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Microchannel devices are rapidly evolving process technology with a wide variety of 

applications. Microchannel devices hold the potential to transform many separation 

processes. One potential application for such microchannel devices is kidney dialysis. 

By reducing the size and cost of the device, this technology offers the potential to 

allow dialysis patients to perform the operation at home, resulting in significantly 

improved patient treatment and lifestyle. The geometry and mechanical properties of 

the current dialysis membranes are not optimized for microchannel devices, which 

require stiff, flat membranes. This preliminary study investigated the feasibility of 

incorporating cellulose nanocrystals (CNXLs) into polysulfone, a commonly used 

polymer for dialysis membranes. Incorporating CNXLs into non-water soluble 

polymers without aggregation has been problematic. A novel solvent exchange 

process was developed that successfully transferred an aqueous CNXL dispersion into 

the organic solvent N-methyl pyrrolidone (NMP), which is a solvent for polysulfone 

(PSf). Films were prepared from the solution of PSf in NMP with dispersed CNXLs 

by a phase inversion process. 



Scanning electron microscopy (SEM), atomic force microscopy (AFM) and optical 

microscopy were used to examine the morphology of the films. Tensile tests showed 

a large increase in the modulus of elasticity (MOE) of these films beyond 1 % filler 

loading. This could be due to a percolation effect. The interaction between the 

polymer matrix and the CNXL filler was studied by means of thermogravimetric 

analysis (TGA), which suggested a close interaction between the polymer and filler at 

the 2 % filler loading. Water vapor transport rate (WVTR) was used to measure the 

transport property of these films. WVTR showed an increase with increase in filler 

loading. Agglomeration of the CNXLs seemed to be taking place at filler loadings 

>7%. 
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Chapter 1 Introduction 

1.1 Membranes 

A membrane is a thin interface that can control the permeation of chemical species 

through it. 

Symmetrical membranes 

Isotropic microporous 
membrane 

Nonporous dense 
membrane 

Anisotropic membranes 

Loeb-Sourirajan 
anisotropic membrane 

Thin-film composite 
anisotropic membrane 

Electrically charged 
membrane 

Supported liquid 
membrane 

Liquid
filled 
pores 

l Polymer 
matrix 

Figure 1.1 Schematic diagrams of the principal types of membranes 

Figure 1.1. Diagrams of principal types of membranes [4]. 

Membranes have been studied since the eighteenth century [ 4] and are being used for 

a wide variety of industrial and medical applications·. The principal types of 

membranes (Figure I. I) are microporous membranes, dense nonporous membranes, 

electrically charged membranes, anisotropic membranes and ceramic/metal or liquid 

membranes. 
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Gas separation 

Ultrafiltration 

Micro filtration 

Membranes ----------~ Rev~rse osmosis 

Electrodialysis 

Figure 1.2. Some of the applications of membranes. 

Different types of membranes are used for different applications and some of the 

typical applications of membranes are shown in Figure 1.2. 

The use of membranes and membrane processes became successful in industrial and 

medical applications only after the preparation of asymmetrical membranes by 

Loeb - Sourirajan in 1961 [5]. Loeb - Sourirajan asymmetrical membranes consist of 

thin selective layer and a dense porous layer. 

The thin layer controls the permeation of species through the membrane or in other 

words the thin layer controls the selectivity of the membranes. The dense layer 

provides mechanical support to the membrane. 
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1.2 Addition of filler 

Fillers are additives that are usually added to improve the performance of the final 

composite. In a polymer composite, the polymer forms the continuous phase and the 

filler forms the discontinuous phase. 

Particulate 

Organic 

Woodflour 
Cork 
Nutshell 
Starch 
Polymers 
Carbon 
Protein 

Inorganic 

Glass 
Calcium carbonate 
Alumina 
Beryllium oxide 
Iron oxide 
Magnesia 
Magnesium carbonate 
Titanium dioxide 
Zinc oxide 
Zirconia \ 
Hydrated alumina 
Antimony oxide 
Metal powder 
Silica 
Silicates0 

Barium ferrite 
Barium sulphate 
Molybdenum disulphide 
Silicon carbide . 
Potassium titanate 
Clays • 

0 talc, mica, calcium silicate 

Fibrous 

Organic 

Cellulose 
Wool 
Carbon/sraphite 
Ararnid fibre 
Nylons 
Polyester 

Inorgani~ 

Whiskers 
Asbestos 
Glass 
Mineral wool 
Calcium sulphate 
Potassium titanate 
Boron 
Alumina 
Metals 
Sodium aluminium 
hydroxy carbonate 

Table 1.1. Fillers for polymers [6]. 

Some of the fillers most commonly used in polymer systems are shown in Table 1.1. 

Polymeric composite materials in which nanosiz~d rigid particles are used as fillers 

have gained a lot of interest in recent years [7, 8]. The use of nanoparticles of natural 
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origin has also been of interest [9] because natural fillers have low density, are 

renewable, have high specific strength and are biodegradable [10]. 

The addition of fillers to membranes is known to affect the performance of the 

membrane. Aerts, et al. showed that the addition of small amounts of aerosil to a 

polysulfone (PSf)/ N-methyl pyrrolidone (NM]>) casting solution improved the 

permeability of the membranes [I I]. The mechanism of this effect of nano-fillers is 

not entirely understood. In zirconium oxide (Zr0:2) based ultrafiltration membranes, 

the presence of Zr02 in the casting solution was observed to disturb the normal phase 

inversion process [12]. 

1.3 Microchannel devices 

Microchannel - based devices are being developed for separation technologies for a 

variety of specific applications. One potential application for such microchannel 

devices is kidney dialysis. By reducing the size and cost of the device, this technology 

offers the potential to allow dialysis patients to perform the operation at home, 

resulting in significantly improved patient treatment and lifestyle [ I 3]. Such devices 

require thin walled membranes with high stiffness and flux. 
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Rapid separation times and scalable throughputs are made possible by several 

microchannel features such as high mass transfer rates, short residence time 

distribution, control of the diffusion length, and mixing [14, 15]. These benefits 

translate into a small device size which is ideal for integration into portable and 

distributed systems [16, 17]. Figure 1.3 shows a prototype of a polysulfone 

microchannel device used in bioseparations [17]. 

Current dialysis membranes (Figure 1.4) are often manufactured from hollow fibers 

comprised of polysulfone (PSf). These membranes have high flux and good 

specificity for dialysis, but are mechanically flexible. Their mechanical properties are 

not optimized for microchannel devices. 

Figure 1.3. Prototype microchannel devices. 

Figure 1.4. Hollow fiber filter. 
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1.4 Cellulose 

Cellulose (Figure 1.5) is the most abundant polymer on earth. It is contained in 

virtually all plants and is produced by certain bcicteria and small sea animals [ 18]. 

Regardless of its source, cellulose is a semicrystalline polymer. A semicrystalline 

polymer contains both crystalline and amorphous regions. Most cellulose contains 

about 70 % crystalline region. 

Figure 1.5. Structure of Cellulose [31]. 

The cellulose units are linked together by 1-4 ~ glycosidic linkages. X-ray 

crystallography and nuclear magnetic resonance studies showed that the ~-D-glucose 

exists in the pyranose form in its lowest energy conformation-4C 1 [ 19]. The 

crystalline portions of cellulose can be liberated by acid hydrolysis [20, 21] and the 

result is nanocrystalline cellulose (CNXL). 



cellulose tvoe ernzth cross section 

Tunicate 100 nm-several 10-20 nm 
um 

!Bacterial 1 00nm-several µm 5-10 nm by 
30-50 nm 

Algal (Valonia) 1>1000 nm 10-20 nm 

Cotton 1200-350 nm 5nm 

Wood 100-300 nm 3-5 nm diameter 

Table 1.2. Dimensions of cellulose nanocrystals 
from various sources [2]. 

1.4.1 Material science of CNXL 

Material Strernrth.MPa Stiffness.GPa 

Cellulose crystal 7500 145* 

Aluminum 620 73 

E-glass 3400 72 

Steel 1860 1207 
(high tensile) 
Graphite 1700 1250 
Carbon 11000-6 3 000 270-970 
tnanotubes* * 

Table 1.3. Comparison of mechanical properties 
of various materials (Jones, 1975)*[1],**[3]. 

7 
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The strength of the cellulose crystal is 7500 MPa and that of steel is 1860 MP a (Table 

1.2). The stiffness of cellulose crystal is 145 GPa and that of aluminum is 73 GPa. 

Cellulose crystals are stronger than steel and stiffer than aluminum. CNXLs have 

shown remarkable reinforcing properties in a variety of polymer systems [7, 22]. 

CNXLs have been used as fillers in a number of polymer systems like 

polyoxyethylene [23], glycerol plasticized starch [24], cellulose acetate butyrate [25], 

and plasticized PVC [26] to name a few. 

In other nanocomposite systems utilizing montmorrilonite clay [27] and carbon 

nanotubes [28], the composite reached a percolation threshold at low filler loadings. 

The interest in using CNXLs has also been sparked by the same interest. 

The percentage filler loading in the composite at which the filler materials will form a 

three dimensional network-like structure is defined as the percolation threshold. 

Beyond the percolation threshold, the properties of the composite often show drastic 

improvement. 

The percolation threshold does not depend on the filler size but depends on the aspect 

ratio (Figure 1.6) of the filler. Since CNXLs have a high aspect ratio, percolation 

threshold can be achieved at low filler loadings. 



1.0' 

10• ............. -.. .............. ~ ............................................................................................ ....... 
10 1(Ji 10 10· I 10 10 ia• 

Aspect ratio 

PIO. 3. Inverse of the critical volume fraction for percolation 
(1 Ip,.) plotted vs aspect ratio of ellipsoids of revolution. The 
solid line is a Pade-type approximant described in the text. It is 
tit to both asymptotic Hmitt, the value of I/pi for tlw sphere, 
and is forced to have zero slope at a lb= l. 

Figure 1.6. Inverse of critical volume fraction for percolation 

versus aspect ratio of ellipsoids ofrevolution [29]. 

9 
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1.5 Goals and Objectives 

The overall goal of the research group in this area: 

To make STIFF and FLAT microchannel membranes that can be used for kidney 

dialysis. 

The objectives ofmy work: 

► To make cellulose nanocrystals (CNXLs) from pure cotton by acid hydrolysis. 

► To transport the CNXLs from the water to the organic solvent by a novel: 

"Solvent Exchange Process". 

► As a preliminary investigation work, to make nanocomposites by phase -

inversion process. 

► To investigate the dispersion of the CNXLs in the polymer by various 

microscopic techniques. 

► To investigate the interaction between the polymer and the filler at different filler 

loadings. 

► To investigate the effect of CNXLs on the mechanical property of the composite. 

► To investigate the effect of CNXLs on the transport property of the composite. 

► Surface modification of the CNXLs by selective oxidation, and to transport the 

modified CNXLs from the water to NMP to make nanocomposites. 



Chapter 2 Literature Review 

2.1 Polymer composites 

11 

Metals typically have better mechanical strength than that of polymers. Fibers or 

fillers are added to the polymer matrix to improve the properties and the performance 

of polymers [30]. In most cases polymer composites show improved material 

properties when compared to the virgin polymer. Polymer composites are 

heterogeneous materials that have properties never before available and can be 

tailored for specific end uses [31]. 

According to Samir, et al., development of polymeric composite materials which have 

nanosized rigid particles as fillers, is used for scientific and industrial purposes [23]. 

There are different nanofillers being studied like silica, clay, carbon black, and carbon 

nanotubes, but according to Ljungberg, et al. cellulose has drawn particular interest 

due to its rod like shape [32] and much effort has been devoted to use cellulose 

obtained from polysaccharides as a reinforcing material [33]. According to Dufresne, 

et al. lignocellulosics have several advantages over inorganic fillers, some of which 

are : "renewable nature, wide variety of fillers available throughout the world, derived 

from agricultural based economies, low energy consumption, low cost, low density, 

high specific strength and modulus, high sound attenuation of lignocellulosics based 

composites, comparatively easy processability due to their non abrasive nature which 

allows high filling levels resulting in significant cost savings, relatively reactive 

surface which can be used for grafting specific groups" [31 ]. 
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Grunert, et al. used CNXLs and topochemically modified CNXLs as the reinforcing 

material in their composite and found that the composites with the unmodified 

CNXLs exhibited better reinforcement characteristics [25]. Favier, et al. studied 

nanocomposites which had CNXLs as the filler and latex (35 wt% styrene and 65 wt 

% butyl acrylate) as the matrix and reported a three orders magnitude increase in the 

mechanical property at 6 wt % filler loading and concluded that CNXLs form a rigid 

network that are linked by hydrogen bonds and assumed this to govern the 

percolation mechanism [7]. 

Srinath, et al. studied the effect of nanoclay on Nylon 6 nanocomposites. They 

exhibited high wear resistance when compared to virgin nylon [30]. 

2.2 Polymeric membranes 

As explained in chapter 1, different types of membranes (Figure 1.1) are used for 

different applications - microporous isotropic membranes are used for microfiltration, 

ultrafiltration, gas separation membranes, pervaporation membranes are usually dense 

non-porous membranes [ 4]. Electrodialysis membranes have charges on them and the 

separation is controlled by these charges [ 4]. 

It was in the early 1960's that Loeb-Sourirajan first discovered asymmetrical 

membranes and after this discovery, membrane separation technology has been 

widely used for industrial and medical applications [4]. 



13 

Membrane processes are largely used because they are easy to operate and also do not 

consume a lot of energy [35]. Asymmetric membranes have advantages over 

symmetric ones because of their lower mass transfer resistance and longer life span 

[36]. Asymmetric membranes are prepared by the "Loeb - Sourirajan technique," or 

"phase separation process" or "phase inversion process" or "polymer precipitation 

process." "Phase separation" means changing the one phase casting solution to two 

separate phases [ 4]. 

Procedure 

Water precipitation (the 
Loeb-Sourirajan 
process) 

Water vapor absorption 

Thennal gelation 

Solvent evaporation 

Process 

The cast polymer solution is immersed in a nonsolvent bath 
(typically water). Absorption of water and loss of solvent 
cause the film to rapidly precipitate from the top surface 
down • 

The cast polymer solution is placed in a humid atmosphere. 
Water vapor absorption causes the film to precipitate 

The polymeric solution is cast hot. Cooling causes 
precipitation 

A mixture of solvents is used to fonn the polymer casting , 
solution. Evaporation of one of the solvents after casting 
changes the solution composition and causes. precipitation ' 

t< 

Figure 2.1. Phase separation membrane preparation procedures [4]. 

The different procedures used in the phase separation process are shown in Figure 

2.1. 



Na+ 
(3.7 A) 

(2A) (10A) 
H2O j Sucrose 

l I l 
0 0 0 

ReJerse 
osmosis 

1 A 10A 

Hemoglobin 
(70A) 

l 
0 

I 
Ultrafiltration 

100A 

Pseudomonas 
diminuta 

Influenza (o.28 µm) 

l't6 

1000A 
Pore diameter 

//rr 

I 
Microfiltration 

1 µm 

Staphylococcus 
~bacteria 

~\\\ (1 µm) 

Starch 
(1011m) 

Conventional 
filtration 

10 µm 100µm 

Figure 2.2. Pore diameter of the four developed 

industrial membrane separation process [4]. 
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The above Figure shows the pore diameters of reverse osmosis, ultrafiltration, 

microfiltration and conventional filtration membranes. 

According to Tsai, et al., the most widely used membrane preparation method is the 

phase inversion method and the applicability of a membrane technique to a separation 

process depends on how suitable the membrane is to perform the separation operation 

and also how successfully the membrane can be prepared [35]. 
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The addition of fillers to membranes is known to affect the performance of the 

membrane, depending on the interfacial interaction between the polymer and the 

filler. In some membranes, addition of fillers increased the permeability [12, 38]. 

An important membrane material is polysulfone which has repeating phenylene rings 

which contribute to molecular immobility and this makes the polymer rigid, strong, 

creep resistant, dimensionally stable. It is widely used in membrane applications [39]. 

Nano - fillers seem to affect the phase inversion process. Genne, et al. studied the 

effect of addition of zirconium oxide to PSf based ultrafiltration membranes and 

reported an increase in flux with increase in filler loading and this is attributed to the 

disturbance of the normal phase inversion process by the filler [12]. 

2.3 Cellulose 

Cellulose is a natural, renewable and biodegradable polymer which is abundantly 

available [40]. About 1010 and 1011 tons of cellulose is estimated to be globally 

synthesized and destroyed each year [31]. 

According to Beck-Candanedo, et al., Ranby and Ribi were the first to produce stable 

solutions of cellulose crystals by the hydrolysis of wood and cotton cellulose using 

sulfuric acid as the hydrolyzing acid [2]. 
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According to Samir, et al., the sulfuric acid used in the hydrolysis creates sulfate 

charges on the surface of cellulose crystals which makes the aqueous suspension 

stable and also provides good stability to the dispersion [41]. 

Sulfuric acid hydrolysis of cellulose fibers causes breakdown of fibers into rod - like 

fragments [2]. These highly crystalline rod-like particles have high specific areas and 

the aqueous suspension of cellulose crystals with sulfate charge on the surface 

displays a birefringent character [33]. 

According to Grunert, et al., cellulose nanocrystals have high moduli and tensile 

strength and thus show excellent mechanical performance. According to Grunert, et 

al., the low density of cellulose crystals and the fact that they are biodegradable and 

inexpensive also makes them attractive [25]. 

According to Samir, et al., the first announcement of cellulose whiskers as a 

reinforcing material involved an amorphous model matrix which consisted of styrene 

and butyl acrylate [33]. 

According to Samir, et al., the formation of a rigid network resulting from strong 

interactions between adjacent cellulose crystals due to hydrogen bonds is responsible 

for the improved mechanical behavior of cellulose crystal reinforced composites [ 10]. 

Angles, et al., reported that incorporation of cellulose crystals in composites resulted 

in a drastic increase in mechanical properties, especially at temperatures greater than 
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the glass transition temperature and the improvement was attributed to the formation 

of a rigid network [24]. 

The effect of aspect ratio is very important in nanocomposite materials. Fillers like 

cellulose crystals, which have a high aspect ratio, form network-like structures in the 

matrix beyond the percolation threshold. The percolation threshold does not depend 

on the particle size but does depend on the aspect ratio. For high aspect ratio fillers, 

the percolation threshold can be obtained at low filler loadings [ 42] and beyond the 

percolation threshold there can be a drastic improvement in the properties of the 

composite. 
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Chapter 3 Materials and Methods 

3.1 Polymer Matrix 

The Polysulfone resin (UDEL-1700) was donated by Solvay Advanced Polymers 

(Alpharetta, GA). 

-a 0-0-l-0--°t 
N:50-80 

Figure 3.1. Structure of Polysulfone. 

The basic unit of UDEL Polysulfone is as shown in Figure 3 .1. This structural unit is 

composed of phenylene units that are linked by three chemical groups, namely 

isopropylidene, ether and sulfone. It is this complex repeating structure of the 

polymer that imparts high performance properties to the polymer. UDEL Polysulfone 

resins are mentioned to offer excellent thermal stability, high toughness and strength 

properties, good environmental stress cracking resistance, good combustion 

resistance and low creep. The tensile strength is listed as 70.3 MPa, tensile modulus 

as 2.48 GPa, elongation at break 50-100%, specific gravity 1.24 [52]. The polymer 

was received in the form of pellets and was used without further modification. 
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3.2 Solvent 

The organic solvent used in this work is N-methylpyrrolidone (NMP). 

j 

Figure 3.2. Structure of N-methyl pyrrolidone. 

NMP is a clear, colorless liquid that has a high boiling point. The boiling point of 

NMP is listed to be 202°C [ 51]. 

3.3 Cellulose nanocrystal (CNXL) production 

Cellulose is a semicrystalline polymer. The crystalline portions of the polymer may 

be liberated by acid hydrolysis [20, 21]. The result is cellulose nanocrystals (CNXLs). 

CNXLs were prepared by the acid hydrolysis of pure cotton cellulose. Whatman # 1 

filter paper (pure cotton cellulose) was ground in a Wiley mill using the smallest 

screen. Then 65% (v/v) sulfuric acid was added to a flask and placed in an oil bath. 

The temperature of the oil bath was set to 45°C and stirred at a moderate speed. The 

ground filter paper was measured and transferred to the flask and stirring was 

continued for 45 minutes. The cellulose to acid ratio was 1: 10 g/mL. After 45 

minutes, the mixture was diluted and cooled. 
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The diluted solution was then centrifuged and decanted. The decanted solution was 

neutralized with 5 % sodium bicarbonate solution and then discarded. 

Deionized water was added to the remaining solids and the contents were mixed well. 

Centrifugation and decantation steps were repeated several times until the pH of the 

solution was 6 - 9. The 5 % sodium bicarbonate solution was used between the 

centrifugation steps to neutralize the acid in the solution. The neutralized mixture was 

then diluted and stirred to thoroughly mix the contents. This mixture was then 

sonicated using a Branson Sonifier 250 (Branson Ultrasonics Corp., Danbury, CT) for 

about 10 minutes. After sonicating, the solution was filtered in an Ultrasette™ 

Tangential flow ultrafilter, 300 kD MWCO, from Pall Corp. (Ann Arbor, MI). 

Filtration was continued until the final conductivity of the ultrafilter permeate was< 5 

µSiem. The CNXLs were retained in the retentate. The conductivity was measured 

using an EC tester (Oakton Instruments). The percentage solids in the final solution 

was determined by taring (weighing) a small aluminum pan (wt), then weighing 5 - I 0 

g cellulose nanocrystal (CNXL) dispersion into the pan (ww). The pan was then dried 

in an oven at I 05°C until dry (usually one hour was sufficient), then the final dry 

weight of the pan was measured (wct). 

% solids= S = (wd - Wt) * 100/(ww - Wt) (3.1) 
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3.4 Nanocomposite processing 

Solvent exchange and phase inversion processes were used for the processing of the 

nanocomposites. The CNXLs were transported from the water to the organic solvent 

phase by a novel solvent exchange process. 

The polymer was then dissolved in the CNXL/NMP dispersion and this polymer 

solution was used to cast films by the phase inversion process. 

3.4.1 Solvent Exchange Process 

CNXLs have been shown to impart excellent properties to a wide variety of polymer 

systems but the dispersion of these CNXLs in organic solvents has been problematic. 

Many of the polymers which can be used to make CNXL-containing composites do 

not dissolve in water so the CNXLs have to be transported to the organic solvent 

which will also dissolve the polymer of interest. The incorporation of CNXLs in 

polymers without aggregation has also been problematic [43]. Samir, et al. [33] 

describes preparing a water dispersion of CNXLs by hydrolysis of cellulose, freeze 

drying the suspension and drying the resulting powder at 100°C for 48 hours under 

vacuum and then resuspending in N,N-dimethylformamide (DMF). 

We discovered a novel solvent exchange process and submitted an invention 

disclosure for this process. 

The solvent exchange process eliminates the freeze drying step which has the 

following disadvantages: 
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1. Freeze drying is complicated and is also an expensive process. 

2. Freeze drying tends to agglomerate the CNXLs and thus a high shear process is 

required to resuspend the CNXLs into an organic solvent. 

3. Freeze drying takes a long time. 

The solvent exchange process is less expensive, less complicated and is a much faster 

process for transferring the CNXLs from the water to an organic solvent phase. 

We transported the CNXLs from the water to the organic solvent NMP. A CNXL 

aqueous dispersion and NMP were mixed together. The amount of NMP added 

depended on the percentage of CNXL required in the final composite. Since water has 

a lower boiling point (100 °C) than the organic solvent NMP (202 °C), water can be 

easily removed from the mixture of NMP and CNXL aqueous dispersion by 

evaporation. A Btichi Rotovapor RI IO (Flawil, Switzerland) rotary evaporator was 

used to remove the water from the mixture of CNXL aqueous dispersion and NMP. 

The temperature of the water bath was maintained between 50 - 80 °C and a vacuum 

was applied and this process was continued until all the water was removed from the 

mixture which was determined by measuring the final weight of the solution at the 

end of the rotary evaporation process. This dispersion was sonicated in a Branson 

Sonifier 250 (Branson Ultrasonics Corp., Danbury, CT) for about 10 minutes. 

Polysulfone (PSf) was measured and added to the CNXL/NMP dispersion and stirred 

well until the polymer completely dissolved in the CNXL/NMP dispersion. 
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3.4.2 Phase Inversion Process 

The PSf in CNXL/NMP dispersion solution was used to make films by the phase 

inversion process. Glass plates were used as substrates to cast the films. Glass plates 

were thoroughly cleaned and dried in an oven to ensure that the substrate was clean 

and dry. The solution was cast on the glass plates and these plates were immersed in a 

hot water bath. 

The analysis of a phase inversion process is difficult because of many correlated 

factors. The two crucial factors for phase inversion are thermodynamic phase 

equilibri& and mutual diffusivities in the system [44]. The temperature variation leads 

to demixing of the polymer solution and the homogenous polymer solution becomes 

heterogeneous which eventually produces a solid polymeric structure. Thus the 

temperature variation affects the membrane structure [44]. The membrane's structure 

and function also depends on the outward diffusion of the solvent [44]. The films 

were kept in the water bath for at least 24 hours. The temperature of the water bath 

was maintained between 70 - 75 °C. The water in the water bath was changed at least 

2 - 3 times during the phase inversion process to ensure that the NMP diffused out of 

the films. 

It was not possible to completely remove the NMP from the films in the water bath. 

This was another challenge I encountered during this work. The thickness of the final 

films was~ 20 µm and was measured by optical microscopy. 
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3.5 Cellulose nanocrystal characterization techniques 

Transmission electron microscopy, atomic force microscopy and optical microscopy 

techniques were used to characterize the CNXLs. 

3.5.1 Transmission Electron Microscopy {TEM) 

TEM (Philips CM-12) operated at 60 keV, magnification of 100,000X was used to 

examine the particle size of the CNXLs. A 0.5 % CNXL suspension was prepared. 

This CNXL suspension was then coated on a carbon stabilized formvar films on a 200 

mesh copper grid. The suspension was negatively stained with ammonium molybdate 

to get a good contrast in the image. 

The grid was subjected for analysis after removing the excess suspension from the 

surface of the grid. The CNXL suspension was sonicated before analysis [ 45]. 

3.5.2 Atomic Force Microscopy (AFM) 

A Digital Images Dimension 3100 Atomic Force Microscope (Veeco Instruments 

Corp., Santa Barbara, CA) was used to obtain AFM images of dried CNXL 

dispersions and the composite films. AFM was operated in tapping mode using a 

silicon cantilever tip (force constant 40 Nim) to analyze the dispersion of CNXL in 

the composite. 
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The roughness of the surface of the composite with the addition of the filler was also 

obtained using the AFM. AFM image of the top and the bottom surface of the 

composite was also taken to see if there was any difference in the two surfaces. 

To verify if tapping hard on the surface of the sample affected the final image, light 

tapping and hard tapping images were also acquired. 

3.5.3 Optical Microscopy 

Optical micrographs of CNXL dried dispersions and films were obtained through 

crossed polarizers at 40 X magnification using an Eclipse 400 (Nikon USA, Melville, 

NY) microscope with an attached camera (Photometrics Cool Snap, Division of 

Roper Scientific, Inc.). The CNXLs in the composites are crystalline in nature and 

thus rotate the polarized light. The rotation of the polarized light by the (most likely 

agglomerated) CNXLs appeared as bright spots on the image. 

3.6 Morphology of films 

AFM, optical microscopy explained in the previous subheading was used to analyze 

the morphology of the films. In addition scanning electron microscopy was also used 

to investigate the fracture surface of the films. 
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3.6.1 Scanning Electron Microscopy (SEM) 

An AmRay 1000 Scanning electron microscope using 7 kV secondary electrons was 

used to investigate the morphology of the films. The films were frozen in liquid 

nitrogen and then fractured. The fractured films were mounted on aluminum mounts 

and sputter coated with gold/palladium alloy in an Edwards S I 50B sputter coater. 

These sputter coated samples were placed in the vacuum chamber and the mounts 

were tilted at 30° angle before capturing the images. 

3. 7 Mechanical behavior of the composites 

The mechanical behavior of the composites was investigated with the aid of dynamic 

mechanical analyzer and Sintech Universal Testing Machine. 

3.7.1 Dynamic Mechanical Analyzer (DMA) 

The mechanical behavior of the composites was measured on a Dynamic mechanical 

analyzer (Pyris Diamond DMA, Perkin Elmer instruments, Boston, MA). DMA was 

used to measure the viscoelastic nature of the composites as a function of 

temperature. The experiments were conducted at a frequency of I hertz. 

3.7.2 Sintech Universal Testing Machine 

The tensile modulus of the composite films was measured on a Sintech Universal 

Testing Machine (Sintech 1/G, MTS Systems Corp., Enumclaw, WA). 
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At least five replicates were tested for each sample. The span of the samples was 10 

mm and the thickness of the films was measured using an optical microscope. The 

crosshead speed was 2 mm/min. The raw data obtained (Load (N) versus Extension 

(mm)) was converted to stress and strain data. Strain (mm/mm) was obtained by 

dividing the extension by the span and the stress (N/mm2
) was obtained by dividing 

the load by the product of the initial thickness and width. A graph of stress versus 

strain was plotted for each sample. The slope of the initial linear portion of the 

stress - strain curve is reported as the tensile modulus. 

3.8 Thermal Properties 

Differential Scanning Calorimetry and thermogravimetric analysis were the 

techniques used to analyze the thermal properties of the composite film, polymer 

matrix and the CNXLs. 

3.8 1 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) (Thermal Analysis Instruments, TA 2920) 

was used to study the thermal behavior of the composites and PSf. 

About 8 mg of the sample was measured and placed in an aluminum pan and the 

sample was heated from room temperature to 250°C in a nitrogen environment to 

prevent oxidation of the sample. 
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The samples were heated at a constant rate and held isothermally for about 5 minutes 

to eliminate any thermal history in the sample before the sample was cooled back to 

room temperature at the same rate (10 °C/min ramp under nitrogen flow) 

3.8 2 Thermogravimetric Analysis (TGA) 

TGA was used to study the behavior of composite films, PSf and CNXLs. 

TGA was used to study the interaction between the polymer and the filler. 

Thermogravimetric measurements were carried out with a thermogravimetric 

analyzer (Modulated TGA 2950, TA instruments). 

TGA experiments were conducted by first taring an aluminum pan which was 

completely filled with the sample. Aluminum pans were completely filled with the 

sample to avoid noisy results, which were otherwise obtained. The temperature range 

was room temperature to 600°C at a 10 °C/min ramp under nitrogen flow. 

3.9 Water Vapor Transport Rate (WVTR) 

The water vapor transport rate (WVTR) through the films was measured to 

investigate the effect of CNXLs on the transport property of the film and also to 

observe the change in the WVTR with an increase in the filler loading. The WVTR 

was measured in accordance with ASTM E 96 - 95 [46]. 
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Water was measured and placed in a jar containing a lid with a hole of known 

diameter (D). The composite film was placed on the top of the jar and the lid with the 

hole was used to cover the jar. Care was taken while placing the lid on the jar to 

ensure there was no water loss from the side of the lids and also to ensure the films 

did not get damaged while replacing the lid. This was a difficult task as the films 

were only 20 microns thick and placing the lids on the jar was done extremely slowly 

and carefully. If there was a hole in the film, the film was discarded. The WVTR was 

measured for composite films with 0 %, 0.6 %, 1 %, 2 %, 4 %, 7 % and 11 % filler 

loadings. 

At least three replicates were tested for each composite film sample. The initial 

weight of the jar was measured. 

The jars were then placed in a controlled environmental chamber where the 

temperature was maintained at 30 °C and the relative humidity was maintained at 

90%. 

The change in the weight of the jars was measured with time and a graph of weight 

loss (grams) versus time (days) was plotted for each jar. The prescribed procedure 

requires the WVTR to be taken from the slope of water loss plotted versus time at 

steady state [39]. 

The slope from the weight loss versus time graph (Figure 3.3) was obtained. 
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Slope= mass (g)/time (day) (3.2) 

As the WVTR took place only through the lid hole of known diameter "D", the area 

through which WVTR took place was calculated as follows 

Area (A)= 7t D 2/4 (3.3) 

The thickness of the films was measured at various spots to ensure that there was no 

difference in the thickness of the films in the area through which WVTR took place. 

The thickness was measured using a calibrated optical microscope. The slope (3.2) 

was divided by the area (3.3) to obtain the flux (J) through the films. 

Flux (J) = mass (g)/area (m 2 ) time (day) (3.4) 

The flux (J) through the films with different filler loadings was used to compare the 

effect of the filler on the transport property of the composite films. 
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time(dy) 

Figure 3.3. Example of weight loss versus time in WVTR test. 

3.10 Surface modification of CNXLs 

The next step in my research was to investigate how surface modification of 

CNXLs will affect the composite and its properties. To achieve this, the first step was 

to first modify the surface of the CNXLs before incorporating them in the composite 

film. 

Surface modification was done by selectively oxidizing the C6 carbon of the 

anhydroglucose repeat unit by using a mixture of sodium hypochlorite, sodium 

bromide, and 2,2,6,6- tetramethyl-1-piperidinyloxy radical (TEMPO) [47]. 
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Figure 3.4. Selective oxidation of C6 carbon by TEMPO-mediated oxidation. 

I 00 mL of CNXL dispersion containing 0.5 % - I % solid content was mixed with 0.1 

g of TEMPO and I g of NaBr [48]. NaClO was placed in a burette. The pH of the 

contents in the flask was maintained around IO throughout the oxidation reaction. If 

the pH of the contents in the flask changed, the NaClO from the burette was 

automatically added to the flask until the pH of the contents in the flask was 

maintained at I 0. 

This method of oxidation is slightly different from previous work [47, 48] in which 

NaOH is used to maintain the pH. In this work, the oxidant NaClO is used to maintain 

the pH. The reaction is stopped when there is no consumption of NaClO, i.e. no 

change in the pH. 

The reaction is terminated by the addition of ethanol. The reacted CNXL solution was 

filtered in an Ultrasette ™ Tangential flow ultrafilter, 300 kD MWCO, from Pall 

Corp. (Ann Arbor, MI) at least three times to remove all the excess reactants and was 

then reacted with 0.IN HCl for about 30 minutes. 
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The reacted CNXL solution was further filtered in an Ultrasette ™ Tangential flow 

ultrafilter, 300 kD MWCO, from Pall Corp. (Ann Arbor, MI) and filtration was 

continued until the final conductivity of the ultrafilter permeate was < 5 µSiem. 

3.10.1 FTIR Spectroscopy 

To compare the CNXLs before and after carboxylation, a small amount of the CNXL 

and the carboxylated CNXL dispersion was placed in an aluminum pan and dried in 

an oven. The dried dispersions formed a thin film. A very small portion of the films 

was placed in a pellet such that the film was in the center of the pellet and the film 

was surrounded by KBr. FTIR (Thermo Nicolet-Nexus 470) was used to obtain the 

FTIR curves, to compare the CNXL sample before and after carboxylation. 

3.10.2 Acid-Base titration 

The CNXLs before and after carboxylation were titrated against standardized NaOH 

to analyze the titration curves and also to obtain the equivalent point. 

The equivalent point was used to calculate the amount of COOH in the dispersion. 
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Chapter 4 Results and Discussion 

4.1 Nanocomposite processing 

We transported the CNXLs from water to an organic solvent phase using our solvent 

exchange process. Casting of solution on glass slides was done by hand. Casting of 

solution using a spinner was also tried, to see if there was any improvement in the 

quality of the final film. The spinner did not prove to be very effective as it was not 

possible to spread the solution throughout the glass slide. Even at high RPMs the 

solution could be spread only within a certain area on the glass slide. Thus we 

decided to cast the films by hand. 

At the end of the phase inversion process, it was possible to obtain films that were 

clear and about 20 µthick.However, removing the solvent completely from the films 

could not be accomplished. 

A solvent evaporation technique was also tried to make the composite films. In 

solvent evaporation technique, the solution was cast 0111 a glass slide and the glass 

slide was placed in a desiccator under vacuum. Solvent evaporation technique was 

not a good choice to make the films as getting rid of the solvent from the film was 

even more difficult in this case. 

All the composite films used in the analyses were cast by hand, and made by the 

phase inversion process and were about 20 µ thick. 
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4.2 Cellulose nanocrystal characterization 

TEM, AFM and optical microscope were used to investigate the CNXLs prepared 

from cotton in our lab. 

4.2.1 Transmission Electron Microscopy 

Figure 4.1. TEM image of cellulose nanocrystals from cotton [ 45]. 

The above Figure shows the TEM image of CNXLs obtained from cotton. In this 

image we see both single strands and agglomerates of CNXLs. Since sulfuric acid is 

used as the hydrolyzing acid, the sulfate charge on the surface of the CNXLs keeps 

the CNXLs dispersed [33] due to the repulsive forces between the CNXLs. 
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However sometimes the attractive forces between the CNXLs due to hydrogen 

bonding overcomes the repulsive forces and this is why we see agglomeration of 

CNXLs in the image. Agglomeration of the CNXLs has been a problem. 

Agglomeration of CNXLs cannot be avoided completely even if sulfuric acid is used 

as the hydrolyzing acid [49]. 

The dimensions of the single strands were measured with the aid of Scion Image 

Analysis Program [45]. The diameter of these crystals were 5 - 20 nm, length= 200-

350 nm and the aspect ratio (defined as the ratio of length/diameter)= 10 - 70. 

4.2.2 Atomic Force Microscopy 

Figure 4.2 shows an AFM image of a dried CNXL dispersion. AFM image also 

shows a wide distribution of widths and lengths of the CNXLs produced in our lab, 

but the variation of the CNXLs lengths was more than that of the widths. This is also 

seen in the calculation done using Scion Image Analysis Program. The AFM 

overestimates the width of the CNXLs as the actual width is smaller than the radius of 

the AFM tip used to image them. 



Figure 4.2. AFM image of cellulose nanocrystals from cotton 

(image obtained by John Simonsen). 

4.2.3 Optical Microscopy 
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Figure 4.3 is the optical micrograph image of a CNXL film through crossed polarizers 

at 40X magnification. CNXL films are transparent and show birefringence and this 

suggests that there is a high degree of orientation of the crystals in the films and the 

oriented nature of the crystals is apparent in the optical micrograph image shown 

above. Even though individual CNXLs are too small to be observed, they appear as 

out of focus dots in the microscope image. 



Figure 4.3. Optical micrograph of CNXL dried dispersion 

using crossed polarizers at 40X magnification 

(image obtained by John Simonsen). 

4.3 Morphology of films 
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The morphology of the composite films was analyzed with the aid of SEM, AFM and 

optical microscopy. AFM was also used to investigate the roughness of the films and 

also to observe the effect of light tapping and hard tapping on the final image. 

4.3.1 Scanning Electron Microscopy 

The fracture surface of a composite film with no filler appeared to be a 

smooth, leaf-like structure as seen in Figure 4.4. 
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Figure 4.4. Fracture surface of PSf film with O % filler. 

The fracture surface of composite films with CNXLs showed a radically different 

topology. At 2 % filler loading the fracture surface of the composite film was rough 

and non uniform (Fig. 4.5). The fracture zones at this filler loading were ~ 1 µ. It is 

clearly evident that the CNXLs are altering the fracture behavior of the films. 

Increasing the CNXL content to 11 % gave a fracture surface similar to that of 2 % 

filler loading except that the fracture zones were smaller and more numerous (Fig. 

4.6). The difference in the fracture surface of the film with 11 % filler and that of the 

2 % filler could be because more nanoparticles are altering the crack propagation 

process resulting in greater crack trajectory modification. The fracture surface of a 

composite film with 16 % filler was extremely rough and uneven (Fig. 4. 7). The 

Figure also shows apparent domains of agglomeration. The 16 % filler loading 

evidently exceeds the ability of the polymer to wet the surface of the CNXLs, giving 

rise to "cheesy" behavior of the composite at this high filler loading. 
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Figure 4.5. Fracture surface of film with 2% filler. 

Figure 4.6. Fracture surface of film with 11 % filler. 
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Figure 4.7. Fracture surface of film with 16% filler. 



4.3.2 Atomic Force Microscopy 

Figure 4.8. AFM image of film with 0% filler 

(image obtained by John Simonsen). 

Figure 4.9. AFM image of film with 2% filler 

(image obtained by John Simonsen). 
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Figure 4.10. AFM image of film with 11 % filler 

(image obtained by John Simonsen). 

Figure 4.11. Surface roughness analysis of film with O % 

filler. Rms = 0.184nm. (image obtained by John Simonsen). 
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Figure 4.12. Surface roughness analysis of film with 11 % 

filler. Rms = 13run - Upside of film 

(image obtained by John Simonsen). 

Figure 4.13. Surface roughness analysis of film with 11 % filler. 
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Rms = 96run - Downside of film (image obtained by John Simonsen). 
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Figure 4.14. AFM image of 11 % filler using LIGHT TAPPING 

(image obtained by John Simonsen). 

Figure 4.15. AFM image of film with 11 % filler 

using HARD TAPPING. 

(image obtained by John Simonsen). 
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AFM was used to analyze the surface of the composite films and also the dispersion 

of CNXL in the films. Tapping mode was used to acquire the images. The intent of 

using AFM in tapping mode and phase imaging was to assess the feasibility of 

"seeing" the CNXLs imbedded in the films. The phase image responds to a number of 

variables and currently there is no theory that allows the analysis or prediction of 

phase images from first principles [50]. One of the variables that affects the phase 

image is the hardness of the material being imaged. If the material being imaged is 

hard then the phase image obtained will be brighter. Since the CNXLs are "hard" and 

the polysulfone is "soft," the CNXL regions in the film should appear as bright 

regions in the phase image. 

In the AFM image of the film with O % filler (Figure 4.8) we see no bright spots in 

the phase image, but in the AFM image of film with 2 % filler (Figure 4.9) we see 

bright spots in the phase image which is the CNXL and the black region surrounding 

these white spots is the polymer. In the AFM image with 11 % filler (Figure 4.10), 

the number of bright spots seen in the phase image is more than that seen in the 2% 

AFM image due to the increased filler loading. It is also expected that as the force or 

the "hardness" of tapping increases, the number of bright spots on the phase image 

should increase because as the hardness increases the filler imbedded deeper in the 

composite film should be accessible by the tip. 
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Figure 4.14 shows the AFM image of the composite film with 11 % filler under light 

tapping (less force was used to obtain the tapping image) and Figure 4.15 shows the 

AFM image of the composite film with 11 % filler under hard tapping (more force 

was used to obtain the tapping image). Comparing these two images, we find some 

evidence to support the hypothesis that as the tapping force increases more deeply 

imbedded CNXLs appear in the phase image. Figure 4.15 shows more bright regions 

in the phase image when compared to Figure 4.14. 

AFM images were also used to evaluate the surface roughness of the composite films. 

Roughness analysis was done for composite films with O % filler loading and 11 % 

filler loading. The root mean square (RMS) roughness value of the film with O % 

filler was 0.184 nm (Figure 4.11 ). The RMS roughness of the composite film with 11 

% filler loading (Figure 4.12) was 13 nm (upside of the film). 

With the addition of filler, the RMS roughness value increases. The surface roughness 

of the film with 11 % filler loading was calculated on both the surfaces of the film -

upside of the film (the side that is not touching the substrate) and the downside of the 

film (the side that is in contact with the substrate). The RMS roughness of the film on 

the downside was 96 nm (Figure 4.13). Thus, there is a difference in the roughness 

between the upside and the downside of the film. 
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4.3.3 Optical Microscopy 

Figure 4.16. Optical micrograph of film with O % filler. 

Figure 4.17. Optical micrograph of film with 2 % filler. 
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Figure 4.18. Optical micrograph of film with 4 % filler. 

Figure 4.19. Optical micrograph of film with 11 % filler. 
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It is not possible to view the individual CNXL particles in the optical microscope as 

the CNXLs are smaller than the wavelength of light. These small particles however 

do diffract and scatter light and produce out-of focus spots on the optical 

micrographs. At lower filler loadings (Figure 4.1 7) (2 % filler loading) there is less 

agglomeration. At 11 % filler loading Figure 4.19 the CNXLs are highly 

agglomerated as is evident from the figure. Agglomerates larger than ~ 500 nm are 

visible and apparent in the optical micrographs especially in 11 % filler loading 

micrograph where large agglomerates are apparent. 

4.4 Mechanical Testing 

Mechanical testing of the composite films was done with the aid of dynamic 

mechanical analyzer and Sintech universal testing machine. Obtaining good results 

from the phase immersion process relies upon the total removal of all the NMP 

solvent. TGA data and nitrogen elemental analysis (as a marker for NMP) were used 

to ensure the complete removal of NMP from the films. However, complete removal 

was found to be difficult and the properties of the films obtained from phase 

immersion were variable. 

4.4.1 Dynamic Mechanical Analyzer (DMA) 

Inconsistent results were obtained with the DMA. Not only were the scans highly 

variable from run to run, but they were also noisy. It is possible that variable amounts 

of solvent affected the scans. Due to time constraints and the availability of 

alternative techniques for measuring mechanical properties, this approach was 

abandoned. 
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Figure 4.20 shows a noisy DMA graph obtained from one of the composite samples. 
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Figure 4.20. DMA graph of composite film. 

4.4.2 Tensile Modulus 
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While the films used for the modulus data shown had no observable presence ofNMP 

from TGA data and the nitrogen content was< 0.03 % by wet chemical analysis, we 

speculate that either complete solvent removal was not achieved and/or as the solvent 

dissolved away from the PSf it left voids behind, as is expected and desirable for 

membrane formation. 

In a typical Loeb-Sourirajan anisotropic membrane formation [4] a porogen is 

intentionally added to create voids and control their size and number. We may be 

seeing the same effect with the NMP solvent in this case. The tensile modulus of the 

obtained films increases with filler loading, but not linearly. 



52 

There is a drastic increase in the tensile modulus beyond 1 % filler loading. The 

abrupt increase at ~ 1 % could be due to a percolation effect. The overall increase is 

substantial, rising more than 300 % with a 2% CNXL loading. The modulus then 

drops at filler loadings > 7 %, presumably due to increased agglomeration of the 

CNXLs. The increased modulus is an encouraging result for the use of CNXL-filled 

PSfmembranes in microchannel separation devices. 
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Figure 4.21. Tensile modulus of PSf films as a function of 
CNXL filler loading. 

The error bars represent one standard deviation of the data. 

One way ANOVA (see Appendix) statistical analysis was performed on films with 0 

%, 0.6 %, 1 %, 2 %, 4 %, 7 % and 11 % filler loadings. 
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The p value obtained from ANOVA is 0.21. Distribution free Kruskal Wallis rank 

sum test (see Appendix) was also done on films with O %, 0.6 %, 1 %, 2 %, 4 %, 7 % 

and 11 % filler loading and the p value obtained from the Kruskal Wallis rank sum 

test is 0.0027. As there seems to be some outliers the p value from the Kruskal Wallis 

rank sum test will be more appropriate to use as this is a distribution free test. The 

outliers could be due to the presence of solvent in the samples. The low p value from 

the Kruskal Wallis rank sum test on samples with O %, 0.6 %, 1 %, 2 %, 4 %, 7 % 

and 11 % filler loading indicates that there is a difference in the tensile modulus 

between the different samples. 

Statistical analysis was done on the 2 %, 4 % and 7 % samples separately. One way 

ANOVA and Kruskal Wallis rank sum test was done. The p value obtained from one 

way ANOVA test is 0.24 and that from Kruskal Wallis rank sum test is 0.18. Both the 

p values are high and a high p value indicates that the differences between the tensile 

moduli of the 2 %, 4 % and 7 % samples are not statistically significant. 

4.5 Differential Scanning Calorimetry (DSC) 

The glass transition temperature (T g) of UDEL PSf is listed as l 85°C. The T g value 

obtained from the DSC curve is l 87°C. Figure 4.26 shows the DSC curve of PSf 

pellets. 
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Figure 4.22. DSC curve of film with O % filler. 
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Figure 4.23. DSC curve of film with 2 % filler. 
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Figure 4.24. DSC curve of film with 11 % filler. 
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Figure 4.25. DSC curve of film with 16 % filler. 
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Figure 4.26. DSC curve of PSf crystals. 
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Figures 4.22, 4.23, 4.24 and 4.25 show the DSC curves of composite films with O %, 

2 %, 11 % and 16 % filler loading. Figure 4.27 shows the variation of T g with filler 

loading. In the ideal situation, the T g should increase with increase in the attractive 

force between the polymer and filler. If the addition of the filler is increasing the free 

volume of the polymer matrix, then the T g should decrease consistently. 

From Figure 4.27 it is difficult to explain the trend of the glass transition temperature. 

The highly variable T g values could be due to the presence of solvent in the films. 

The solvent in the films will act as a plasticizer and will radically alter the T g values. 

Further work has to be done to investigate the change in T g with the addition of filler. 



4.6 Thermogravimetric Analysis (TGA) 
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Figure 4.28: TGA of PSf crystals 

TGA was used to study the thermal behavior and also the interaction between the 

polymer and the filler. Figure 4.28 shows the weight loss{%) versus temperature 

(°C) of PSf crystals. 

PSf degrades at around 500 °C. Figure 4.29 shows the weight loss (%) versus 

temperature (°C) curve for CNXLs obtained from cotton. CNXLs degrade at around 

250 °C. 

Figure 4.30 shows the weight loss(%) versus temperature (°C) of PSf film with 0 % 

filler prepared by phase inversion process. 
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The small step at ~ l 80°C is presumably from retained solvent in the film. Although a 

variety of techniques were explored, we were not successful in removing all the 

solvent from the films. Figures 4.31, 4.32 and 4.33 shows the weight loss(%) versus 

temperature (°C) curves for 2 %, 11 % and 16 % CNXL films respectively. 
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Figure 4.29. TGA of CNXL from cotton. 
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Figure 4.30. TGA of film with O % filler. 

Sampla psf film (ncc)nov 17, 04 
Size: 2.0540 mg 
Method: Ramp 

TGA 
File: C: .. .\sweda\psf filrrlncc) nov 17 ,04.001 
Operate[ sweda 
Run Date 17-Nov-04 17:07 
lnstrum ent 2950 TGA HR \5.0E 

120~------------------------------------, 

100 -----~-

60 

------t-~:;:::-----r 

49.6 Yo 
(10 4m 

40-!,-~--~-,-~---~-------r-------r----r----r-r-~-r--, 
0 100 200 300 400 500 600 

Temperature (°C) UniversamiB TA Instruments 

Figure 4.31. TGA of film with 2 % filler. 
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Figure 4.32. TGA of film with 11 % filler. 
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Figure 4.33. TGA of film with 16 % filler. 
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The TGA data was converted to differential thermogravimetric analysis (DTGA) 

curves for films with 0 %, 2 %, 11 % and CNXLs (Figure 4.34). At low filler loading 

(2 % ) the degradation of CNXLs shifts closer to that PSf (~500 °C) indicating that 

there is close interaction between the polymer and the filler at low filler loadings. At 

high filler loadings (11 %), there is a bimodal curve (degradation of CNXL at~ 250 

°C and degradation of PSf at ~ 500 °C) indicating that at high filler loading there was 

filler present as a separate phase from the PSf. This could be because at high filler 

loading the CNXLs agglomerate and thus the polymer fails to wet the surface of the 

filler. 



63 

Figures 4.35 and 4.36 shows the TGA of PSf films with 0.6 % and 1 % filler loading 

respectively. The ramping rates for these were 20 °C/min instead of 10 °C/min .It is 

difficult to see the degradation curve clearly with increase in ramping rate. 
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Figure 4.35. TGA of film with 0.6 % filler. 
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Sample: 1 perct may27 05 
Size: 8.4560 mg 
Method: Ramp 
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TGA 
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Figure 4.36. TGA of film with 1 % filler. 

4.7 Water Vapor Transport Rate (WVTR) 

WVTR was measured for films with O %, 0.6 %, 1 %, 2 %, 4 %, 7 % and 11 % filler 

loading. With the increase in CNXL loading in the film, there is an increase in the 

flux through the composite film (Figure 4.3 7). This could be due to the hydrophilic 

nature of the CNXLs or could be due to a percolation effect. The percolation 

threshold is defined by a transition in the connectivity of the CNXLs from a 

disconnected to a connected state [29]. This could explain the rapid increase which 

appears to be occurring at ~ 1 % filler loading. 

One way Analysis of Variance (ANOVA) model was applied to the WVTR values. 
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The p value obtained from one way ANOVA (see Appendix) was less than 0.001. 

.Kruskal - Wallis rank sum test was also done to verify the p value obtained from the 

one way ANOVA test and the p value obtained from the Kruskal - Wallis rank sum 

test (see Appendix) was 0.0154. The p values obtained from both the statistical tests 

shows a low p value. A low p value indicates that there is a difference in the flux at 

the different filler loadings. 

The large variation in the standard deviation at 11 % filler loading could be due to the 

agglomeration of the CNXLs at this high filler loading. 
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Figure 4.37. WVTR of PSf films as a function of CNXL filler loading. 
The error bars represent one standard deviation of the data. 



4.8 Surface Modification of CNXLs 
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CNXLs were carboxylated in order to study the change in film properties as a 

function of interfacial chemistry in the nanocomposite. Figure 4.38 shows the FTIR 

spectrum of carboxylated CNXL and Figure 4.39 shows the FTIR spectrum of the 

CNXL starting material. The presence of carboxylic acid groups was confirmed by 

the presence of a strong signal at around 1730 cm·1
, which was assigned to the 

carbonyl peak in the carboxylic acid group. 
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The CNXLs that were not carboxylated did not show a strong signal at 1730 cm-1 but 

showed a small peak at around 1640 cm-1 and very small peak at around 1740 cm-1 

which indicates the presence of carbonyl and carboxylic groups on the CNXLs that 

were not carboxylated and this could be due to the oxidation of the CNXLs during the 

sulfuric acid hydrolysis of the cellulose. 
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Figure 4.39. FTIR of CNXLs before carboxylation. 

After confirming that the CNXLs were carboxylated, a small sample of the 

carboxylated CNXL was titrated against standard NaOH to calculate the mmol of 

COOH/g of CNXL. A sample titration curve is shown in Figure 4.40. 
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The equivalence point (point where the titration is complete) from the titration 

curve is used to calculate the mmol of COOH/g of CNXL which was 0.8 - 1.3 mmol 

of COOH/g of CNXL. The carboxylated CNXL dispersion was transferred from the 

water to the organic solvent (NMP) phase and the PSf was added to the carboxylated 

CNXL/NMP dispersion and stirred. The polymer did not dissolve in the CNXL/NMP 

dispersion either at room temperature or when heated above room temperature. This 

line of investigation was then terminated. 
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Figure 4.40. Sample titration curve of carboxylated 

CNXL against standard NaOH. 
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Chapter 5 Conclusions and Future work 

5.1 Conclusions 
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This preliminary investigation work shows that the CNXL dispersion can be 

transported from the water to the organic solvent NMP by a novel "Solvent Exchange 

Process." PSf could be dissolved in the NMP/CNXL dispersion. After casting and 

soaking the film in hot water, a solid nanocomposite film was obtained. The weight 

percentage of CNXLs in the composite varied between O % - 16 %. 

AFM, SEM and optical microscopy were used to investigate the morphology of these 

composites. Microscopic investigations revealed that the CNXLs were well dispersed 

at lower filler loadings. SEM images showed that the presence of CNXLs altered the 

fracture behavior of the composites. 16 % CNXL loading appeared to be highly 

agglomerated and incompletely wet by the matrix. AFM images indicated that "hard" 

tapping with phase imaging is a promising technique for composite films like these. 

AFM images also shows that there is a difference in the morphology of the 

"downside" and "upside" of the film. 

TGA curves revealed interaction between PSf/CNXL at low filler loading (2 % ) and 

poor interaction at high filler loading (11 %). DSC and DMA results were highly 

variable. This is presumably due to some NMP retained in the film. Further work 

needs to be done on DSC and DMA. 

The tensile modulus showed a large increase in the tensile modulus beyond 1 % filler 

loading. The abrupt increase could be due to a percolation effect. The modulus shows 
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a decrease beyond 7 % filler loading, presumably due to agglomeration of CNXLs at 

high filler loadings. 

The WVTR increases with increase in CNXL loading. The highly variable results 

obtained at filler loading > 7 % could be due to agglomeration at high filler loadings. 

Surface modification of the CNXLs was performed, however further investigation 

needs to be done to incorporate these modified CNXLs in the composite films. 

The results obtained from the preliminary investigation work are promising. The 

ability to simultaneously increase the modulus and permeability in these 

nanocomposite films suggests that these nanocomposite membranes might be suitable 

for the fabrication of improved microchannel-based devices. Such devices might be 

used in a broad range of high-efficiency, portable and distributed separation 

technologies. 

5.2 Future work 

The results obtained from the preliminary investigation work are promising and calls 

for further investigation. The next step in this work will be to prepare PSf membranes 

containing CNXLs and test their selectivity and permeability. This will include 

studies of the effect of a "porogen" on the morphology, mechanical and transport 

properties of these composites. 
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Since it is hypothesized that the membranes properties will be highly dependent upon 

the nature of the interface between the PSf and CNXLs, the CNXLs could be 

modified by grafting various compounds to the CNXL surface and then incorporating 

these in the composite films. 
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Figure A. I. Stress-Strain curve. 
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0 883.89 0.6 1081.6 
0 552.03 0.6 270.42 
0 663.03 0.6 490.67 
0 401.15 0.6 1130.7 
0 808.59 0.6 440.36 

661.738 682.75 

194.2039143 395.4125037 

1 1109.4 2 2745.9 
1 1288.7 2 1271.1 
1 1108.9 2 679.6 
1 560.56 2 1611.5 
1 710.9 2 527.45 

955.692 2008.5 

305.7963331 800 

4 1666 7 1836.1 11 708.96 
4 1189.8 7 2124.7 11 859.52 
4 1233.7 7 1745.3 11 512.11 
4 1222.3 7 1665.8 11 1147.3 
4 1683 7 1448.4 11 873.84 

Average 
1575.8 1842.25 MOE 820.346 

488.49 292.68 233.8329538 

Table B. l. Tensile modulus of films at different filler loadings. 
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Figure A.2. Box plots of all samples. 

*** Summary Statistics for data in: MOE.comp *** 

Sample.ID:0 

Min: 
1st Qu.: 

Mean: 
Median: 

3rd Qu.: 
Max: 

Total N: 
NA's : 

Std Dev.: 

MOE .N. sq.mm. 
401.1500 
552.0300 
661.7380 
663.0300 
808.5900 
883.8900 

5.0000 
0.0000 

194.2039 

Sample.ID:0.6 

Min: 
1st Qu.: 

Mean: 
Median: 

3rd Qu.: 
Max: 

Total N: 
NA'S : 

MOE .N. sq.mm. 
270.4200 
440.3600 
682.7500 
490.6700 

1081.6000 
1130.7000 

5.0000 
0.0000 

10 11 
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Std Dev.: 395.4125 

Sample.ID:! 

Min: 
1st Qu.: 

Mean: 
Median: 

3rd Qu.: 
Max: 

Total N: 
NA'S : 

Std Dev.: 

MOE.N. sq.mm. 
560.5600 
710.9000 
955.6920 

1108. 9000 
1109. 4000 
1288.7000 

5.0000 
0.0000 

305. 7963 

Sample.ID:2 

Min: 
1st Qu.: 

Mean: 
Median: 

3rd Qu.: 
Max: 

Total N: 
NA'S : 

Std Dev.: 

MOE.N. sq.mm. 
527.4500 
679.6000 

1367. 1100 
1271.1000 
1611. 5000 
2745.9000 

5.0000 
0.0000 

887.0887 

Sample.ID:4 

Min: 
1st Qu.: 

Mean: 
Median: 

3rd Qu.: 
Max: 

Total N: 
NA'S : 

Std Dev.: 

MOE.N. sq.mm. 
1189.8000 
1222.3000 
1398.9600 
1233.7000 
1666.0000 
1683.0000 

5.0000 
0.0000 

252.1193 

Sample.ID:? 

Min: 
1st Qu.: 

Mean: 
Median: 

3rd Qu.: 
Max: 

Total N: 
NA'S : 

Std Dev.: 

MOE.N. sq.mm. 
1448.4000 
1665.8000 
1764.0600 
1745.3000 
1836.1000 
2124.7000 

5.0000 
0.0000 

247.4364 
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Sample.ID:11 

Min: 
lstQu.: 

Mean: 
Median: 

3rd Qu.: 
Max: 

Total N: 
NA'S : 

Std Dev.: 

MOE.N.sq.mm. 
512. 110 
708.960 
820.346 
859.520 
873.840 

1147.300 
5.000 
0.000 

233.833 

*** Analysis of Variance Model*** 

Short Output: 
Call: 

aov(formula 
na.exclude) 

Terms: 

Sum of Squares 
Deg. of Freedom 

MOE.N.sq.mm. ~ Sample.ID, data 

Sample.ID Residuals 
487853 9860805 

1 33 

Residual standard error: 546.6372 
Estimated effects may be unbalanced 

Df Sum of Sq Mean Sq F Value Pr(F) 
Sample.ID 1 487853 487853.2 1.632641 0.2102539 
Residuals 33 9860805 298812.3 

Kruskal-Wallis rank sum test 

MOE.comp, na.action 

data: MOE.N.sq.mm. and Sample.ID from data set MOE.comp 
Kruskal-Wallis chi-square= 20.0381, df = 6, p-value = 0.0027 
alternative hypothesis: two.sided 
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Figure A.3.Box plot of samples with 2 %, 4 % 

and 7 % filler loading. 

*** Analysis of Variance Model*** 

Short Output: 
Call: 

aov(formula = MOE.N.sq.mm. - Sample.ID, data 
na.action = na.exclude) 

Terms: 

Sum of Squares 
Deg. of Freedom 

Sample.ID Residuals 
433472 3699858 

1 13 

Residual standard error: 533.4834 
Estimated effects may be unbalanced 

Df Sum of Sq Mean Sq F Value Pr(F) 
Sample.ID 1 433472 433472.1 1.523068 0.2390012 
Residuals 13 3699858 284604.5 

Kruskal-Wallis rank sum test 

X2.4.7, 

data: MOE.N.sq.mm. and Sample.ID from data set X2.4.7 
Kruskal-Wallis chi-square= 3.38, df = 2, p-value = 0.1845 
alternative hypothesis: two.sided 
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%NCC Average-flux(g/mA 2-dy) Std dev 

0 56.31361679 21.14537 

0.6 55. 77545984 9.963738 

1 7 4, 76152264 5.292573 

2 106. 1197784 21.60834 

4 151.164 8.226 

7 173.44 36.88 

11 218.5474522 136.6873 

Table B.2. WVTR results. 

*** Analysis of Variance Model*** 

Short Output: 
Call: 
aov(formula = Flux.g.m.2.dy. ~ .NCC, data WVTR.comp, 

na.action = na.exclude) 

Terms: 
.NCC Residuals 

Sum of Squares 55971.99 27517.97 
Deg. of Freedom 1 17 

Residual standard error: 40.23312 
Estimated effects may be unbalanced 

Df Sum of Sq Mean Sq F Value Pr{F) 
.NCC 1 55971.99 55971.99 34.57827 0.00001817022 

Residuals 17 27517.97 1618.70 

Kruskal-Wallis rank sum test 

data: Flux.g.m.2.dy. and .NCC from data set WVTR.comp 
Kruskal-Wallis chi-square= 15.7158, df = 6, p-value = 0.0154 
Alternative hypothesis: two.sided 
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