with deionized water and dried at 60 °C and denoted as MAHDTG (1
%Au). We have also used dioctadecyldimethylammonium chloride (DODA), which
contains two long alkyl chains to study the effect of surfactant used in organoclay on size
and shape of nanoparticles. The organoclay samples with 1 % loading of gold were
synthesized by both paths as described above; 0.62 g DODA dissolved in 500 mL
deionized water and 25 mg HAuCls were used, designated as M1DODG (Path 1) and

M2DODG (Path 2). The silver nanoparticles loaded organoclays were synthesized using
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procedure similar to that used for gold nanoparticles as discussed above. AgNO; was
used as a precursor for silver nanoparticles. The samples obtained for silver nanoparticles
anchored organoclays are designated as M1DODS (1 %w/w; Path 1; DODA), M2DODS
(1 %w/w; Path 2; DODA), M3HDTS (1 %w/w; Path 1; HDTA), M4HDTS (1 %w/w;
Path 2; HDTA), and MSHTDS (5 %w/w; Path 1; HDTA). The organoclays without gold
and silver loading (denoted as MHDT and MDOD) were also synthesized using same
amount of HDTA and DODA under identical reaction conditions for comparison with

gold and silver-organoclay hybrids.

5.2.4. Characterizations

Palladium, rhodium, gold and silver content were estimated using Perkin-Elmer
Optima 2000 DV ICP-AES. Powder X-ray diffraction (PXRD) analysis was carried out
with a Phillips powder diffractometer X’ Pert MPD using PW3123/00 curved Cu-filtered
Cu-Ka (A=1.54056 A) radiation. The samples were scanned in 20 range of 2 to 80 degree
at a scanning rate of 0.4 deg/s. Crystallite size of was determined from the characteristic
peak (20 = 38.5) for the (111) reflection using the Scherrer formula with a shape factor
(K) of 0.9.

Crystallite size = KA/W cos 0

Where, W = W, - W, Wb is broadened profile width of experimental sample and Wj is
standard profile width of reference sample. Fourier transform infrared spectra (FT-IR)
were recorded using Perkin-Elmer-Spectrum GX- Spectrophotometer as KBr pellet.
Particle sizes of Pd and Rh metal nanoparticles were determined from electron

micrographs taken on Philips CM 200 KeV transmission electron microscope. One drop
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of dilute colloidal dispersion in propanol was placed on a formvar grid and allowed to
stand for 30-40s. After solvent evaporation, electron micrographs were taken of the
particles retained on the film. Particle sizes of gold and silver were determined from
electron micrographs collected using Philips FEI’s Tecnai F30 G2 300 KeV transmission
electron microscope. One drop of dilute colloidal dispersion in toluene was placed on a
400 mesh copper grid. After solvent evaporation, electron micrographs were taken of the
particles retained on the film. UV—vis DRS measurements were carried out at room
temperature on a Varian Cary 500 instrument in the range of 400-700 nm. This setup was
equipped with a diffuse reflectance accessory. The scan was made with an averaging time
of 1 s, a data interval of 1 nm, and a scan rate of 60 nm/min. A baseline correction was

performed using a dried barium sulfate white standard.

5.3. Results and discussion (Pd and Rh metal nanoparticles supported organoclays)

5.3.1. FTIR and PXRD of Pd and Rh-MMT/organoclay hybrids

The FT-IR spectra of MMT and POMM are shown in Figure 5.3. The bands at
3620 and 3698cm ' are due to -OH stretching mode of AI-OH and Si—-OH of MMT
structure. The broad band centered near 3400cm ' is due to —OH stretching mode and
overlaid absorption peaks in the region of 1640cm™ is attributed to -OH bending mode of
adsorbed water. The characteristic peak at 1115cm™ is due to Si-O stretching, out-of-
plane Si-O stretching mode for MMT. The formation of POMM is conformed by
presence of the IR peaks at 2916 and 2854cm™ are ascribed to the asymmetric and

symmetric vibration of methylene groups (CHy)n of the aliphatic chain. In addition to
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this, there is also the HCH stretching vibration band at 1465cm™ in IR spectrum. The IR
absorption bands in the low frequency region of the MMT and partially organophilic
MMT analogues were largely comparable indicating that the clay mineral matrix has not

changed upon exchange of the interlayer ions by the quaternary ammonium ions.

%TH

36203400

4000 3000 2000 1500 1000 400
cm’!

Figure 5.3. FT-IR spectra of virgin MMT and POMM.

The Pd and Rh nanoparticles generated on MMT, have agglomeration of metal
nanoparticles. To overcome this problem, we have synthesized POMM (HT 25, HT 50
and HT 75) and used these for supporting the metal nanoparticles. The organic
modification is given in such a way that 75, 50 and 25 % of exchangeable cations are
available (remain vacant) so that palladium tetraammine and rhodium hexaammine can
be easily exchanged against interlayer cations. The formation of POMM is also

confirmed by PXRD pattern as shown in Figure 5.4.
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2 Anm

countsts

Figure 5.4. PXRD pattern of organoclay with different concentration of organic modifier

and virgin MMT.

The interlayer arrangement of organic modifier in organophilic MMT is varying
with the concentration of organic modifier. Bonczek et al. had observed that long chain
alkylammonium cations can conceivably adopt monolayer, bilayer, pseudotrimolecular,
or paraffin-type arrangements depending on the charge density of the clay and the
proportion of the CEC occupied [37]. The PXRD pattern of organoclay synthesized using
different concentration of organic modifier (25%, 50%, and 75%) and virgin MMT are
shown in Figure 5.4. When 50 % or more long chain alkylammonium cations are
exchanged against interlayer cations of MMT, the pseudotrimolecular or paraffin-type
interlayer arrangements are observed. The interlayer arrangement of pseudotrimolecular

and paraffin-type generates the cavities between Inm thick alumino-silicate platelets,
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which acts as organophilic nano-phase reactor during the generation of Pd and Rh metal

nanoparticles and helping to control the particle size of the Pd and Rh metal.
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Figure 5.5. PXRD patterns of Pd and Rh supported MMT, HT 25, HT 50 and HT 75.

The PXRD pattern of Pd and Rh metal nanoparticles intercalated MMT and

different POMM are shown in Figure 5.5. The characteristic peaks for Pd and Rh at the

diffraction angles of 39°, 46°, 68°, 82°, and 86° correspond to the [111], [200], [220],

[311] and [222] crystallographic planes of an fcc structure. The locations of the Bragg

reflections are in accordance with those reported for the bulk state [38]. The relative

intensity of the peaks are low in POMM supported Pd and Rh nanoparticle which is due
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to relatively lower amount of Pd and Rh metal on supporting materials. The crystallite
size of the resulted Pd and Rh metal nanoparticle calculated from the characteristic peak
(26 = 39) for the [111] using the Scherrer’s formula [39] in PA-MMT and Rh-MMT are
6.7 and 6.9 nm, in Pd - HT 25 and Rh - HT 25 are 5.6 and 6.1 nm, in Pd - HT 50 and Rh -
HT 50 is 3.4 and 3.6 nm and in Pd - HT 75 and Rh - HT 75 is 3.3 and 3.6 nm
respectively. These values suggest that the organic modification of MMT resulted into Pd
and Rh metal with lower crystallite sizes. The interlayer spacing [001] of Pd-MMT, Rh-
MMT, Pd - HT 50 and Rh - HT 50 is not affected so much rather than its intensity and
width of the peak, which conformed that Pd and Rh metal nanoparticles are formed into
interlayer spacing as well as on the surface of MMT and POMM. The metal nanoparticles
formed on the external surface of the virgin MMT are expected to be more as compared
to POMM due to the lower interlayer spacing of MMT. On the other hand, in case of
POMM, the metal nanoparticles are likely to form in the interlayer spacing due to its

higher interlayer spacing and smaller metal particle size.

5.3.2. TEM analysis of Pd and Rh-MMT/organoclay hybrids

The TEM images and particle size distribution patterns are shown in Figure 5.6
and 5.7. The average particle size of Pd in Pd-MMT, Rh in Rh-MMT, Pd in Pd - HT 50
and Rh - HT 50 is 20 nm, 25 nm, 8 nm and 13 nm respectively (Table 5.1). This clearly
indicates that the organic modification of MMT greatly reduced the particle size of Pd
and Rh metal nanoparticles. The organic modification of MMT also affects the dispersion
of metal nanoparticles, with pre-organic modification nearly mono dispersed metal

nanoparticles are obtained.
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Figure 5.6. TEM images and particle size distribution patterns of Pd-MMT (A), and Rh-

MMT (B), Scale 200 nm.

The TEM images of Pd-MMT and Rh-MMT (Figure 5.6) clearly reveals the
agglomeration of Pd and Rh metal particles. Because of absence of organic modifier to

control the size of metal particles during reduction, resulted into agglomeration of
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particles. In case of Pd - HT 50 and Rh - HT 50 as shown in Figure 5.7, the fine

dispersion of Pd and Rh nanoparticles thought out supported material are observed.
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Figure 5.7. TEM images and particle size distribution patterns of Pd — HT 50(A), and Rh

—HT 50(B), Scale 200 nm.

This is due to presence of organic phase which acts as a particle size controlling

agent by forming organophilic cavities within the MMT (nano-phase reactor) which
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clearly emphasize that the mean size of the metal particles and the metal loading in MMT
and POMM are interrelated. Moreover, the control over the particle size with the extent
of pre-organic modification is also closely related to the surface site density of the
precursor compound; smaller particle size is associated with lower particle loadings (as a
consequence of low precursor concentration on the surface), and larger particle size is

accompanied by higher particle loadings.

Table 5.1. Comparison of theoretical and experimental content, average particle and

crystallite size of palladium and rhodium in MMT and POMM.

Pd-MMT Pd-HT 25 Pd -HT 50 Pd-HT 75

Pd Theoretical 9.6 8.3 43 2.1

% w/w  Experimental 9.4 8.1 4.2 1.8
dpg, nm (TEM) 20+3 - 8+2 -

Crys"agi(tﬁ];i)ze (nm; 6.7 56 34 33

Rh-MMT Rh-HT25 Rh-HT50 Rh-HT75

Rh Theoretical 2.9 2.2 1.4 0.7

% w/w  Experimental 2.7 2.2 1.1 0.6
drn, nm (TEM) 25+3 - 13+2 -

Crystallite size (nm;
XRD)

The Pd and Rh nanoparticles supported on MMT and POMM synthesized by this
technique resulted into almost theoretical amount of Pd and Rh. The loading Pd and Rh

cationic precursor is depending on the CEC of the MMT and POMM. This is also the
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advantage of this novel technique to minimize the loss of metal nanoparticle during
synthesis, because the subsequent reduction was carried out after interacting Pd and Rh
cationic precursor. The theoretical and experimental amount of Pd and Rh (% w/w)

measured by ICP-AES is reported in Table 5.1.

5.4. Results and discussion (Au and Ag metal nanoparticles anchored organoclays)

During synthesis of nanoparticles using Path 1, the HAuCls or AgNOs salt is
situated in the internal part of the micelles formed in the aqueous solution of HDTA or
DODA surfactant. Addition of an aqueous sodium borohydride solution to the micellar
system resulted in the formation of Au or Ag metal nanoparticles, stabilized by the
cationic surfactant molecules which are adsorbed on the surface of nanoparticles.
Therefore, the stabilizing effect of the surfactant molecules prevented the aggregation of
nanosized Au or Ag nanoclusters. Quaternary ammonium salts are known to form
micelles in aqueous solution. The critical micelle concentration for HDTA is 10 uM and
varies from 1 mM for n = 10 to 10 uM for n = 16 (n indicates number of carbon atom in
the surfactant alkyl chain) [40]. We have synthesized Au nanoparticles in 0.5 mM
aqueous solution of surfactant. However, there could be some effect on the micelle
formation both for HDTA and DODA in the presence of HAuCly or AgNO; salt in
aqueous solution at temperature of 80 °C. Moreover, the DODA, a surfactant with two
long alkyl chains form different micelles in the presence of ionic substances and varies
with temperature than that in pure water.

The phenomenon is different when the Au or Ag nanoparticles are synthesized in
organoclay using Path 2, where nucleation and growth of Au or Ag nanoparticles are

within the molecular arrangement of alkyl ammonium cation attached through ionic
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bonding to the positively charged alumino-silicate sheets. The basal spacing [001] for
MHDT and MDOD is 1.8 and 2.9 nm, suggesting that the formation of bilayer and tilted-
paraffin type arrangement of quaternary ammonium cation within MMT. Thus, in
synthetic methodology using Path 2, HAuCls or AgNOj salt is situated randomly within
bilayer arrangement of hexadecyltrimethylammonium cation or tilted arrangement of
dioctadecyldimethylammonium cation attached to MMT surfaces. Subsequent reduction
results into Au or Ag nanoparticles stabilized by organophilic cavities generated by alkyl
chains within alumino-silicate platelets. In this case, the organophilic cavities as well as
alumino-silicate platelets acts as nano-phase reactor and control the nucleation-growth

processes, which leads to formation Au or Ag nanoclusters.

5.4.1. PXRD study of Au and Ag — organoclays hybrids

The characteristic peaks for Au or Ag at the diffraction angles of 38.5°, 44.5°,
64.5°, and 78° correspond to the [111], [200], [220] and [311] crystallographic planes as
shown in Figure 5.8. The other reflections observed in PXRD pattern correspond to the
structure of MMT with dominant reflection to [001] for basal spacing. The characteristic
reflections for Au and Ag are broader in the samples with lower concentration of Au or
Ag nanoparticles, suggesting the presence of nanosized Au or Ag particles. Furthermore
the intensity for the samples (~1 %w/w Au or Ag anchored on organoclay) is low as
compared to organoclay containing higher concentration (~ 5 % w/w) of Au and Ag
clusters (MSHDTG and MSHDTS). The values of basal spacing of Au or Ag-organoclay

hybrids are tabulated in Table 1.
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Figure 5.8. PXRD pattern of organoclay and Au or Ag nanoparticles anchored

organoclays.

The crystallite size of the resulted Au or Ag nanoparticles are calculated from the
characteristic peak (20 = 38.5°) for the reflection [111] using the Scherrer’s formula. It is
observed that the Au and Ag crystallite of small size are formed in Au or Ag-organoclay
containing surfactant with two long alkyl chains as compared to the surfactant with only

single long alkyl chain. The crystallite size of Au nanoparticles varies from 1.7 to 2.6 nm
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whereas for Ag nanoparticles, 1.8 to 3.4 nm as shown in Table 5.2. The higher
concentration of Au or Ag nanoparticles leads to intense PXRD reflections with
substantial increase in the crystallite size. The crystallite size of Au (M5SHDTG) and Ag
(M5SHDTS) are observed to be 18.3 and 21.1 nm, respectively. The basal spacing of
MHDT and MDQOD are 1.8 and 2.9 nm. After the intercalation of Au or Ag nanoparticles,
there is slight difference in the basal spacing of Au or Ag - organoclay hybrids compared
to pristine organoclay. The crystallite size calculated by PXRD and particle size observed
by TEM are higher than the interlayer spacing of organoclay. However, the peak intensity
and broadness of the [001] reflections suggests that the Au or Ag nanoparticles with very
fine particles are formed within the layers of the organoclays. Thus, it is proposed that the
Au or Ag nanoparticles are formed on both the surface and interlayer space of

organoclays.

Table 5.2. Basal spacing, crystallite size, particle size, and Au and Ag content of hybrids.

Samples MIDODG M2DODG M3HDTG M4HDTG MSHDTG
Basal spacing, nm 3.1 33 1.9 1.9 1.9
Crystallite size, nm 1.7 1.4 2.6 2.3 18.3
Particle size, dnm 5.34 3.68 5.72 4.03 26.35

Au content, Y%ow/w 0.88 0.87 0.96 1.03 5.12

MIDODS M2DODS M3HDTS M4HDTS MSHDTS

Crystallite size, nm 2.1 1.8 34 3.1 21.3
Particle size, dnm 6.03 5.38 6.51 5.25 33.06
Ag content, Y%ow/w 0.92 0.97 1.1 1.04 4.86

"basal spacing of MHDT and MDOD are 1.8 and 2.9 nm respectively.
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5.4.2. TEM analysis of Au and Ag - organoclays hybrids

The evidence of the formation of Au and Ag nanoparticles is confirmed by the
transmission electron micrographs (TEM) as shown in Figures 5.9-5.12. TEM
measurements and observations on gold and silver nanoparticles intercalated organoclays
were carried out at low and high magnification. Spherically shaped single nanoparticles
of Au and Ag are observed. The Au and Ag nanoparticles are in most cases well
separated, however, some cluster aggregation has been observed on the surface of the
organoclays in the case of gold and silver nanoparticles synthesized by path 2. Figure 5.9
shows TEM micrograph and the corresponding size distribution of Au-organoclay
hybrids synthesized by path 1 and 2. The inset in the Figure is the selected area electron
diffraction (SAED) pattern and HRTEM image of one of the gold nanoparticles. SAED
demonstrates diffraction spots, which also proves crystalline characteristic of Au
nanoparticles. The lattice planes in the gold nanoparticles can be clearly seen and [111]
lattice spacing is 0.233 nm. The average particle size of Au nanoparticles as determined
by TEM in M1DODG and M2DODG are 5.34 and 3.68 nm, respectively. The narrow
particle size distribution is observed when the Au nanoparticles were synthesized by path
2. It is clearly seen from the Figure 5.9 B that the finer particles are situated at the
interlayer spacing of the organoclay. Figure 5.10 A, B shows Au nanoparticles
synthesized using hexadecyltrimethylammonium cation by both the paths. From these
Figures, it is observed that Au nanoparticles synthesized by path 1 resulted into broader
particle size distribution. The average particle size of Au nanoparticles in M2HDTG and

M3HDTG are 6.03 and 5.72 nm, respectively.
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Figure 5.9. TEM images of Au nanoparticles anchored organoclay synthesized by (A)

path 1; M1DODG (B) path 2; M2DODG (inset figure shows HRTEM image, SAED and

particle size distribution).
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Figure 5.10. TEM images of Au nanoparticles anchored organoclay synthesized by (A)

path 1; M3HDTG (B) path 2; MAHDTG (inset figure shows HRTEM image, SAED and

particle size distribution).
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The finer particles of Au are formed using surfactant with two long alkyl chains
(M1DODG and M2DODG) than a surfactant with single alkyl chain in case of M3HDTG
and M4HDTG. It is clearly seen that most of the Au nanoparticles are spherical in shape
and well separated from each other.

The particle sizes of the Ag nanoparticles are within a range of 4.03 to 6.51 nm in
all the samples and particle distributions are uneven, probably due to formation of AgCl
or AgBr in quaternary ammonium salts during the synthesis. The particle size is higher
than that of Au nanoparticles synthesized using the same surfactants and the same
method. Figure 5.11 and 5.12 shows the TEM image of the Ag nanoparticles anchored
organoclay synthesized using DODA and HDTA, respectively. The average particle size
of Ag nanoparticles in M1DODS and M2DODS are 5.38 and 4.03 nm, respectively. Inset
Figure shows HRTEM image and SAED recorded from the Ag nanoparticles along with
the particle size distribution pattern. The lattice planes in the Ag nanoparticles can be
clearly seen with a lattice spacing of 0.229 nm. The diffraction rings with intense spots
are due to fcc Ag unit cell structure with high crystallinity. It can be clearly seen from the
Figure 5.11 B and 5.12 B that the agglomeration of the Ag nanoparticles on the surface of
the organoclays is observed. The average particle size of Ag nanoparticles in M3HDTS
and M4HDTS are 6.51 and 5.25 nm, respectively. The Au or Ag nanoparticles are

reasonably monodispersed at low concentration of Au or Ag.
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Figure 5.11. TEM images of Ag nanoparticles anchored organoclay synthesized by (A)

path 1; M1IDODS (B) path 2; M2DODS (inset figure shows HRTEM image, SAED and

particle size distribution).
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Figure 5.12. TEM images of Ag nanoparticles anchored organoclay synthesized by (A)
path 1; M3HDTS (B) path 2; M4HDTS (inset figure shows HRTEM image, SAED and

particle size distribution).
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It was observed that the particle size increased with increasing Au and Ag content
and favored the formation of larger, more crystalline and polydispersed nanoparticles.
The average particle size of Au and Ag nanoparticles in MSHDTG and MSHDTS are
26.35 and 33.06 nm, respectively. The TEM images with respective SAED and particle

size distribution of MSHDTG and MSHDTS are shown in Figure 5.13.
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Figure 5.13. TEM images of Au (MSHDTG) Ag (M5HDTS) nanoparticles anchored

organoclay synthesized by path 1 (inset figure shows SAED and particle size

distribution).
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Figure 5.14. Diffuse reflectance UV-visible spectra of (a) Au-organoclay and (b) Ag-

organoclay hybrids.

From the diffuse reflectance UV-vis spectra as shown in Figure 5.14, it is
observed that Au-organoclay hybrids attained a wine red (for lower concentration of Au)

color and purple (for higher concentration of Au) color typical of the presence of Au
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nanoparticles. These materials had a characteristic absorption band in the visible region
of the electromagnetic spectrum at around 520-550 nm. The color of Ag-organoclay
hybrids with lower concentration of Ag nanoparticles observed to be yellow whereas with
higher concentration of Ag nanoparticles resulted yellowish green. The characteristic
absorption band at around 420-470 nm obtained for Ag nanoparticles supported on solid
matrix. The observed absorption bands are due to surface plasmon vibrations, which are

dependent on the gold particle size and the supporting clay [41-43].
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6. ADSORPTION OF AQUEOUS NITROBENZENE ON ORGANOCLAYS

6.1. Introduction

Removal of organic pollutants from contaminated wastewater is critical to
ensuring the safety of water supplies worldwide. Nitroaromatic compounds are widely
used as pesticides, explosives, solvents, and intermediates in the synthesis of dyes,
plastics and other chemicals [1-2]. Nitrobenzene has been nominated by the National
Institute of Environmental Health Sciences for listing in the report on carcinogens based
on the conclusions of an International Agency for Research on Cancer (IARC). The U.S.
Environmental Protection Agency (EPA) recommends that levels in lakes and streams
should be limited to 17 parts of nitrobenzene per million parts of water (17 ppm) to
prevent possible health effects from drinking water or eating fish contaminated with
nitrobenzene [3]. The U. S. Occupational Safety and Health Administration (OSHA) has
set a permissible exposure limit of 5 mg of nitrobenzene per cubic meter of air for an 8 h
workday in a 40 h work week [3]. A small amount of nitrobenzene can cause mild
irritation if it contacts the skin or eyes directly. However, repeated exposures to a high
concentration of nitrobenzene can result in methemoglobinemia, a condition in which the
blood’s ability to carry oxygen is reduced. It has been estimated that about 19 million
pounds of nitrobenzene is released into the environment annually [4]. Nitrobenzene is
released into the environment mainly by industries, but it can also form in the atmosphere
through the nitration of benzene, a common air pollutant. However, the largest source of
nitrobenzene release is its manufacture and use as a chemical intermediate in the

synthesis of aniline. Smaller amounts are also released from consumer a product in which
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nitrobenzene is used as a solvent. The highest concentration of nitrobenzene is reported in
wastewater from the organics and plastics industries, with some reported levels exceeding
100ppm [4].

Therefore, a variety of wastewater treatment technologies such as adsorption,
ozonation and advanced oxidation processes have been employed for the purification of
nitrobenzene contaminated water. Activated carbon served as most efficient adsorbent for
nitrobenzene adsorption. However, activated carbon is flammable and difficult to
regenerate [5]. Thus, alternative adsorbent for nitrobenzene removal is required.
Adsorption of organic contaminants from water on different layered and porous inorganic
materials and its organic derivatives have been used for years [6-7]. Recent development
of photocatalytic degradation of organic contaminants in wastewater using TiO, as
photocatalyst has also been the thrust area for tackling environmental problems [8]. In
aqueous systems, water is intercalated into the inter-lamellar space of the montmorillonite
(MMT) due to hydration of inorganic cations on the exchange site, resulting in expansion
of the MMT. Adsorption of nonionic organic solutes from water to bentonite is relatively
weak because of the preferential attraction of polar water molecules to the polar mineral
surfaces. Thus, MMT is ineffective sorbents for non ionic organic compounds in the
presence of water. Organic derivatives of MMT (organoclay) with different types of
organic modifiers are more effective than their unmodified counterparts in the sorption of
organic contaminants from water. Organoclay sorbs organic contaminants through
adsorption or partitioning phenomenon, depending on the structure of the organic cation
that has been exchanged on the MMT and type of organic contaminants (polar or

nonpolar) present in the wastewater [9-11].
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Boyd et al. [12] reported adsorption mechanism of various substituted
nitrobenzene on K, Na*, Mg™, Ca™ and Ba™ exchanged smectite clay and concluded
that the potential for adsorption of substituted nitrobenzene by K -smectite is determined
largely by the additive interactions of the -NO, groups and the secondary substituent with
interlayer K™ ions. Zhu et al. [13-14] have described that the sorption of polar organic
contaminants onto organoclays resulted nonlinear isotherm, mainly governed by
adsorption and other specific interaction while sorption of nonpolar contaminants
followed partition phenomenon. Farkas A. et al. [15] have studied arrangement of
nitrobenzene in the interlayer space of the hexadecylpyridinium-MMT, resulted
monolayer at low concentration of pollutant by replacing water molecules and bilayer
orientation with the alkyl chain solvated by the pollutant. Pernyeszi et al. [16] have
studied the adsorption of 2,4-dichlorophenol on organoclay/aquifer materials in static and
flow conditions.

In this chapter, we have illustrated the detailed study on the sorption of aqueous
nitrobenzene solution on organoclay in a batch and fixed-bed sorption system. The effect
of size of sorbent, flow rate of sorbate solution, temperature of the sorption, concentration
of sorbate and sorbent with different amount of organic modifier exchanged in MMT on
breakthrough curves. Desorption of nitrobenzene from organoclay in fixed-bed is also
studied. Moreover, the important column parameters such as time for primary sorption
zone to move up its length (tz), total time involved for establishment of primary sorption
zone (tg), rate at which the exchange zone is moving up through the bed (U,), fractional

capacity (F), the height of the exchange zone (hz), percentage of the total column
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saturated at breakthrough (%S) and breakthrough capacity are calculated on the basis of

breakthrough.

6.2. Experimental Section

6.2.1. Materials

Bentonite lumps were collected from Barmer district of Rajasthan, India.
Hexadecyl trimethylammonium bromide: CH3(CH;)5sN(CH3)s-Br,
Stearyldimethylbenzylammonium chloride: CsHsCH,N[(CH,),7CH3](CHj3),-Cl,
Dioctadecyldimethylammonium chloride [(CH;);7CH3],N(CHj3),-CI were purchased from
Sigma-Aldrich, USA. Nitrobenzene was obtained from s. d. fine chem. (India) and was

used as received.

6.2.2. Synthesis of organoclays

MMT was purified by sedimentation technique as discussed in literature [17]. The
purified clay fractions were obtained by dispersing 150g of bentonite lumps (R-MMT) in
10 L of deionized water (1.5 %w/v), and was allowed to swell overnight, stirred (200
rpm) for 30 min. The supernatant slurry having desired clay particles size (< 2 um) was
collected after pre-calculated time (10 h), height (15 cm) at room temperature (27 °C)
according to the Stoke’s law of sedimentation. The slurry obtained (1.02 %w/v) was
dried and designated as MMT. The cation exchange capacity (CEC) of MMT was
measured by standard ammonium acetate method (pH 7.0) and found to be 90 meq/100g

of clay.
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The organoclays were synthesized by exchanging 90 meq of exchangeable cation
per 100 g of MMT using different organic modifiers; 1 % solution of
hexadecyltrimethylammonium bromide (3.4 g), stearyldimethylbenzylammonium
chloride (4.1 g) and dioctadecyldimethylammonium chloride (5.4 g) were added within
45 min at 80 “C under vigorous stirring to three beakers, each contained 10.2 g of MMT
dispersed in 1 L of de-ionized water. Organoclays synthesized were filtered, washed with
hot deionized water till free from halide ion (tested by 0.01M AgNOj; solution), dried at
60 °C. The dried organoclay was ground and passed through different sieves. Samples
obtained were designated as HDTA 90, SDBA 90 and DODA 90. The partially
organically modified MMT were synthesized by interacting 10.2g of MMT dispersed in 1
L of de-ionized water with 3.2 (70 meq/100g of MMT) and 2.3 g (50 meq/100g of MMT)
of stearyldimethylbenzylammonium chloride in each beaker under the same conditions as

described above and designated as SDBA 70 and SDBA 50 respectively.

6.2.3. Batch experiments

The stock solution of nitrobenzene in water was prepared by dissolving 3.4 g of
nitrobenzene in 2 L de-ionized water and stirred for 48 h at room temperature (27 °C).
Kinetic experiments were conducted to determine the length of time necessary for
nitrobenzene solution to reach sorptive equilibrium with different organoclays (HDTA
90, SDBA 90 and DODA 90). The experiments were performed in 50 mL cylinder
capped with standard glass cap. For each kinetic experiment, 50 mg of organoclay was
placed in 50 mL cylinder containing aqueous nitrobenzene solution (516 mg/L). The

cylinders were placed on a rotating shaker at room temperature (27 °C). Samples were
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withdrawn at intervals of 0.08, 0.25, 0.5, 1, 2, 5, 12, 24 h and were analyzed for
concentration of nitrobenzene in solution.

The sorption isotherm experiments of nitrobenzene onto HDTA 90, SDBA 90 and
DODA 90 were performed in a batch experiment. A known amount of sorbent (50 mg)
was placed in a 50 mL cylinder containing aqueous nitrobenzene solution with varying
concentrations (50-1500 mg/L). The experiments were performed on shaker for 5 h at
room temperature (27 °C). After sorption reached equilibrium, the solutions were

analyzed for the remaining concentration of nitrobenzene.

6.2.4. Column experiments

Effluent

Out

Bed volume

In
Peristaltic
pbump

&

Figure 6.1. Schematic representation of fixed-bed experimental set-up.

Influent

Fixed bed sorption studies were carried out in jacketed 80 mm glass column with
an inside diameter of 5 mm. The schematic representation of the experimental set-up is

shown in Figure 6.1.
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A glass wool was inserted to one end of the column. 1 g of organoclay was then
placed into the column to obtain the organoclay bed. A second portion of glass wool was
plugged to another end of the column in order to prevent the loss of the organoclays. The
aqueous solution of nitrobenzene with a known sorbate concentration was then fed from
the bottom of the column to minimize channeling at a desired flow rate controlled by a
peristaltic pump (Cole-Parmer, Masterflex — 7518-00) and samples in the effluent from
the top of the column were taken at the preset time intervals and were analyzed as
described above until the influent concentration of the contaminant equals that of the
effluent. In the fixed bed experiments, we have also studied the effect of particle size of
sorbent, flow rate, concentration of sorbate, and temperature on breakthrough curves
using SDBA 90 organoclay. In addition, we have also studied the effect of partially
exchanged MMT with quaternary ammonium cation (SDBA 70 and SDBA 50) on

breakthrough curves.

6.2.5. Characterization

Powder X-ray diffraction (PXRD) analysis was carried out with a Phillips powder
diffractometer X’ Pert MPD using PW3123/00 curved Cu-filtered Cu-Ka (A=1.54056 A)
radiation with slow scan of 0.3 degree/second in 2-10 26 degree for organoclays. Fourier
transform infrared spectra (FT-IR) were measured with Perkin-Elmer, GX-FTIR using
KBr pellet. The UV-visible absorbance of aqueous solutions of nitrobenzene was
measured at Ay,x = 268 nm using a Cary 500 UV-Visible spectrophotometer (Varian)

equipped with a quartz cell having a path length of 1 cm. The concentration of
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nitrobenzene in the solution was determined using a calibration curve of aqueous

nitrobenzene prepared with known concentrations.

6.3. Results and discussion

6.3.1. XRD and FT-IR of organoclays

The XRD and FT-IR for organoclays synthesized using different organic modifier
and organoclays with different amount of organic modifier are shown in Figure 6.2. The
interlayer spacing, doo; of DODA 90, SDBA 90, HDTA 90 and MMT is 3.0, 2.6, 1.9 and
1.2 nm, explains the effect of size of alkyl chain length of quaternary ammonium cation
situated in MMT and indicates organic modifiers are intercalated into the interlayer space
of MMT. Organoclays with different amount of organic modifier, SDBA 70 and SDBA
50 have dgo; of 1.8 and 1.6 nm. The arrangement of the intercalated surfactant cations
depends on the layer charge and alkyl chain length. Short chain alkylammonium ions are
arranged in monolayers, longer chain alkylammonium ions in bilayers with the alkyl
chain axes parallel to the silicate layers. The monolayer has a basal spacing of ~1.4 nm,
the bilayer of ~1.8 nm. The monolayer rearranges in to the bilayer when the area of the
flat-lying alkylammonium ions becomes larger than the equivalent area. Three layer
structures of kinked alkyl chains are observed with highly charged MMT and/or long
surfactants cations. This trimolecular arrangement exhibits a basal spacing of ~2.2 nm.
Paraffin-type arrangements in the interlayer space of MMT are formed by quaternary
alkylammonium ions with two or more long alkyl chains [18-20]. The arrangement of

organic modifier in DODA 90 and SDBA 90 is paraffin and trimolecular type,
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respectively. HDTA 90 has bilayer arrangement of organic modifier in MMT. SDBA 70
and SDBA 50 have bilayer and nearly monolayer arrangement of

Stearyldimethylbenzylammonium cation, respectively into interlayer spacing of MMT.

countsis

SDBA 70

SDBA 50

DODA 90

6004

HDTA 90

G004 %T

SDBA 90

4004 SDBA 90 DODA 90
1 1.9nm
2003 HDTA 90
1.2nm
3 MMT
2940
O —freesresprrasprees e e T T : : .
2 3 4 5 g 7 B 9 10 4000 3000 2000 1500 1000 400
“ITheta cm?

Figure 6.2. XRD pattern and FT-IR spectrum of organoclays.

FT-IR spectra of MMT and organoclays (SDBA 90, HDTA 90 and DODA 90) are
shown in Figure 6.2. Peaks at 3620 and 3698cm™ are due to -OH band stretch for Al-OH,
Mg-OH and Si-OH. The shoulders and broadness of the -OH bands are mainly due to
contributions of several structural -OH groups occurring in smectite. The overlaid
absorption peaks in the region of 1640cm™ in the FT-IR spectrum is attributed to -OH
bending mode of water (adsorbed water). IR peaks at 915, 875 and 836cm ' are attributed
to AIAIOH, AlFeOH and AIMgOH bending vibration respectively. Peaks at 2940 and

2850cm™ for organoclays, are ascribed to the asymmetric and symmetric vibration of
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methylene groups (CH»), of the aliphatic carbon chain. In addition, there is also HCH
stretching vibration band at 1465cm™ in the IR spectrum of all organoclays. FT-IR

studies clearly indicate the formation of organic—inorganic hybrids [21-24].

3] y = 0.0608x
R? = 0.9998

Q
[&]
& 27
2
o
(7))
o]
<

0 ; ; ; ; :

0 10 20 30 40 50

Concentration (mg/L)

Figure 6.3. Standard plot for the aqueous nitrobenzene of known concentration of

nitrobenzene in distilled water.

6.3.2. Equilibrium kinetics

As shown in Figure 6.3, the standard plot for the aqueous nitrobenzene of known
concentration of nitrobenzene in distilled water is plotted. This plot have used for the
determination of nitrobenzene in unknown solution obtained after sorption of aqueous
nitrobenzene on organoclays. The amount of nitrobenzene sorbed with time is given in
Figure 3. Initially, sorption of nitrobenzene occurred rapidly up to 1 h and as the time
progresses the sorption was increased slowly. The lines shown in Figure 3 are moving

average of the experimental results. The solute concentration and amount of sorbent used
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in this study was 516 mg/L and 50 mg respectively. It can be seen from the graph that the
plateau took place around at 2 h for SDBA 90 and DADO 90 and it was more than 5 h for
HDTA 90. After this, sorption curve was horizontal, indicates saturation was established.
The sorption of nitrobenzene over HDTA 90 is lower than SDBA 90 and DADO 90. The

time, 5 h, has been taken as equilibrium time.

120
100
o
(@)]
E &
pe]
(D)
2
o 60
N
g
3 40
e
< A HDTA90
20
A SDBA90
o A DODA90
0 5 10 15 20

Time (h)
Figure 6.4. Kinetic study of sorption of nitrobenzene on HDTA 90, SDBA 90 and

DODA 90 (Sorption conditions: - Sorbent dosage: 50mg/50mL; Sorbate concentration:

516mg/L; Size of sorbent: (-) 100 - (+) 200 mesh size; Temperature: 27°C).

6.3.3. Sorption isotherm

The amount of sorbate sorbed per unit weight of sorbent and the equilibrium
concentration of sorbate in solution at constant temperature, are usually represented by
sorption isotherms, which is of importance in the design of sorption systems. The

sorption isotherms of nitrobenzene on HDTA 90, SDBA 90 and DODA 90 at 27°C are
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shown in Figure 6.5. All sorption isotherms are approximately linear over a wide range of
equilibrium aqueous concentrations of nitrobenzene (50-1300 mg/L).

Sorption may suggest a partitioning effect, such as in a liquid—liquid extraction
process where the organic phase present in the clay galleries acts as a solvent for
nitrobenzene molecules. The partitioning effect may be attributed to the long alkyl chains

of the quaternary ammonium cations and it is favored by the interlayer expansion.

300 - A
250 -
o
(@))
£ 200 1
I
=]
o 150 -
e
©
e}
100 -
3 A HDTA 90
o
SDBA 90
0 g5 A
4 DODA 90
O a T T T T T T
0 200 400 600 800 1000 1200

Equilibrium concentration (mg/L)

Figure 6.5. Sorption isotherm of nitrobenzene on HDTA 90, SDBA 90 and DODA 90
(Sorption conditions: - Sorbent dosage: 0.05¢g/50mL; Sorbate concentration: 50-
1500mg/L; Size of sorbent: (-) 100 - (+) 200 mesh size; Time for equilibrium: 5hrs;

Temperature: 27°C).

The lines in Figure 6.5 are fitted to show the linear regression. The distribution

coefficient for SDBA 90, DODA 90 and HDTA 90 is 0.238, 0.184 and 0.175 L/g,
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respectively. As the concentration of nitrobenzene increases, the sorption capacity of
organoclays also increases linearly. HDTA 90 and DODA 90 isotherms exhibited the
almost the same trends, whereas a higher nitrobenzene sorption capacity was observed in
the case of SDBA 90. A possible explanation for this enhanced dissolving power is the
increased chemical affinity between the benzyl group of the quaternary ammonium
cations and nitrobenzene. From the sorption isotherm, sorption capacity for organoclays
are in the order of SDBA 90 > DODA 90 > HDTA 90. Thus, SDBA 90 has been used for

the fixed-bed experiments.

6.3.4. Fixed-bed experiments

In the dynamic sorption studies, the sorbent (organoclay) was loaded in column
with dimension of 50mm length and Smm diameter, through which the aqueous solution
of the nitrobenzene is passed. During its passage through the bed, the solution
continuously meets a fresh part of the sorbent and tends to establish equilibrium.
However, as the time of contact with a given part of the sorbent is limited, a true
equilibrium is never attained [25-26]. As the solution passes continuously through the
bed, the sorption zone moves upwards and when the sorption zone reaches the top of the
bed the sorbate starts coming in the outlet stream, the system said to reach breakthrough
point. The solute concentration in the effluent rises rapidly as the sorption zone passes
through the top of the bed until it eventually reaches the initial concentration (C/Co =
1.0). In the latter stages (C/Co > 0.9), a little sorption takes place since the bed is
practically in equilibrium with the feed solution. The shape and time of appearance of the

breakthrough curve greatly influence the method of operating a fixed-bed sorbent. The
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curves generally have an S-shape but they may be steep or relatively flat and in some
cases considerably distorted. The U.S. Environmental Protection Agency (EPA)
recommends that levels in lakes and streams should be limited to 17 parts of nitrobenzene
per million parts of water (17 ppm) to prevent possible health effects from drinking water
or eating fish contaminated with nitrobenzene. Thus, in the present study, Breakthrough
point is considered at 17 mg/L effluent concentration and the exhaust time were taken at
C/Cy=0.9.

The breakthrough curves expressed in terms of C/Co and time for sorption of
aqueous nitrobenzene on organoclays are shown in Figure 6.6-6.10. From the
breakthrough curves, important column parameters such as time for primary sorption
zone to move up its length (tz), total time involved for establishment of primary sorption
zone (tg), rate at which the exchange zone is moving up through the bed (U,), fractional
capacity (F), the height of the exchange zone (hz) and percentage of the total column
saturated at breakthrough (%S) are calculated on the basis of equations 1-7 [27-29].

The time required for the exchange zone to move the length of its own height

up/down the column once it has become established is;

Vg—-Vg
QW (1)

t;

Where,
Vi = total volume of wastewater treated to the point of exhaustion (1);
Vg = total volume of wastewater treated to the point of breakthrough (1);

Q. = wastewater flow rate (I/h).
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The time required for the exchange zone to become established and move
completely out of the bed is;

Vg
Qw )

tg =

Rate at which the exchange zone is moving up or down through the bed is

tz tE —t (3)

Where,
h, = height of exchange zone (cm)
h = total bed depth (cm)

te = time required for the exchange zone to initially form (h)

Rearranging Eq. (3) provides an expression for the height of the exchange zone as
given below,

h(tz)
ol (4)

The value of t; can be calculated as follows;

tr= (1 — F)tz (5)

At breakthrough the fraction of adsorbate present in the adsorption zone still

possessing ability to remove solute is;
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Vi
(Co—C)dV
Fo Sz _

Where,

Co = initial solute concentration (mg/1);

S, = amount of solute that has been removed by the adsorption zone from breakthrough to
exhaustion

Smax = amount of solute removed by the adsorption zone if completely exhausted

The percentage of the total column saturated at breakthrough is

) h+(F-1)hg
% saturation= —— X 100

h G

The breakthrough capacity indicates the sorption capacity of organoclay to the
breakthrough point and was measured by Vg X Co/W, Where W is the weight of the

sorbent.

6.3.4.1. Effect of feed rate

The measured breakthrough curves of nitrobenzene (461 mg/L) on the SDBA 90
(1 g) bed at different flow rates are shown in Figure 6.6. The breakthrough point (C/Co at
effluent concentration of 17 mg/L) occurs faster with increase the flow rate. The

important column behavior parameters are shown in Table 6.1. The tz and tg is 408 and
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583min (0.6 mL/min); 295 and 370min (1.0 mL/min); 193 and 233 (1.5 mL/min),
respectively. In the case of SDBA 90 with particle size of (-)60 — (+) 100, the fractional
capacity (F) of the column in the sorption zone from breakthrough point to continue to
remove solute from solution is 0.92, 0.92 and 0.85 and the percent saturation at
breakpoint is 93.7, 93.1 and 85.4% for the feed rate of 0.6, 1.0 and 1.5 mL/min,

respectively.

C/Co

A 0.6 mL/min
A 1.0 mL/min
A 1.5 mL/min

0 200 400 600 800 1000 1200
Time (min)
Figure 6.6. Effect of flow rate of sorbate solution on breakthrough curve of sorption of
nitrobenzene on SDBA 90 (Sorption conditions: - Sorbent: 1g; Bed length: 50mm; Bed
diameter: 5mm; Sorbate concentration: 461mg/L; Temperature: 27°C; Size of sorbent: (-

)60 - (+)100 mesh size).
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Table 6.1. Important column behavior parameters.

Sorbent SDBA 90 SDBA 90 SDBA 90 SDBA 50 SDBA 70 SDBA90
Feed rate (mL/min) 06 10 15 1.0 1.0 0.6 1.0
Feed concentration (mg/L) 461 461 252 763 461 461
Sorbent size (ASTM mesh (960 - (9100 ()30-(+)60  (-)60 - (+)100 ()60 - (+)100 (-)60-
size) (+)100
Temperature (°C) 27 27 27 27 17
Vg (mL) 105 75 60 30 110 60 54 75 80
Ve (mL) 350 370 350 450 420 550 276 399 450
tz (min) 408 295 193 420 310 490 370 540 370
te (min) 583 370 233 450 420 550 460 665 450
F 0.92 092 0.85 0.88 0.82 0.8 0.79 0.9 0.87
hz (cm) 3.7 43 48 53 4.3 5.4 4.8 4.4 4.6
Uz (cm/h) 0.55 0.87 147 0.75 0.82 0.66 0.79 0.49 0.74
%S 93.7 93.1 854 87.2 84.5 78.9 79.1 91.5 88.4
Breakthrough capacity (mg/g) 484 34.6 27.7 13.8 277 448 24.9 34.6 36.9
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The rate of exchange zone is increases with increase in the feed rate. The
breakthrough capacity of nitrobenzene sorption on SDBA 90 decreases with increase in
the flow rate. This is due to fact that as the feed rate increases the sorbate gets lower
contact time to diffuse into the sorbent particles. The column capacity was found to be
higher than batch capacity as calculated by sorption isotherms. A higher capacity of
column operations was established by a continuously large concentration gradient at the
interface zone as it passed through the column, while the concentration gradient

decreased with time in a batch isotherm test.

6.3.4.2. Effect of feed concentration

1 .
0.8 A
0.6 1
o
Q
O
0.4 -
A 252 mg/L
0.2 A
A 461 mg/L
A 763 mg/L

0 100 200 300 400 500 600 700 800

Time (min)
Figure 6.7. Effect of concentration of sorbate solution on breakthrough curve of sorption
of nitrobenzene on SDBA 90 (Sorption conditions: - Sorbent: 1 g; Bed length: 50 mm;
Bed diameter: 5 mm; Flow rate: 1 mL/min; Temperature: 27 °C; Size of sorbent: (-) 60 -

(+) 100 mesh size).
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The effect of feed concentration is illustrated in Figure 6.7. Breakthrough point
appears faster with increasing feed concentration. For feed concentration of 252 and 763
mg/L, the values of tz, tg, F and % S are 310 and 490 min, 420 and 550 min, 0.82 and 8,
84.5 and 78.9 %, respectively as shown in Table 6.1. The rate of exchange zone (Uz)
decreases when increases the feed concentration. The breakthrough capacity is also
increases with increase in feed concentration since the equilibrium sorption isotherm is
linear. The breakthrough capacity for feed concentration of 252 mg/L is around 50 % of
its equilibrium sorption capacity and for 461 and 763 mg/L, it is 30 and 25 % of its

equilibrium sorption capacity.

6.3.4.3. Effect of size of sorbent

The size of the sorbent plays an important role in fixed-bed system as shown in Figure
6.8. SDBA 90 with (-)30 - (+)60 and (-)60 - (+)100 mesh size were used in this study for
column sorption. The breakthrough point of nitrobenzene occurs slowly in SDBA 90 with
fine particle size compare to coarser particle size.

This is because the faster diffusion of nitrobenzene in SDBA 90 with fine
particles and thus, it can have a high breakthrough capacity (34.6 mg/g) compare to
coarser particles of SDBA 90 which is having breakthrough capacity of 13.8 mg/g. The
tz, tg, F and % S is 420 min, 450 min, 0.88 and 87.2 %. The rate of exchange zone is
0.8cm/h. This explains that the percent saturation is higher in lower as compare to coarser
particle size. The height of exchange zone (hz) is also higher (5.3 cm) while the sorption

study carried out using (-)30 - (+)60 mesh sized particles. The hz for (-)60 - (+)100
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mesh sized particles is 4.3 cm. The rate of exchange zone is decreases with decrease in

size of the SDBA 90.

0.8

0.6 -

C/Co

0.4 1

0.2 1 A (-) 30 - (+) 60 Meshsize

A (-) 60 - (+) 100 Meshsize

0 100 200 300 400 500 600 700

Time (min)
Figure 6.8. Effect of particle size of SDBA 90 on breakthrough curve of sorption of
nitrobenzene (Sorption conditions: - Sorbent: 1g; Bed length: 50mm (60-100 mesh), 53
mm (30-60); Bed diameter: 5mm; Sorbate concentration: 461mg/L; Temperature: 27°C;

Flow rate: 1mL/min).

6.3.4.4. Effect of amount of organic moiety exchanged in MMT

The organic modification of MMT substantially increases the sorption capacity of
nonpolar organic contaminants from wastewater. To illustrate this effect, organoclay with
different amount of organic moiety (SDBA 70 and SDBA 50) were synthesized and
employed for the sorption of aqueous nitrobenzene in fixed-bed system as shown in

Figure 6.9. The breakthrough point of nitrobenzene appears faster on sorbent with lower
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organic modifier. The tz and tg is 470 and 460 min (SDBA 50); 540 and 665 min (SDBA
70), respectively. The fractional capacity (F) and % S decreases while hy and Uy
increases with decrease in amount of organic modifier in sorbent. The % S for SDBA 70
and SDBA 50 is 91.5 and 79.1, respectively. The breakthrough capacity was also
decreases with decrease in the amount of organic moiety in organoclay, in the order of

44.6 mg/g for SDBA 90, 34.6 mg/g for SDBA 70 and 24.9 mg/g for SDBA 50.
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0.8 |
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O
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Figure 6.9. Effect of amount of organic moiety exchanged with MMT on breakthrough
curve of sorption of nitrobenzene on SDBA 90 (Sorption conditions: - Sorbent: 1g; Bed
length: 50 mm (SDBA 90), 43 mm (SDBA 70), 40 mm (SDBA 50); Bed diameter: 5mm;
Flow rate: 1.0mL/min; Sorbate concentration: 461mg/L; Temperature: 27°C; Size of

sorbent: (-) 60 - (+) 100 mesh size).
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6.3.4.5. Effect of temperature and Desorption

The temperature of the sorption medium is also an important parameter for
designing a fixed-bed sorption setup. The temperature effect on breakthrough curve was
studied at 27 °C (room temperature) and 17 “C. We were also tried to get data from
higher temperature (37 °C), but failed, due to swelling as well as breaking of organoclay
particles at higher temperature which blocked the column and substantially reduced the
effluent flow rate. The tz; and tg is 370 and 450 min. at 17°C. The saturation at
breakthrough point and fractional capacity are 88.4 % and 0.87, respectively which are
lower than dynamic sorption measurement carried out at room temperature. The height of
exchange zone is 4.6 cm is higher than the dynamic sorption at room temperature. These
parameters show that at 17 °C, even though the equilibrium breakthrough capacity is
higher the diffusion of nitrobenzene is slower than that at room temperature sorption
which can be seen as the broader breakthrough curve given in Figure 6.10.

The organoclay column is generally dumped as solid waste after sorption of
organic contaminants from wastewater. As stated earlier, the phenomenon involved in
sorption of nitrobenzene over organoclay is partitioning. Elution of sorbate with
simultaneous chemical regeneration by suitable solvent has been tried by passing water
through the column.

Desorption of nitrobenzene were carried out in-situ at room temperature after
sorption of aqueous nitrobenzene at 17 “C temperature as shown in Figure 6.10. 375 mL
of water is sufficient for the almost complete desorption of nitrobenzene, at the water floe

rate of 1 mL/min. It is clear that a cyclic process for the recovery of nitrobenzene is
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feasible by using two or more sorbent column in parallel, in which one column is in the

sorption cycle while other will be in regeneration cycle.

C/Co

1- X
X
08 - X
X
0.6 - |
X
04 -
17 C Temperature X
0.2 1 27 C Temperature 'y
--x-- Desorption \><\><
0 : : XX
0 400 600 800 1000
Time (min)

Chapter 6

Figure 6.10. Effect of temperature on breakthrough curve of sorption of nitrobenzene on

SDBA 90 (Sorption conditions: - Sorbent: 1g; Bed length: 50mm; Bed diameter: 5mm;

Flow rate: 1.0 mL/min; Sorbate concentration: 461mg/L; Size of sorbent: (-) 60 - (+) 100

mesh size) and desorption using water at 27°C temperature.
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7. SUMMARY, CONCLUSIONS AND FUTURE SCOPES

7.1. Summary and conclusions

The present thesis describes the beneficiation of Indian bentonites by
sedimentation and chemical treatments. The purified bentonite (montmorillonite) is used
for the synthesis of nanoclays using various quaternary ammonium and phosphonium
salts by ion exchange reaction. The synthesized nanoclays are employed as reinforcement
for polymer nanocomposites and solvents which are used for paints, supporting materials
for metal nanoparticles and adsorption of aqueous nitrobenzene. The physico-chemical
properties of nanoclays, polymer nanocomposites and metal nanoparticles anchored
nanoclays are characterized by powder X-ray diffraction, FT-IR spectroscopy,
thermogravimetric analysis, particle size distribution, elemental analysis by CHN
analyzer and ICP-AES and transmission electron microscopy.

The Chapter 1 comprises introduction of nanoclays and its applications in
various fields. The classification, purification and structural properties of clay minerals
are discussed. The synthesis methodology for nanoclays and characterization techniques
used for nanoclays are illustrated. The improvements in mechanical and thermal
properties of polymer nanocomposites by addition of few weight percent of nanoclay in
polymer are also discussed. The arrangement of organic modifier within the interlayer
space of montmorillonite with respect to size and concentration of organic modifier are
given. The applications of nanoclays for polymer nanocomposites, rheological modifier

for paints, inks and greases, and nanoclays for wastewater treatment are reviewed.

Hasmukh A. Patel 184 Ph.D. Thesis



Summary, Conclusions and Future Scopes Chapter 7

The Chapter 2 discusses the sedimentation technique based on Stoke’s Law of
sedimentation is simple and cost effective method for the purification of bentonites. The
beneficiation study of two major bentonite deposits (Gujarat and Rajasthan) of India are
carried out and concluded that these beneficiated bentonite can be used for the synthesis
of nanoclays. The chemical treatment using both organic and inorganic acids improve the
brightness of the clay but at the same time it is reduced CEC and swelling volume which
are very important propertied for the synthesis of nanoclays. The sodium dithionite
treatment is only removed non-structural iron from the bentonite while structural iron
(Nontronite) reduced during treatment and re-oxidized after treatment.

In the Chapter 3, the synthesis and characterization of nanoclays using purified
MMT and quaternary ammonium/phosphonium salts are discussed. The hydrophobicity,
basal spacing and particle size of nanoclays directly depends on the chain length of
organic modifiers as well as percentage of organic modifier exchanged to MMT. The
particle size of nanoclays is observed to depend on the reaction temperature. The finer
particles are obtained by synthesizing nanoclays at higher temperature as compared to
that prepared at lower temperature. The arrangement of organic modifier such as
monolayer, bilayer and paraffin type in the interlayer space of the MMT depends on the
alkyl chain length of organic modifier. The highest thermal stability of the ammonium
based nanoclays observed for nanoclay modified with organic modifier with aromatic and
long alkyl chain. The finer particle size distribution was observed for the intercalated
MMT with longer chain phosphonium ions because the alkyl chains prevented silicate
platelets from aggregation. The phenyl group substituted phosphonium MMT showed the

highest thermal stability of 350-400 °C (5% decomposition). Tetrabutylphosphonium
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MMT was stable as tetraphenylphosphonium MMT due to the high thermal stability of
the tetrabutylphosphonium cation.

Compounding of nanoclays with PP is discussed in Chapter 4. Nanoclays
synthesized from Indian bentonite for PCN application have identical properties except
basal spacing. A small addition of nanoclays in PP drastically improved mechanical
properties. PCNs with nanoclay (PCN 2) synthesized from Indian bentonite shows almost
similar properties to PCNs with imported nanoclay (PCN 1). WAXD studies
demonstrated intercalation of PP in nanoclay rather than exfoliation. The tensile modulus
increased by 41 and 39 % for PCN 1 and PCN 2 with respect to PP. The flexural
modulus for PCN 1 and PCN 2 is also increases by 23 and 22 % by incorporation of 5 %
nanoclay in PP along with 5 % MA-g-PP. The impact strength of the PCNs decreases by
incorporation of nanoclays. Organoclays can be also used for rheological modifier for
paint formulations. The exfoliation of organoclay depends on the polarity of solvent and
organic modifier used for the synthesis of organoclays. The weak or moderate hydrogen
bonding group within solvent resulted into lower gel volume. The organic modifier with
two long alkyl chain (OC 3) showed highest gel volume in toluene.

The Chapter 5 demonstrates the novel synthetic route for synthesis of Pd and Rh
metal nanoparticles supported on MMT and POMM s resulted metallic nanoparticles.
PXRD pattern confirms the formation of Pd and Rh metal nanoparticles in MMT and
POMM. Agglomeration of Pd and Rh metal nanoparticles is observed in MMT while the
partial organic modification of MMT is controlled the particle size of Pd and Rh with
very good dispersion through out POMM. Au and Ag nanoparticles anchored

organoclays are synthesized in a single step. The effect of surfactant and reduction path
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substantially affects the size of the generated Au or Ag nanoparticles. Nearly
monodispersed Au nanoparticles are observed while the reduction of gold salt was carried
out after the intercalation of organic modifier, i.e., within organoclay. The particle size of
Ag nanoparticles is higher than that of Au due to precipitation of AgCl or AgBr during
the synthesis which leads to agglomeration of Ag nanoclusters. The HRTEM and PXRD
studies prove the formation of Au and Ag nanoparticles anchored organoclays.

Sorption of aqueous nitrobenzene on organoclays in batch and fixed-bed system is
discussed in Chapter 6. Sorption of nitrobenzene in dynamic condition is technologically
important study for wastewater treatment. The phenomenon involved in sorption of
nitrobenzene over organoclay is partition rather than adsorption. Presence of benzyl
functionalities in organoclay can increase the sorption capacity of aromatic organic
contaminants. The sorption capacity of organoclay is in the order of SDBA 90 > DODA
90 > HDTA 90. The breakthrough capacity is increases when the dynamic sorption
carried out using finer particles of SDBA 90 and slower feed rate (0.6 mL/min.) at 27°C.
The broader breakthrough curves are obtained for higher particle size of SDBA 90, and
sorption performed at 17 °C. The important column parameters which are useful for
designing a column, have evaluated for the sorption of nitrobenzene on organoclay from
breakthrough curves. Desorption of nitrobenzene from organoclay is also possible. The
present work provided a simple and easy-to-follow method for analyzing the

breakthrough characteristics for the sorption of nitrobenzene on the organoclays.
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7.2. Future scopes

As the applications of nanoclays have broadened since few years and the imported
cost of the nanoclays is very high, it is necessary to produce nanoclays from the Indian
bentonites. Some of the key points which are observed during this study and are

significant for future directions are;

> It will be possible to further improve the brightness of the Indian bentonites by
employing combination of chemical treatments and purification of bentonite by
hydrocyclone technique.

» The thermal stability of the nanoclay is an important property when it can be applied
for engineering plastic and high temperature resistant greases. The thermal stability of
nanoclay can be improved by preparing nanoclays using alkyl/aryl imidazolium salts
or quaternary ammonium/phosphonium salts with aromatic functionalities.

» The complete exfoliation of nanoclays in PP matrix is a key feature of discussion, as
up to now there is no report showing complete exfoliation of nanoclay in PP matrix
rather than partly intercalated and exfoliated. The exfoliation of nanoclays may be
achieved by modification of MMT surface by dual organic modifiers or modifying
the PP. We have carried out some of the experiments to study the stability of
nanoclays in solvents which are used for paints, however, the applications of
nanoclays in paints, inks and cosmetics requires more fundamental study.

> Metal nanoparticles supported on MMT are an emerging field. The particle size and
stability of nanoparticles can be controlled by nanoclays which are acts as nano-phase

reactor. Apart from Pd, Rh, Au and Ag metal nanoparticles, there will be possibilities
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for synthesizing other valuable metal, metal oxide or bimetallic nanoparticles within
the nanoclays for catalytic applications in various organic transformations.

» Though the sorption of organic contaminants from wastewater on organoclays have
been started quite long back, there is tremendous potential for organoclays to clean
the environments and can be technologically important method. There are very
limited industries supplying kits of organoclays for wastewater treatment. There is
need to emphasizes on the engineering parameters for the sorption system based on

organoclays.
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