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Abstract
Competitive adsorption of poiy(vinyl alcohol) (PVOH) and plasticizers 

(PEG Mw 600 and 2000, M600 and quaternized M600) onto Na-bentonite has 
been studied. Preliminary experiments showed that as the concentration of 
plasticizers or PVOH increased, the amount adsorbed by clay increased and 
followed a Langmuir-type adsorption. The order of affinity to clay was PVOH, 
PEG2000, M600 and PEG600. Step changes occurred in the gallery with 
increasing amounts of plasticizer offered as it expanded from a depleted single 
layer through to a full single layer, then a combined single and bilayer system, 
and finally a full bilayer system. For PVOH, multi-layers were observed, as well 
as mostly exfoliated structures when the PVOH concentration was > 75 wt%. 
The extent of change in the d-spacings of PEG600/clay and PVOH/clay 
systems were shown to be greatly affected by thermal treatment and exposure 
to different relative humidities at low organic loadings (<17 wt%), and less at 
high loadings (>23 wt%). The thermal stability of PEG600 or PVOH in clay was 
dependant on the loading and so related to the type of structure. Desorption of 
organic from clay by washing up to ten times with water showed that not all 
organic was removed since the d-spacing of organic/clay did not collapsed to 
that of clay alone.

In the competitive adsorption studies, both plasticizers (PEG600 or 
M600) and PVOH were present within the clay gallery, the amounts of 
plasticizer and PVOH present increased with the amount of plasticizer and 
PVOH offered. The amount of PVOH adsorbed by clay was slightly increased 
by the presence of 1-30pph PEG600, but reduced in the presence of 30 pph 
M600 and 1, 10 and 30 pph QM600, whilst the amount of PEG600 or M600 
adsorbed by clay was reduced when the amount of PVOH offered was 
increased. Samples prepared by mixing PEG600 with clay first before adding 
PVOH consistently exhibited slightly higher dooi-spacings and peak intensities 
when compared to the corresponding samples prepared by either mixing 
PEG600 and PVOH before adding clay or mixing PVOH with clay first before 
adding PEG600. The differences are assigned to their molecular arrangements 
rather than quantities adsorbed.

The tensile storage modulus, p, a temperature and Ea of PVOH/clay 
systems increased as the amount of clay increased whilst the opposed trend 
was observed for the toughness and damping properties. Introduction of clay 
into PVOH resulted in a reduced water permeability in the nanocomposites 
since an 8 times reduction was observed when clay content was 50 wt%. The 
opposite trend was observed when 20 wt% PEG600 was introduced to the 
PVOH since it increased the water permeability by 4.4 times. Introduction of 
clay to PVOH/PEG600 reduced the water permeability and *23 wt% clay was 
needed to return the WVTR value to that of PVOH alone. Besides clay, the 
crystallinity of PVOH was shown to reduce the water permeability of the 
nanocomposites. The levels of PVOH crystallinity were identified using FTIR 
from the intensity ratio of the bands at 1142 cm-1 and 2942 cm'1; the ratio 
increased with heating temperature and clay content but decreased with time 
when exposed to 85% relative humidity. In addition, the intensity of the XRD 
peak a t« 19 °20, which relates to PVOH crystallinity increased with temperature 
and decreased with exposure time for all films. The sample crystallinity was 
greatly affected by water content, however, the induced crystallinity was not 
completely lost after being maintained at 23 °C and 85 % RH for 51 days.
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1.1. Background and justification of research

Polymer clay nanocomposites have attracted great attention in the last 

decade since they simultaneously impart significant improvements in 

mechanical, barrier and fire retardant properties when compared with those of 

the pure polymer [1.1,1.2]. It is well known that the addition of as little as 5 wt% 

clay can give the same level of mechanical and thermal improvement as those 

typically achieved with loadings of 20-40 wt% of micron size fillers such as glass 

fibre, talc, calcium carbonate or carbon black [1.3].

Na-bentonite is a naturally occurring clay of the smectite family having a 

2:1 layered structure; each layer (or sheet) is 1 nm thick and consists of an 

octahedral sheet of alumina sandwiched between two tetrahedral sheets of 

silica [1.4,1.5], It is hydrophilic and disperses readily into water soluble polymers 

such as poly(vinyl alcohol) (PVOH) [1.6-1.9], poly(ethylene oxide) [1.10-1.12] 

and starch [1.13,1.14], Therefore, it is relatively straightforward to cast self- 

supporting films of these polymer nanocomposites from water. However, these 

hydroxylated polymers tend to be brittle and successful production of polymer 

films or coatings may require the addition of a suitable plasticizer. Sequestering 

of plasticizer by the clay may lead to brittle films and in addition the dispersion 

of clay may be affected by the plasticizer.

Currently, there is a debate about how polymer-plasticizer-clay mixtures 

interact and in turn how it affects their properties. For example, the 

incorporation of clay increased the crystallinity of poly(lactic Acid) (PLA) [1.15- 

1.20] when the nanocomposites were intercalated, but the opposite effect was 

observed when they were exfoliated [1.15-1.18]. In other systems, it was 

reported that clay promoted crystallization of PVOH [1.8], polypropylene [1.21]
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and nylon-6 [1.22], whilst the opposite effect was reported for PEO [1.12,1.23]. 

Poly(ethylene glycol) (PEG), as plasticizer, was shown to increase the 

crystallinity of PLA [1.18,1.19,1.20,1.24] by enhancing a higher mobility of PLA 

chains and promoting crystallization kinetics, whilst Ozkog [1.19] reported that 

PEG nearly had no effect on the cystallinity of PLA. In another system, Jang

[1.25] reported that the plasticizer glycerine reduced the crystallinity of PVOH. 

Lower crystallinities of polymer can lead to an increase in their biodegradation 

rate, but reduce both their water vapour barrier properties and modulus. 

Generally, plasticizer is used to improve the flexibility of material, but it can also 

promote exfoliation of clay [1.19,1.20]. When polymer and plasticizer are mixed 

with clay to produce nanocomposites, preferential adsorption of the polymer 

and/or plasticizer into the clay gallery can occur [1.20,1.26]. It can be difficult to 

quantify the amounts of plasticizer and polymer that reside in or outside the clay 

gallery, but their quantification is very important as the polymer-plasticizer 

compositions determine the final properties of the nanocomposites.

Most adsorption studies of polymer or plasticizer on clay reported so far 

in the literature [1.6,1.7,1.10,1.11] have only focused on binary systems, i.e 

polymer/clay or plasticizer/clay mixtures. Also the results were not correlated 

with mechanical and barrier properties of the systems under study. A study of 

the competitive adsorption of PEG’s with different molecular weight on clay was 

reported by Chen [1.26], again there was no information on how adsorption of 

the polymer on clay affected the properties of the nanocomposites. Moreover, 

theoretical descriptions for these systems are limited [1.27,1.28]. Therefore, 

comprehensive studies of synergistic and competitive adsorption covering 

different polymer-clay-plasticizer compositions, their sequence of mixing, and

how they affect the mechanical and barrier properties is much sought after.
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In this project, PVOH has been selected as a ‘model’ hydrophilic polymer 

in an attempt to investigate its competitive adsorption with different plasticizers 

into the clay gallery. Furthermore, the mechanical and barrier properties of 

these composites have been assessed since the dispersion of clay in PVOH 

with plasticizers can be affected by creating intercalated rather than exfoliated 

structures [1.8,1.9]. PVOH is of interest since it is used as a barrier film for food 

packaging applications due to its; excellent oxygen barrier properties, flexibility, 

transparency, toughness, biodegradability as well as being relatively cheap 

when compared with other barrier polymers [1.29].

The largest demanding application of polymers is for packaging, which 

shares 42% of 100 million tonnes of todays polymer global market [1.30]. 

Incorporation of clay in polymers used for food packaging is performed mostly 

to improve gas and water barrier permeability [1.30]. It is reported that clay 

shares nearly 70% of the market volume of nanoparticles used in food 

packaging. The barrier improvement is due to tortuous effects of clay forcing the 

gas permeant to travel a longer path as it diffuses through the film and also 

influence of the clay on the crystallinity of polymer. In a particular commercial 

application, it is reported that clay can cut water and gas permeability of 

polyethelene therepthalate (PET) by as much as 75% [1.31]. Recently, Priolo

[1.32] developed a transparent, super gas barrier with polyethyenimine (PEI)- 

poly(acrylic acid)(PAA)-montmorillonite (MMT) nanocomposites that can cut 

oxygen permeability by almost 100 %. The addition of clay to polymer not only 

improves polymer performance but also has economical and environmental 

advantages such as; the reduction in use of raw materials due to improved 

stiffness and also savings in the cost of transportation, the reduced storage of 

crushed empty containers whilst waiting for recycling, reductions in CO2



emissions, and improvements in biodegradability of polymers such as PLA, 

polybutyrene succuniate (PBS) and polycaprolactone (POL). Positive impact of 

clay on human health was reported by de Abreu [1.33] who found that 

incorporation of clay into polyamide was able to slow down the rate of migration 

of substances such as caprolactam, 5-chloro-2-(2,4-dichlorophenoxy)phenol 

(triclosan) and trans,trans-1,4-diphenyl-1,3-butadiene (DPBD) from polyamide 

into the food by up to six times.

1.2. Aim of the project

The principle aim of this project is to understand the competitive and 

synergistic interaction between clay-PVOH-plasticizer mixtures, for example, 

which molecule has greater affinity for the adsorption sites of the clay gallery. 

Such understanding will be reviewed to help improve the mechanical and 

barrier properties of PVOH. To achieve this, several techniques will be used 

such as X-ray diffraction (XRD), adsorption studies via a centrifugation 

approach, thermogravimetric analysis (TGA) and dynamic mechanical analysis 

(DMA). Particular emphasis was given to TGA since this technique indirectly 

allowed the amounts of polymer and plasticizer adsorbed onto the clay to be 

quantified. The degradation profile of each component within a mixture was 

sufficiently resolved to allow an accurate and calibrated method for 

quantification to be established. The thermal stability and degradation of these 

composites were also investigated using thermogravimetry mass spectroscopy 

(TG-MS).

This first chapter outlines the background and justification for the 

research together with aims and objectives. The literature is reviewed and
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discussed in Chapter 2, which covers details of the materials investigated within 

the project and a survey of the relevant work published on polymer/clay 

nanocomposites. Detail of the techniques used in this project are presented in 

Chapter 3 and include; TGA, XRD, adsorption isotherms (centrifugation 

approach), TGMS, water vapour transmission rate (VWTR), DMA, Fourier 

transform infrared (FTIR), X-ray fluorescence (XRF) spectroscopy and proton 

nuclear magnetic resonance (1H NMR). The sample preparation of polymer clay 

nanocomposites via solution casting, the synthesis of quaternized 

polyetheramine and its subsequent cation exchange reaction onto Na 

montmorillonite is presented in Chapter 4.

The competitive and synergistic adsorption of PEG600 and PVOFI on 

clay has been investigated and results are presented in Chapter 5. This 

includes an investigation of clay dispersion and subsequent thermal stability of 

PVOH or PEG600/clay compsites. The amount of water in the systems has also 

been assessed and controlled by varying temperature and humidity. In the 

competitive study between PVOH and plasticizer with clay, particular attention 

has been given to the dispersion of clay and how it is effected by different 

routes of mixing. Quantified amounts of PVOH and/or PEG600 adsorbed by 

clay in the binary and tertiary systems have also been investigated.

The adsorption of different plasticizers, such as PEG with molecular weight 

(Mw) of 2000 (PEG2000), polyetheramine (M600) and quaternised

polyetheramine (QM600) in the absence and presence of PVOH onto clay is 

presented in Chapter 6, this allows the the effects of plasticizer molecular 

weight (Mw), polarity and solubility to be studied. The effect of anchoring 

quaternised polyetheramine onto clay on PVOH adsorption has also been 

investigated. The desorption of organics such as PEG600, polypropylene glycol
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with MW of 725 and 2000 (PPG725 and PPG2000) and PVOH from clay is also 

presented to demonstrate the mobility or immobility of these components from 

clay.

The physical and barrier properties of PVOH films in the absence and presence 

of clay and/or PEG600 is presented in Chapter 7. PVOH is sensitive to water 

vapour and as a result can affect its ability to act as an oxygen barrier. PVOH is 

typically laminated between materials with good water barrier properties so that 

the PVOH film remains free from water and hence impermeable to oxygen. The 

effect of water content on the crystallinity of PVOH films and their ability to act 

as water barriers has been assessed. The rate at which the extent of 

crystallinity decreases when held at controlled temperature and relative 

humidity was investigated. Finally, conclusions from the research and future 

work are discussed in Chapter 8.
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2.1. Clay

Clay is one of many inorganic nano-particles that are recognized as 

possible additives to enhance polymer performance; others include synthetic 

polymer nanofibres, cellulose nano-whiskers or carbon nanotubes. Clay has 

attracted more positive attention from the packaging industry due to their 

availability and low cost but more importantly due to the significant 

enhancements they impart and their relatively simple processability [2.1].

Clay minerals are a subclass of phyllosilicate minerals within the silicate 

family, which have flat hexagonal sheets of silicate tetrahedra with a Si:0 ratio 

of 2:5. The other subclass of phyllosilcates include groups of serpentine, mica, 

and chlorite [2.2]. Clay minerals have main members such as smectite, talc, 

vermiculite and kaolin.
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Figure 2.1. Structure of 2:1 layered silicates [2.3]

Montmorillonite (MMT), which has an idealised chemical formula of 

Na0.3(Ali.7Mgo.3)Si4 0 io(OH)2 , is a member of the smectite family and is found in 

bentonite deposits. Smectites are a group of 2:1 layered minerals (Figure 2.1), 

which means that one clay layer consists of one alumina-octahedral sheet 

sandwiched between two silica-tetrahedral sheets [2.4,2.5]. The clay layer is
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about 1 nm in thickness and 100-200 nm in diameter. In nature, isomorphous 

substitution can take place in the alumina-octahedral sheet by replacing Al3+ 

with Mg2+. In nature, the negative excess is compensated by inorganic cations, 

such as Na+ or Ca2+, which are located in the domains between adjacent clay 

layers leading to a regular van der Waals gap called the gallery or interlayer. It 

is generally accepted that 80% of the exchange cations occupy sites within the 

gallery, and 20% are on the edges of the clay layer. One characteristic of clay is 

given by the cation exchange capacity (CEC), i.e. the total amount of cations 

that can be exchanged by other cations. The quantity is expressed in 

milliequivalents (meq) per 100 grams. MMT has a CEC in the range between 

80-150 meq/100 g.

Increasing hydration 
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Figure 2.2. Swelling of clay in the presence of water

MMT is hydrophilic and its water content is variable, it can increase

greatly in volume when it adsorbs water. A schematic representation of the

dehydration and swelling processes of clay layers is given in Figure 2.2. The d-

spacing (dooi), i.e. the regular distance between layers, of MMT is 9.6 A when

no water is present in the gallery (dehydrated), it increases to 12.5 A when one
15



layer of water is present, and becomes 15.0 A when two layers of water are 

present. Such dehydration-swelling processes are reversible provided the 

temperature does not exceed 300 °C [2.6]. This hydrophilic character of MMT 

promotes dispersion of the clay layers in water soluble polymer such as 

poly(vinyl alcohol) (PVOH), poly(ethylene oxide) (PEO) and starch.

—  -  Clay layer, O  = w a te r

b. In terca lated/aggregateda. Clay pow der c. In terca lated/dispersed

Figure 2.3. Various arrangements of clay layers in dry state (a) and in water (b-c)

The interaction between clay and water determines how the clay layers 

are arranged. In the dry state (clay powder), clay platelets exist in face-to-face 

stacks like a deck of playing cards, but clay platelets begin to change when 

exposed to water. Figure 2.3 shows various arrangements of clay layers 

including the dry state: clay powder, and in water: intercalated/aggregated and 

intercalated/dispersed.

16



M onolaver Bilaver

30.0 A

Paraffin structure

21.5 A

Pseudo-trilaver

Figure 2.4. Structure for the intercalated surfactants

Generally, polymers are not compatible with clay and so nanocomposites 

can be difficult to form [2.1]. The compatibility between polymer and clay can be 

improved by converting the hydrophilic silicate surface to one that is more 

organophillic. The clay modification can be performed by ion-exchange 

reactions with cationic alkylammonium surfactants. The cationic surfactant 

lowers the surface energy of the inorganic host and improves the wetting 

characteristics with the polymer matrix, enabling the polymer to enter the gallery 

and produce a larger interlayer spacing. Figure 2.4 shows a proposed model of 

the structure for the intercalated surfactants including monolayer, bilayer, 

pseudo-trilayer, and paraffin structure [2.8]. These structures are analogous to 

the structures described in this thesis of polymer and plasticizer that are 

intercalated in the gallery of unmodified clay.

2.2. Poly(vinyl alcohol) (PVOH)

Poly(vinyl alcohol) (PVOH) was discovered by Klatte in 1915. It is 

manufactured by polymerization of vinyl acetate which then undergoes
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hydrolysis [2.9]. It has different product names such as ethenol, polyviol, vinol, 

alvyl, alcotex, covol, gelvatol, lemol, and mowiol [2.7]. It is a semi-crystalline 

and hydroxylated polymer, odourless and non-toxic. According to data 

published in 2006 [2.10], over one million metric tons of PVOH was consumed 

and that China produced and consumed half of the world consumption.

PVOH has been developed as a barrier film for food packaging 

application since PVOH has excellent gas barrier properties, offers flexibility, 

transparency, toughness, biodegradabilty as well as having a lower cost than 

other barrier polymers [2.11]. Other uses of PVOH are in paper and 

paperboard; as binders for pigmented paper coatings, as membranes for 

column packing materials for the separation of aqueous solutions [2.12], and as 

carbon dioxide barrier in polyethylene terephthalate (PET) bottles [2.13].

Water is the most common solvent for PVOH. In order to fully dissolve 

PVOH, the water has be heated to 90 °C [2.14,2.15]. Other suitable solvents for 

PVOH are diethyl triamine [2.16], dimethyl sulphoxide [2.17], formamide, 

dimethyl formamide and phosphoric acid trisdimethylamide [2.9]. At temperature 

above 100 °C, PVOH can also be dissolved in multivalent alcohols such as 

glycerine, glycol, and ethanol-amines [2.9].

The idealised molecular structure of PVOH is given in Figure 2.5a [2.18]. 

Due to the polarity of PVOH chains, they tend to have mutual orientation both in 

aqueous solution and in the solid state as described by Sakurada's model in 

Figure 2.5b [2.9]. The crystalline area in the model is shown by the interweaving 

polymer chains that lie parallel to one another. The tendency of the chains to 

form crystalline areas increases with the regularity of the chain structure. Such 

orientation of the chains will be counteracted by the present of acetyl groups
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(COCH3) in the molecule as PVOH is not always 100% hydrolysed. For fully 

hydrolysed grades typical degrees of hydrolysis are between 97.2-99.8%. Both 

syndiotactic (alternate) and atactic (random) forms are both possible for the 

steric structure of PVOH [2.19], with atactic structure being predominant [2.9].

Figure 2.5. Molecular structure (a) and Sakurada's structural model (b) of 

Poly(vinyl alcohol) (PVOH)

PVOH has glass transition temperatures (Tg) ranging between 40 and 80 °C, 

melting temperatures (Tm) ranging between 180 and 240 C, and decomposes 

rapidly above 200 °C [2.17], The Tg and Tm value depends on the type and 

thermal history of the sample. Fully hydrolysed PVOH is completely water 

soluble above its 'dry' glass transition temperature of 85 °C [2.20]. The solubility 

and swellability of PVOH are greatly influenced by the degree of crystallization. 

In fully hydrolysed PVOH, heat treatment produces an increase in crystallization 

which, in turn, impairs its solubility in water [2.9],

Anhydrous PVOH films are stiff and brittle and so their flexibility can be 

improved by adding plasticizer. Any plasticizers have to be compatible with the 

polymer so as to reduce migration out of the polymer film. Since PVOH has a 

polar character, only compounds with highly polar groups are suitable as 

plasticizers for PVOH. In addition the volatility of the plasticizer should be as low
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as possible in order to reduce loss. Ethylene glycol, di- and triethylene glycol, 

polyethylene glycols (PEG) with low molar mass, glycerine, trimethylol propane, 

neopentyl glycol, triethanolamine, and ethoxylated phosphates are among the 

common plasticizers and are typically used in quantities of up to 30% relative to 

PVOH [2.9]. Although water has a plasticizing effect on PVOH such that PVOH 

films stored in moist air become flexible, water cannot be considered an ideal 

plasticizer due to its high volatility.

PVOH has a strong inter and intra molecular hydrogen bonding network 

and under normal conditions PVOH films, especially those of higher viscosity 

grades, have a high tear strength and good elongation at break values [2.21], 

These properties are affected to a considerable extent by the moisture content 

of the PVOH film, since water acts as plasticizer [2.22]. As the water vapour 

content of the air increases, the value for elongation at break increases, while 

the tensile strength decreases. The presence of water provides a lubrication 

effect that promotes chain mobility by disrupting the polymer-polymer hydrogen 

bonding. The increased chain mobility reduces the glass transition temperature 

[2 .20 , 2 .22],

Holland [2.23] showed that the elimination of water (from hydroxyl side 

groups) was considered as the main contribution to thermal degradation of 

PVOH when in the solid state (< Tm), which results in a reduction of the amount 

of hydrogen bonding, the Tm and the degree of crystallinity. In the molten state 

(> Tm), the thermal degradation contributed to the elimination of water and the 

production of volatile saturated and unsaturated aldehydes and ketones at -290 

°C.

Assender [2.24] reported that PVOH samples prepared by drying at 50

°C overnight were found to increase in both crystallinity (in the range 38-50 %)
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and crystal perfection when the annealing temperatures were increased from 

120 to 230 °C. The presence of water had an effect on reducing the glass 

transition and also on enhancement of the crystallisation process resulting in a 

greater level of crystallinity upon annealing.

The effect of plasticizers on PVOH properties has been investigated by 

several researchers. Jang [2.25] reported that glycerine reduced the melting 

temperature (Tm) and crystallinity of PVOH according to the amount of glycerine 

content and regardless of the degree of hydrolysis. These effects diminished 

gradually at glycerine contents above 40 pph. Mohsin [2.26] found that sorbitol 

reduced the glass transition temperature (Tg), melting temperature (Tm), 

degradation temperature (Td), and also elastic modulus according to the amount 

of sorbitol.

2.3. Poly(ethylene glycol) (PEG)

Poly(ethylene glycol) (PEG) which has the molecular structure shown in

Figure 2.6 [2.18] is also known as poly(ethylene oxide) (PEO) or

polyoxyethylene (POE) [2.27]. The three names are chemically synonymous,

but historically PEG refers to oligomers and polymers with a molecular mass

below 20,000 g/mol, PEO to polymers with a molecular mass above 20,000

g/mol, and POE to a polymer of any molecular mass. It is commercially

available over a wide range of molecular weights from 100 g/mol to 10,000,000

g/mol. Pure PEG has been characterised as a clear viscous liquid (molecular

weight less than 200), a wax-like substance (molecular weight 200 - 2000) and

as an opaque white crystalline solid (molecular weight > 2000) [2.28]. PEG is

readily soluble in water, but solubility decreases with increasing molecular

weight. PEG is a non-toxic compound and is used in pharmaceuticals
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compositions and as a food additive, and so is suitable for food packaging 

applications [2.29].

Figure 2.6. Molecular structure of poly(ethylene glycol) (PEG)

PEG with low molar mass can be used as plasticizer for polymers by 

reducing intra-molecular hydrogen bonds. The compatibility of PEG with PVOH 

increases sharply as the molar mass of the PVOH decreases [2.9]. PEG can 

also enhance the degradability of biopolymers such as polylactide (PLA) [2.30] 

and is combined with clay in the application of water based drilling fluids where 

clay is the major phase [2.31],

2.4. Polypropylene glycol (PPG)

Polypropylene glycol (PPG) which has the molecular structure shown in 

Figure 2.7 is also known as polypropylene oxide. Conventional PPG has an 

atactic structure. PPG is a liquid molecular weight dependant at room 

temperature, less soluble in water, and so potentially not as good a plasticizer 

for PVOH as compared to PEG. Secondary hydroxyl groups in PPG are less 

reactive than primary hydroxyl groups in PEG [2.27]. PPG is a non-toxic 

compound and is used as a solvent for vegetable oils, sterilizer or pasteurizer 

for nutmeats, notably almonds [2.32], and so is assumed suitable for food 

packaging applications. The other uses are as a surfactant, dispersant in

n
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leather finishing; a primary ingredient in the manufacture of paintballs; and a 

foaming suppressant in industrial processes [2.33].

c h 3

Figure 2.7. Molecular structure of polypropylene glycol (PPG)

2.5. Polyetheramines

Polyetheramines are polymers having primary amino groups attached at 

the ends of a polyether backbone where the polyether backbone is usually 

based on either propylene oxide (PO), ethylene oxide (EO), or mixed PO/EO. 

The family of polyetheramines, based on this core structure, can consist of 

monoamines, diamines or triamines. Polyetheramines produced by Huntsman 

are named Jeffamine polyetheramines, and the structure of Jeffamine 

monoamines (Jeffamine M series) is shown in Figure 2.8, where the ratio of x 

and y defines the type of the series and the dominancy of the polyether 

backbone. For example, the x/y ratio of Jeffamine monoamines with Mw 600 

(M600) is 1/9, and so predominately PPG based (more hydrophobic), whereas 

Jeffamine M2070 has the x/y ratio is 31/10, and so predominately PEG based 

(more hydrophilic) [2.34].

H3c "  

CH3

Figure 2.8. Molecular structure of Jeffamine M series
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Polyetheramines are generally used to increase flexibility, toughness, 

hydrophilicity or hydrophobicity, and to control moisture absorption. They also 

offer various reactivities, have good temperature stability, low viscosity, colours 

and vapour pressures.

2.6. Polymer clay nanocomposites

Polymer clay nanocomposites are mixtures of polymer and clay, 

representing a radical alternative to conventional polymer composites [2.3]. The 

first successful example of polymer-clay nanocomposites was developed by 

scientists at Toyota Central Research Laboratories in 1986 for nylon-clay 

nanocomposites [2.35].

Polymer-clay nanocomposites can offer a unique property profile by

simultaneously enhancing mechanical, barrier and fire resistant properties by

adding as little as 5 wt% clay with respect to the pristine polymer. This reduces

the component weight since traditional fillers are added at 20-40 wt%. The

nanocomposites may also offer extra benefits such as transparency, better

surface properties (acting as a good substrate to provide better interaction with

the incoming material (layer) such as in multilayer coating or intumescent

coating) and recyclability. The main reason for these improved properties

resides in the clay properties as opposed to conventional fillers [2.36]. The clay

particles have one dimension in the nanometer (from 1 to 100 nm) range and

when dispersed offer a much higher surface area for polymer-filler interactions

than in conventional composites. A uniform dispersion means that the clay

layers have some regular order whereas a random dispersion there is no
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regularity between clay particles. Nanomaterials according to the European 

Commision are materials whose main constituents have a dimension of 

between 1 and 100 billionth of a metre [2.37]. The very large organic/clay 

interface changes the molecular mobility, the relaxation behaviour and the 

consequent thermal and mechanical properties of the resulting nanocomposite 

material. Nanocomposites as packaging offer an increase in the shelf life of 

many food products and benefits for safety food to prevent the growth of 

bacteria and organisms.

2.6.1. Structure of polymer/clay nanocomposites

There are four key variables that affect the properties of nanocomposite 

material: type of clay, clay pre-treatment (organic modification), the type of 

polymer and the preparation technique used to disperse the clay in the polymer 

matrix [2.38].

The types of clay dispersion in polymers can be identified as i) 

microcomposite, ii) intercalated and iii) exfoliated as depicted in Figure 2.9 

[2.36]. The type of clay dispersion in the polymer matrix plays an important role 

in the final properties of the nanocomposites since it determines how the clay 

interacts with the matrix. If good thermal properties are desired, then 

ordered/intercalated dispersions are often desired, whereas best mechanical 

properties are obtained with disordered/exfoliated systems. Good barrier 

properties also require that the plane of the clay surface lies perpendicular to 

the path of the diffusant.
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Figure 2.9. The different ways in which clay layers can be dispersed 
within a polymer matrix (not to scale)

The two major types of nanocomposites; intercalated and exfoliated can 

often be found in different regions of a nanocomposite material. For ordered- 

intercalated systems, the spacing between individual clay layers, called the d- 

spacing, increases from its intrinsic value as polymer chains or monomer 

molecules diffuse into the clay galleries. Such intercalated nanocomposites 

show diffraction peaks in their XRD patterns. In exfoliated systems the 

individual clay layers are separated from the intercalated tactoids and are 

dispersed in the matrix polymer with no apparent inter-particle interactions. The 

exfoliated nanocomposites do not show any XRD diffraction peaks that could be 

attributed to ordered clay layers [2.3].

2.6.2. Permeability in polymer/clay nanocomposites

Polymer nanocomposites exhibit better barrier performance to diffusing 

penetrants in comparison with unmodified polymers [2.40-2.43], For example, 

introduction of 3 wt% clay reduced oxygen permeability of PLA by 66 % [2.40], 

2 wt% clay reduced gas permeability of polymide by 50 % [2.41], 4.8 wt % clay
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reduced the water permeability of poly(e-caprolactone) by five fold [2.42], and 4- 

6 wt% clay reduced the water permeability of PVOH by 40 % [2.43].These 

improvements are based on the tortuosity arguments, wherein the permeating 

molecules must travel a longer diffusive path in the presence of clay layers as 

illustrated (simple model) in Figure 2.10.

d'

1— | t
Clay layer

......................................... X ..................................Y......

Figure 2.10. Schematic illustration of tortuosity for a diffusing penetrant 
introduced to exfoliated clay, layered in a polymer matrix. (A) Filled polymer and 
(B) Unfilled polymer

The tortuosity factor (r) is defined as the ratio of the actual distance (c f ) that 

permeating molecules must travel to the shortest distance (d) that it would have 

travelled in the absence of the clay [2.44]. It is expressed in terms of the length 

(L), width (l/l/), and volume fraction of the sheets (<PS) as

r  =  —=  1 +  — 0. (2.1)
d 2W s v 1

The effect of tortuosity on the permeability is expressed as

where Ps and Pp represent the permeabilities of the polymer-clay 

nanocomposite and pure polymer, respectively. In general, clay layers have L 

ranging from 30 to 2000 nm with a width of 1 nm.
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2.6.3. Preparation techniques

A number of polymer-clay nanocomposite preparation methods have 

been reported in the literature [2.38,2.45-2.50]. The choice of the preparation 

method usually depends on the properties of the polymer matrix and the type of 

clay. The three most common methods to prepare clay nanocomposites are 1) 

intercalation of a suitable monomer and subsequent in situ polymerization, 2) 

intercalation of polymer from solution, and 3) polymer-melt intercalation. 

Solution intercalation methods employing non-aqueous systems are less 

desirable in commercial applications since suitable compatible 

clay/polymer/solvent systems are not always available [2.48]. Moreover, there 

are additional costs associated with the solvents, their disposal, and their 

impact on the environment [2.49].

For in situ polymerization methods, the monomer is used directly as a 

solubilising agent for swelling the clay. Subsequent polymerization takes place 

after combining the clay and monomer, thus allowing formation of polymer 

chains between clay layers [2.47]. Nanocomposites prepared by this route have 

been reported for thermoplastic materials like polymides, poly(E-caprolactone), 

polystyrene and polyolefins as well as thermosets, such as epoxy, unsaturated 

polyester resins, and elastomeric materials like rubber or elastomeric epoxies 

and polyurethanes [2.50].

For solution-intercalation methods, a suitable solvent that can both 

solubilise the polymer and swell the clay is required. When the clay is dispersed 

within a solution of the polymer, the polymer chains can adsorb onto the clay 

layers and displace the solvent within the gallery of the clay [2.47]. Typically, 

nanocomposites prepared by the solution intercalation mechanism are achieved

28



with water soluble polymers such as poly(vinyl alcohol), poly(ethylene oxide), 

poly(vinylpyrrolidone) or poly(acrylic acid) [2.50],

Melt intercalation of polymers into clay is a powerful approach to prepare 

polymer-clay nanocomposites because it is simple, economical and 

environmentally friendly. In this method, the polymer and clay is heated above 

the melting point of the polymer and mixed [2.47] under high shear forces. If 

the clay surface is sufficiently compatible with the polymer, intercalation and 

exfoliation can occur in the melt due to entropic and enthalpic factors without 

the need of any solvent. Melt intercalation has been applied to a wide range of 

polymers such as polystyrene, nylon-6, polypropylene, rubbers or poly (ethylene 

oxide) and copolymers of ethylene and vinyl acetate or styrene and butadiene 

[2.50],

2.6.4. Poly(vinyl alcohol) (PVOH)/clay nanocomposites

PVOH can easily adsorb onto MMT [2.51,2.52]. When clay was 

dispersed in aqueous PVOH solution, the clay was kept in colloidal dispersion 

by the steric interaction of the polymer chains and the clay layers. Removal of 

some solvent from such solutions created a gel embedded with clay layers. 

Some re-aggregation of the clay layers were observed when the gel was dried 

further to form polymer films. The extent of this re-ordering was found to depend 

on the drying conditions.

Strawhecker [2.43] investigated the structure and properties of

PVOH/MMT nanocomposites. Their samples, prepared by drying for 2 days at

40 °C, were investigated by using tensile and water vapour transmission rate
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(WVTR) experiments. After further drying at 80-90 °C for 1 day the samples 

were analysed using transmission electron microscopy (TEM), XRD, differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA). They 

observed that both the d-spacings and their spatial distributions decreased 

systematically with increasing MMT load (40 to 90 wt%). The existence of both 

intercalated and exfoliated clay layers throughout the polymer matrix especially 

in low (<10 wt%) and moderate (10-20 wt%) MMT loadings were consistently 

observed by TEM together with XRD. The Tg («70 °C) and Tm (» 225 °C) signals 

shown by DSC traces weakened gradually as clay loading increased and 

disappeared for MMT loading above 60 wt% suggesting no melting endotherms 

were found for the confined polymer. Compared to the pristine PVOH, the 

composites with MMT loading below 40 wt% showed a higher Tm, which 

gradually increased at the expense of the bulk PVOH crystal phase. This higher 

Tm in the composites was shown by XRD traces where the 101 and 10l peak 

concurrently decreased in intensity and were replaced by what appeared to be 

a single peak at 19.5 °20 when MMT loading achieved 20 wt%. The location of 

crystal with higher Tm in PVOH/MMT was further shown by using atomic force 

microscopy (AFM) [2.53]. They believed the higher Tm was due to the strong 

specific interactions between the clay surface and the polymer and that they 

were initiated and grown in the vicinity of the silicate surface with a crystal size 

of about 2 pm. Those found in the PVOH film were about 5 pm or larger. The 

mechanical properties showed that the Young modulus increased sharply at 

very low MMT loading and then levelled off above 4 wt% MMT loading, and was 

about 3.5-4 times the value for bulk PVOH. This enhancement of Young 

modulus was at the expense of a 20% decrease in toughness but no change in 

the stress at break was observed compared to the neat PVOH. The other



superior properties of the composites were shown by the decrease in water 

permeability by about 40 % for 4-6 wt% MMT loading and by the increase in 

thermal stability by about 75 °C for 10 wt% of MMT loading. Moreover, the high 

transparency of the PVOH was retained at MMT loading under 10 wt% as 

evidenced by UV/vis measurements (400-700 nm).

Adsorption of PVOH onto MMT layers was investigated by Chang [2.51]. 

PVOH (Mw 90,000)/MMT suspension was stirred at 25 °C for various times, and 

then centrifuged at 15,000 rpm for 30 minutes. They found that 8 hours was 

needed for adsorption of PVOH onto MMT to reach equilibrium. They also 

observed that the amount of PVOH adsorbed when dry MMT was added 

directly to aqueous PVOH was higher that when clay was first conditioned in 

suspension. Later, Chiellini [2.52] investigated the adsorption of PVOH onto 

MMT centrifuged at 10,000 rpm and found that the amount adsorbed increased 

with time and then levelled off after about 7 weeks (Mw 30,000 and degree of 

hydrolysis 98%), and depended almost linearly on the concentration of the 

starting PVOH solution. Higher temperatures (within the range 20-50 °C) were 

shown to increase the amount of PVOH adsorbed by MMT. Higher hydrolysis 

degrees (within the range 72-98 %) and lower-molecular weight PVOH fractions 

(in the case with hydrolysis degree of 88 % and Mw range 61,000-161,000) 

were preferentially adsorbed. The adsorption process was considered 

irreversible as evidenced by no detectable amount of PVOH being released 

from MMT samples.

De Bussetti [2.54] found that the adsorption of PVOH on Ca-MMT 

decreased with increasing suspension pH, whilst adsorption on Na-MMT was 

not affected by the pH of the suspension. The adsorption of PVOH on MMT
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followed a H-type isotherm suggesting that PVOH was adsorbed in large 

quantities and densely packed. The PVOH adsorption was an irreversible 

process and was adsorbed not only in the gallery but also on the clay surface. 

They also reported that it was not possible to remove the PVOH from the clay 

surface by adding HCI to the suspension. Interaction via H-bonding between the 

hydroxyl groups of the PVOH and the clay’s inter-lamellar silanol groups (-SiO-)

[2.55,2.56] was the reason preventing the PVOH molecules from being ejected 

easily from the surface by the action of chemical agents such HCI, NaCI and 

sodium phyrophosphate.

A substantial enhancement in the mechanical properties of MMT-PVOH 

nanocomposites was reported by Soundararajah [2.57]. They found that the 

tensile strength and young modulus of MMT-PVOH nanocomposites increased 

more than 60%, while the tearing energy doubled to that of neat PVOH. The 

degree of exfoliated MMT was believed to contribute to the enhancements.

Besides tortuosity arguments due to clay fillers, the free volume fraction 

may be another dominant factor for the barrier properties in polymer materials 

containing clay nanoparticles. Cui [2.58] investigated the relation between free 

volume (which relates to amorphous fraction) and barrier properties in miscible 

blends of poly(vinyl alcohol) and nylon 6/MMT clay nanocomposites (NYC). The 

gasoline permeability of the NYC/PVOH blends decreased with increasing 

PVOH content. The PVOH content dependence on macroscopic barrier 

property is similar to that on the microscopic free volume (permeability 

coefficient). A similarity was found between barrier properties versus PVOH 

content and free volume parameters versus PVOH content. The relation 

between the free volume fraction (ratio of free volume to the total volume of 

polymer) and permeability coefficient could be described exactly as an
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exponent function, implying that microscopic free volume plays an important 

role on determining macroscopic barrier properties.

Adoor [2.59] prepared PVOH based (Mw 125,000) mixed matrix 

membranes with 5 and 10 wt% sodium MMT using the solvent method and 

tested for pervaporation dehydration of aqueous mixtures of isopropanol and 1, 

4-dioxane. Pervaportion is a technique for separating aqueous-organic 

mixtures as well as organic-organic mixtures whilst the mixed matrix 

membranes refer to PVOH/MMT membranes. They observed that 

pervaporation performances were superior over that of the pristine PVOH 

(unfilled) membrane in terms of flux and separation factors. The increased 

hydrophilic nature due to MMT and the formation of PVOH/MMT mixed matrix 

membranes were offered as reasons for the increased separation of water over 

the organic components in the feed mixtures.

Ahn [2.60] investigated the extended lifetime of pentacene thin-film 

transistors (TFT) with a PVOH/clay nanocomposite passivation layer fabricated 

by a solvent method and spin casting. Using only 3 wt% of clay to PVOH 

showed an extended TFT lifetime of 2860 hours when compared to 

conventional PVOH passivation (1540 hours). It was believed that a 

polymer/clay nanocomposite approach could potentially improve the barrier 

effect of most organic passivation layers and thus TFT lifetimes.

Jia [2.61] prepared PVOH/kaolinite nanocomposites via in situ 

polymerization. With 8 wt% kaolinite the glass transition temperature changed 

from 61.2 to 81.6 °C and the melting temperature changed from 227.5 to 214.7 

°C and was attributed to intercalation of PVOH into kaolinite. The PVOH-
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kaolinite matrix also showed a higher thermal decomposition temperature and 

greater amounts of carbonaceous char.

PVOH (Mw 106,000)/MMT nanocomposites prepared under the effect of 

electron beam irradiation at a constant dose of 20 kGy was investigated by Alla

[2.62]. They found that the introduction of MMT clay led to an improved water 

resistance of up to 300% with 4 wt% clay, mechanical properties such as tensile 

strength increased up to 185.7% with 3 wt% clay and elongation at break 

increased up to 145.7% with 4 wt% clay. Moreover, the intercalation of PVOH 

with clay suppressed the glass transition temperature, but did not affect the 

melting temperature as shown by DSC.

Sengwa [2.63] observed that PEO Mw 60,000 and PVOH Mw 70,000 

blends showed poor miscibility in their film form as shown by the existence of 

the separate clusters of PEO and PVOH using high resolution optical 

microscopic. Their miscibility was improved when the blends were mixed with 

MMT. It is believed that the extent of miscibility was due to hydrogen bonded 

bridging through exfoliated MMT clay layers. They also observed that MMT 

reduced the polymer chain mobility.

Ip [2.64] found that MMT from Arumpo had better ability to intercalate 

PVOH than that from Unimin. The intercalation of PVOH on MMT was improved 

by acidification followed by washing the MMT.

2.6.5. Poly(ethylene glycol) (PEG) clay nanocomposites

The effect of plasticizer on the binary system of PEG (Mw 300) /poly(3-

hydroxybutyrate)(PHB) (Mw 380,000) was investigated by Parra [2.65]. It was

found that PHB/PEG films were transparent and more flexible when compared
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to the pure, brittle PHB film. The initial decomposition temperatures of these 

films were very similar, indicating that the addition of up to 10% plasticizer did 

not alter the thermal stability of the final blends. An increase in the PEG content 

did reduce the tensile strength and increase the elongation at break when 

compared to pure PHB.

The effect of PEG (Mw 1000) on the properties of PLA (Mw 186,000) - 

MMT (Cloisite 30B) nanocomposites was investigated by Ozkog [2.66], They 

found that the level of clay dispersion improved by the addition of PEG. The 

addition of 20% PEG to neat PLA resulted in the Tg decreasing by -30 °C, but 

the reduction was only slightly recovered (-4 °C) by further incorporation of clay. 

The addition of clay to neat PLA decreased (-20 °C) the Tc and promoted a 

new form of polymer crystal. The addition of PEG reduced the Tm of PLA but the 

Tm recovered to the initial value of PLA when 5 wt% clay was added. The 

addition of 3 wt% clay into neat-PLA did not affect the tensile strength. The 

addition of 3 wt% clay to plasticized PLA improved the modulus by -36%, but 

the strain at break value was lowered by about 40%. The biodegradation rate of 

PLA was retarded with the addition of PEG and/or clay.

Pillin [2.29] found that the addition of PEG reduced the Tg and Tm of PLA. 

The reduction in Tg and Tm decreased with increasing PEG molecular weight 

(200-1000) and with decreasing PEG content (within the range 10-30 wt%). 

PEG also resulted a higher crystallinity of PLA which was believed due to a 

higher mobility of PLA chains. Moreover, the addition of PEG reduced both 

tensile modulus and stress at break of PLA.

Pluta [2.30] investigated PLA (Mw 81,800)/clay nanocomposites 

plasticized with PEG (Mw 1000). They showed that plasticization reduced the Tg
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of PLA by -  26.3 °C for unfilled PLA and by -  21 °C for the PLA-clay 

nanocomposites, on the other hand; plasticization reduced the Tm by ~ 5 °C for 

both plasticized PLA and PLA-clay nanocomposites. Both PEG and PLA were 

found to intercalate within the clay galleries.

Bujdak [2.67] investigated the effect of the clay layer charge on the 

intercalation of PEO Mw 7500, 100000 and 5000000. They found that the 

amount of intercalated PEO increased with layer charge but then decreased 

when the layer charge reached 71 meq/100 g. The amount of water 

continuously increased in the presence of PEO indicating that the PEO oxygen 

atoms did not directly associate with the exchange cations, but were mostly 

coordinated to water molecules and surface oxygen atoms of clay.

Parfitt [2.68] found that the affinity of PEG for clay surfaces increased 

with molecular weight (Mw 200-20000).. Higher molecular weight PEG created 

higher d-spacings. The effect of the exchangeable cation on the adsorption 

followed the order Cs>Na>Ca>AI, which indicated the cation retained its 

hydration shell and did not form a direct association with the adsorbed PEG 

molecules but via the ether oxygen atoms and water molecules in the primary 

hydration shell of the exchangeable cation, to give a water bridge.

Chen [2.69] studied preferential intercalation in PEG-MMT 

nanocomposites. They found that impurity cations (Ca and K) that were present 

before being purified by sodium cations did not affect the extent of PEG uptake. 

From a 60 wt% PEG + 40 wt% MMT mixture, only 30 wt% PEG was taken up 

by the clay; 20 wt% was located in the gallery (called absorption) whereas 10 

wt% was located at the clay layer edge and surface (called adsorption). Further 

investigation showed that of the 30 wt% PEG adsorbed by MMT, 25 wt% was
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PEG35000 and 5 wt% was PEG4000. The preferential intercalation of MMT to 

higher PEG molecular weight may be explained by Budjak [2.67] who reported 

that the low Mw PEG has a larger number of hydrophilic end groups than that of 

the high Mw PEG and should facilitate the preferential intercalation of the latter 

on the relatively hydrophobic regions between interlayer cations. Moreover, the 

macromolecules prefer a conformation that allows for maximum segment- 

surface interaction as molecules with higher Mw have fewer molecule chains 

and can have more conformation per unit mass, yet result in the same total 

energy.

The effect of size and surface area of two different clay types (laponite 

and montmorillonite) on the structure and characteristics of PEO Mw 

1,000,000/clay (40 wt%) nanocomposites in the form of multilayer films was 

investigated by Stefanescu [2.70,2.71], XRD measurements showed that higher 

amounts of MMT resulted in an improved final orientation of the clay platelets, 

parallel to the plane of multilayer films. DSC demonstrated that both clays 

suppressed the crystallinity of PEO. Further investigation showed that gradually 

replacing MMT with equivalent amount of laponite resulted in a gradual 

decrease of PEO crystallinity and became completely amorphous in the 

samples when the amount of laponite was 60 wt% (no MMT was present).

Chaiko [2.72] reported a new mechanism for the formation of intercalated 

PEG/clay nanocomposites. Samples were prepared by dispersing PEG (Mw 

1450) along with etidromic acid (1-hydroxyethane 1,1-diphosphonic acid) in 

different clays (hectorite, saponite and MMT), the slurries were washed, cast 

and dried to produce very flexible and transparent films with a highly ordered 

intercalated structure showing a total of 13 (00I) reflections. The oxygen
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permeability in PEG/MMT films was 650000 times lower than that of PEG. The 

extreme low gas transport in PEG/MMT films was believed to be due to not only 

tortuosity effects but also extreme polymer constraint in the clay gallery. A 

saponite nanocomposite containing excess polymer showed phase separation 

consisting of a mixture of intercalated structures with d-spacing of 17.7 A and a 

three-dimensional polymer crystal phase with diffraction peaks at 4.63 A (19.2 

°26) and 3.83 A (23.3 °26). For H+ exchanged saponite, the d-spacing was 

shown to increase with increase in polymer loading. A molecular weight 

dependency was observed in the PEG//-/+-saponite nanocomposites containing 

> 27 wt% polymer indicating an oxonium-exchange mechanism (protonation of 

the terminal -OH group of the adsorbed PEG due to the presence of H+ ions in 

the exchange sites of the clay) where the 4.63 and 3.82 A reflections are absent 

(i.e. all PEG was absorbed by the clay). This new formation of two dimensional 

crystalline phase has a melting point 5-7 °C higher than that of the unconfined 

polymer and is consistent with the increase in melt transition observed by 

Strawhecker [2.43].

Thiyagarajan [2.73] reported that in the absence of salt the radius of 

gyration (Rg) of PEG increased with increasing Mw, but decreased with an 

increase in PEG concentration. In the presence of either Na3 P0 4  or Na2CC>3 , 

PEG chains aggregate (form leads to biphasic formation) whereas in the 

presence of NaNC>3 , they behave like a random coil with no evidence of 

aggregation. The aggregation size increased with an increase in salt 

concentration until a discontinuity appeared at the point of biphasic formation [5 

wt%], wherein the polymers in the PEG rich phase form an entangled mesh in 

which the identities of individual polymers are lost. In the monophasic regime,

the aggregates were elongated with a radius of about 19 A.
38



Strawhecker [2.74] reported the effect of MMT on the crystallisation 

behaviour of PEO (Mw 136,000). They found that the introduction of MMT 

(below 10 wt%) hindered the PEO crystallisation as shown by a reduction in the 

Tc or a slowdown in the crystal growth rate, however, it did not affect the overall 

crystallinity of PEO. The hindering effect of MMT on PEO crystallisation was 

compensated by the huge increase in the nucleation density resulting in smaller 

and non-isotropic PEO crystallites. These additional nuclei, which occurred 

within the bulk of PEO homogenous nucleation, caused the PEO overall 

crystallization kinetics (i.e. product of nucleation rate and crystal growth rate) to 

become faster with an increase in MMT loading. While the usual behaviour of 

semi-crystalline polymers such as PVOH [2.43], polypropylene [2.75] and nylon- 

6 [2.76] shows that fillers normally result in heterogeneous nucleation, 

promoting crystals in their vicinity, the slowdown of PEO crystallisation with the 

introduction of MMT indicates that the strong coordination of PEO to the Na+ 

cations surfaces promotes amorphization (ether crown-like) of PEO 

conformations. Previously, Liao [2.77] reported that the crystallinity of PEO (Mw

20.000)/MMT (35/65 wt%) nanocomposites prepared by melt intercalation 

decreased with increasing annealing time.

Chen [2.798] reported that a d-spacing of 1.82 nm in PEG (Mw 300-

20.000)/MMT nanocomposites prepared by solution-casting method was both

independent of Mw and the method of drying. The d-spacing of the

nanocomposites prepared by melt intercalation also gave a d-spacing of 1.82

nm, irrespective of PEG molecular weight or mixing time. Further investigation

of the nanocomposite structure using TEM showed that both intercalation and

exfoliation structures existed in PEG (Mw 4000)/MMT nanocomposites. The

amount of PEG (Mw 1500) uptake by clay was shown to increase linearly with
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concentration at low concentration and remained at ~19 wt% when the 

concentration was higher than 0.023 g ml'1. Free PEG (Mw 1500) was even 

obtained when small amounts (0.01 g ml'1) of PEG was added. Moreover, the 

confined polymer in the clay galleries prepared by melt intercalation exerted a 

density of 670 kg m"3, which is significantly lower than the bulk density of 1100 

kg m'3 This indicates that the clay lowers the packing density of the PEG by not 

allowing the PEG molecules to orient together. They also observed that the 

disappearance of -OH and interlayer water in clay when PEG entered the 

gallery indicating that melt processing method adopts a similar mechanism as 

that for the solution method, which is co-incident with Budjak [2.67].

2.6.6. Polyetheramines clay nanocomposites

Lin [2.79] tailored the d-spacing of MMT with 2 different polyetheramine 

salts prepared with one equivalent of HCI in water. Intercalation of telechelic 

poly(propylene glycol)-bis(2-aminopropyl ether) (POP) with Mw’s of 230, 400, 

2000 and 4000 in MMT achieved d-spacings of 15, 19.4, 58 and 92 A, and 

organic encapsulation’s of 23, 35, 62, and 72 wt%, respectively. The 

organophilicity of POP/MMT also increased with increasing Mw of POP as 

shown by both MMT/POP2000 and MMT/POP4000 being able to swell and 

disperse in toluene easily by simple mixing, while POP230 and POP400 derived 

silicates are dispersible only in polar ethanol solvent. For MMT/poly(ethylene 

glycol)-bis(2-aminopropyl ether) (POE) Mw 2000 only a d-spacing of 19.4 A and 

an organic encapsulation of 43 wt% was achieved. These results suggested 

that the high affinity of the POE backbone for Na+ cations on the silicate surface 

may hinder incoming amines for the completion of the ionic exchange reaction.
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Moreover, they found that the crystallinity of POE Mw 2000 was significantly 

reduced in the silicate gallery compared to that of the pristine POE. This result 

is consistent with previous work of confined PEG in clay reported by Chen

[2.78] and Vaia [2.80].

Chou [2.81] reported the intercalation of polyoxyethylene (POE) and 

poly(oxypropylene) (POP)-backboned amines on MMT via an ionic exchange 

reaction between ammonium salts (-NhVCI-) and sodium ion of MMT. In their 

studies, the PM amines were a,u)-diamines of poly(oxypropylene)-block- 

poly(oxyethylene)-block-poly(oxypropylene) with Mw’s 2000 (PM-D2000) and 

6000 (PM-D6000). The POP amines are the POP-backbones diamines of Mw’s 

230, 400, 2000 and 4000 (POP-D230, POP-D400, POP-D2000 and POP- 

D4000, respectively) and the analogous triamines of POP-T400, POP-T3000 

and POP-T5000. They observed that the d-spacings of PM-D2000 and PM- 

D6000 in clay were independent of molecular weight (« 19 & 19.8 A for PM- 

D2000 and PM-D6000) and that only low ionic exchange conversions (33 and 

13%, respectively) occurred. In contrast to PM amines, the hydrophobic POP 

amines showed increases in interlayer spacing as a function of molecular 

weight (i.e. 15, 19.4, 58, and 92 A) and that high ionic exchange conversions 

(i.e. 77, 76, 74 and 65 %) for POP230, POP-D400, POP-D2000 and POP- 

D4000, respectively were noted. For POP-T, the ion exchange conversions 

were 47, 64 and 52 % with interlayer spacings of 16, 62.6 and 82 A for POP- 

T400, POP-T3000 and POP-T5000, respectively. In the case of POP-T5000 

treated with 1-3 equivalents of HCI and then subjected to intercalation, the d- 

spacings decreased with increasing number of HCI equivalents i.e. from 82 to 

74 and then 61 A for 1, 2, and 3 equivalents of HCI, respectively.

41



Lin [2.82] found that the intercalation of amine salts from 

poly(oxypropylene) diamines in MMT had a critical point in molecular weight for 

dramatic enhancement in d-spacing. It changed to 58 A for POP (Mw 2000) with 

an amount equivalent to 1 x CEC and to 92 A for POP Mw 4000 with an amount 

equivalent to 0.8 x CEC. The d-spacing for poly(oxybutylene) (POB - Mw 2000) 

with an amount equivalent to 0.8 x CEC was 54.4 A. A lower critical point (of 

poly(oxybutylene) amines/CEC equivalent ratio) for POB2000 and POP4000 

than that of POP2000 reflected their higher backbone hydrophobicity and this 

was supported by good solvophilicity in toluene when the critical point was 

achieved. In contrast, the d-spacing for POE (Mw 2000) was only 20 A and 

independent of the amounts intercalated. In the case of POP (Mw 2000)/MMT, 

the d-spacing was found to be 47 A and 58 A for two and one equivalent of HCI, 

respectively. These results indicated that the orientation and stretching of POP 

molecules in the confined area of the interlayer were influenced by two non- 

covalent forces, the ionic telechelic amine/MMT association and the 

hydrophobic effect of POP backbone.

Lin [2.83] investigated a self-aligning mechanism of poly(oxyalkylene)

diamine salts when intercalated into MMT. The POP amines included a,w-

diamine of poly(oxypropylene) with Mw 2000 and the PM-amines were a,w-

diamine of poly(oxypropylene)-block-poly(oxyethylene)-b!ock-

poly(oxypropylene) with Mw 2000. Scanning electron microscopy (SEM)

showed that the self-alignment resulted in individual rod dimensions ranging

from 100 to 800 nm wide and 2-10 pm long when POP-amine salt loadings

were below an equivalent of 0.8 x CEC (19 A basal spacing and below 46 wt%

organic). No rod formation was observed on the pristine Na+-MMT and POP-

amine/MMT complex with an amount equivalent to 1 x CEC (58 A basal spacing
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and 63 wt% organic) indicating that pristine MMT without organic modification 

failed to self-assemble into long rods and POP/MMT with an abundant POP- 

amine fraction could not form directional array either. The self-assembly ability 

of POP (Mw 2000) in MMT improved when the non-protonated species was 

introduced to the Na+-MMT that was already acidified to H+-MMT by treatment 

with excess HCI. The resulting product was an organoclay, with the sodium 

cations replaced, having 19 A basal and 26 wt% organic where the length of the 

individual rods was a great as 40 pm. Using the same method, PM Mw 2000 

was intercalated into H+-MMT and resulted in a similar d-spacing (19 A) and 26 

wt% organic, however, no rod morphology was observed. These results 

suggest that the self-aligning ability is attributed to the incorporation of organic 

sectors into silicate interlayers and a balance of the hydrophilic/hydrophobic 

forces.

Lu [2.84] reported the necessary structural requirements of polyether 

polyols for their successful intercalation into Na+-MMT. The composites were 

prepared by mixing a range of polyether polyols with MMT by shear stirring at 

11,000 rpm under an argon atmosphere. The amount of polymer adsorbed by 

clay was obtained by centrifugation approach. They found that homo- 

polyetherols such as PPG2000 and polytetrahydofuran (PTHF2000) could not 

be intercalated into the galleries of MMT, but PEG4000, diols2000 and block- 

type co-polyetherols with oxyethylene (EO) sequences (TriolHOO, 6000, and 

SAN Triol 4500) could and resulted in 15-30 wt% being intercalated. Five or six 

units of EO sequences were necessary for intercalation, and it was believed to 

be the right number for the polyetherols to coordinate around the sodium ions in 

a crown-ether type complexion.
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Lin [2.85] studied the compatibility of poly(oxypropylene) amine (POP 

amine) intercalated MMT with epoxy. The POP amine/MMT structures (Mw 400, 

2000, and 4000, namely; Jeffamine D400, D2000, and D4000, respectively) 

exhibited d-spacings of 19.4, 58 and 92 A, respectively. The epoxy 

nanocomposites prepared with 10 wt% D2000/MMT showed an exfoliated 

structure and an improvement in tensile strength (2.8 vs 0.3 Mpa), flexural 

modulus (9.6 vs 3.1 Mpa) and elongation (81.2 vs 25.3 %).

Liao [2.77] reported that the compatibility of polyethylene (PE) with Na+- 

MMT was improved by blending PE with PE-block-PEG copolymer/Na+-MMT 

complexes as shown by the higher tensile strength of PE blended with PE-PEG 

copolymer/Na+- MMT than that of PE blended with Na+-MMT.
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3.1. X-ray diffraction (XRD)

X-rays are a high frequency form of electromagnetic radiation (in the 

range 3 * 1016 to 3 x 1019 Hz corresponding to a wavelength of 100 to 0.1 A) 

that is produced when atoms of any substance such as copper are hit by high 

speed electrons. X-radiation is also called Rontgen radiation after Wilhem 

Conrad Rontgen who discovered them in 1895, and who called them x-rays to 

signify an unknown type of radiation [3.1]. X-rays have certain properties: they 

travel in straight lines, are exponentially absorbed by matter with the exponent 

being proportional to the mass of the absorbing material, they darken 

photographic plates, and create shadows of absorbing material on 

photosensitive paper [3.2].

X-ray diffraction is a non-destructive technique that is often used to 

determine the crystalline structure of a material. The phenomenon of it was 

found by von Laue, a German physicist, who argued that it was possible to 

diffract x-rays by means of crystals if the wavelength of x-rays was about equal 

to the inter-atomic distance in crystals. Later, W.H. Bragg and his son W.L. 

Bragg derived an expression for the necessary conditions for x-ray diffraction to 

occur in much simpler mathematical terms than von Laue had used in the same 

year (1912) [3.3], Within the following year they were able to solve the structure 

of NaCI, KCI, KBr and Kl.

Bragg proposed planes of particles behaving like reflecting planes that 

were capable of scattering constructive interference in certain directions. W.L. 

Bragg formulated the description of x-ray diffraction, known as Bragg's law, as 

follows:

nA=2dsinO (3.1)
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where n is the order of diffraction, A is the x-ray wavelength, d is the distance 

between reflecting the planes and 0 is the angle of diffraction.

diffracted x-rays

incident 
x-rays—

x-ray tube
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X-rays may be 
scattered or absorbed 
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Figure 3.1. Schematic of x-ray diffractometer
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Disordered
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Intercalated
Hybrid

Exfoliated
Hybrid

Figure 3.2. Schematic depicting the expected X-ray diffraction patterns for 
various types of clay/polymer structures.

58



In this thesis, Bragg-Bentano parafocussing geometry is employed to 

analyse the samples. A simplified schematic of the x-ray diffractometer is given 

in Figure 3.1. In the analysis of polymer/clay nanocomposites, the use of x-ray 

diffraction relies on the established procedures developed for the identification 

and characterisation of layered silicate minerals. The crystal structures such as 

unit cell type and their dimensions are then obtained from the diffraction pattern. 

The 001 basal reflections are generally used to characterise the morphology of 

polymer/clay nanocomposites [3.4]. The interlayer spacing of clay is calculated 

from the position of the 001 peak using Bragg's law after re-arrangement as 

given below:

nA
2 sind (3.2)

The XRD interpretation of clay dispersion in a polymer matrix can be 

described in Figure 3.2 [3.5]. The shift to lower angles represents an increase 

in d-spacing. The orders of reflection become more intense the more ordered it 

becomes. The influence of polymer intercalation on the order of the silicate is 

indicated by changes in the intensity and shape of the basal reflection (001). 

Increased order is shown by a decrease in peak width and increase in peak 

intensity. This provides an index of the degree of co-planarity of the silicate 

layers in an intercalated hybrid. The XRD trace of microcomposites is attributed 

to a single peak whereas an exfoliated hybrid is attributed to an XRD silent 

trace, i.e. no d0oi peaks are observed. All XRD measurements conducted in 

this report used CuKai as the source of x-rays (1.54186 A) at 40 mA and 40 kV.
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A divergent slit of 0.5°, anti scatter slit of 1°, and mask of 15 were used. Data 

was collected using step size of 0.02° and a scan time of 1 s per step.

3.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique used to measure the 

weight change of sample due to the formation of volatile products in relation to 

change in temperature. It is commonly used in research to determine polymer 

characteristics such as degradation temperatures, absorbed moisture contents 

and levels of inorganic and organic components or solvent residues [3.6].

The schematic of a typical TGA instrument is shown in Figure 3.3. It 

mainly consists of a balance and counter balance, furnace, sample holder, and 

thermocouple. A non-oxidative degradation (pyrolysis) is performed under inert 

gas flow, while the use of air or oxygen allows oxidative degradation of 

samples. During the measurement, a sample weighing a few milligrams is 

placed in a refractory crucible and the weight is recorded by means of a 

sensitive balance. The sample measurement can be performed from room 

temperature up to 1000 °C. Factors such sample size, particle size distribution, 

packing density, sample holder, use of inert atmosphere, gas flow rate, and 

heating rate may affect the shape of the weight loss curve [3.7].
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Figure 3.4. Diagrammatic representation of TGA and derivative TG 
(DTG) data curve.

Data is given by weight loss as a function of temperature and is called a 

thermogram (TG). The negative, derivative weight loss curve (typical curve 

shown in Figure 3.4) can also be used to show the rate at which weight is lost.
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Significant weight losses are therefore represented as peaks in the DTG curve. 

Generally, the incorporation of clay into a polymer matrix has been found to 

enhance thermal stability by acting as a superior insulator and mass transport 

barrier to the volatile products generated during decomposition [3.8].

All TGA measurements were performed on a Mettler Toledo TG50 

Thermogravimetric Analyser using an alumina crucible. Data was recorded at a 

heating rate of 20 °C/min between 35 and 800 °C after an initial isothermal stage 

where the sample was kept at 35 °C for 15 minutes. The analysis was 

performed under a nitrogen atmosphere with a flow rate of 10 ml/min.

3.3. Adsorption Isotherms (Centrifugation approach)

Centrifugation is a technique which uses centrifugal force (g-force) to 

isolate suspended particles from their surrounding medium in a liquid 

suspension [3.9], It exploits the fact that many particles in a liquid suspension, 

given time, will eventually settle at the bottom of a container due to gravity (1 x 

g). However, the length of time required for such separations can be 

impractical. Extremely small particles will not separate at all in solution, unless 

subjected to high centrifugal force. When a suspension is rotated at a certain 

speed (revolutions per minute (RPM)), centrifugal force causes the particles to 

move radially away from the axis of rotation. The force on the particles 

compared to gravity is called Relative Centrifugal Force (RCF). For example, an 

RCF of 500 x g indicates that the centrifugal force applied is 500 times greater 

than that of Earth's gravitational force. The RCF value is determined by the 

following formula:

RCF = 11.17 ( r ) ( ^
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where r is the radius in centimetres from the centreline of the rotor to the point 

in the tube where RCF value is required, and n is the rotor speed in rpm.

In this research, a centrifugation approach is used to quantify the amount 

of organic that absorbs on the clay of organic-clay suspension. The instrument 

is a SORVALL RC6 with SA-600 rotor capable of holding 50 ml Nalgene 

polycarbonate oak ridge round-bottom tubes [3.10]. The prepared organic 

(polymer and/or plasticizer)/clay suspensions (see Chapter Experimental 4.1) 

were placed in the tubes and centrifuged at 15,000 rpm for 1.5 hours. After 

centrifugation, materials were separated into two phases: i) sediment; the 

adsorbed organic and sedimented clay gathered at the bottom of the tube and

ii) supernatant, any remaining non-adsorbed organic and suspension medium 

(water). Sediment and supernatant were dried separately at 47 °C for 24 h. The 

amount of organic in the supernatant was measured gravimetrically using a 

four-place balance. The amount of organic in the sediment adsorbed by clay 

was calculated by the amount of organic offered to the clay minus the amount 

determined in the supernatant (free organic). A schematic of the centrifugation 

experiment is shown in Figure 3.5. In the competitive study, TGA is used to 

determine the amount of PVOH and plasticizer (e.g. PEG600 or M600) in the 

supernatant, detail about the calculation is given in Chapters 5 and 6.
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Figure 3.5. Schematic experiment of centrifugation approach.

3.4. Thermogravimetric mass spectrometry (TGMS)

TGMS is a technique which can be used to determine the elemental 

composition of a sample or molecule [3.11]. It involves ionizing chemical 

compounds to produce charged molecules or molecular fragments and then 

measurement of their mass to charge ratio. TGMS instruments are mainly 

composed of a furnace (TG/DTA), an ion source, a mass analyser, and a 

detector. The furnace is used to heat the sample in the same manner as that 

described above in the TGA section (Section 3.2) and results in the desorption 

of species or the creation of volatile decomposition products. The ion source is 

used to convert the evolved gas phase molecules into ions. The mass analyzer 

then separates the ions by their mass to charge ratio by applying 

electromagnetic fields. Finally, the detector is used to account the number of 

ions hitting the detector over a period of time.
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3.5. Water vapour transmission rate (WVTR)

Water vapour transmission rate (WVTR) or "permeability" of sheet 

material is defined as the mass of water vapour transmitted through a unit area 

in a unit time under specified conditions of temperature and humidity, and is 

expressed in grams per square metre per 24 hours (g/(m2 day)). The use of 

this method is not generally recommended if the transmission rate is expected 

to be less than 1 g/(m2day), for materials thicker than 3000 pm or films that 

shrink to an appreciable extent under the test conditions used.

An experimental procedure to measure the WVTR is conducted using 

dishes/cups containing a desiccant such as silica gel, activated charcoal, 

calcium sulphate or calcium chloride which is closed by the material to be 

tested. The cups are placed in a controlled atmosphere (humidity oven). The 

cups are weighted at suitable intervals of time and the WVTR is determined 

from the increase in mass when this increase has become proportional to the 

time interval. The WVTR result is calculated from the following formula [3.11]:

WVTR = (240 x m) / (S x t ) (3.4)

where t is the total duration in hours, m is the increase in mass in milligrams of 

the assembly during the time t, and S is exposure surface area of cups. In this 

research, aluminium cups supplied by Sheen Instruments with an exposure 

surface of 25 cm2 were used. Silica gel (9.5 g for each cup) that had been dried 

overnight in oven at 100 °C was used as desiccant. Nanocomposite films were 

equilibrated in the humidity oven at 23 °C and 85 % relative humidity (RH) for 24 

hours before performing the WVTR measurement.
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3.6. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) is a technique where an oscillation 

force with a set frequency is applied to a sample and reports changes in 

stiffness and damping [3.13]. It works by applying a sinusoidal deformation to a 

sample of known geometry by a controlled stress or a controlled strain. For a 

controlled stress, the sample will deform at a certain amount which is related to 

its stiffness.

The stiffness and damping are represented as modulus and tan delta. 

The modulus can be expressed as the storage modulus (in-phase component), 

which is related to elastic behaviour of the sample and the loss modulus (out- 

phase component), which is related to the viscous behaviour of the sample. The 

ratio of the loss modulus E" to the storage modulus E' is the tan delta and called 

damping, which is a measurement of the energy dissipation of a material under 

cyclic load.

As the modulus values change with temperature, transition in a material 

can be seen as change in the E' or tan delta curves. DMA can measure the 

glass transition, melting temperature and other transitions that occur in the 

glassy or rubbery plateau of a material. The glass transition (Tg) value is 

detected as the onset of E' drop, the peak of the tan delta, or the peak of the E" 

curve. To ensure that the transition is a Tg, it is performed by running a multi 

frequency scan, this is because Tg is frequency dependant.

All DMA measurements were conducted using a Perkin Elmer DMA8000

instrument in tension mode using the following conditions: frequency 1 and 10

Hz (i.e. multi frequency scan); ratio tension 1.2; heating rate 2 °C/minute;

displacement 0.01 mm and temperature range -50 to 130 °C. The dimension of

the specimen samples were approximately 65 pm in thickness, 7-8 mm in width,
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and 10 mm in length. The activation energies of the relaxation processes 

involved were calculated using an Arrhenius-type equation from the maximum 

values of the loss modulus at the two mentioned frequencies [3.14].

3.7. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a technique which is 

used to obtain an infrared (IR) spectrum of absorption, emission or 

photoconductivity of a solid, liquid or gas [3.15]. IR spectroscopy exploits the 

fact that molecules absorb IR light at specific frequencies that are characteristic 

of the vibrational energy levels of various functional groups in a sample. The IR 

absorption occurs at resonant frequency i.e. when the frequency of the 

absorbed radiation is the same as the frequency of the bond or group that 

vibrates with respect to other molecules. The vibrational energy levels are 

distinctive for every molecule and its isomer and so the IR spectrum has often 

been referred to as the fingerprint of a molecule.

The infrared spectrum is usually divided into three regions; the higher 

energy near IR (14000-4000 cm'1 or 0.8 - 2.5 pm wavelength), which may be 

used to study harmonic vibrations, the mid IR (4000-400 cm'1 or 2.5 - 25 pm), 

which may be used to study the fundamental vibrations and associated 

rotational-vibrational structure, and the low energy far IR (400-10 cm'1 or 25- 

1000 pm), which may be used to study rotational spectroscopy.

A Thermo Nicolet NEXUS spectrometer along with a MCT (mercury 

cadmium telluride) detector cooled by liquid nitrogen was used for all the FTIR 

analysis. The spectrometer was coupled with a single reflection diamond ATR 

cell (Graseby Specac, U.K). This setup has the trade name "Golden Gate". 

PVOH film was placed on top of the crystal diamond and the spectra of the films
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taken. The wavelength of interest ranges from 700 to 4000 cm'1 and was 

collected with resolution of 4 cm'1 and 64 scans. Omnic software was used to 

collect and analyse the spectra.

3.8. X-ray Fluorescence (XRF)

XRF is a fast, non-destructive and multi elemental technique used for 

qualitative and quantitative elemental analysis of samples [3.16]. It is based on 

x-rays emitted by atoms of a material that have been excited by bombardment 

with high-energy x-rays or gamma rays. The x-ray spectrum acquired during the 

emission process reveals a number of characteristic peaks. The energy of the 

peaks leads to the identification of the element presents in the sample 

(qualitative analysis), whilst the peak intensities relate to the relevant or 

absolute elemental concentration (semi quantitative or quantitative analysis).

3.9. Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is a research technique that utilizes the phenomenon 

of nuclei magnetic resonance to obtain chemical information of molecules

[3.17]. In this project 1H NMR was used to evidence and evaluate modifications 

of the functional group of M600 and QM600, where 1H NMR spectra were 

recorded on Bruker Avance m at 400 MHz spectrometers with TMS (tetramethyl 

silane - Si(CH3)4) as an internal standard. Deuterated chloroform (CDCb) and 

deuterated water (D20) were used as solvents in the NMR spectroscopy 

measurements. M600 is soluble in chloroform but not in water, whist QM600 is 

soluble in water, but only moderately soluble in chloroform.
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4.1. PVOH/clay nanocomposites

All nanocomposites presented in this report were prepared by solution- 

casting. The clay sample was sodium MMT supplied by Southern Clay Products 

with the tradename Cloisite Na+ and has a CEC = 92.5 meq/100g. The desired 

amount of clay was dispersed in 14 ml of deionised water in a glass container at 

room temperature by stirring with a magnetic/heater stirrer. The desired amount 

of PVOH {Mw 30,000) obtained from Aldrich was stirred in 6 ml of distilled water 

in a flask heated at 90 °C to allow for complete dissolution [4.1]. After two hours 

the clay suspension was added to the dissolved PVOH, the total amount of 

solids for each sample being 1 g. The PVOH/clay suspension was then kept at 

90 °C and stirred for a further four hours before casting 2 ml suspension onto a 

glass slide and 18 ml suspension into a Petri dish. All the suspensions were 

dried in an oven at 40 °C for 24 hours before being analysed by XRD, TGA, 

DMA, FTIR, TGMS and XRF.

4.2. PEG, PPG, M600/clay nanocomposites

For PEG/clay nanocomposites, 1 g of clay was mixed with 14 ml 

deionised water and stirred for 2 hours at room temperature using a 

magnetic/heater stirrer. The desired amount of PEG {Mw 600, or Mw 2000) 

obtained from Aldrich was mixed with 6 ml deionised water also at room 

temperature. Clay suspension and PEG solution were then mixed and stirred for 

a further 4 hours at room temperature before casting a 2 ml aliquot on to a glass 

slide and 18 ml suspension into a Petri dish.

The procedure for PEG/clay composites was also used to prepared PPG {Mw 

725 and Mw 2000)/clay nanocomposites and M600/clay nanocomposites.
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4.3. PVOH/PEG600/clay nanocomposites

For the tertiary nanocomposite systems, 1 g clay was dispersed and 

stirred in 14 ml deionised water for 2 hours at room temperature. The desired 

amount of PEG600 was dissolved in 2 ml of water at room temperature, 

whereas the desired amount of PVOH was dissolved in 4 ml distilled water at 90 

°C. Three different routes of mixing were implemented for the tertiary system. In 

route 1, the PEG600 solution was mixed and stirred with the PVOH solution for 

4 hours before the clay suspension was added and stirred for another 4 hours. 

In route 2, the PVOH solution was mixed with the clay suspension for 4 hours 

before PEG600 solution was added and stirred for another 4 hours. In route 3, 

the PEG600 solution was mixed with the clay suspension for 4 hours, before the 

PVOH solution was added and stirred for another 4 hours. In these three routes, 

the mixing and stirring of the components were performed at 90 °C. The total 

volume of water for each sample was 20 ml. A 2 ml aliquot of the 

PVOH/PEG600/clay suspension was cast onto a glass slide and the remaining 

18 ml suspension into a Petri dish.

The same procedure as that in route 1 was used to prepare PVOH/M600/clay 

nanocomposites.

4.4. Quaternized M600/Clay nanocomposites

The method for the quaternization of polytheramines with the tradename 

Jeffamine M600 was adapted from similar procedures obtained from the 

literature [4.2-4.4], M600 (< 21 g), sodium bicarbonate (< 8.8 g), and methyl 

iodide (< 14.8 g) was dissolved and heated in 200 ml methanol under reflux for 

75 hours. Whilst heating under reflux additional methyl iodide (< 14.8 g) was 

added to the reaction mixture after 24 and 48 hours. The reaction mixture was
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cooled and filtered to remove solid (inorganic salts), then evaporated to dryness 

under reduced pressure using the rotatory evaporator. The residue was 

dissolved in deionised water (< 100 ml) and using a separating funnel any 

impurities were extracted using a diethyl ether wash (< 200 ml) three times. 

Finally, the aqueous solution was evaporated to dryness under reduced 

pressure at 40 °C using the rotatory evaporator. The product (QM600) also 

contained Nal as a by-product, it was not possible to precipitate this using hot 

chloroform and so during the cation exchange reaction with sodium MMT to 

produce QM600-MMT both were present.

The cation exchange process for QM600-clay was achieved using the 

following procedure: 1 g of clay was mixed with 14 ml distilled water and stirred 

for 2 hours at room temperature using a magnetic stirrer. The desired amount of 

QM600 was mixed with 6 ml distilled water also at room temperature. Then 

QM600/clay suspension was mixed and stirred for a further 4 hours at room 

temperature. Any Nal present after the cation exchange process (either 

resulting from the by-product of the QM600 synthesis or the cation exchange 

process) was washed with deionised water 6 times. After each wash the 

QM600/clay suspension was centrifuged at 15,000 rpm for 1.5 hours (see 

section 3.2.4). From the final wash 2 ml suspension was cast on to a glass 

slide and 18 ml suspension was placed into a Petri dish.

4.5. PVOH/QM600/Clay nanocomposites

For the preparation of PVOH/QM600/clay nanocomposite systems, the 

washed QM600/clay suspension (see section 4.4) was added to the desired 

amount of prepared PVOH solution. The mixing and stirring of the components 

was performed at 90 °C for 4 hours. The total volume of water for each sample
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was 20 ml. A 2 ml aliquot of the PVOH/QM600/clay suspension was cast onto 

a glass slide and the remaining 18 ml suspension into a Petri dish
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Competitive and synergistic adsorption 

of PVOH and PEG600 on Clay
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5.1. Clay dispersion

This section discusses the extent of clay dispersion, as determined by 

XRD, when present in binary systems, i.e. clay in PVOH or plasticizer (PEG600) 

or when present in tertiary systems, i.e. clay in PVOH and PEG600. The 

sequence of adding PVOH or PEG600 to clay is also discussed. The results 

from variable temperature x-ray diffraction (VT-XRD) of samples established at 

different humidities are presented. Finally, the amounts of PEG600 and/or 

PVOH adsorbed on clay in the binary and tertiary systems are presented.

5.1.1. PVOH and clay binary system

A wide range of PVOH and clay mixtures with different concentrations 

ranging from 0 to 100 wt% clay have been investigated by XRD and their traces 

are presented in Figures 5.1, 5.2 and 5.3. The peak at 7.42 °20 (11.9 A) in the 

XRD trace of the clay film (Figure 5.1 a) represents the initial dooi-spacing. The 

addition of PVOH to clay results in producing either intercalated or exfoliated 

structures and is dependant on the amount added. The XRD traces showing 

two peaks indicate that clay layers are intercalated with two different polymer 

amounts (e.g. trace d and e in Figure 5.1) or a combination of layers with and 

without PVOH present (e.g. trace b and c in Figure 5.1).

As the concentration of PVOH increases from 2 to 15 wt%, step changes 

occur as the gallery expands from a depleted single layer (trace b: -  6.51 °20 

[dooi ~ 13.6 A]) through to a single layer (trace c: ~ 6.37 °20 [dooi ~ 13.9 A]) and 

then a combined single and bilayer system (traces d-e: ~ 4.87 °20 [dooi ~ 18.1 

A]). A single layer refers to clay containing an even coverage of PVOH 

molecules within the clay gallery that is one layer thick, whereas a bilayer refers 

to the same but with two layers thick. These assignments are based the
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dimensions of the polymer chains, their anticipated surface coverage and the 

gallery height (for a schematic representation, see Figure 2.4, which shows 

structure of intercalated surfactans). At 2-15 wt% PVOH loadings, the amount of 

polymer present is not enough to exfoliate any layers of the clay. When PVOH 

loading increases from 9 to 15 wt% (Figure 5.1 d  to f), the peak with the higher 

dooi -spacing, attributed to the bilayer, is found to increase in intensity, while the 

peak attributed to the single layer decreases in intensity. The position of the 

peak indicating the presence of a single polymer layer shifts to lower angle 

slightly with increasing PVOH loading (6.51 to 6.21 °20), whilst the peak position 

of higher spacing (4.87 °20) does not vary with PVOH loadings up to 15 wt%.

b ; Clay/PVOH (98/2 wt%) 

d : Clay/PVOH (91/9 wt%) 

f: Clay/PVOH (85/15 wt%)

— a : Clay film 

— c : Clay/PVOH (95/5 wt%) 

— e : Clay/PVOH (90/10 wt%)
25000

20000

15000

10000

5000

20

Figure 5.1. XRD traces from PVOH/Clay composites at low 
PVOH content.

79



— g : Clay/PVOH (75/25 wt%) — h : Clay/PVOH (67/3 wt%) 

— i : Clay/PVOH (50/50 wt%) — j : Clay/PVOH (25/75 wt%)40000

35000

30000

25000

3  20000

15000

10000

5000

20

Figure 5.2. XRD traces from PVOH/Clay composites at 
intermediate PVOH content.

k : Clay/PVOH (10/90 wt%) — I : Clay/PVOH (5/95 wt%) 
— m : Clay/PVOH (2/98 wt%) — n : PVOH/Clay (99/1 wt.%) 
— o : PVOH film

10000

3  5000

20

Figure 5.3. XRD traces from PVOH/Clay nanocomposites at high PVOH 
content.

PVOH loadings between 25 to 50 wt% (Figure 5.2, curves g-i) result in

multilayered intercalated structures (>4.36 °20 [dooi > 20.3 A]) with highly

ordered clay layers as indicated by the high intensity of the d0oi-peak. The

peaks observed at 9.1 °20 and 7.6 °20 for the 25 wt% and 33 wt% PVOH

samples, respectively are due to the doo2 -spacing and also show that the clay
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layers are highly ordered (the doo3 and d00 4 -spacings also exist at higher angles, 

but are not presented). The increase in the d-spacing observed with increasing 

PVOH loadings between 25 and 50 wt% is due to more and more polymer 

being available and being located in the clay gallery and making the layers 

more difficult to re-aggregate during the drying of the films. When the PVOH 

loading is 75 wt% (Figure 5.2 j) it is likely that a mixture of both intercalated and 

very well dispersed clay structures, if not exfoliated, are present. It is observed 

that the intensity of the dooi-peak increases as the concentration of PVOH 

increases to 25 wt% then decreases upon further PVOH loading. It is also 

observed that the full width half maximum (FWHM) value decreases when a 

fully loaded single layer or bilayer is created.

Further increases in PVOH loading from 90 wt% and above (see Figure 

5.3 k-o) resulted in the formation of either intercalated structures with dooi- 

spacings larger than 44 A, which are believed to be unlikely, or very well 

dispersed systems (if not exfoliated) as indicated by the sloping baseline 

towards lower angles. The peak observed at 9.3 °20 is possibly due to the doo2- 

spacing of a portion of intercalated clay with a dooi -spacing around 4.5 °20, 

which is not clearly observable due to the sloping baseline. XRD on its own 

gives insufficient information to fully resolve the structure of the 

nanocomposites, but in this instance it seems likely that both structures are 

present, but it is predominantly exfoliated.
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•  Clay film a PVOH clay

Single layer

Bilayer

PVOH content (wt%)

Figure 5.4. Summary of d-spacings from XRD traces of 
PVOH/Clay nanocomposites

A summary of the dooi-spacings of clay under the influence of PVOH 

loading is given in Figure 5.4 and shows that below 50 wt% PVOH, only 

intercalated structures are observed. The d-spacings of clay film and 

PVOH/clay systems shows that as the concentration of PVOH increases, step 

changes occur as the gallery expands from a depleted single layer through to a 

single layer and then a combined single and bilayer system. Mixed single layer 

and bilayer systems are indicated by the presence of two data points at the 

same PVOH loading. Multi-layers are then observed, which are followed by very 

well dispersed clay structures when the PVOH concentration is > 75 wt%. Data 

published for PVOH/clay nanocomposites by Strawhecker [5.1] and Doeppers

[5.2] show similar trends in the structure dependence on clay loading, in which 

the systems become mostly intercalated as silicate loading increases beyond a 

clay loading > 40 wt%.
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5.1.2. Effect of thermal treatment and relative humidity on the d-spacing of 

in PVOH/clay composites.

The effect of temperature and relative humidity on the d-spacing of day 

in PVOH composites has been investigated, since it can be significantly 

affected by any associated water. XRD traces were collected from samples 

after heating for 10 minutes at 80 °C and 150 C and then after cooling and 

equilibrating for 24 hours at 20 °C and 50% RH, the samples were then 

equilibrated for 24 hours at 20 °C and 85% relative humidity. Note that any 

degradation to the clay or PVOH is unlikely to occur at these temperatures. The 

relative humidities of 50% and 85% were achieved by placing saturated 

magnesium nitrate and potassium chloride salt solution, respectively in a 

humidity chamber [5.3].

Clay film50000

45000

40000 a : RT
35000

b : 80C
u. 30000

— - c : 150C
25000

o
u  20000 d : 50% RH

15000 e : 85% RH

10000

“20

Figure 5.5. The influence of thermal treatment and relative humidity on the 
diffraction patterns of sodium clay

Figure 5.5 shows XRD traces of clay film collected at variable

temperatures and humidities. RT represents the diffraction trace collected at
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room temperature prior to any heat treatment i.e. at 20 °C and atmospheric 

humidity and several days after initially casting the film at 47 °C. After heating 

the clay film at 80 °C for 10 minutes, a slight shift to higher angle was observed 

at 7.25 °20 (12.2 A), but this was more significant when heated to 150 °C since 

the clay layers had collapsed from 7 °20 (12.6 A) at room temperature to 9.2 

°20 (9.6 A). At this point very limited or even no water was present in the clay 

gallery due to adsorbed moisture and interlayer water being expelled from the 

clay. TGA data also shows (discussed below in section 5.2.1) most if not all 

physisorbed water had been removed. Investigation of the sample after cooling 

and equilibrating at 50% RH for 24 hours showed the effect was reversible 

since a very similar trace to that collected at RT was observed. This is as 

expected since the average atmospheric relative humidity is ~50%. Furthermore, 

the clay sample was able to swell to larger d-spacings when exposed to 85% 

RH as indicated by a shift in the peak to lower angles, 5.8 °20 (15.0 A). 

Increasing the amount of water available to the sample increased the peak 

intensity and narrowed the peak width indicating a more ordered system.
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Figure 5.6 shows selected XRD traces collected from PVOH samples 

containing 5 to 98 wt% clay. Heating the samples to 80 °C did not have a 

significant effect on the d-spacing for most samples since only a small shift to 

higher °20 or small change in relative intensities towards the higher °20 peak 

was observed. Major effects were observe in samples with high clay loading, 

98, 93, and 85 wt%, which are represented by Figures 5.6 a, b and c, 

respectively. When the samples with 98 to 93 wt% clay were heated to 150 °C a 

diffraction peak at 9.2 °20 (9.6 A) was observed, together with a decrease in 

intensity of the peak near 6.3 °20 (14 A). This indicates that there is little or no 

organic content in the clay galley in the sample with 98 wt% clay and that both 

water and PVOH molecules are propping up the gallery. This becomes less 

apparent in the traces for the sample containing 93 wt% clay since the sample 

heated at 150 °C displays a small peak at 9.2 °20 and still has residual intensity 

at 6.3 °20. For the composites that have a mixture of single and bilayer 

structures, for example 90 wt% (XRD trace not presented) and 85 wt% clay, 

heating to 150 °C reduced the intensity of the low angle peak associated with 

the bilayer structure whilst the intensity of the high angle peak associated with 

the single layer structure increased. This indicates that with samples containing 

greater than 85 wt% clay loading, the bilayer structures are not fully loaded with 

PVOH and that water is present and propping up the gallery. The movement of 

the peak to the lower °20 at 85% RH supports the analysis which shows that the 

single layers are increased to the size of a bilayer by water propping up the 

gallery space.

Clay loadings of 75 wt% (XRD trace not presented), 67 wt% (Figure 5.6 

d) and 50 wt% (Figure 5.6 e) achieved the best thermal and environmental
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stability under the conditions investigated indicating that the gallery space is 

fully loaded with PVOH and little water is present.

For clay loadings of 5 wt% (Figure 5.6 f) and below were the 

nanocomposites are very well dispersed, the XRD traces do not provide 

sufficient information to elucidate the effect of thermal and relative humidity of 

water associated with clay layers. However, the absence of any peaks does 

show that no intercalated species are created at the various temperatures and 

humidities.

XRT A 8 0 C  A 150 C O 50% RH # 8 5 % R H

20

rHOO
T3

10

6

PVOH percentage (wt%)

8 10 12 14 1620 4

*R T  A 80C  150 C 050%  RH •  85% RH

35 40

PVOH (Wt%)

Figure 5.7. Summary of d-spacings from PVOH/clay composites 
under the influence of thermal treatment and relative humidity.
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A summary of the d-spacings observed in the diffraction traces of 

PVOH/clay composites under the effect of temperature and relative humidities 

are shown in Figure 5.7. Two data points present at the same PVOH 

concentration for one experimental condition represent the presence of dooi- 

spacings from both single and bilayer structures. A brief survey of the general 

features displayed by the clay samples prepared using PVOH clearly show that 

the d-spacings of these simple systems is influenced by clay loading, the 

thermal history of the sample and their ability to rehydrate after heating. As the 

PVOH loading increases, the general extent of change of the d-spacings within 

the different conditions decreases showing less influence from the water is 

being experienced. This also suggests that less water is present in the clay 

gallery as more PVOH is added. At high clay loadings of 98 to 85 wt%, the 

single and bilayer structures are both present to different degrees depending 

upon the treatment that the particular sample has undergone, whilst at 

intermediate clay loadings of 75 to 50 wt% the intercalated structures show 

thermal and environmental stability. A reorientation of the polymer chains could 

be induced by the thermal treatment and hence contribute to a lowering of the 

d-spacing, however, this effect is not considered as significant as the affect of 

removing water.

5.1.3. PEG600/clay binary system

A wide range of clay loadings (0 to 95 wt%) with PEG600 have been 

investigated, their XRD traces are presented in Figures 5.8 and 5.9. Intercalated 

structures are observed for the whole range of clay loadings. Three steps can 

be used to describe the changes as the concentration of PEG600 increases:
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i) an increase to a depleted single layer at -  6.64 °26 (~ 13.1 A),

ii) a depleted single layer to a fully loaded single layer at -  6.4 °26 (~ 13.8 A)

iii) fully loaded single layer to a bilayer structure at -4.97 °20 (~ 17.8 A).

b:Clay/PEG600(99/lvrt%) 

d:Clay/PEG600(96/4wt%) 

f:  Clay/PEG600 (87/13 wt%)

a : Clay film 

—  c : Clay/PEG600 (98/2 wt%) 

— e : Clay/PEG600(91/9 wt%)
40000

30000

3  20000

10000

Figure 5.8. XRD traces for PEG600/Clay nanocomposites at low 
PEG600 content.

— g : Clay/PEGGOO (83/17 wt%)  h : Clay/PEG600 (80/20 wt%)

— I : Clay/PEG600 (77/23 wt%)  j : Clay/PEG600 (5/95 wt%)

50000

40000

w 30000 *•> 
c
3
o*•* 20000

10000

Figure 5.9. XRD traces for PEG600/Clay nanocomposites at low 
PEG600 content.

Even very small amounts of PEG600 (1 wt%) increase the d-spacing of

the clay (Figure 5.8 b). The clays layers do not expand to a fully loaded single

layer at 4 wt% PEG600 (6.64 °26 [13.3 A]) and only do so at 9 wt% PEG600
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(6.40 °20 [13.8 A]). Further loading of PEG600 (13 wt%) results in a small 

portion of a bilayer structure and a the dominant single layer phase. A mixture 

of single and bilayer structures are also clearly observed with a PEG600 loading 

of 17 wt% (see Figure 5.9 g) since there are two peaks positioned at 6.17 °26 

(14.3 A) and 5.07 °20 (17.4 A), at this stage the peak representing the bilayer 

structure is more intense than that of the single layer. The bilayer becomes fully 

loaded when the PEG600 loading reaches 20 wt%, as evidenced by the narrow 

distribution of d-spacings and the high intensity of the peak (Figure 5.9 h: 

4.97 °20 [17.78 A]). Further loadings of PEG600 up to 95 wt% results in a slight 

peak shift to 4.43 °20 (19.9 A), this shows that the clay gallery does not 

continue to expand like clay dispersed in PVOH. The decrease in intensity is 

due to disorder within the clay layer and or a reduction in the amount of clay 

being analysed. The lack of expansion beyond a bilayer indicates a strong 

PEG600-clay interaction.

•  Clay film ■ PEG600 Clay

Single layer

17

Bilayer13

2510 20 950
PEG 600 (wt% )

Figure 5.10. Summary of d-spacings observed in the XRD 
traces of PEG600/Clay composites
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The dooi-spacings observed in the XRD traces of the PEG600 and clay 

composites are plotted in Figure 5.10 and shows that PEG600 resides in the 

gallery and forms only intercalated composites. As the concentration of PEG600 

increases, step changes occur as the gallery expands from a depleted single 

layer to a fully loaded single layer and then a bilayer structure. A maximum d- 

spacing o f» 18.2 A for PEG in clay was also reported by Chen [5.4] who studied 

PEG’S with Mw's 300-20,000.

5.1.4. Effect of thermal treatment and relative humidity on the d-spacings 

of PEG600/clay composites.

The PEG600/clay composites were exposed to the same thermal and 

relative humidities as the PVOH/clay composites. The XRD trace collected at 

150 °C from the clay with 1 wt% PEG600 (Figure 5.11 a) is very similar to that of 

the base clay (Figure 5.5 a). The clay gallery has collapsed suggesting there is 

very little, if any, PEG600 present in the gallery. The trace for the clay sample 

treated with 4 wt% PEG600 and collected at 150 °C (Figure 5.11 b), does 

exhibit a peak at 6.78 °20 (13 A) indicating the present of PEG600 in the gallery. 

Heating the sample treated with 9 wt% PEG600 to 80 °C or 150 °C (Figure 5.11 

c) does not displace the peak at 6.78 °20 nor significantly diminish its intensity, 

which shows that the gallery contains little water and enough PEG600 to create 

a fully loaded single layer. For the samples with 1 to 9 wt% PEG600 that are 

exposed to higher humidity (85% RH) the peak position shifts to higher spacing 

at 5.7 °20 (15.3 A). Here, the gallery has swollen with water to a spacing similar 

to that of a fully loaded bilayer.
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Heating samples which have both a single and bilayer structure (13 wt% 

and 17 wt% PEG600) results in the intensity of the peak relating to the bilayer 

decreasing suggesting the bilayer structure is not yet fully loaded. Conversely, 

increasing the amount of water available to the sample reduces the intensity of 

the single layer and increases the intensity of the bilayer. The bilayered 

structure created by treating the clay with 17 wt% PEG600 has better thermal 

stability than that with 13 wt% PEG600.

X RT D80C
20

18

16

n 14

150 C O 50% RH •85%RH

o

a

D

10 15

PEG600 (wt%)

U

20 25

Figure 5.12. Summary of d-spacings of PEG600/clay composites 
under the influence of thermal treatment and relative humidity.

A summary of the changes in d-spacings observed in the clay/PEG600 

samples under the influence of temperature and rehydration are plotted in 

Figure 5.12. It is clear that below a loading of 4 wt% PEG600 the d-spacing 

collapses upon heating at 150 °C, that by 13 wt % PEG600 a fully loaded single 

layer is formed, while by 17 wt % PEG600 a bilayer is formed. Above 17 wt % 

PEG600 the spacing gradually increases and is probably due to extra PEG600 

or water molecules entering the gallery.
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5.1.5. PVOH/PEG600/clay tertiary systems and different sequence of 

mixing

A wide range of different PEG600 (1, 2, 4, 10, 15, 20, 25 and 30 pph) 

and PVOH (2, 5, 10, 15 and 50 pph) concentrations with clay (100 pph) have 

been investigated. A selection of XRD traces are presented in Figure 5.13, 

which show the d-spacings increase with increasing PEG600 and PVOH 

content. The structure changes from an intercalated structure to a well 

dispersed clay structure when the PVOH content is increased above 70 wt% 

and the PEG content is 20 wt%. Pinnavaia [5.5] showed that if the d-spacing of 

a 2 component (A and B) (dAB) intercalated clay gallery is not equal to the d- 

spacing of the individual intercalated components of A or B (dA or dB ) and also 

not equal to the total d-spacing of A and B (dA + dB) then both component A and 

B are located in the same clay gallery. Therefore, in our case both PEG600 and 

PVOH are present within the clay gallery, as evidenced by increased d- 

spacings relative to those of the individual component. For example (see Figure 

5.13), the d-spacing of PEG600/PVOH/clay 30:10:100 is higher than the 

individual d-spacing of PEG600/clay 30:100 and PVOH/clay 11:100 and not 

equal to the total d-spacing of their individual d-spacings.
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50000

 PVOH/Clay 11:100

40000 — PEG600/Clay 30:100

PEG600/PVOH/Clay 2:10:100

30000
-  -PEG600/PVOH/Clay 4:10:100

 PEG600/PVOH/Clay 10:10:100
20000

— -PEG600/PVOH/Clay 20:10:100

PEG600/PVOH/Clay 30:10:10010000

PEG600/PVOH/Clay 20:70:10 (3X)

Figure 5.13. XRD patterns from tertiary systems of PEG600/PVOH/clay
composites for moderate PVOH content (10 pph)

The d-spacings of PEG600/PVOH/clay mixtures under study are given in 

Figure 5.14 a-e, which shows the d-spacings change in steps from a depleted 

single layer to a fully loaded single layer, a combined single and bilayer and 

then a full bilayer structure. Multi-layers are then observed.

Figure 5.14 a and b show that with loadings of 2 or 5 pph PVOH and 

PEG600 (15 pph)/clay an increase in the portion of bilayer structure occurs as 

indicated by an increase in the d-spacing of the higher d-spacing portion. A 

mixed single and bilayer structure in PEG600 (20 pph)/clay changes into full 

bilayer structure in the PEG600/PVOH/clay system when only 2 pph PVOH is 

added. At higher amounts of PEG600, i.e. 25 and 30 pph, additional loading of 

2 and 5 pph PVOH does not significantly change the d-spacings. Figure 5.14 c 

and d show that the d-spacing of PEG600/clay (1-4 pph) changes from depleted 

single layer to a mixed single and bilayer structure in the PEG600/PVOH/clay 

system when PVOH is offered at 10 or 15 pph. Loading 10 pph PVOH into
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PEG600 (10 pph)/clay results in an increase of d-spacing from a single layer 

into a mixed single and bilayer structure (Figure 5.14 c), whist loading 15 pph 

PVOH results in a full bilayer structure (Figure 5.14 d). Loading 10 or 15 pph 

PVOH to 15 and 20 pph PEG600/clay results in a full bilayer from a mixed 

single and bilayer structure. Loading 10 or 15 pph PVOH to 25 and 30 pph 

PEG600/clay results in a pseudo trilayer. Figure 6.14 e shows that loading 50 

pph PVOH to any PEG/clay system results in a multilayer structure. It is 

interesting to note that even at high PEG600 concentrations (25 or 30 pph), 

when the gallery is believed to exist as a fully loaded bi-layer and does not 

expand upon further addition of PEG600 (Figure 5.10), the d-spacing does 

continue to increase in the presence of ‘additional’ PVOH (see Figure 5.14 c-e). 

This shows that the platelet-platelet interactions in the PEG600-clay systems 

can be overcome by the ingress of PVOH. PEG600 is therefore unable to 

'control' the d-spacing by limiting the swelling in the presence of PVOH.
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For the competitive absorption study, different sequences of mixing 

PEG600 and PVOH were employed (see experimental section 4.3). In route 1, 

the PEG600 was mixed with the PVOH before the clay was added. In route 2, 

the PVOH was mixed with the clay before PEG600 was added. In route 3, the 

PEG600 was mixed with the clay, before the PVOH was added. The results 

showed that regardless of mixing sequence both PEG600 and PVOH were 

present in the gallery together even at low organic loading (Figure 5.15 a) as 

shown by increases in the d-spacing when compared to the relative amounts of 

PEG600 and PVOH added. For example, in the PEG600/PVOH/clay 10:50:100 

pph sample the d-spacing for routes 1 and 2 was 27 A (3.27 °20) and for route 3 

it was 28.9 A (3.05 °20) as shown in Figure 5.15 f, this is not equal to the d- 

spacing of PEG600/clay 10:100 (6.43 °20 [13.7 A]) nor PVOH/clay 50:10 pph 

(3.75 °20 [24 A]) and also not equal to the sum of d-spacings due to 

PEG600/clay and PVOH/clay, i.e. 13.7 A + 24 A = 37.7 A. When the content of 

PEG600 is higher than that of PVOH (see Figure 5.15 a and d) the peak 

positions are closer to those of the PEG600/Clay binary system, whereas when 

the content of PVOH is higher than that of PEG600 (see Figure 5.15 c, e & f) 

the peak positions are closer to those of the PVOH/Clay binary system.

98



siunoD

siunc>3

sjuno)sjuno}

Fig
ur

e 
5.

15
. 

XR
D 

pa
tte

rn
s 

fro
m 

PE
G6

00
/P

VO
H/

cl
ay

 
co

m
po

si
te

s



 ̂20
- 1 8u>
.£ 16 u
a  14V)
S 12 
% 10

PVOH: 2 pph

□ PEG600/Clay OR1 IR2 I R3

0 5 10 15 20 25 30

(a) PEG600 (pph)

PVOH: 10 pph

20 □ PEG600/C!ay OR1 >R2 A R3

-  18 00
|  16

§ 12 
"  10

♦ A

 i------------- 1------------- !------------- i------------- 1------------- i

0 5 10 15 20 25 30

(b) PEG600(pph)

<24 
-22 
c 20 
u 18
a  16V) „
H14
o  12 
°  10

(C)

PVOH: 15 pph

□ PEG600/Clay OR1 ■ R2 t R3

□
— i— i— i— i— i— i

0 5 10 15 20 25 30

PEG600 (pph)

31

~21bfi
|  23
(13

S-19
H
§ 15 *0

11

(d)

□

PVOH: 50 pph

□ PEG600/Clay OR1 IR2

♦

□

10 15 20

PEG600(pph)

R3

25 30

Figure 5.16. The d-spacings of PEG600/PVOH/clay composites prepared in 
route 1 (R1), route 2 (R2) and route 3 (R3) when PVOH content is (a) 2 pph, (b) 
10 pph, (c) 15 pph and (d) 50 pph along with the d-spacings of PEG600/clay

A comparison of the XRD results collected from the from the different 

sequences of addition (Figures 5.15 and 5.16) showed that samples prepared 

using route 3 (PEG600 to clay then PVOH) consistently exhibited slightly higher 

dooi-spacings, in addition their peak intensities were higher when compared to 

the corresponding samples prepared by either route 1 or 2. The current 

hypothesis for this behaviour is based on the strong PEG600-clay interactions, 

their immobility when adsorbed to the clay surface and the subsequent irregular 

packing of the bulkier PVOH molecules leading to an increased number of 

molecular chains overlapping and as a result an increased dooi-spacing. 

Conversely, when PVOH is allowed to adsorb on the clay surface first, the
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smaller PEG600 molecules are possibly able to neatly fill any spaces thus 

resulting in a better packing density and hence lower dooi-spacings.

To summarise, both PEG600 and PVOH reside in the gallery as 

evidenced by the increase in d-spacings when compared to the respective 

binary systems. In general, XRD traces of tertiary systems prepared by route 3 

show clay galleries that are more ordered and have slightly larger d-spacings.

5.1.6. Effect of thermal treatment and relative humidity on the clay 

dispersion in PVOH/PEG600 clay nanocomposites.

The tertiary systems (PEG600/PVOH/clay) prepared via route 1 were 

also exposed to the same thermal and relative humidity treatments as for the 

binary systems. For low loading of PEG600 (1 pph) and PVOH (2 pph) (see 

Figure 5.17 a), heating the sample at 80 °C did not significantly change the d- 

spacing peak position. When heating at 150 °C, the peak intensity at 6.7 °20 

(13.5 A) reduced whilst the intensity of the peak at ~8.7 °20 (10 A) increased, 

suggesting only a fraction of the clay contained organic material in the gallery. 

The portion of bilayer increased, as shown by an increase in intensity at low 

angle (5.5 °20 [16.1 A]), when exposed to 85% relative humidity whilst the 

PVOH loading remained at 2 pph and PEG600 loading increased to 10 pph 

(Figure 5.17 b) or 30 pph (Figure 5.17 c).
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Heating the tertiary system containing PEG600/PVOH/clay (1:10:100 pph) 

(Figure 5.17 d) to 150 °C did not change the peak positions but slightly reduced 

the portion of the low angle peak (4.66 °20 [19A]). Assuming the change is not 

due to thermal rearrangement of the organic material present, this suggests that 

some water molecules are still present in the bilayer part of the gallery. At 85% 

RH, the portion contributing to the higher d-spacing (4.66 °20 [19A]) increases 

and dominates the system, suggesting either the single layer portion swells with 

water to produce the bilayer structure or the bilayer structures are not fully 

loaded with PEG600 and PVOH. At high organic loadings (i.e. PVOH at 50 pph, 

Figs. 5.17 g-i) good stability to thermal and humidity treatment is observed, 

regardless of the amount of PEG600 added (1, 10 or 30 pph). Stability to 

thermal and humidity treatment is best achieved when the PEG600/PVOH/clay 

ratio reaches 30/10/100 pph.

The influence of thermal treatment and relative humidity on the d- 

spacings of PEG600/PVOH/clay composites prepared via route 3 follow the 

same trends as those prepared via route 1, a selection of XRD patterns 

collected from samples prepared via route 3 are given in Figure 5.18 a. Typical 

XRD traces of composites heated at 150 °C prepared via route 1 and route 3 

are given in Figure 5.18 b and c. They show that PEG600/PVOH/clay 

composites prepared via route 3 still (as previously shown in section 5.15) have 

higher d-spacings than those samples prepared via route 1 when heated at 

150 °C suggesting that samples prepared using route 3 (PEG600 1st) are not 

higher simply due to a higher amount of water being present.
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5.2. THERMAL STABILITY

The thermal stability of the binary and tertiary nanocomposites were 

investigated using TGA.

5.2.1. Effect of clay concentration on the thermal stability of PVOH/clay 

composites

Selected thermograms and their negative derivatives collected from 

PVOH and PVOH/clay composites are presented in Figures 5.19 a and b, 

respectively. In general, major weight losses are observed in the range 200 -  

500 °C for both PVOH and PVOH/clay composites, which mostly relates to 

structural decomposition of the polymer (some water loss and low temperature 

dehydroxylation of the clay may also occur). Above 600 C, relatively little 

weight is lost, but dehydroxylation of the clay does occur in this region [5.6].

A change in the rate at which weight is lost is represented as peaks in 

the negative derivative curve as shown Figure 5.19 b. Three temperature 

regions are noted in the derivative thermograms (DTGs) of the PVOH and 

PVOH/clay composites. The first weight loss region between 35 and 150 *C 

corresponds to the removal of water. The second weight loss region occurs 

between 200 and 385 °C, with the maxima around 284 °C for PVOH alone. The 

onset of thermal degradation for the PVOH shifted to higher temperatures with 

the incorporation of clay, which is the general trend for most polymers [5.7]. The 

increase in thermal stability is partly due to the restriction in mobility of polymer 

chains and suppression in the degradation reaction of the chains, 

decomposition therefore occurs at higher temperatures [5.8]. The clay also acts 

as a heat shield and slows down heat transfer into the polymer bulk. Although, 

no oxygen was present during the TGA experiment clay can restrict the ingress 

of oxygen into the polymer and therefore slow down the breakdown of polymer
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due to oxidation. Clay can also restrict any gases produced during degradation 

from leaving the polymer, which slows down the degradation process. The 

weight loss in the second region (200 to 385 °C) is about 75 wt% of PVOH 

alone (Figure 5.20 b), and corresponds partly to the side chain removal of OH 

from PVOH [5.9] (which theoretically contributes to 38 wt% of PVOH) and partly 

from degradation products from the main chain [5.10], here the weight loss 

increases with increasing PVOH content. The third weight loss region between 

400 *C and 550 *C, with the maxima around 485 °C for PVOH film, corresponds 

to the decomposition of the PVOH main chain to yield carbon and 

hydrocarbons [5.11]. Carrado [5.12] reported PVOH (Mw 50,000) 

decomposition maxima temperatures at 270 °C & 440 *C, while Doeppers [5.2] 

reported that the maxima of PVOH (Mw 30,000) were at 275 °C & 450 °C.

The amount of water removed from the clay and clay/PVOH composites 

(1st region) is plotted in Figure 5.20 a. The amount of physisorbed water in clay 

is about 4 wt%, which is 1.3% lower than that reported by Chen [5.6]. The 

amount of physisorbed water decreases as the amount of PVOH is increased 

from 2-10 wt% and then increases when the amount of PVOH is increased 

above 10 wt%. It is likely that at low PVOH loadings (<10 wt%) the water 

associated with sodium cations in the gallery is gradually removed and replaced 

by PVOH. When a fully loaded single layer is present (10 wt% PVOH) the least 

amount of water is adsorbed. With higher PVOH loadings (10-20 wt%), when a 

bilayer is present, the amount of water begins to increase, but does not return to 

that of the original clay. With even higher PVOH loadings (35-98 wt%), when 

multilayer structures are present, the PVOH appears to become more like that 

of the bulk PVOH since the amounts of associated water are similar.
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Figure 5.20 b shows that the weight loss in the second region (200 -  385 

°C) increases as PVOH content increases and appears to occur in two steps, 

i.e. step A from 0 to 75 wt% PVOH where the structures are intercalated and 

step B from 75 wt% and above where the structures are very well dispersed. 

The relatively higher amounts of weight loss in step B to those in the step A 

reflect the action of clay acting as a barrier for PVOH degradation. Selected m/z 

chromatograms from TGMS data of PVOH and PVOH/clay (50 wt%) in the 

range 240 to 400 °C are shown in Figure 5.21. Holland [5.10] showed that 

several degradation products were evolved within this temperature range, for 

example, m/z = 41 (C3 H5+), m/z = 43 (C3 H7+), m/z = 69 (C4H60 +, e.g. 2-butenal) 

and m/z = 77 (CeHs*, phenyl). As anticipated the intensity of the m/z ions are 

lower in the PVOH/clay composite than the pure PVOH since there is less 

PVOH present. The reverse is noted for the m/z ion = 18, which represents the 

detection of water and suggests a higher amount is lost from the PVOH/clay 

(50/50 wt%) sample than the pure PVOH. Higher amounts of water could result 

from more water molecules being strongly associated with the PVOH (in the 

gallery or bulk), water strongly associated with the exchangeable cations or 

water from the dehydroxylation of the clay which is promoted due to the 

degradation of PVOH. Note that the intensity of the m/z chromatograms do not 

necessarily equate to the amount of species present since varying levels of 

responses can be observed from different m/z ions.
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Figure 5.19. Thermograms (a) and their negative derivatives (b) of 
PVOH/clay composites and PVOH film.

The weight losses in the 3rd region (400 to 500 °C) are shown in Figure 

5.20 c. Three distinct areas are observed, which can be related to single and bi

layer structures (area A), multilayer structures (area B) and well dispersed 

structures (area C). It shows that a relatively higher amount of weight is lost in 

the multilayer structures than in the other types of structures. It shows that a

smaller amount of PVOH was degraded in the single and bilayer structures than
108



that of the multilayer structures but larger than that in the exfoliation structures. 

The reason for a larger or smaller amount could be that in a particular type of 

structure more is lost in region 2 rather than region 3 and vice versa. The 

maximum rate of degradation of PVOH within the 3rd region appears to occur at 

lower temperatures as clay content increases as shown in Figure 5.22 b 

suggesting that the clay helps this degradation region to occur at lower 

temperatures.

The total weight loss of PVOH within the 2nd and 3rd regions is given in 

Figure 5.20 d and shows that it increases linearly with increasing PVOH content.
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Figure 5.20. Weight loss in a) the first region (35-150 °C), b) second region (200 -  
385 °C), c) third region (400-550 °C) and the sum of second and third regions for 
clay, PVOH and PVOH/clay mixtures.
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Figure 5.21. Mass chromatograms for volatile degradation products during 
the thermal degradation of PVOH.

A plot of the temperature at which the maxima in the second weight loss 

region (210-385 °C) occurs for the PVOH/clay composites is shown in Figure 

5.22 a. The data shows that addition of a small amount of PVOH (1 wt%) results 

in a higher thermal stability than that of pristine PVOH, which then decreases to 

that of pristine PVOH when it reaches 9 wt%. This coincides with the formation 

of a depleted single layered structure and may suggest a that portion of the 

PVOH is outside the gallery. Alternatively, water in the gallery may promote the 

hydrolysis of the OH groups on the PVOH. When the PVOH concentration 

increases from 9 to 50 wt% the thermal stability also increases. This coincides 

with the formation of single and bilayer structures and may suggest that the 

majority of PVOH is inside the gallery and therefore more thermally stable. 

When the PVOH concentration increases from 50 to 99 wt% the thermal 

stability decreases, this coincides with the formation of exfoliated structures and 

as the clay concentration decreases the thermal stability becomes more like 

that of the pristine PVOH. A plot of the temperature at which the maxima in the
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third weight loss region (400-550 °C) occurs for the PVOH/clay composites is 

shown in Figure 5.22 b. It almost shows opposing trends to the peak 

temperature of the second peak apart from the higher PVOH amounts (>50 

wt%). Perhaps the improved thermal stability of the first degradation products 

results in a lower thermal stability of the second degradation products.

Peak temperature of the 2nd peak
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Figure 5.22. Summary of thermal stability (derivative peak maxima) of a) the 
2nd peak and b) the 3rd peak for PVOH and PVOH/clay
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5.2.2. Effect of clay concentration on the thermal stability of PEG600/clay 

composites

The thermograms and negative derivatives collected from PEG600 and 

PEG600/clay composites are presented in Figure 5.23. They show that 

PEG600 degradation occurs in one step. The thermograms in Figure 5.23 a 

show that the final weight loss in the samples at 800 °C decreases with the 

increase of clay loading. Two temperature regions can be identified over which 

most of the weight change occurs (Figure 5.23 b). The first major weight loss 

occurs between 35 and 150 'C and corresponds to the removal of water, the 

amounts are plotted in Fig 5.24 a and show that the amount of water decreases 

as the PEG concentration increases from 0 to 25 wt%. This indicates that water 

present in clay is replaced by PEG600.The second major weight loss occurs 

between 150 and 460 ’C, the onset of thermal degradation in this region shifts 

to higher temperatures when clay is added to PEG600. This suggests that clay 

acts as a barrier to thermal degradation of PEG600. The weight loss in this 

region increases linearly with increasing PEG600 content as shown in Figure 

5.24 b. The mechanism of PEG degradation is not well understood [5.13]. One 

of the proposed mechanisms for the degradation involves homolytic cleavage of 

the C-0 and C-C bonds and is believed not to involve intramolecular transfer of 

hydrogen, but homolytic cleavage of the polymer backbone to produce radicals. 

These radicals are then postulated to unzip to form smaller molecules and/or 

monomer products such as diethyleneglycol (C^ioCy, ethanol, 2-(2- 

methoxyethoxy) (C6H14O3) and ethylene oxide (C2H4O) [5.11].
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Figure 5.23. a) Thermograms and b) their derivatives of PEG600/clay 
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Figure 5.24. a) Weight loss in the first peak (35-150 °C) and b) second peak 
(150-460 °C) for clay, PEG600 and PEG600/clay composites
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Figure 5.25. Summary of thermal stability (derivative peak 
maxima) for PEG600 and PEG600/clay composites.

The temperature at which the maxima occur in the DTGs obtained from 

PEG600/clay composites are plotted against PEG600 content in Figure 5.25. 

The data suggests that a portion of the PEG600 resides outside the gallery 

when present at loadings between 2 and 13 wt% as indicated by a decrease in 

the peak maximum temperature towards that of PEG600 alone. This correlates 

with the change in gallery occupation from a depleted single layer to a fully 

loaded single layer as shown in the XRD data (Figure 5.10). It appears that a 

small amount of PEG600 (1 wt%) is able to prop the gallery open, and a 

complete single layer is only formed after a critical concentration of PEG600 is 

added (> 9 wt%). It is believed the PEG600 inside the gallery contributes to the 

higher thermal stability and follows the same trend as the PVOH data.
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5.2.3. Effect of clay concentration on the thermal stability of PVOH/ 

PEG600/clay composites

The DTGs of PEG600, PVOH and their binary systems with clay are 

shown in Figure 5.26. They show that degradation of PEG600 and PEG600 with 

clay mostly occurs above 350 °C whereas for PVOH and PVOH with clay it 

mostly occurs below 350 °C. For PEG600 and PVOH mixtures (i.e. no clay) the 

PEG600 still appears to mostly degrade above 350 °C and the PVOH still 

mostly degrades below 350 °C, as evidenced by an increase in the maximum 

intensity above 350 °C in the presence of increased PEG600 content (and vice 

versa). However, it should be noted that some degradation of PEG600 does 

occur in the 210-350 °C region. It is therefore hypothesised that in the tertiary 

systems, the weight loss below 350 °C is mostly due to PVOH, whereas above 

350 °C it is mostly due to PEG600.

Further analysis of TGMS data in Figure 5.27 shows that in the absence 

of clay the degradation pathway of PVOH is not affected by the degradation 

pathway of PEG600 when present as a mixture, and vice versa. The TGMS 

data provides a response from the volatile degradation products evolved during 

their thermal degradation. It is shown that the m/z ions = 79, 81, 82, 84, 91, 95, 

96, 105 and 106 are only released by PVOH whereas the m/z ion = 73 is only 

released by PEG600. The ion chromatograms follow the same pattern when 

PVOH or PEG600 is present on its own. Voorhess [5.13] also stated that 

PEG/PVOH mixtures degraded independently of each other and there was no 

effect from the alumina crucible on their degradation. In another polymer 

system i.e. polyhydroxibutyrate PHB, Parra [5.14] reported that the addition of 

plasticizer did not alter the thermal stability of PEG/PHB blends.
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Figure 5.26. Negative derivative thermograms for PEG600, PVOH, 
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Figure 5.27. Mass chromatograms obtained from volatile 
degradation products during the thermal degradation of a 
PEG600/PVOH mixture (50 wt %).

Two main degradation pathways, represented by the maxima below and

above 350 °C, were also observed in the tertiary systems of

PEG600/PVOH/clay. The negative derivative thermograms of the tertiary

systems as a function of increasing PEG600 concentration, whilst PVOH and
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clay concentrations are kept constant, are given in Figure 5.28 a and shows that 

the intensity of the maxima at temperatures lower than 350 °C remain mostly 

constant whereas the intensity of maxima at temperatures higher than 350 °C 

increase with increasing PEG600 content. The converse is observed in the 

negative derivative thermograms of samples with increasing PVOH content 

whilst PEG600 content is kept constant (Figure 5.28 b). It is interesting to see 

that the peak position of maxima at temperatures greater or lower than 350 °C 

move to a slightly higher temperature with increasing PEG600 or PVOH content, 

respectively suggesting some interaction or possible delay in degradation due 

to both PVOH and PEG600 being within the confined area of the clay gallery. 

This analysis will be further discussed in Chapter 5.3 with reference to the 

quantitative adsorption data obtained via the centrifugation approach.
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5.3. Competitive adsorption and effect of different route of mixing

Quantification PVOH and PEG600 adsorbed on clay was determined via 

a centrifugation approach alongside characterisation of the interlayer spacing by 

XRD.

5.3.1. Quantification of the amount of PVOH and PEG600 adsorbed by clay

The amount of polymer and/or plasticizer adsorbed on clay was obtained 

by using TGA to analyse the organic content in the supernatant collected from 

centrifuged aqueous polymer-clay-plasticizer suspensions. The experimental 

detail of this technique is discussed in Chapter 3.2 and 3.3. For binary 

suspension systems (i.e. PVOH/clay or PEG600/clay), the amount of PEG600 

or PVOH adsorbed by the clay was calculated by the amount of organic offered 

to the clay minus the amount determined gravimetrically in the supernatant (free 

organic) after evaporation of the water. It has been shown previously in section 

5.2.3 that the weight loss below 350 °C is predominantly due to the degradation 

of PVOH, whereas above 350 °C it is due to the degradation of PEG600 and 

the second degradation stage of PVOH. If the weight loss of the 1st peak (132-b 

°C) in the TGA data collected from PEG600/PVOH mixtures is plotted as a 

function of the actual PVOH content (Figure 5.29) a linear response is obtained, 

the relationship is described in the following equation:

y=0.7597x+0.5919 (5.1)

where x is the PVOH content, and y is the weight loss of the first peak from

(132-b °C). The starting temperature is fixed at 132 °C since it is not dependant

on PEG or PVOH concentration whereas the end temperature, b, is both PVOH

and PEG concentration dependent. The end temperature, b, for each

PEG/PVOH mixture is the temperature at the minimum between the second and
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third maxima. The amount of PEG600 in the supernatant is obtained from the 

total amount of free organic in the supernatant, which is determined 

gravimetrically minus the amount of PVOH in the supernatant, which is 

determined via the TGA method. The relative amounts of PEG600 and PVOH 

associated with the clay is then calculated by subtracting the respective 

amounts offered from the amounts of PEG600 and PVOH in the supernatant. 

The above equation has been tested and shows very good prediction power. 

The error in each determination is less than ± 0.5 wt%. The error was 

determined by comparing the weight loss between the "known" PVOH 

concentration and that calculated using equation 5.1. Five samples were used 

to test the error, one at each of the concentrations shown in Figure 5.29.

80

6  40
-E q.30  
.2P -M
^  th 20

PVOH (wt%)

Figure 5.29. Weight losses from the 1st maximum as a function of 
actual PVOH content in PEG600/PVOH mixtures.

5.3.2. Adsorption of PVOH onto clay from aqueous solution

A wide range of PVOH concentrations offered (2 to 95 wt%) to clay have 

been investigated. The XRD traces of samples collected from full suspension
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and from sediment after centrifugation are presented in Figures 5.30 a and b, 

and show that the amount of PVOH associated with clay increases with the 

amount of PVOH offered to clay as indicated by the increasing d-spacings. 

Both intercalated and exfoliated structures are observed in the films prepared 

from the full suspension, but only intercalated structures are observed in those 

from the sediment after centrifugation. It is evident that the d-spacings of films 

containing greater than or equal to 40 wt% PVOH and prepared from the 

sediment are lower than the respective d-spacings prepared from the full 

suspension indicating that some free PVOH is present in the full suspension 

(represented by that in the supernatant) and enters the clay gallery as the films 

are dried. Note that the traces of the films collected from full suspension are 

essentially repeats of those presented in Figures 5.1, 5.2 and 5.3, the traces are 

effectively the same and thus show the repeatability of the method.

When the amount of PVOH offered to clay is below 25 wt% (Figure 5.30 

a and b) the amount of excess PVOH in the supernatant, if any, is very small as 

evidenced by the similarity in XRD traces of films collected from the full 

suspension and sediment. The diffraction traces of films collected from full 

suspension containing 75 wt% PVOH or greater indicates that the clay is very 

well dispersed, whereas the respective sediment films show that they are 

intercalated. This shows that the excess PVOH that is removed in the 

supernatant of the sediment films contributes to the good dispersion of the clay 

in the full suspension films.
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Figure 5.30. XRD patterns of PVOH/Clay a) 2-25 wt% PVOH and b) 23-95 wt% 
PVOH composites prepared from suspension (full line) and from sediment 
(dashed line) after centrifugation.

A summary of the d-spacings observed in the XRD traces of the PVOH 

and clay composites prepared from the full suspension and sediment are 

plotted in Figure 5.31 and shows more clearly that the amount PVOH residing in 

the clay gallery increases as the amount of PVOH offered to clay increases.
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Figure 5.31. Summary of d-spacings observed in the XRD traces of 
PVOH/Clay composites prepared from full suspension (BC) and 
sediment (AC)
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Figure 5.32. Adsorption data of PVOH onto clay from aqueous 
solution calculated via the centrifugation approach

Figure 5.32 shows the adsorption data of PVOH onto clay from aqueous

solution obtained via the centrifugation approach. Free PVOH, i.e. that in the

supernatant, is only observed when the concentration reaches between 25-33

wt% and greater, which is also reflected by the point of deviation in plots of AC

123



and BC in the XRD results (Figure 5.30 a and b). At concentrations greater than 

25 wt%, free PVOH increases significantly with increasing amounts of PVOH 

offered to clay. At ~53 wt% PVOH offered and greater the amount of PVOH in 

the supernatant (PVOH free) is greater than that adsorbed by clay. The 

interaction between PVOH and clay could occur by i) hydrogen bonding 

between the hydroxyl groups of PVOH and the oxygen atoms of the clay layers, 

ii) by direct interaction of the oxygen atoms in the hydroxyl groups of PVOH to 

the sodium cations, or iii) hydrogen bonding of the hydroxyl groups of PVOH to 

the sodium cations via bridging water molecule/s [5.11,5.15,5.16]. The most 

likely scenarios are types i) and iii) since the interaction of water with the 

sodium cations is very strong and difficult to remove.

5.3.3. Adsorption of PEG600 onto clay from aqueous solution

XRD traces from PEG600/clay (1-95 wt% PEG600) composites prepared 

from full suspension and from sediment are presented in Figures 5.33 a and b. 

They show that the amount of PEG600 associated with clay increases with the 

amount of PEG600 offered to clay. Only intercalated structures are observed 

for the whole range of PEG600 concentrations and also whether prepared from 

full suspension or sediment. As already shown in Figures 5.8 and 5.9 three 

steps are observed in the changes in d-spacing as the amount of PEG600 

offered is increased; i.e. a depleted single layer to a fully loaded single layer 

and then to a bilayer structure. The three steps are observed in both full 

suspension and sediment films.

124



40000 

35000 

30000 

25000
tfl ¥
§ 20000 
0 
U

15000 

10000 

5000 

0

(a)

Figure 5.33. The XRD patterns of PEG600/Clay a) 1-17 wt% and b) 23-95 wt% 
composites prepared from full suspension (full line) and from sediment 
(dashed line)

The data shows that the amount of free PEG600 is very small when 13 

wt% or less of PEG600 is offered to clay (Figure 5.33 a). When 17 wt% 

PEG600 is offered, free PEG600 is present and is able to enter the clay gallery 

and increase the portion of bilayer structures to those of single layer structures. 

When 23 wt% PEG600 is offered to clay (Figure 5.33 b), the amount adsorbed 

is not enough to create a full bilayer structure when the excess PEG600 is 

removed in the supernatant. No dissimilarity of the d-spacings is observed in 

films prepared by either the full suspension or sediment when present at 40 

wt% and above. The reason may be that the clay has adsorbed sufficient
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PEG600 to create a full bilayer and no space is available for any excess 

PEG600 to enter.

The dooi-spacings observed in the XRD traces of the PEG600 and clay 

nanocomposites are plotted in Figure 5.34. It shows more clearly that as the 

concentration of PEG600 increases, step changes occur as the gallery expands 

from a depleted single layer to a fully loaded single layer and then a bilayer 

structure. Excess PEG600 can enter the clay gallery when 13-23 wt% PEG600 

is offered to clay, below 13 wt% it suggests that all the PEG600 clay is 

adsorbed by the clay and no excess is present.

•  Clayfilm □PEG 600/C layMBCn ■  PEG600/Clay"AC'

17 -

a.

PEG600 offered (wt.%)

Figure 5.34. Summary of d-spacings observed in the XRD traces of 
PEG600/Clay composites prepared from full suspension (BC) and 
sediment (AC).

The adsorption data of PEG600 onto clay from aqueous solution via the 

centrifugation approach shown in Figure 5.35 demonstrates that all PEG600 is 

absorbed by clay when offered at levels below 13 wt%, which is also indicated 

by the XRD data (Figure 5.33 a). Above 23 wt% the amount in the supernatant 

significantly increases with the increase of PEG600 offered. Parfitt [5.17]
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suggested that direct interaction between the exchange cations and PEG 

molecules was not responsible for the PEG adsorption, but due to the ether 

oxygen atoms of PEG and water molecules in the primary hydration shell of 

exchange cations, to give a water bridge.
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- O -  PEG600free - 0 —PEG600 gallery
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PEG600 o ffered  in to  clay (w t% )

Figure 5.35. Adsorption data of PEG600 onto clay from aqueous solution (via 
centrifugation approach)

The adsorption data shown in Figures 5.32 and 5.35 is presented as a 

function of 'free organic' concentration in Figure 5.36 and shows that the 

amounts of PEG600 or PVOH associated with clay increases sharply as the 

amount offered increases and then continues to increase gradually as more is 

offered, the transitions for PEG600 and PVOH occur at -0.0002 and -0.0005 

g/ml, respectively which relates to -9  wt% for PEG600 and -25 wt% for PVOH. 

Free PVOH or PEG is able to enter the clay gallery when the films from 

suspension are formed as shown by XRD data in Figure 5.30 a and b for PVOH 

and in Figure 5.33 a and b for PEG. The adsorption of PEG600 by clay follows
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the L-type isotherm as described by Chen [5.4] and Parfitt [5.17] whilst the 

adsorption of PVOH by clay follows the H-type isotherm as described by Theng

[5.18] and De Bussetti [5.19].
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Figure 5.36. Adsorption isotherms of either PEG600 or PVOH on clay 
as a function “free organic” concentration in solution for 
concentrations up to a) 0.5 g/ml and b) 0.015 g/ml.
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5.3.4. Competitive and synergistic adsorption of PVOH and PEG600 onto

clay from aqueous solution

For the competitive adsorption studies a selected range of PEG600 (1, 

10 and 30 pph) and PVOH (2, 5, 10, 15, 50 and 90 pph) concentrations were 

offered to clay. The XRD traces collected from films prepared from the full 

suspension and sediment are presented in Figures 5.37 a (low PEG600 

concentration = 1 pph), 5.37 b (medium PEG600 concentration = 10 pph) and

5.37 c (large PEG600 concentration = 30 pph). All composite structures in this 

series were intercalated. The amounts of PEG600 and PVOH adsorbed by clay 

increased with the increasing amounts of PEG600 and PVOH offered as 

evidenced by the corresponding increases in d-spacing. A similar trend is 

observed in these tertiary systems when compared to those in the binary 

systems since the d-spacings of films prepared from sediment are lower than 

those prepared from full suspension. This also shows that any free organic in 

the full suspension will enter the clay galley when the films are dried.

Figure 5.37 a shows that the d-spacings in the tertiary systems are only 

slightly higher than those of PVOH/Clay binary systems (2, 5, 11, 17, 50 and 

100 pph) since the amount of PEG600 offered is only small. With higher 

amounts of PEG600 (10 and 30 pph) offered to clay in the tertiary systems 

(Figures 5.37 b and c) more significant increases in the d-spacings are 

observed. These increases are due to both PEG600 and PVOH being present 

in the clay gallery. The highest amounts of free organic, as indicated by the 

differences in respective AC and BC points, are observed when the amounts of 

PVOH offered to clay are 50 and 90 pph and that these differences are larger 

as more PEG600 is offered. The corresponding adsorption data shows an 

increase in the amount of PVOH adsorbed by clay but a decrease in the amount
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of PEG600 adsorbed (Figure 5.38 and 5.39). Any free organic present when 

PVOH is offered to clay at 2-15 pph is due to PEG600 as evidenced in the 

adsorption data (Figure 5.38), no free PVOH is present in the tertiary systems 

when 2-15 pph PVOH is offered.

The combined amounts of PVOH and PEG600 adsorbed onto clay when 

the concentration of PVOH is variable and the concentration of PEG600 is fixed 

at 1, 10 and 30 pph are shown in Figure 5.38 a. The combined amounts 

adsorbed onto clay and that in solution increases as the amount of PVOH or 

PEG600 offered to the clay increases.

Competitive adsorption data of PVOH in the absence and presence of 1, 

10 and 30 pph PEG600 is shown in Figures 5.38 b, c and d, respectively. The 

amount of PVOH adsorbed is very similar regardless of whether the amount of 

PEG600 is fixed at 1, 10 and 30 pph. At low loadings most of the PVOH that is 

offered is adsorbed it only begins to deviate at concentrations greater than 40 

pph, in addition above this value more PVOH is adsorbed in the tertiary systems 

than the binary systems. For example, when 90 pph PVOH is offered in the 

presence of either 1, 10 or 30 pph PEG600, 79 pph PVOH is adsorbed, but in 

its absence 60 pph PVOH are adsorbed. This result shows that PEG600 

promotes the adsorption of PVOH when the amount of PVOH offered is £ 50 

pph.
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Figure 5.39. Summary of competitive adsorption data of PEG600 and PVOH onto 
clay from aqueous solution for binary (BS) and tertiary systems (TS). TS (PEG-1) 
represents the adsorption of PVOH in the presence of 1 pph PEG600 in the 
tertiary system. TS (PVOH-2) represents the adsorption of PEG600 in the 
presence of 2 pph PVOH in the tertiary system.

When 1 pph PEG600 is present most, if not all, of the PEG600 is

absorbed by the clay and so any organic in solution is due to PVOH. When 10

or 30 pph PEG600 is offered, the amount of PEG600 adsorbed by clay is

gradually reduced as the amount of PVOH offered to clay is increased (Figures
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5.38 c and d); only 4 and 13 pph PEG600 are adsorbed from 10 and 30 pph 

PEG600 offered, respectively when 90 pph PVOH is offered. This data again 

shows that PVOH has a higher affinity for the clay than that of PEG600.

The adsorption data shown in Figure 5.38 is presented as a function of 

“free organic” concentration in Figures 5.39 a and b. The amount of PVOH 

adsorbed by clay increases sharply and then continues to increase gradually as 

more is offered, the transition occurs at -0.0003 g/ml in the presence of 1,10 or 

30 pph PEG600. Since the transition occurred in the binary system at -0.0005 

g/ml, this result indicates that the amount of PVOH adsorbed by clay is 

increased in the tertiary system i.e. in the presence of PEG600. This can be 

seen over the whole PVOH concentration range in Figure 5.39 a, which shows 

the amount of PVOH adsorbed in the tertiary system (red line) is always higher 

than that in the binary system (black line). The increased amount of PVOH 

adsorbed by clay in the tertiary system compared to binary system may be due 

to small amounts of PEG600 allow more PVOH to adsorb on the clay by acting 

as a compatibilising agent. The amount of PEG600 adsorbed by clay is reduced 

when any amount of PVOH is introduced in the tertiary system (Figure 5.39 b). 

The reduced amount of PEG600 adsorbed in the tertiary system, compared to 

the binary system, may due to the increased adsorption of PVOH will drive the 

PEG600 away due to less space being present. In addition, the presence of 

PVOH on the clay will make the clay environment less hydrophilic which drives 

the PEG600 into solution. Similar trends in the competitive interaction of 

hydrophilic polymers onto clay was also observed by Chen [5.20] who found 

that clay preferred to adsorb PEG with a higher molecular weight (Mw 35000) 

than that with lower molecular weight (Mw 5000). The preferential intercalation 

of clay to PVOH than that of PEG600 may be explained by Carrado [5.11] and
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Bujdak [5.15] who reported that the basal Si-0 groups in the spaces between 

hydrated cations in the clay interlayer are relatively hydrophobic and so PVOH 

is preferentially adsorbed on these sites as PVOH is more hydrophobic than 

PEG600.

5.3.5. Effect of sequence of addition on the adsorption of PVOH and 

PEG600 onto clay from aqueous solution

As discussed in the previous section (Figure 5.15) it was shown by XRD 

that for the tertiary systems, route 3 (PEG600 is mixed first with clay, then 

PVOH is added later) produced higher d-spacings that those of route 1 

(PEG600 and PVOH is mixed first, then added to clay suspension) and route 2 

(PVOH and clay is mixed first, then PEG600 is added later), it was also 

established by VT-XRD results (section 5.16) that the difference was not due to 

the presence of additional water. This result revises a question as to whether 

this is due to a higher amount of PEGOO or PVOH adsorbed by clay in route 3 

than those of route 1 and route 2 or whether it's due to the molecular 

arrangement of PEG600 or PVOH within the clay gallery.

A wide range of PEG600 (1,10 and 30 pph) and PVOH (2, 10, 15 and 50 

pph) concentrations were offered to clay for routes 1, 2 and 3. Typical XRD 

patterns from PEG600/PVOH/Clay (10/50/100 pphy) films prepared from full 

suspension and from sediment are shown in Figure 5.40. They show that the d- 

spacings from all films prepared from the sediment are lower than those of films 

prepared from full suspension indicating that free organic enters the clay gallery 

when the films are dried. As already discussed in the previous section (Figures 

5.15 and 5.16) the d-spacing of films prepared from full suspension for route 3 

are higher than those of route 2 and route 3, however, the d-spacing of films
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prepared from sediment show no dissimilarity for all three routes suggesting 

that the route of mixing has no effect on the amount of organic adsorbed by clay 

when in suspension.

PEG600(10pph)/PVOH(50pph)/Clay(100pph)

30000
Full suspension

Sediment
25000

20000

3 15000 Route 3

10000

Route 2

5000

Route 1

2 4 6 8 10 12

"20

Figure 5.40. Typical XRD patterns from PEG600/PVOH/clay composites 
prepared by routes 1, 2 and 3. For each route the amount of PEG600, 
PVOH and clay are 10, 50 and 100 pph, respectively and prepared from 
full suspension or from sediment after centrifugation.
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Figure 5.41. Competitive 
adsorption of PEG600 and 
PVOH onto clay from aqueous 
solution for route 1 (R1), route 
2 (R2) and route 3 (R3) in 
tertiary system (continued 
from previous page)

The amounts of PEG600 and PVOH adsorbed by clay within the three

routes are given in Figure 5.41, which shows that there are no significant

differencies in the amounts adsorbed by clay for either routes 1, 2 and 3. This

suggests that the higher d-spacings from films prepared by route 3 than those

of route 1 and route 2 via the full suspension are not due to higher amounts of

PEG600 nor PVOH adsorbed by clay, but rather different molecular

arrangements in which the free PEG600 or PVOH molecules are organized or

associated with the clay upon drying. Perhaps the strong PEG600-clay

interactions and their immobility when adsorbed to the clay surface and the

subsequent irregular packing of the bulkier PVOH molecules leads to an

increased number of molecular chains overlapping and as a result an increased

dooi-spacing. The strong PEG600-clay interactions and their immobility is

supported by the desorption experiment discussed in Chapter 6, which shows

that PEG600 cannot be easily washed away (up to 10 washes with water) when

present in the gallery as a full single layer. Conversely, when the bulkier PVOH

(radius of gyration Rg *  55 A for 1 % PVOH solution in water [5.21]) is allowed

to adsorb on the clay surface first, the smaller PEG600 (Rg » 8-25 A depends
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on PEG concentration and the type of salt [5.22]) molecules are able to neatly 

fill any spaces thus resulting in a better packing density and hence lower d- 

spacings.
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Adsorption of PEG2000, M600 and QM600 

onto clay in the absence and 

presence of PVOH
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6.1. Adsorption of PEG2000 or M600 onto clay from aqueous solution in 

the absence of PVOH

A wide range of PEG2000 and M600 concentrations were offered (2 to 

90 wt%) to clay and their XRD traces are presented in Figures 6.1 a and b, 

respectively alongside a plot of their respective dooi-spacings in Figure 6.1 c 

and d. They show the amount of PEG2000 or M600 associated with clay 

increases as the amount of PEG2000 or M600 offered to clay increases. As the 

concentration of PEG2000 or M600 offered to clay increases, step changes 

occur as the gallery expands from a depleted single layer to a fully loaded 

single layer and then a bilayer structure. Only intercalated structures are 

observed for the whole range of complexes prepared from full suspension or 

sediment after centrifugation. Only intercalated structures with a maximum of a 

bilayer structure for PEG was also reported by Chen [6.1].

When the amount of PEG2000 offered to clay is 23 wt% or when the 

amount of M600 offered to clay is 13 wt%, the d-spacings of the films prepared 

from the sediment (AC film) are lower than those prepared from full suspension 

(BC film). This indicates that excess PEG2000 or M600 present in the 

supernatant enters the clay gallery when the films from suspension are dried. At 

13 wt% PEG600 and below or 9 wt% M600 and below, no significant 

differences are observed in the d-spacings between AC and BC films and so 

indicate that all PEG2000 or M600 is all adsorbed onto clay.

XRD data suggests excess PEG2000 or M600 no longer enters the clay 

gallery when offered at 50 wt% and above suggesting the clay is fully loaded 

with little space remaining to accommodate more molecules.
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Figure 6.1. XRD patterns of a) PEG2000/clay and b) M600/clay composites 
prepared from full suspension (full lined traces: BC) or sediment after 
centrifugation (dashed traces: AC). Their respective d-spacings are plotted 
against concentration of c) PEG2000 or d) M600
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Figure 6.2. Data from adsorption experiment (centrifugation approach) 
of PEG2000 and M600 onto clay from aqueous solution

Figure 6.2 presents adsorption data of PEG2000 or M600 onto clay from 

aqueous solution obtained via the centrifugation approach, which shows that 

most, if not all PEG2000 or M600 is absorbed by clay when offered at 13 wt% 

or below. This result is supported by XRD data (Figure 6.1), which shows that 

there is free organic in the supernatant when offered to clay at around 13 wt% 

for M600 and around 23 wt% for PEG2000. The percentage of free PEG2000 or 

M600 is higher than that in the gallery when offered at concentrations ~45 wt% 

and ~33 wt%, respectively. This relates to the observation in XRD traces (Figure 

6.1) which suggests free PEG2000 or M600 no longer enters the clay gallery 

when offered at >50 wt%. The results show that the amount of PEG2000 

adsorbed by clay is higher than that of M600 suggesting that PEG2000 has a 

higher affinity to clay than M600.
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6.2. Comparison of PVOH and plasticizer (PEG600, PEG2000, and M600) 

adsorption onto clay in binary systems from aqueous solution

Figure 6.3 compares XRD traces of PVOH/clay and plasticizer/clay 

composites films prepared from sediment after centrifugation and shows that all 

structures are intercalated. The highest d-spacings observed in PEG600, M600, 

or PEG2000/clay composites indicate bilayer structures are present, whilst 

those for PVOH indicate multilayer structures are present. The d-spacings of 

PEG600/clay composite systems are generally the lowest, whilst those of 

PVOH/clay composites are only the highest when loadings are greater than 9 

wt%. At 23 wt% and below, the d-spacings of M600 are higher those of 

PEG2000 and PEG600, but at 50 wt% and above the d-spacings of PEG600, 

M600 and PEG2000 composites become similar.
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Figure 6.3. XRD traces of organic/clay binary systems for PEG600, M600, 
PEG2000 and PVOH from films prepared from sediment after 
centrifugation. Traces are offset for clarity

The amounts of PVOH and plasticizers; PEG600, M600 and PEG2000

adsorbed by clay as a function of organic offered are given in Figure 6.4. They

shows that all the PVOH or plasticizers are adsorbed when offered at

concentration < 9 wt%. The respective XRD traces, Figure 6.3, show that even

though the composites have the same organic loadings, the d-spacings are

different. This reflects the differences in how the molecules are arranged within

the gallery and will be discussed in more detail later. At all concentrations above

10 wt%, the amounts of PVOH adsorbed by clay are always higher than those

of the plasticizers. Also more PEG2000 is adsorbed than M600 and the least
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amount adsorbed is always PEG600. These results are not generally reflected 

in the XRD traces since those of M600/clay complexes show higher d-spacings 

than those of PEG2000, even though higher amounts of the latter are adsorbed. 

This again reflects the arrangement of the molecules within the gallery, rather 

than the amounts adsorbed by the clay. PVOH always shows a higher d- 

spacing, presumably due to both molecular arrangement and higher amounts 

adsorbed. The opposite is observed for the PEG600 complexes where the d- 

spacings of PEG2000 are always higher than those of PEG600. The reason 

may due to either PEG2000 having fewer terminal OH groups or the longer 

chains have a different molecular arrangement and radius of gyration. In 

summary, PVOH has the highest affinity to clay, followed by PEG2000, then 

M600 and finally PEG600.
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— X — P E G 2 0 0 0  g a l l e r y  

— E 3 ~  P E G G O O  f r e e
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P V O H  g a l l e r y  

♦ -  M G O O  f r e e

K - P E G 2 0 0 0 f r e e  P V O H  f r e e

eo lO E
O lO  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  lO O

O rg a n ic  o f fe r e d  (w t% )

Figure 6.4. Comparison of adsorption data for organic gallery and 
free organic as a function of organic offered.
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Figure 6.5. Organic uptake by clay as a function of “free organic” 
concentration ranges up to a) 0.5 g/ml and b) 0.005 g/ml

The adsorption data of PVOH and plasticizers onto clay plotted as a

function of free organic concentration (Figures 6.5 a and b) shows Langmuir-

type adsorption, since the amount of organic associated with the clay increases

sharply as the amount offered increases and then continues to increase

gradually as more is offered. Free PVOH is observed at concentrations of 23

wt% and above whilst free plasticizer it is observed at concentrations of 13 wt%
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and above. Preferential intercalation of PEG to clay (MMT) was also reported by 

Parfitt [6.2] who reported that PEG with high molecular weight has a higher 

affinity to the clay than that of PEG with a lower molecular weight.

6.3. Adsorption of Quatemized M600 (QM600) onto clay from aqueous 

solution in the absence of PVOH

Quaternization methods of amino PEGs have been described in the 

literature [6.3-6.5J and the chemical reaction can be stated as follows:

(R -  NH2) + 3(CH3I)  + 2(NaO -  C =  0  -  OH)

-> ( /? - N +(CH3)3r ' )  +  2{Nat) + 2(C02) +  2(tf20 )

The raw chemicals for the reaction are R-NH2 (IVI600), CH3 I (methyl 

iodide) and NaHC0 3  (sodium bicarbonate). The main product is R-N+(CH3)3 l' 

(QM600) with by-products Nal (sodium iodide), H2O (water) and CO2 (carbon 

dioxide). The by-product (sodium iodide) was unable to be washed from QM600 

using either diethyl ether or hot chloroform. Although the washing procedure 

was performed the sodium iodide was still present in the main product (QM600) 

as shown by Na analysis using XRF (3.4 wt% Na2 0 ) and ICP-MS (performed by 

Medac Ltd) (2.51 wt%). Therefore, any amount of product (QM600) offered to 

clay accounted for the by-product. The successful quaternization of M600 was 

evidenced by NMR and FTIR. The differences in the 1H NMR spectra of M600 

and QM600, highlighted in Table 1, indicated that QM600 had been produced 

as shown by the disappearance of peaks due to N-H and the appearance of a 

peak due to protons in the group N-(CH3)3- The formation of the N-(CH3 )3  group 

appeared in the QM600 sample as a singlet at 3.45 in deuterated chloroform 

and 3.1 ppm in deuterated water, respectively. There was no evidence in the 

NMR data to suggest that the intermediate products R-NH(CH3) or R-N(CH3 )2
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were present, either the reaction went to completion or these were removed 

during the washing stages. NMR results are supported by FTIR data presented 

in Figures 6.6 a and b. Figure 6.6 a shows that the N-H stretching bands of 

M600 (at 3358, 3278 and 3168 cm'1) [6.6] are not clearly present in that of 

QM600. QM600 is very hygroscopic and so the O-H stretching bands of the 

associated water make it difficult to confirm the disappearance of the N-H 

bands, this was also the case when the majority of water was removed by 

heating the sample to 60 °C. Supporting evidence for the quanternisation 

reaction is the C-H stretching band from N-(CH3 )3  located at 2995 cm-1, which is 

observed in QM600 and not M600. The intensity ratios of the C-H stretching 

bands (from CH3 , CH2) O-CH2) [6.6] do change, but it is not possible to infer the 

conversion of M600 to QM600 from them. Figure 6.6 b shows i) that the band at 

1392 cm'1 relating to -N(CH3 )3  symmetric bending [6.6] only appears in QM600, 

ii) the band at 1105 cm'1 in M600, which relates to the C-N stretching vibration 

of the CH-NH2 group and or C-0 anti-symmetric stretching [6.6] is prominent, 

whilst those are prominent at 1119 and 1078 cm'1 in QM600 and iii) the N-H 

deformation band at 1579 cm-1 is present in M600, but not clearly present in 

QM600.
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Table 1. Characteristic chemical shifts in the 1H NMR spectra of M600 and QM600 

when using CDCI3 or D20  as solvent

H NMR

Bruker Avance111, 400

CDCI3 D20

M600 QM600 M600 QM600

N-(CH3)3 n/a 3.45 (s) n/a 3.1*

n h 2 expected n/a Becomes n/a
deuterated

1.8-2.8, therefore
but no peak+ disappears.

* observed at 3.65 for the simi ar a-amino-cjj-methoxy-PEGs hat were
quaternized in Mongondry's paper [6.5].

4*
solubility effects were considered the reason for absence of peaks.
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Figure 6.7. Amounts of QM600 exchanged as a function of QM600 offered 
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TGA or XRF measurement.

The amounts of QM600 exchanged on clay as a function of QM600

offered is presented in terms of cation exchange capacity (CEC) and g/g clay in

Figure 6.7 a and b, respectively. TGA, XRF and CHN analysis were used to

determine the amounts exchanged. XRF determines the amount by differences

in Na ion content, TGA by the weight loss in the region due to degradation of

QM600 and CHN analysis by determining their relative amounts by combustion

analysis and elemental analysers (performed by Medac Ltd). Figures 6.7 a and
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b show that the amount of QM600 exchanged increases as the amount of 

QM600 offered is increased, but levels off when ~0.75 x CEC or 42 wt% of 

QM600 is offered. There are discrepancies within each technique used to 

calculate the amounts adsorbed, due to errors associated with each technique 

e.g. sensitivity and errors related to unknown water content, but it is accepted 

that approximately a maximum of about 0.65 x CEC or 0.43 g/g clay of QM600 

is able to be exchanged onto the clay.

35000
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u  15000

10000
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6 8 10 122 4
°20

Figure 6.8. XRD patterns of QM600 exchanged clay

XRD traces collected from QM600/clay complexes are presented in 

Figure 6.8 and show that QM600 has entered the gallery for the whole range of 

clay loadings. The QM600/clay samples were prepared from aqueous 

suspensions that had been washed after mixing and are therefore more 

comparable to previous PEG, M600 and PVOH samples prepared from the 

sediment after centrifugation. Also, the amounts of QM600 offered to clay are 

much higher in comparison to the amounts of PVOH and other plasticizers
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added. Three steps are observed in the d-spacings as the concentration of 

QM600 increases, a depleted single layer (at 2 wt%) to a fully loaded single 

layer (at 10 wt%) and then a bilayer structure (> 23 wt%).

6.4. Competitive adsorption of PVOH and M600 onto clay from aqueous 

solution

Adsorption experiments via a centrifugation approach along with XRD 

was used to investigate the amounts of PVOH and M600 adsorbed by clay.

6.4.1. Quantification of the amount of PVOH and M600 adsorbed by clay

The amount of M600 adsorbed by clay in the binary suspension systems 

was calculated by the amount of M600 offered to the clay minus the amount 

gravimetrically determined in the supernatant (free M600). It is shown in the 

TGA data of M600, PVOH and M600/PVOH mixtures (Figure 6.9) that the 

weight loss below 300 °C is predominantly due to PVOH, whereas that above 

300 °C is due to M600 and a secondary degradation product of PVOH. If the 

weight loss of the 1st peak (132-b °C) is plotted against the actual PVOH 

content a linear relation is noted, which is described in the following equation:

y=0.3142x + 44.562 (2)

where y is the PVOH content, and x is the weight loss of the first peak (132-b

°C). The reason for the starting temperature is fixed at 132 °C as it does not

depend on M600/PVOH concentration whilst the end temperature (b) is PVOH

and PEG concentration dependent. The end temperature (b) value for each

PEG/PVOH mixture is the minimum temperature between the second peak and

the third peak. The amount of M600 in the supernatant of the tertiary systems is

obtained from the total amount of free organic in the supernatant, which is
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determined gravimetrically, minus the amount of PVOH in the supernatant 

determined by TGA. The relative amounts of M600 and PVOH associated with 

the clay are then obtained. The above equation has been tested and the error in 

each determination is less than ±1 %.
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Figure 6.9. DTG’s of M600, PVOH and PEG600/PVOH mixtures

6.4.2. Adsorption of PVOH and M600 onto clay from aqueous solution

For the competitive studies, a selected range of M600 (1, 10 and 30 

pph) and PVOH (2, 10, 15 and 50 pph) concentrations were offered to clay. The 

XRD traces and d-spacings are presented in Figures 6.10 a (low M600 

concentration; 1 pph), 6.10 b (medium M600 concentration; 10 pph) and 6.10 c 

(large M600 concentration; 30 pph). Only intercalated structures were observed 

whether prepared from the full suspension or sediment after centrifugation. The 

amounts of M600 and/or PVOH adsorbed by clay increases with the amount of
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M600 and/or PVOH offered as evidenced by the increases in d-spacing, the 

exception is when PVOH is offered between 2-15 pph at 30 pph M600. When 

comparing the d-spacings of the tertiary systems with those of the PVOH/clay 

binary systems (2, 5, 11, 17 and 50 pph PVOH), it shows that they are only 

slightly higher when the amount of M600 offered is only small (1 pph). When 

higher amounts of M600 (10 and 30 pph) are offered to clay in the tertiary 

systems (Figures 6.10 b and c) more significant increases in the d-spacings are 

observed. These increases are due to both M600 and PVOH being present in 

the clay gallery.

XRD traces of films from the full suspension are very similar to those 

from the sediment when the concentration of M600 is 1, 10 and 30 pph and the 

concentration of PVOH is between 2-15 pph. This suggests little excess M600 

or PVOH is present in the supernatant.

Figure 6.10 c shows that the d-spacings of the tertiary systems are only 

slightly higher than the M600/clay binary system (M600 = 30 pph and PVOH = 0 

pph) when the amount of PVOH offered to clay is between 2-15 pph, suggesting 

that these amounts of PVOH and M600 are not enough to expand the clay 

gallery. However, significant increase in d-spacing is observed when the 

amount of PVOH offered is 50 pph.

159



M
60

0/
PV

O
H

/C
la

y
Fu

ll 
su

sp
en

sio
n 

..
..

..
 

Se
di

m
en

t 
 

 
PV

OH
 

co
nt

en
t

.c  .<= •£o. o. O. .c £Q. Q . Q. Q . O"
o  m o  r-
Ifl H  ^  N  ®

04

8 Ss
g

8sI

l i

f ti~4 »HI  I

i  £  I  X§ §
y £ £<  -c .c 
> 0 - 0 .

I l l

:
(v) 8upeds-p

o. a. a. x:
g  Q . Q. Q .
O  m o  aK H H N

JC
Q.
a.
o

I

§ s

s s 2 2» ♦

❖4

04

O ♦444

o  a

N  N  N  N
(y) §upeds-p

o  Q . O . -C  -C
q .  Q . Q . Q . g -  o ^  o
1/) H  H  N  O

f \  r1]

§

u<
4 4
cl ag g 
I  I
u  u

XLCLCL — 
CL CL

X
X  XO O 
>  >  a . c l

JC Z  
Q. Q.
a  a.H HOS2♦

r- in m

o

O
o  X  O >

(y) 9upeds-p Fig
ur

e 
6.

10
. 

XR
D 

pa
tte

rn
s 

an
d 

d-
sp

ac
in

gs
 

of 
M

60
0/

PV
OH

/C
la

y 
na

no
co

m
po

si
te

s 
pr

ep
ar

ed
 

fro
m 

su
sp

en
si

on
 

(B
C)

 a
nd

 
fro

m 
se

di
m

en
t 

(A
C)

 w
he

n 
am

ou
nt

s 
of 

cla
y 

is 
10

0 
pp

h 
an

d 
M6

00
 

are
 

a) 
1 

pp
h,

 b
) 

10 
pp

h 
an

d 
c) 

30 
pp

h.



(au;| pqasep) 

(qdd) uopn|os U|
o o o o o
in «# m n  n

o o o o o o
in «fr , ft) (N n

(au;| pi|os)

(qdd) Aep uo paqjospe jo pajayo g

c ~
41 £  
m q. 
4) a

ao
iS
% ° <0 o
CO 2
41 0  Uc
4)VI
<

& J2 
o e>

(3Uj| paqsep)

(qdd) uo;in|osu|
o o o o o
in ^  m N h  o

o
in

o o o o o o
in <3" ft) N  H

(au;i p||os)

(qdd) Aep uo paqjospe jo paja^o

o o o o o o
in ft) N  r f

(auj| pjios)
(qdd) Aep uo paqjospy g

(au;| paqsep) 

(qdd)uojin|osui
o o o o o
in ft) M  r t

(auq paqsep) 
(qdd) uo|in|os u|

(au;i p;|os)
(qdd) Aep uo paqjospe jo pajajjO S

Fig
ur

e 
6.

11
. 

Co
m

pe
tit

iv
e 

ad
so

rp
tio

n 
da

ta 
of 

PV
OH

 
an

d 
M6

00
 

on
to 

cla
y 

fro
m 

aq
ue

ou
s 

so
lu

tio
n 

in 
te

rti
ar

y 
sy

ste
m 

(T
S)

 (
a)

 
an

d 
its 

co
m

pa
ris

on
 

wi
th 

PV
OH

/c
la

y 
bin

ar
y 

sy
ste

m 
wh

en
 

the
 

am
ou

nt
 o

f 
M6

00
 

is 
co

ns
ta

nt
; 

1 
(b

), 
10 

(c
), 

an
d 

30 
pp

h 
(d

)



The combined amounts of PVOH and M600 adsorbed onto clay when 

the concentration of M600 is fixed at 1, 10 and 30 pph are shown in Figure 6.11

а. In general, the combined amount of PVOH and M600 adsorbed onto clay and 

that in solution increases as the amount of PVOH or M600 offered to the clay 

increases. The exception appears to occur when 50 pph PVOH and 30 pph 

M600 are offered to the clay since the combined amount adsorbed (53 pph) is 

slightly lower than that when 50 pph PVOH and 10 pph M600 are offered (55 

pph). Although the data points for these two experiments are quite similar and 

perhaps within the error of the experiment, the respective XRD traces presented 

in Figures 6.11 b and c (after centrifugation) show that on average a larger d- 

spacing is observed when 10 pph M600 (22.7 A) is present compared to when 

30 pph M600 (21.3 A) is present indicating more adsorption on the former. It is 

interesting to note that when the concentration of M600 is constant at 30 pph 

the excess of total organic reduces when only 2 pph PVOH is offered to clay, 

showing that PVOH encourages the adsorption of M600. The total organic in 

solution then increases again when PVOH is offered above 2 pph.

The individual amounts of PVOH and M600 adsorbed on clay when 

M600 concentration is kept constant at 1, 10 and 30 pph is shown in Figures

б.11 b, c and d, respectively. When the amount of M600 is fixed at 1 pph 

(Figure 6.11 b) the amount of PVOH adsorbed is very similar to that offered and 

only begins to slightly deviate (i.e. less is adsorbed by clay) at concentrations 

greater than 35 pph; only 4 pph PVOH are in solution when 50 pph PVOH are 

offered. Most, if not all, of the M600 is absorbed by the clay and so any organic 

present in solution is due to PVOH.

The amounts of PVOH adsorbed onto clay are very similar when the 

amount of M600 is fixed at either 1 or 10 pph (Figure 6.11 b and c, respectively).
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In the tertiary systems most of the M600 is adsorbed when offered at a 

concentration of 10 pph; at 15 and 50 pph PVOH only 1.5 and 3 pph M600 

remains in solution, respectively, which is similar to that of PVOH alone. Also, 

the amounts of PVOH adsorbed in the presence of 1 and 10 pph M600 are very 

similar with those in the absence of M600, the amounts of PVOH in solution 

only begin to be observed at concentrations greater than 35 pph.

_ o .W> — 0,
jo* 0,
£>o.
^0.
-O 0.<l>
m 0
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§ °o.

PVOH uptake in the  absence (BS) and  
presence (TS) o f M 60 0  (x.pph)

■  BS D TS -l ■  TS-10 ■TS-30
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a)

4
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M600 concentration (g/m l)
0.008

Figure 6.12. Competitive adsorption data of M600 and PVOH onto clay from 
aqueous solution. TS represents the tertiary systems, whereas BS represents the 
binary systems, the associated numbers represent the concentrations of PVOH or 
M600 offered.
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When 30 pph M600 (Figure 6.11 d) is offered in the tertiary system the 

amounts of PVOH adsorbed are greatly reduced, when 50 pph PVOH is offered 

12 pph PVOH remain in solution. The amount of M600 adsorbed by clay in the 

presence of PVOH is higher than in the absence of PVOH when PVOH offered 

is below 20 pph, only a small amount of PVOH (2 pph) is required to entice the 

M600 onto the clay. At higher concentrations of PVOH (>20 pph) the portion of 

the 30 pph M600 adsorbed by clay, relative to the binary system, is reduced 

such that 15 pph M600 remain in solution when 50 pph PVOH is offered.

The same competitive adsorption data of M600 and PVOH on clay is 

given in Figure 6.12 a and b, but presented as a function of “free organic” 

concentration. Generally, the amount of PVOH or M600 adsorbed by clay 

increases with increasing amount PVOH or M600 offered. The amount of PVOH 

adsorbed is not affected significantly when M600 is present at 1 and 10 pph, but 

does decrease considerably when the amount of M600 offered is 30 pph. When 

M600 is present at 30 pph a certain amount of PVOH is needed before it is 

adsorbed onto clay since no PVOH is absorbed when offered at 2 pph (Figure

6.12 a), this amount is between 2 and 10 pph PVOH.

6.5. Adsorption of PVOH onto cation-exchanged QM600-clay

The adsorption of PVOH (2, 10, 15, 50 and 90 pph) on clay that has 

been modified with different amounts of QM600 (2, 10 and 30 pph) has been 

investigated. The concentrations of QM600 (2, 10 and 30 pph) refer to the 

amounts exchanged after washing and were derived from TGA, XRF and CHN 

analysis, they equate to modifications equal to 0.04, 0.32 and 0.42 x CEC, 

respectively (Figure 6.7). The XRD traces and corresponding d-spacings are 

presented in Figure 6.13 a (low QM600 concentration 2 pph), Figure 6.13 b
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(medium QM600 concentration 10 pph) and Figure 6.13 c (large QM600 

concentration 30pph). All composites prepared from either the full suspension 

or sediment showed intercalated structures. The increases in d-spacings 

suggest that the amounts of PVOH adsorbed on QM600/clay increase as the 

amount of PVOH offered is increased.

Figure 6.13 a shows that the d-spacings increase significantly when 

QM600 is present at 2 pph when compared to those in its absence showing that 

the immobility of QM600 in the clay gallery promotes the adsorption of PVOH 

within gallery. The replacement of sodium cations and their hydrated shells by 

QM600 presumably makes the gallery more hydrophobic and thus a more 

attractive environment for the PVOH. It needs to be emphasised that XRD only 

indicates the amount of organic adsorbed in the gallery and not the total amount 

adsorbed since organic material can adsorb at the edges of clay layers, and 

also at the top and bottom of clay stacks.

Lower d-spacings are only observed in films prepared from sediment, 

when compared to those from suspension, when the concentration of QM600 is 

2 pph QM600 and that of PVOH is between 2-90 pph Figure 6.13 a) and also 10 

pph QM600 and between 2-90 pph PVOH (Figures 6.13 b) suggesting that 

excess PVOH in the supernatant enters the day galley when the films are dried. 

With 10 pph QM600, little difference in d-spacings are observed between films 

prepared from full suspension and sediment at PVOH concentrations of 50 and 

90 pph suggesting that little excess PVOH is present.
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No differences in d-spacings between films prepared from full 

suspension and sediment were observed when 30 pph QM600 and 2-90 pph 

PVOH were present (Figure 6.13 c) suggesting that QM600 is the dominant 

phase in the clay gallery, this is not too surprising since it is anchored in 

position. It suggests that the presence of 30 pph QM600 creates a gallery that is 

difficult for PVOH to enter the gallery, which may be due to strong interactive 

forces created by the QM600 in the gallery keeping the silicate layers together 

or it creates a too hydrophobic environment for the PVOH to enter. A balance 

between the amount of QM600 and PVOH present may need to be met in order 

for gallery expansion to be greater than 20 A.

The combined total amounts of PVOH and QM600 adsorbed on clay 

which have been modified with constant amounts of QM600, i.e. 2, 10 and 30 

pph are shown in Figure 6.14 a. In general, the combined amounts of PVOH 

and QM600 adsorbed onto clay and that in solution increase as the amount of 

PVOH is increased and QM600 kept constant. Up to a concentration of 50 pph 

PVOH, the highest amount of total organic adsorbed occurs when 10 pph 

QM600 is present, whereas the least occurs when 30 pph QM600 is present. 

When PVOH is present at a concentration of 90 pph and QM600 is present 2 

pph the combined amount adsorbed (72 pph) is higher than those when 10 and 

30 pph QM600 are offered (66 and 49 pph, respectively). This is reflected in the 

respective XRD traces presented in Figure 6.13 a, b and c (after centrifugation), 

which show that a larger d-spacing at 90 pph PVOH is observed when 2 pph 

QM600 (30.7 A) is present compared to when 10 pph QM600 (average d- 

spacing of 26.9 A) and 30 pph QM600 (19.1 A) indicating more adsorption on 

the former.
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The individual amounts of PVOH adsorbed during the competitive 

adsorption of PVOH in the absence and presence of 2, 10 and 30 pph QM600 

are shown in Figures 6.14 b, c and d, respectively. When the amount of QM600 

is fixed at 2 pph (Figure 6.14 b) the amounts of PVOH adsorbed are very similar 

to those offered as the concentration of PVOH is increased, but deviates at 

concentrations greater than 35 pph; 20 pph PVOH are in solution when 90 pph 

PVOH are offered. The amount of PVOH adsorbed in the presence of 2 pph 

QM600 is greater than that in the absence of QM600 when PVOH concentration 

is greater than 50 pph showing that the presence of QM600 promotes the 

adsorption of PVOH onto clay.

When the amount of QM600 is fixed at 10 pph (Figure 6.14 c) the 

amount of PVOH adsorbed is less than that in the absence of QM600; 33 pph 

PVOH are in solution when 90 pph PVOH are offered in the presence of QM600, 

but only 27 pph in its absence. The amount of PVOH adsorbed, when offered at 

90 pph is also reduced from 70 to 57 pph when the presence of QM600 is 

increased from 2pph to 10 pph.

When the amount of QM600 is fixed at 30 pph (Figure 6.14 d) the 

amounts of PVOH adsorbed are less than when QM600 is fixed at 2 or 10 pph 

and considerably less when in the absence of QM600. PVOH concentration in 

solution is greater than those adsorbed on clay. The amount of PVOH adsorbed 

is greatly to 20 pph when QM600 is present 30 pph.
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PVOH uptake in the absence (BS) and 
presence (TS) of Q M 600 (x.pph)

■ BS XTS-1 X TS-10 XTS-30

,90 pph

X 50 pph

.0 X X
0.000 0.005 0.010 0.015 0.020

PVOH co n cen tra tio n  (g /m l)

0.025

Figure 6.15. Competitive adsorption of PVOH onto clay from aqueous solution in 
the present of QM600 (tertiary system-TS) and its comparison with that in the 
binary system (BS).

The same adsorption data of PVOH on clay in the absence (binary 

system) and presence of QM600 (tertiary system), but presented as a function 

of “free organic” concentration is given in Figure 6.15. Generally, the amount of 

PVOH adsorbed by clay increases with increasing amount of PVOH offered.

The amount of PVOH adsorbed on clay in the tertiary system is lower than that 

in the binary system when QM600 is present at 10 pph and 30 pph, whereas it 

is similar when QM600 is present at 2 pph, the exception is when 90 pph PVOH 

is present which shows a higher amount of PVOH adsorbed.

6.6. Comparison of PVOH adsorption from aqueous solution in the 

presence of PEG600, M600 and QM600

Several XRD traces of PEG600/PVOH/clay, M600/PVOH/clay and

QM600/PVOH/clay films prepared from sediment after centrifugation are

presented in Figures 6.16 a, b and c, respectively. Figure 6.16 a shows that

when small amounts of plasticizer (PEG600 and M600 = 2pph and QM600 = 1

pph) are mixed with PVOH and clay the highest d-spacings are always
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pph) are mixed with PVOH and clay the highest d-spacings are always 

observed with QM600. Figure 6.16 b shows that with medium amounts of 

plasticizer (10 pph) and PVOH amounts of 2-15 pph the highest d-spacings are 

observed with M600, followed by QM600 and then PEG600, but when the 

amounts of PVOH offered are between 50-90 pph, the highest are observed 

with PEG600, followed by QM600 and then M600. Figure 6.16 c shows that with 

high amounts of plasticizer (30 pph) and PVOH amounts of 2-10 pph the 

highest d-spacings are observed with M600, followed by QM600 and then 

PEG600, but when the amount of PVOH offered is 15 pph similar d-spacings 

are observed with QM600 and PEG600 and that these are higher than with 

M600.
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Figures 6.17 a, b and c show that the combined amounts of PVOH and 

plasticizer adsorbed on clay increase with increasing amount of PVOH offered 

when the amount of each plasticizer remains constant. The combined amounts 

of PVOH and plasticizer adsorbed on clay are very similar when the 

concentration of PEG600, M600 or QM600 is < 10 pph and the amount of 

PVOH is £ 50 pph (Figure 6.17 a and b). However, when the amount of PVOH 

offered is 90 pph the combined amount of PVOH and PEG600 is greater than 

that of PVOH and QM600; i.e. 79 pph are observed when the amount of 

PEG600 is 10 pph, whereas only 67 pph are adsorbed with 10 pph QM600. 

Figure 6.17 c shows that when the plasticizer concentration is fixed at 30 pph 

and the amount of PVOH offered is below 12 pph the combined amounts of 

PVOH and plasticizer adsorbed by clay are lower in the presence of PEG600 

than those in the presence of M600 or QM600, but higher when the amount of 

PVOH offered is above 12 pph.
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Further explanation of the data in Figure 6.17 is given in Figure 6.18, 

which presents the individual amounts of PVOH and plasticizer (PEG600, M600 

and QM600) adsorbed by the clay. The amounts in solution are not presented. 

The data shows that more PVOH is adsorbed by clay when PEG600 is present 

and that PEG600 is the lowest amount of plasticizer adsorbed by clay in the 

presence of PVOH.

Figure 6.18 a shows that when PVOH offered is < 15 pph its adsorption 

by clay is not affected by the presence of small amounts of plasticizers ( 1  pph 

PEG600, 1 pph M600 or 2 pph QM600) and the amount adsorbed only 

decreases from that offered when at concentrations higher than ~50 pph. When 

PVOH offered is 90 pph, the amount of PVOH adsorbed is higher in the 

presence of 1 pph PEG600 (i.e. 79 pph) than 2 pph QM600 (i.e. 70 pph). The 

amounts of plasticizer at these low levels that are adsorbed by clay are very 

similar since most, if not all, is adsorbed in the PVOH range of 2-90 pph.

Figure 6.18 b shows that when the amounts of PVOH offered are ^ 50 

pph the amounts of PVOH adsorbed by clay are similar in the presence of 10 

pph PEG600 or M600, and less in the presence of 10 pph QM600.

Figure 6.18 c shows that with high plasticizer concentrations (30 pph) the 

amounts of PVOH adsorbed by clay are quite different, with respect to each 

plasticizer, even when PVOH is offered at < 15 pph. The amount of PVOH 

adsorbed in the presence of QM600 is considerably lower than that in the 

presence of PEG600 or M600. A noticeable difference is also observed 

between the amounts of PEG600 and M600, in which more PVOH is adsorbed 

in the presence of PEG600.
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Figure 6.19. Adsorption data of a) PVOH from aqueous solution in the 
presence of varying plasticizer (PEG600, M600 and QM600) concentrations 
and b) adsorption data of PEG600 and M600 from aqueous solution in the 
presence of varying PVOH concentrations

The adsorption data of PVOH in the presence of plasticizers (PEG600,

M600 and QM600) as a function of solution concentration is shown in Figure

6.19 a and shows that the amount of PVOH adsorbed by clay is not affected by

the concentration of PEG600, but does reduce when the concentration of M600

is increased to 30 pph. A reduction in PVOH adsorption is also observed, in

comparison to those of PEG600 and M600, when the concentration of QM600
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is increased from 1 to 10 and then 30 pph. Figure 6.19 b shows that the amount 

of PEG600 or M600 adsorbed by clay is reduced when the amount of PVOH 

offered is increased, and that the amount of PEG600 adsorbed is lower than 

M600 when equal amounts of PVOH are offered. The adsorption of these 

plasticizers in the presence of PVOH follows the same trend as in the absence 

of PVOH i.e. the amount of M600 adsorbed by clay is higher than PEG600 

(Figure 6.5)

6.7. Desorption of organics from aqueous solution

Desorption of selected organics, PEG600, PPG725, PPG2000 and 

PVOH from clay after being treated with a loading of 16.7 wt% by washing 10 

times with aliquots of deionised water has been investigated by XRD (Figures

6.20 and 6.21). Figure 6.20 a shows that after only one wash the mixed single 

and bilayer structure for PEG600/clay reduces to a single layer structure. Figure

6.20 b shows that after one wash the bilayer structure for PPG725/clay changes 

to a mixed bilayer and single layer structure, whereas Figure 6.21 a shows that 

the bilayer structure of PPG2000/clay does not change even after 10 washes. 

Figure 6.21 b shows that the mixed bilayer and single layer structure for 

PVOH/clay does not change even after 10 washes.
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Figure 6.22. a) Amounts of PEG600, PPG725, PPG2000 and PVOH adsorbed on clay before 
and after washing (numbers in graph represent the final wt% of organic remaining on the clay) 
and b) concentrations of PEG600, PPG725, PPG2000 and PVOH removed from the 
organic/clay complexes during successive washings.
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After 10 washes none of the organic/clay complexes collapsed to a d- 

spacing equal to the initial clay showing that once organic is adsorbed by clay it 

is very difficult (or even not possible) to be removed all by using water alone. It 

is shown in Figure 6.22 a that the amount of PVOH, PPG2000, PPG725 or 

PEG600 remaining on clay that could not be washed away is 16.3, 14.8, 12.2 

and 9 wt% respectively. This behaviour was also observed in PVOH/clay 

complexes by Chiellini [6 .8 ] and De Bussetti [6.9] who found that the adsorption 

process was almost irreversible as evidenced by no detectable amounts of 

PVOH being released from clay samples.

The amount of organic removed in the supernatant as a function of

number of washes is presented in Figure 6.22 b, which shows that the organic

concentrations reduced dramatically then levelled off after 6  washes for

PEG600, 5 washes for PPG725, 3 washes for PPG200 and 2 washes for

PVOH. The total amount of organic removed after 10 washes for PEG600,

PPG725, PPG2000 and PVOH is 0.1176, 0.0760, 0.0330 and 0.0058 g per 1 g

clay, respectively. The total amount of PPG725, PPG2000 and PVOH removed

is 1.55, 3.56 and 20.2 times lower than that of PEG600. Also it shows that in the

1st wash, the highest amount of organic removed was with PEG600, followed by

PPG725, PPG2000 and then PVOH. It is believed that most of the PEG600 or

PPG725 removed after one wash is adsorbed within the clay gallery, which is

supported by the XRD traces in Figure 6.20 which show reductions in d-

spacing. Since no reduction in d-spacing is observed after 2 washes, but

organic is still being removed it could be presumed that this organic is located at

the top and the bottom of clay stacks or at the edges of clay layers. This cannot

be ascertained with certainty using XRD, but it suggest that the organic

removed in the later washes doesn't significantly contribute to the d-spacing of
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the gallery and if present in the gallery are not as strongly adsorbed as those 

that remain. These same comments can also be applied to the PPG2000 and 

PVOH systems, since no changes in d-spacing are observed throughout the 1- 

10 washes. De Bussetti [6.9] and Strawhecker [6.10] showed adsorbed PVOH 

molecules were located not only in the clay gallery but also on the external 

surfaces. In summary, the order of affinity of organic to clay is PEG600 < 

PPG725 < PPG2000 < PVOH.
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Physical and barrier properties of PVOH films 

in the absence and presence of clay 

and/or PEG600
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7.1. Mechanical properties of PVOH/clay films

The mechanical properties of PVOH films with different amounts of clay 

loading (1, 3, 5, 10, 20 and 30 wt%) have been investigated by dynamic 

mechanical analysis (DMA) using a tension set up and within the temperature 

range of -50 to 150 °C. The samples were equilibrated in the humidity oven at 

23 °C and 85 % relative humidity (RH) for 24 hours before performing the DMA 

experiment. The sample was immediately transferred to the DMA from the oven 

and the experiment started, the humidity within the DMA chamber was not 

controlled and susceptible to atmospheric conditions during the cooling and 

heating cycle. The plot of tensile storage modulus (E1) as a function of 

temperature for PVOH and PVOH/clay composites are shown in Figure 7.1 a, 

which shows that in general the E  increases over the whole temperature range 

as the amount of clay added is increased. For example with introduction of 30 

wt% clay, the E’ at -50 °C increases from « 3 x 109 to 14.3 x 109 Pascal (Pa), 

which is 4.76 times higher than pure PVOH. Also at 150 °C, E increases from 6  

x 108 to 2.2 x 109 Pa, which is 3.66 times higher than pure PVOH.

The plot of log E  as a function of temperature is given in Figure 7.1 b 

and shows that for PVOH alone, the log E  gradual decreases as it is heated 

from -50 to 5  °C (which relates to fc transition), then sudden decreases as it is 

further heated to 50 °C (which relates to a transition) and then gradually 

increases as it is heated to 1 1 0  °C (which relates to the rearrangement of 

polymer molecules due to loss of water [7.1]), it is finally followed by a further 

decrease when heated above 120 °C which relates to its softening point. 

Generally, the same trends are observed for the samples containing clay, but 

the extent of decrease between 5 to 50 °C and the extent of increase between ® 

50 to 100 °C become less as clay loading increases. At 20 and 30 wt% clay,
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little increase is observed between « 50 to 100 °C. The general background 

increase in tensile storage modulus between 50 to 1 0 0  °C is due to the 

incorporation of the clay and is simply due to the rigidity of clay. Specific 

increases around 110 °C are due to loss of water. Less water has already been 

shown to be removed from the samples as the amount of clay is added (Section

7.3, Figure 7.18). Water acts as plasticizer for PVOH and so the loss of water 

increases the rigidity of PVOH.

A decrease in tensile storage modulus of PVOH is observed in two steps

i.e. around 10 °C which is related to the glass transition temperature and around 

1 2 0  °C which is related to the softening of PVOH. Coffin [7.1] observed that the 

softening point of PVOH (Mw 50,000) was around 135 °C, whereas Peng [7.2] 

observed it at 115 °C (Mw 70,000). The decrease in storage modulus around 

the softening point becomes weaker as more clay is added, and finally 

disappears when clay is added at 20 wt% and more. The weaker decrease of 

storage modulus as more clay is added is due to the mechanical properties of 

the composites being controlled by clay (rigidity) at high clay content, whereas 

at low clay content the mechanical properties are controlled by PVOH 

(flexibility).
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Figure 7.1. a) Tensile storage modulus, E  and b) log E’ for PVOH 
and PVOH/clay composites as a function of temperature 
(Frequency 1 Hz). The samples were equilibrated in the humidity 
oven at 23 °C and 85 % relative humidity (RH) for 24 hours before 
performing the DMA experiment.

Tan 6 as a function of temperature for PVOH and PVOH/clay composites is

given in Figure 7.2. For PVOH alone, three peaks are observed. The first peak

is the termed (3 transition and is associated with the local twisting motions

around main chain bonds or conformational changes of the PVOH side group
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[7.3, 7.4] and can often be related to the toughness of a polymer [7.5] and is 

affected by adsorbed moisture [7.6] and clay content [7.7] in the samples. As 

the clay content is increased, the p transition becomes more apparent, 

especially with 20 wt% clay and more. The peak of p transition is related to the 

sample toughness and shows that the toughness decreases with the increase 

of clay content. Similar result was reported by Strawhecker [7.5]. The p 

transition temperature for PVOH observed by other researches was -3 °C [7.3] 

and 35 °C [7.6]. The second peak (i.e. the main peak) at 27 °C is termed the a 

transition which corresponds to the glass transition temperature (Tg) and is 

related to chain movement [7.5]. The Tg value for PVOH observed by other 

researchers was 65 °C (Mw 70,000, f=5 Hz) [7.2], 55 °C (Mw 94,000, f=3 Hz)

[7.3] and 8 6  °C (Mw 124,000, f = 1 Hz) [7.4]. The Tg is affected by several 

factors such as the Mw of a polymer, moisture content and the applied 

frequency and hence the reason why the Tg observed in the PVOH of this study 

(Mw - 30,000) is different. The third peak, around 120 °C, is related to the slip of 

molecular chains [7.2,7.5].
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Figure 7.2. Tan 6 of PVOH and PVOH/clay nanocomposites as a 
function of temperature (Frequency 1 Hz).

Analysis of data in Figure 7.2 is explored further and given in Figure 7.3 

which plots the intensity of the tan 5 at Tg (Figure 7.3 a) and the peak 

temperature of the a transition (Tg) (Figure 7.3 b) as a function of clay content. 

Figure 7.3 a shows that the intensity of tan 5 at Tg decreases with increasing 

clay content. Tan 6 is a measure of the damping properties of the material [7.4]. 

PVOH has a higher tan 6 than the PVOH/clay composites and can therefore 

absorb more energy under the acute strain environment. Higher accumulated 

energy adsorbed by PVOH leads to more thermal degradation and further 

reduces the mechanical property of PVOH than those of PVOH/clay 

composites. Therefore, introduction of clay to PVOH results in a better thermal 

stability than that of pure PVOH. This is supported by previous results in section 

5.2.1 that show the introduction of clay increases the thermal stability of PVOH. 

Figure 7.3 b shows that the Tg is lowest for PVOH and increases with increasing 

clay content. The change in Tg due to introduction of clay in PVOH suggests a
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strong interaction between clay and PVOH, which becomes more apparent as 

clay content increases. This is supported by the results in section 5.3.1, which 

show that the amount of PVOH associated with clay increases with increasing 

clay content. As a result, introduction of clay will restrict the chain mobility of 

PVOH resulting in an increase in Tg of PVOH. The slip of PVOH molecular 

chains decrease with increasing clay content due to strong polymer clay 

interactions, thus the peak at * 120 °C (Figure 7.2) gradually decreases as clay 

content increases.

Clay content (wt%)

0.4

0.3
to

0.2

0.1
10 15 20 25 30

Clay content (wt%)

Figure 7.3. a) Tan 5 at transition (Tg) measured at peak height and b) 
peak temperature [Tg ) as function of clay content
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Figure 7.4. Logarithmic frequency as a function of temperature (a) 
and activation energy Ea as function of clay content (b)
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To ensure that the transition observed in Figure 7.3 b is a Tg, the 

analysis is performed by scanning at different frequencies and calculating the 

activation energy for a Tg transition [7.8]. The temperature dependence of the 

characteristic relaxation time, x(T), is given by the Arrhenius equation which 

relate the changes of the Tg with the applied frequency as follow [7.9]:

where f  is the applied frequency, A is a constant, T is the absolute glass 

transition temperature (K), R is the universal gas constant (8.31446121 J/mol K) 

and Ea is the activation energy. A plot of logarithmic frequency as a function of 

1/Tg is presented in Figure 7.4 a, which shows that the Tg shifts to higher 

temperature when applied frequency is increased. The activation energy Ea, 

which is obtained from the gradient in Figure 7.4 a, as a function of clay content 

is presented in Figure 7.4 b. Our calculation of the activation energy Ea for pure 

PVOH showed about 356.5 kJ/moI. This value was close to the reported 

activation energy for PVOH i.e. 377.5 kJ/mol (Mw 70,000) by Peng [7.2] and 

410 kJ/mol (Mw 94,000) by Cendoya [7.3]. The difference is likely to be due to 

the lower molecular weight PVOH used in these experiments (MW = 30,000). 

An introduction of clay resulted in a significant increase in the activation energy 

of PVOH. For example, incorporation of 30 wt% clay into PVOH increased the 

activation energy of PVOH by 65 %. The increase of the activation energy will 

increase the glass transition temperature, as shown by similar trend of Tg in 

Figure 7.3 b, and this is due to the restricted movement of PVOH chains. As a 

result, higher energy is needed during relaxation of PVOH/clay than pure 

PVOH.

(7.1)

or

In /  =  In /! — f r (7.2)
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7.2. Water vapour barrier properties of PVOH and PVOH/clay films in the

absence and presence of PEG600

7.2.1. PVOH/clay films in the absence of PEG600

Water vapour barrier properties of PVOH films (thickness « 65 pm) with 

different amounts of clay loading (1, 3, 5, 7,10, 20, 30 and 50 wt%) have been 

investigated using Payne cups at 23 °C and 85 % relative humidity (RH). The 

samples were also tested using less harsh conditions (23 °C and 50 % RH) and 

were shown to be very good barriers (<1.7 g/m2.day). However, no significant 

differences were observed between samples, which was due to the lack of 

sensitivity within the test for these test conditions. The amount of water vapour 

transmitted through the films versus time is given in Figure 7.5 and shows that it 

increases linearly with time, but decreases relatively with increasing clay 

content. The water vapour transmission rate (WVTR) values obtained from this 

data (Figure 7.5) and calculated using equation 3.4 (section 3.5) are plotted in 

Figure 7.6. It shows that the WVTR decreases with increasing clay content. 

With 50 wt% clay, the WVTR decreases from 300 to 37 g/m2 .day, which is an 8  

times improvement. This enhancement in the water permeability comes from 

the increased path tortuosity of the water molecules forced from the presence of 

well dispersed clay layers in the PVOH matrix (see section 2.6.2).
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Figure 7.6. Water vapour transmission rates for PVOH and PVOH/clay 
nanocomposites

Figure 7.6 shows that the WVTR values decrease gradually when clay 

content is increased from 1 to 5 wt%, and then decreases more significantly 

when clay content is increased from 5 to 10 wt %. A more gradual decrease is
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observed when clay content is increased from 10 to 50 wt%. XRD traces 

(section 4.1.1) indicate that when clay is present between 1 to 5 wt% only 

exfoliated (or very well dispersed) structures are observed and that as the clay 

content is increased from 5 to 10 wt% the amount of intercalated structures 

increases. With a higher amount of clay layers the packing density increases 

and thus the ability of clay to rotate in the PVOH matrix becomes restricted. The 

physical hindrance of the clay layer is therefore believed to lead to more 

intercalated structures. The larger decrease in WVTR values between 5 and 10 

wt% clay may be due to the optimum dispersion of both intercalated and 

exfoliated clay that leads to the optimum path tortuosity. Further increases in 

clay content, and thus a higher ratio of intercalated to exfoliated structures, 

leads to only gradual improvements.

7.2.2. PVOH/clay films in the presence and absence of PEG600

The amount of water that passed through PVOH films (thickness = 65 

pm) containing 20 wt% PEG600 and different amounts of clay loading (1, 3, 5, 

7,10, 20, 30 and 50 wt%) at 23 °C and 85 % relative humidity (RH) are 

presented in Figure 7.7. They show that the amount of water vapour passing 

through the PVOH/PEG600 and PVOH/PEG600/clay nanocomposites 

increases linearly with time, but decreases relatively with the increase in clay 

content. The water vapour transmission rate (WVTR) values are given in Figure 

7.8 and show that the WVTR values decrease with increasing clay content. With 

the introduction of 20 wt% PEG600 to PVOH the WVTR value is 1305 g 

/m2.day, which is 4.4 times greater than that of PVOH alone (300 g/m2 .day, 

Figure 7.6). PEG600 also increases the water permeability of PVOH samples 

containing clay, for example, with 1 0  wt% clay the water permeability of 

PVOH/PEG600/Clay is 5.48 faster than that of PVOH/clay. The water
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permeability of PVOH films after addition of PEG600 recovers with the 

introduction of ~23 wt% clay. Figure 7.9 shows that the increase in water 

permeability due to 20 wt% PEG600 is highest when clay content is below 7 

wt% and gradually improves as clay content is increased. Plasticizer (in this 

case PEG600) plays an important role in affecting the properties of the PVOH- 

clay composites. It provides lubrication and promotes chain mobility by reducing 

intra-molecular hydrogen bonds [7.9]. It was shown previously (section 5.3.4) 

that with low amounts of clay most of the PEG600 resides outside the clay 

gallery, this would lead to a higher probability of PEG600 disturbing the intra 

molecular bonds of PVOH resulting in the reduction of PVOH chain packing. 

Further increases in the amount of clay results in a higher portion of PEG600 

relative to PVOH in the bulk matrix (due to more PVOH being adsorbed in the 

gallery of clay) and therefore consequently a reduction of PVOH chain packing 

occurs. Comparison of the water permeability of respective PVOH/PEG600/clay 

and PVOH/clay (Figure 7.9) films shows that the differences reduce more 

significantly when the amount of clay present is < 2 0  wt % and that it remains 

constant when the amount of clay is > 30 wt%.
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7.3. Effect of PVOH crysialliniiy on water vapour barrier properties in the 

absence and presence of clay

The effect of PVOH crystallinity on the water vapour transmission rate 

(WVTR) of films in the absence and presence of clay (5 and 10 wt%) was 

investigated. The crystallinity of the films was modified by heating at 160, 180, 

200 and 220 °C for 10 minutes before immediately determining the WVTR at 23 

°C and 85 % RH. This measurement was identified as being recorded on day 1 

(D1). The WVTR was also measured again on day three (D3) and day 52 (D52). 

Before and after any heat treatment, and before and after any WVTR 

measurement the crystallinity of the films were investigated using XRD and 

FTIR. The heating parameters were chosen specifically to avoid any visible 

discolouration in the films, a phenomenon that commonly occurs in PVOH films,
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even though higher temperatures and heating times can induce greater extents 

of crystallinity.

Figure 7.10 shows the WVTR values of PVOH and PVOH/clay films on 

D1, D3 and D52 as a function of the temperature used to modify the 

crystallinity. It shows that the WVTR values of the films decrease with 

increasing crystallisation temperature. For example, the WVTR value of the 

PVOH before heating (D1-23 °C) decreased from 300 g/m2.day to *151 

g/m2.day when heated at 220 °C. The respective WVTR values for PVOH/clay 

(5 wt%) were 225 to 92 g/m2.day and for PVOH/clay (10 wt%) were 148 to 55 

g/m2 .day. These values correspond to a % decrease of 51, 41 and 37 % 

respectively. It is interesting to see that there is a relatively large drop in the 

WVTR values for the PVOH samples heated at 160 and 180 °C. There is 

possibly a similar effect in the PVOH/clay 5 wt% sample, but it is not as evident. 

The large drop in the WVTR may due to the removal of water in the film as 

shown later (Figure 7.18). Figure 7.10 also shows that the WVTR values 

decrease with increasing clay content for both unheated and heated samples. 

Moreover, the WVTR values of all the films increase with time suggesting that 

their crystallinity decreases with time when maintained at 23 °C and 85 % RH. 

For example, the WVTR values of the PVOH films heated at 220 °C increase 

from 151 on D1 to 186 g/m2.day on D52. The respective changes for the 

PVOH/clay (5 wt%) and PVOH/clay (10 wt%) samples are 92 to 121 g/m2 day 

and 55 to 74 g/m2 .day. This suggests that water disturbs the crystalline 

structure. It is interesting to note that the WVTR values did not return to their 

original value (i.e. without heating) after remaining at 23 °C and 85 % RH for 51 

days as it was perceived that the PVOH would lose its crystallinity more rapidly. 

Mallapragada [7.11] reported that the presence of water reduced the crystallinity
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of PVOH but the crystallinity was formed again by rearrangement as the water 

evaporated, showing that this is a reversible process.
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D3
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Figure 7.10. Water vapour transmission rate (WVTR) values for PVOH/clay 
composites

Further analysis of the data shows that on D1 the water permeability of 

pure PVOH when heated between 180-220 °C are lower than that of unheated 

PVOH/clay (5 wt%). Also those of PVOH/clay (5 wt%) when heated between 

160-220 °C are lower than that of unheated PVOH/clay (10 wt%). This data 

shows that good water vapour barrier properties can be achieved by introducing 

clay into the polymer matrix and/or by heating the samples to induce crystallinity 

changes.

Figure 7.11 depicts FTIR spectra of unheated and heated PVOH films 

collected on D1 and shows that the intensity of the band at 1142 cm' 1 increases 

with increasing crystallisation temperature, whilst the intensity of the band at 

2942 cm' 1 remains constant. Figure 7.12 depicts FTIR spectra of PVOH films 

heated at 200 °C on D1, D3 and D52 and shows that the intensity of the band at
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1142 cm-1 decreases with time whilst the intensity of the band at 2942 cm"1 

remains constant. Figure 7.13 depicts FTIR spectra of PVOH, PVOH/clay (5 

wt%) and PVOH/clay (10 wt%) heated at 200 °C on D1 and shows that the 

intensity of the bands at 1142 cm"1 and 2942 cm"1 decrease with increasing clay 

content. Crystallinity of PVOH is related to the band at 1142 cm'1 [7.11-7.14]. 

Quantitative information about the crystallinity of PVOH films can be obtained 

from the intensity ratio of the bands at 1142 cm"1 and 2942 cm'1. The 1142 cm'1 

band occurs as a result of the symmetric C-C stretching mode [7.14], which 

increases as the degree of the PVOH crystallinity increases [7.12,7.13].

The intensity of the band at 2942 cm'1 occurs due to the C-H stretching 

vibration [7.15] and does not change with change in degree of PVOH 

crystallinity. The intensity ratios of the band at 1142 cm"1 and 2942 cm"1 from all 

films are given in Figure 7.14 and shows that the ratios increase with increasing 

crystallisation temperature and clay content, but decrease with time. The ratios 

of the bands are shown to slightly increase after performing the WVTR 

measurements on D3 and D52, suggesting some recovery of the crystallinity, 

this may be due to the films slightly drying as the films were taken out of the 

controlled humidity environment and their weights recorded on the weighing 

balance. This also highlights the sensitivity of the films to water. Increases in 

PVOH crystallinity with temperature treatment have been reported by other 

researchers [7.11,7.12,7.16].
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Figure 7.11. FTIR spectra collected on D1 of PVOH films 
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Figure 7.12. FTIR spectra of PVOH films heated at 200 °C on 
D1, D3 and D52
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Figure 7.13. FTIR spectra of PVOH, PVOH/clay 5 wt% and 
PVOH/clay 10 wt% heated at 200 °C on D1
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It should be noted that since ATR-FT1R was used, which is a surface 

sensitive technique, the spectra only represent « 2-10 pm of the film surface 

whereas the actual film thickness were « 65 pm. The WVTR values and FTIR 

results are supported by XRD traces, which are shown in Figures 7.15-7.17. 

Figure 7.15 presents XRD traces of unheated and heated PVOH films and 

shows that the intensity of the peak at « 19 °20 increases with increasing 

crystallisation temperature. Similar observations were also observed in the XRD 

traces collected from PVOH/clay 5 wt% and PVOH/clay 10 wt% (data not 

shown), which suggests that clay does not have a significant effect on the 

crystallinity of the films under the particular heating parameters studied. Figure 

7.16 presents XRD traces of PVOH films heated at 200 °C on D1, D3, and D52 

and shows that the intensity of the peak at « 19 °20 decreases with time. The 

peak at » 19 °20 is related to the crystallinity of pure PVOH [7.16,7.17]. 

Therefore the decrease in intensity a t« 19 °20 with time indicates a decrease in 

PVOH crystallinity and so supports the FTIR intrepretation (Figure 7.14 a). 

Hodge [7.17] reported the intensity at « 19 °20 in XRD traces decreased with 

increasing water content of PVOH, then collapsed when water content was > 46 

wt% and so claimed that water destroyed the crystallinity of PVOH. The 

collapsed intensity a t» 19 °20 was not found in the XRD traces of our samples 

even at D52.

Figure 7.17 presents XRD traces of PVOH, PVOH/clay 5 wt% and PVOH/clay 

10 wt% and shows that the background intensity increases between 2 and 7 °20 

as the amount of clay increases and is due to the dispersion of the clay layers 

as an exfoliated structure (if not exfoliated then very well dispersed). There is 

little difference in crystallinity between the PVOH, PVOH/clay 5 wt% and
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PVOH/clay 10 wt% films when heated at 200 °C since there is little difference 

between the peak intensity at *  19 °20.
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Figure 7.15. XRD traces of unheated and heated PVOH films on 
D1
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Figure 7.16. XRD traces of PVOH films heated at 200 °C on D1, 
D3 and D52
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Figure 7.17. XRD traces of PVOH and PVOH/clay 5 wt% and 
PVOH/clay 10 wt% heated at 200 °C on D1
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The percentage weight changes, which are related to water content, 

relative to the initial weights («0.14 g) of PVOH, PVOH/clay 5 wt% and 

PVOH/clay 10 wt% films, as they are heated and further exposed to 23 °C and 

85% RH are given in Figure 7.18. For example, the amount of water lost from 

PVOH (Figure 7.18 a), PVOH/clay 5 wt% (Figure 7.18 b) and PVOH/clay 10 

wt% (Figure 7.18 c) films after heating at 160 °C (D1-AM) were *  5.9, 4.5 and 

4%, respectively. When the films are heated at 160 or 180 °C, the amount of 

water lost in the PVOH films is greater than those of PVOH/clay 5 wt% and 

PVOH/clay 10 wt%, this could be due to less water being present in the 

PVOH/clay samples (as evidenced in Figure 5.19 a) as well as a slower 

diffusion of water from the films due to the tortuosity effect of the clay. The 

relative amount of water adsorbed by the PVOH film heated at 160 °C on D1 is 

higher than those in the PVOH/clay films and may explain the relatively higher 

WVTR value for this film as observed in Figure 7.10.

The amount of water in all films generally increase with time, but on D3 

and D52 the amount of water reduces after performing the WVTR experiment 

(i.e. D3-PM or D52-PM) compared to those before (i.e. D3-AM or D52-PM, 

respectively). This result is coincident with the slightly increase in intensity ratio 

of the bands at 1142 cm"1 and 2942 cm"1 after doing the WVTR on D3 and D52 

(Figure 7.14). Mallapragada [7.11] reported that the crystallinity of PVOH 

returned by rearrangement as water evaporated. Assuming most of the water 

had been removed from the films upon heating, the highest amount re-adsorbed 

on D52 was by the films heated at 160 °C, for PVOH, PVOH/clay 5 wt% and 

PVOH/clay 10 wt% the amounts were *18.2, 13.4 and 12.9 %, respectively. 

These amounts of water are much lower than the amount of water (£ 46 wt%) 

observed in Hodge’s PVOH films, which showed the collapse of the XRD peak
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at 19.2 °20 [7.17]. The amount of water adsorbed in the films on D3 and D52 

are higher than those in the initial films (before heating), but the corresponding 

WVTR values did not return to their initial values (Figure 7.10). This shows that 

although the amount of water present in the film is likely to affect the water

vapour barrier properties some of the PVOH crystallinity is still retained.
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8.1. Introduction

This chapter focuses on the overall conclusions of the work that was 

done and discussed through the course of the thesis. Conclusions for Chapters 

5, 6 and 7 are given in Sections 8.2, 8.3 and 8.4, respectively. Future work is 

given in Section 8.5.

8.2. Competitive and synergistic adsorption of PVOH and PEG600 on clay

It has been shown that the dispersion of clay in PVOH created both 

intercalated and exfoliated structures, which were dependant on clay 

concentration, while in PEG600 only intercalated structures were formed. As the 

concentration of PEG600 or PVOH increased, step changes occurred in the 

gallery as it expanded from a depleted single layer through to a full single layer, 

then a combined single and bilayer system, and finally a full bilayer system. For 

PVOH, multi-layers were observed, which continued to form mostly exfoliated 

structures when the PVOH concentration was > 75 wt%.

The effect of thermal treatment and relative humidity on the d-spacing of 

PVOH/clay composites showed that as the PVOH loading increased, the extent 

of change in the d-spacings within the different conditions tested decreased 

suggesting less influence from the water was being experienced and less water 

was present in the gallery as more PVOH was added. The intercalated 

structures showed thermal and environmental stability when clay loading was 

between 50-75 wt%. For PEG600/clay composites, with a loading of 4 wt% 

PEG600 and below the d-spacing collapsed upon heating at 150 °C.

In the competitive adsorption studies, it was shown that both PEG600

and PVOH are present within the clay gallery, the amounts of PEG600 and

PVOH present increase with the amount of PEG600 and PVOH offered, and the
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platelet-platelet interactions in the PEG600-clay systems can be overcome by 

the ingress of PVOH. With different orders of mixing PEG600 and PVOH with 

clay, it was shown that samples prepared using route 3 (PEG600 mixed with 

clay, before adding PVOH) consistently exhibited slightly higher dooi-spacings 

and peak intensities when compared to the corresponding samples prepared by 

either route 1 (PEG600 mixed with PVOH before adding clay) or 2 (PVOH 

mixed with clay before adding PEG600). Thermal treatment showed that the 

higher dooi-spacings observed in route 3 were not affected by the presence of 

water.

TGA data showed the thermal stability of PVOH in clay decreased with 

increasing PVOH content up to 9 wt%, then increased when the PVOH 

concentration increased from 9 to 50 wt%, this further decreased when the 

PVOH concentration increased from 50 to 99 wt%. For PEG600 in clay, the 

thermal stability decreased with an increase of PEG600 content up to 9 wt%, 

increased when PEG600 content increased from 9 to 23 wt% and then 

decreased when PEG600 content increased above 23 wt%. It suggested that 

when PVOH or PEG600 was inside the gallery it contributed to the higher 

thermal stability. With PEG600, PVOH, clay and their mixtures, it was shown 

that degradation of PEG600 and PEG600 with clay mostly occurred above 

350 °C whereas for PVOH and PVOH with clay it occurred below 350 °C. For 

PEG600 and PVOH mixtures (i.e. no clay) the PEG600 still appeared to mostly 

degrade above 350 °C and the PVOH still mostly degraded below 350 °C, the 

degradation pathway of PVOH was therefore not greatly affected by the 

degradation pathway of PEG600 when present as a mixture, and vice versa.

217



The adsorption of PEG600 or PVOH on clay follows a Langmuir-type 

adsorption isotherm, the amount of PEG600 or PVOH associated with the clay 

increased sharply as the amount offered increased and then continued to 

increase gradually as more was offered. In PEG600/PVOH/clay mixtures, the 

amounts of PEG600 and PVOH adsorbed increased with the amounts of 

PEG600 and PVOH offered. The amount of PVOH adsorbed by clay was 

slightly increased by the presence of PEG600 offered to clay, whilst the amount 

of PEG600 adsorbed was reduced when the amounts of PVOH offered were 

increased. It showed that PEG600 promotes the adsorption of PVOH on clay 

when PVOH offered is > 50 pph. Further investigation confirmed that the higher 

d-spacings from films prepared by route 3 than those of route 1 and route 2 via 

the full suspension was neither due to a higher amount of PEG600 nor PVOH 

adsorbed by clay, but rather different ways in which PEG600 or PVOH 

molecules were organized or associated on the clay.

8.3. Adsorption of PEG2000, M600 and QM600 in the absence and 

presence of PVOH onto clay

The adsorption of PEG2000 and M600 followed a Langmuir-type 

adsorption; the amount of PEG2000 and M600 adsorbed on clay increased 

sharply as the amount offered increased and then continued to increase 

gradually as more was offered. Compared to PEG600 and PVOH, the order of 

affinity to clay was PVOH, PEG2000, M600 and PEG600.

Amino PEG600 was quatinized successfully as evidenced by 1H NMR and 

FTIR, which showed the disappearance of peaks due to N-H and the 

appearance of N-(CH3 )3  in QM600. Steric stabilization on clay by QM600
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showed the amount of QM600 exchanged increased as the amount offered 

increased, but only a maximum of -  60% of the CEC was exchanged.

The competitive adsorption of M600 and PVOH on clay showed that 

generally the amount of PVOH or M600 adsorbed by clay increased sharply and 

then continued to increase gradually as more was offered. The amount of 

PVOH adsorbed was not affected significantly when M600 was present at 1 and 

10 pph, but decreased when the amount of M600 offered was 30 pph. The 

amount of M600 adsorbed by clay in the absence of PVOH was lower than 

when PVOH was present at 15 pph and below, but higher when PVOH was 

present at 50 pph.

The adsorption of PVOH on clay in the presence of QM600 showed that 

generally the amount of PVOH adsorbed by clay increased sharply and then 

continued to increase gradually as more was offered. The amount of PVOH 

adsorbed on clay in the presence of 10 pph and 30 pph QM600 was lower than 

in its absence. The amount of PVOH adsorbed on clay in the presence of 2 pph 

QM600 was similar to that in its absence. An exception was observed when 

PVOH was present at 90 pph which showed higher amount of PVOH were 

adsorbed in the presence of 2 pph QM600.

Comparison of PVOH adsorption in the presence of plasticizers 

(PEG600, M600, and QM600) showed that the amount of PVOH adsorbed by 

clay was slightly increased by the presence of PEG600, but reduced in the 

presence of 30 pph M600 and 1, 10 and 30 pph QM600, whilst the amount of 

PEG600 or M600 adsorbed by clay was reduced when the amount of PVOH 

offered was increased. The amounts of PEG600 adsorbed were lower than 

M600 when equal amounts of PVOH were offered.
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Desorption from clay of selected organics PEG600, PPG725, PPG2000, 

and PVOH by repeatedly washing the suspension 10 times after treatment with 

a loading of 16.7 wt% showed that after one wash the structures for 

PEG600/clay changed from a mixture of bilayer and single layer structures to 

only a single layer, whereas for PPG725/clay it changed from bilayer to a 

mixture of bilayer and single layer structures. For PPG2000/clay and PVOH/clay 

the structures did not change even after 10 washes. The order of affinity of 

organic to clay was PEG600 < PPG725 < PPG2000 < PVOH. Moreover, after 

10 times of washing the d-spacing of organic/clay did not collapsed to a d- 

spacing of clay on its own; 16.3, 14.8, 12.2 and 9 wt% of PVOH, PPG2000, 

PPG725 and PEG600, respectively remained adsorbed to the clay.

8.4. Physical and barrier properties of PVOH films in the absence and 

presence of clay and PEG600

The tensile storage modulus increased over the whole temperature 

range as the amount of clay added was increased. Four events were observed 

relating to changes in the tensile modulus; i) a gradual decrease from -50 to 5 

°C relating to (3 transition, ii) a sudden decrease from 5 to 50 °C relating to a 

transition, iii) a gradual increase to 110 °C relating to loss of water, and iv) a 

further decrease after 120 °C relating to the softening point. The temperature of 

the p and a transition increased with clay content, the increase due to loss of 

water decreased with clay content and the softening point was weaker with 

increasing clay content. The toughness and damping properties of the samples 

decreased with increasing clay content suggesting clay improved the thermal 

stability of PVOH. The activation energy for PVOH is about 356.5 kJ/mol and
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increased with increasing clay content where the trend of the Ea was similar to 

the Tg confirming the transition observed was a Tg.

Introduction of clay into PVOH resulted in a reduced water permeability 

in the nanocomposites; an 8 times reduction was observed when clay content 

was 50 wt%. The trends in reduction with clay content were gradual from 1-5 

wt%, but a more significant decrease was observed when increasing to 10 wt%, 

this was then followed by a more gradual reduction as clay was increased to 50 

wt%. The reductions related to the structure change of the nanocomposites, i.e. 

from an exfoliated structure to the optimum dispersion of both intercalated and 

exfoliated clay, leading to the optimum path tortuosity. Further increases in clay 

content led to more intercalated and less exfoliated structures resulting in only 

gradual reductions.

The opposite trend was observed when PEG600 was introduced to the PVOH; 

20 wt% PEG600 increased the water permeability of PVOH 4.4 times, which 

was due to PEG600 reducing the PVOH chain packing. Introduction of clay to 

PVOH/PEG600 reduced the water permeability and ~ 23 wt% clay was needed 

to return the value to that of PVOH alone. It was shown that with the addition of 

clay the ratio of PEG600 to PVOH in the bulk rather than that in the clay gallery 

decreased and therefore probably contributed to the improved water vapour 

barrier properties.

Besides clay, the crystallinity of PVOH was shown to reduce the water 

permeability of the nanocomposites. Water permeability reduced with increasing 

modifying temperature for films of PVOH, PVOH/clay 5 wt% and PVOH/clay 10 

wt%. Furthermore, the water permeability of all the films increased with time 

when maintained at 23 °C and 85% RH. The levels of PVOH crystallinity were 

identified using FTIR from the intensity ratio of the bands at 1142 cm'1 and 2942
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cm"1. In all the samples the ratio increased with heating temperature and clay 

content but decreased with time. In addition, the intensity of the XRD peak a t« 

19 °20, which relates to PVOH crystallinity increased with temperature and 

decreased with time for all films. The sample crystallinity was very affected by 

water content, as shown by comparing the trends in water content and sample 

crystallinity. However, the induced crystallinity was not completely lost after 

being maintained at 23 °C and 85 % RH for 51 days.

8.5. Future work

Although, lots of research has been performed by many scientists as 

evidenced by the ever-growing number of publications in the literature there are 

still many issues that need to be resolved. One such issue, which has been 

addressed to some extent in this thesis, is the location and competitive 

interaction of plasticizer and polymer onto the clay. The future work presented 

here aims to complete some of the finer details within the thesis that need 

addressing further and to encompass the general forward direction of the 

research.

TGA was successfully developed to quantify the amount of PVOH and 

plasticizer that associated with clay gallery when present simultaneously. This 

simple and time-efficient technique could be further applied to several other 

polymer composite systems, which have similar degradation temperatures such 

as starch (320 °C) [8.1], cellulose (365 °C) [8.1], chitosan (355 °C) [8.2,8.3] and 

PLA (376.5 °C) [8.4]. Comparing the competitive adsorption of plasticizers 

within different polymer-matrix systems would allow further understanding of the 

competitive adsorptions processes that occur.
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Due to time constraints within the project, the use of PEG2000, M600, 

QM600 and other hydrophobic plasticizers such as PPG in PVOH and their 

effect on the water vapour barrier properties was not assessed. Whether these 

could be used to improve the barrier properties would be assessed and related 

to their effect on clay dispersion. It was found that these plasticizers can have 

very negative effects on the film forming properties of PVOH and so this would 

need to be overcome. The quaternization of amino PEG600 and its cation 

exchange onto clay resulted in a maximum d-spacing of « 19 A. Lin [8.5,8.6] 

created organo-clays with much higher d-spacings (92 A) using protonated 

polyetheramines. It would be very interesting to investigate the mechanical and 

barrier properties of PVOH films containing these very well ordered structures 

since it would represent a unique type of clay dispersion. The hydrophobic 

environment and presumably ordered structure of the alkyl chains within the 

clay gallery may significantly contribute to the barrier properties.

As shown in this thesis the extent of crystallinity and water content in 

PVOH films is crucial for good water vapour barrier properties, better knowledge 

of the re-adsorption processes of water into the film, especially in the presence 

of clay, is therefore important. Since PVOH is very sensitive to water, it 

becomes imperative that the techniques used to monitor the changes in 

properties don’t actually change the properties of the films, This was noted in 

the WVTR results of this thesis in which the films began to dry out whilst the 

WVTR analysis was being formed. Performing the experiments in a controlled 

and closed environment could overcome these problems.

It was shown that that route 3 (PEG 1st) created a higher d-spacing than 

those of route 1 and 2. The permeability of PVOH nanocomposites in the 

presence of 20 wt% PEG600 prepared via route 1 have been investigated, It
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would be interesting to investigate the water permeability of PVOH 

nanocomposites prepared via route 3 in order to determine whether an effect 

would be observed.

The mechanical properties of PVOH/clay using dynamic mechanical 

analysis (DMA) were only tested in a tension set up. An investigation into the 

flexibility of these films using either single or dual cantilever mode in a 

controlled humidity and temperature environment could then be correlated to 

location of plasticizer within the film and as well as plasticizer content, clay 

content and clay dispersion.

224



8.6. References

[8.1]. Alvarez, V. A. and VAZQUEZ, A. (2004). Thermal degradation of cellulose 

derivatives/starch blends and sisal fibre biocomposites. Polymer 

degradation and stability; 84 (1), 13-21.

[8.2]. Wang, S. F., Shen, L., Tong, Y.J., Chen, L., Pang, I.Y., Lim, P.Q. and Liu, 

T.X. (2005). Biopolymer chitosan/montmorillonite nanocomposites: 

Preparation and characterization. Polymer degradation and stability, 90 (1), 

123-131

[8.3]. Hong, P.Z., Li, S.D., ou, C.Y., Li, C.P., Yang, L. and Zhang, C.H. (2007). 

Thermogravimetric analysis of chitosan. Journal of applied polymer 

science, 105 (2), 547-551.

[8.4]. Ohkita, T. and Lee, S.H. (2006). Thermal and biodegradability of 

Poly(lactic acid)/corn starch biocomposites. Journal of applied polymer 

science, 100 (4), 3009-3017.

[8.5]. Lin,J.J.,Cheng,I.J.,Wang, R., and Lee,R.J. (2001). Tailoring basal 

spacings of montmorillonite by poly(oxyalkylene)diamine intercalation. 

Macromolecules, 34 (26), 8832-8834.

[8.6]. Lin, J. J., Chen, I. J. and Chou, C. C. (2003). Critical conformational 

change of poly (oxypropylene) diamines in layered aluminosilicate 

confinement. Macromolecular rapid communications, 24 (8), 492-495.

225



A1. Award and presentation in seminar and 

conferences

1. 1st Prize Winner for "The Best Oral Presentation" at MERI Student 

Presentation Day, Sheffield Hallam University-UK, 20 May 2009.

2. Khairuddin. Francis Clegg, Chris Breen "Understanding the synergistic 

and competitive interactions between clay, polymer and plasticizers in 

nanocomposites”, Oral Presentation at EUROCLAY 2011 Conference, 

Antalya, Turkey, 26 June -1 July 2011.

3. Khairuddin. Francis Clegg, Chris Breen "Competitive Adsorption of 

Polymer and Plasticizer into the Clay Gallery", Poster Presentation at 

Trilateral Meeting on Clays, Seville, Spain, 8-11 June, 2010

4. Khairuddin, Francis Clegg, Chris Breen "Exploring the Competitive 

Adsorption of Starch and Plasticizers in The Clay Interlayer and Its 

Influence of the Barrier Properties of Starch Nanocomposite Paper 

Coatings", Oral Presentation at Trilateral Meeting on Clays, Seville,

Spain, 8-11 June, 2010

5. Khairuddin. Francis Clegg, Chris Breen "X-ray Diffraction Studies of 

Plasticized Poly(vinyl alcohol)/Montmoril!onite NanocompositesPart 2 ", 

Poster Presentation at MERI Student Presentation Day, Sheffield Hallam 

University, UK, 26 may 2010

6. Khairuddin. Francis Clegg, Chris Breen "X-ray Diffraction Studies of 

Plasticized Poly(vinyl alcohol)/Montmorillonite NanocompositesPart 1 ", 

Poster Presentation at the Futuroclays Meeting, Newcastle, UK, 14-16 

December, 2009

7. Khairuddin. Francis Clegg, Chris Breen "The Interaction between

Plasticizer and Clay in Poly(vinyl alcohol) Nanocomposites", Poster
227



Presentation at the XIV International Clay Conference, Italy, 14-20 June 

2009

8. Khairuddin, Francis Clegg, Chris Breen "Optimisation of Clay Polymer 

Plasticizer Mixtures for Packaging Application", Oral Presentation at 

MERI Student Presentation Day, Sheffield Hallam University, UK, 20 

May 2009

228



A2. Conference and seminars attended:

1. The 197,h Infra Red and Raman Discussion Group Christmas Meeting, 

London, UK, 20th December 2011.

2. EUROCLAY 2011 Conference, Antalya, Turkey, 26 June -1 July 2011.

3. MERI Student Presentation Day, Sheffield Hallam University, UK, 25 May 

2010.

4. The 194th Infra Red and Raman Discussion Group Christmas Meeting, 

London, UK, 16th December 2010.

5. Seminar on Bio-Plastic Food Packaging, Newport Shropshire, UK, 23 

June 2010.

6. The TMC "Trilateral Meeting on Clays": General Meeting and Symposium 

jn Seville, Spain, 8-11 June 2010.

7. MERI Student Presentation Day, Sheffield Hallam University, UK, 26 May 

2010.

8. Macro Group Young Research Meeting' 2010, Nottingham, UK, 29-30 

April 2010.

9. The Futuroclays Meeting, Newcastle, UK, 14-16 December, 2009.

10. The XIV International Clay Conference, Castellaneta Marina, Italy, 14-20 

June 2009.

11. MERI Student Presentation Day, Sheffield Hallam University, UK, 20 May 

2009.

12. Weekly MERI and PCAS Seminars, Sheffield Hallam University, UK, 

October 2008 -  to date.

229


