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Abstract 

 

This thesis describes the use of non-covalent functionalization of nanomaterials and pre-processing 

methods for improving thermal and mechanical properties of melt processed thermoplastic 

polymer nanocomposites. The effects of non-covalent functionalization and pre-processing 

methods were studied for thermoplastic polymers: polypropylene (PP), poly(ethylene-co-vinyl 

alcohol) (EVOH) and polylactic acid (PLA); using a combination of morphology, thermal and 

rheological methods. 

The effects of non-covalent functionalization and pre-processing methods were evaluated 

by incorporating polyvinylpyrrolidone (PVP) and sodium dodecyl sulfate (SDS) functionalized 

single-walled carbon nanotubes (SWNT) in polymer in conjunction with the rotary evaporation or 

spray freeze drying methods employed prior to melt processing. The initial investigation of PP 

nanocomposites through rotary evaporation method revealed that the PVP functionalized SWNT 

dispersed poorly in the PP matrix compared to pristine SWNT. This was the result of the 

incompatibility between the dispersing agent and polymer matrix as well as the aggregation caused 

by capillary and van der Waals forces during rotary evaporation. SWNT dispersion state was 

slightly improved in the case of PP/SDS-SWNT, due to compatibility between SDS and PP. On 

the other hand, the spray freeze drying method produced porous nanotube bundles reducing the 

aggregation effect of capillary and van der Waals forces and resulted in a more uniform dispersion 

state of SWNT in PP as well as EVOH nanocomposites. Consequently, significant changes in 

thermal and rheological properties of PP and EVOH nanocomposites were observed. For 0.75 
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vol.% PP/SDS-SWNT, largest increase of 38 °C was observed in thermal degradation temperature 

along with maximum increase (~3 orders of magnitude) in storage modulus. 0.75 vol.% 

EVOH/PVP-SWNT showed similar increase in storage modulus. Moreover, a noticeable 

difference between storage modulus and complex viscosity of EVOH/PVP-SWNT and 

EVOH/SWNT was observed as a result of the compatibility between PVP and EVOH. 

Direct comparison of spray freeze drying with some other promising pre-processing 

methods (including masterbatch mixing, spray drying, and freeze drying) was carried out for 

PLA/cellulose nanocrystals (CNC) nanocomposites. Poor dispersion of CNC in PLA using spray 

drying and freeze drying methods did not cause any noticeable change in rheological behavior of 

PLA. Improved dispersion state of spray freeze dried CNC in PLA caused a larger increase in 

storage modulus compared to other pre-processing methods which further showed the 

effectiveness of spray freeze drying method. Additionally, it further demonstrated that the extent 

of changes in rheological properties of nanocomposites did not necessarily correlate with the 

changes in their thermal properties.  

The results of this research highlight the importance of spray freeze drying as a pre-

processing method for producing melt processed nanocomposites and its effectiveness in 

translating the uniform dispersion of non-covalently functionalized/pristine nanomaterials in 

solvent to final nanocomposites.  
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Chapter 1 

 

Introduction 

The purpose of this research is to understand how non-covalent functionalization and pre-

processing methods affect the thermal and mechanical properties of thermoplastic polymer 

nanocomposites. The following specific systems were explored; single-walled carbon nanotubes 

(SWNT) in polypropylene (PP) and poly(ethylene-co-vinyl alcohol) (EVOH), and cellulose 

nanocrystals (CNC) in polylactic acid (PLA). Thermoplastics, polymers that can be reformed by 

melting, are used in a wide array of everyday applications, such as packaging materials, kitchen 

appliances, toys, containers, and numerous consumer products [1-3]. The incorporation of 

nanomaterials such as single-walled carbon nanotubes (SWNT) and cellulose nanocrystals (CNC) 

into thermoplastics has the potential to improve their thermal and mechanical properties of 

thermoplastics. Such improvements could enable their use in a broad range of high performance 

applications. Potential applications include light weight and high strength materials for the 

automobile parts such as bumpers, fascia, door trims, instrument panels, consoles etc., wear 

resistant artificial turfs, biocompatible and high strength materials for surgical implants, and tanks 

with better strength and improved barrier properties for fuel storage [4-10]. 

The three polymers used in this research, polypropylene (PP), poly(ethylene-co-vinyl 

alcohol) and polylactic acid have distinct properties and potential applications.  PP is one of the 

most widely used thermoplastics [6, 11], EVOH is used in many barrier applications including fuel 
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tanks[5, 12, 13], and PLA is of increasing interest in a number of markets because it  is produced 

from natural materials and is biodegradable [4, 9, 14, 15]. To date, much of the thermoplastic 

nanocomposite research has focused on dry mixing pristine or covalently functionalized   

nanomaterials and polymers prior to melt processing [16-21].  In contrast, this research focused on 

understanding the effects of non-covalent SWNT functionalization, CNC surface-modification, 

and the rotary evaporation (RE) and spray freeze drying (SFD) pre-processing methods on 

nanomaterial dispersion and nanocomposite properties.  

     Investigation of non-covalent SWNT functionalization focused on the use of 

polyvinylpyrrolidone (PVP) and sodium dodecyl sulfate (SDS). PVP is one of the best-known 

polymers for improving SWNT dispersion in water and is a promising choice for improving the 

dispersion state of SWNT in PP and EVOH nanocomposites. Additionally, it is inexpensive and 

biocompatible. As shown by O’Connell et al. [22], PVP interacts with SWNT due to a hydrophobic 

effect and CH-π interactions; such non-covalent interactions between the PVP and SWNT have 

been shown to be tight and uniform over the nanotube surface. SDS was used due to its low 

molecular weight and possible compatibility with polypropylene. SWNT were non-covalently 

functionalized by employing the procedure used by Kayatin et al. for PVP  [23] with some 

modifications to meet the scale-up requirements for producing PP and EVOH nanocomposites. 

Surface modified CNC as well as CNC-PEO masterbatches were used for producing PLA 

nanocomposites. Low molecular weight PEO acts as miscible carrier for CNC in PLA matrix. 

PEO-CNC masterbatches were produced using the method described and used by Arias et al. [24].  

Pre-processing using RE was based on the promising results by Radhakrishnan et al. [16, 

25, 26]. Compared to dry mixing and the complicated hot coagulation method, the RE method was 

able to improve the dispersion state of SWNT in polypropylene without causing any degradation 
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or necessitating the use of large quantities of dichlorobenzene [25]. SFD was chosen based on the 

results by Khoshkava et al. [27]. They reported significant improvements in rheological properties 

of PP and PLA nanocomposites using spray freeze dried CNC. All nanocomposites were prepared 

through melt extrusion using a counter rotating Haake minilab twin screw extruder and were 

characterized by a combination of morphological, rheological, and thermal methods. Additionally, 

PLA/CNC nanocomposite filaments were produced to make nanocomposite structures through 

fused deposition modeling (FDM).   

     This thesis is organized as follows. Chapter 2 contains background information on 

SWNT, CNC, thermoplastic polymers, nanomaterial functionalization and dispersion, pre-

processing methods, FDM additive manufacturing and characterization techniques. Chapter 3 

provides information on materials, experimental details, and sample characterization. Chapter 4 

discusses the effects of non-covalent functionalization of SWNT and pre-processing methods on 

polypropylene nanocomposites. Chapter 5 explains spray freeze dried PVP functionalized SWNT 

and poly (ethylene-co-vinyl alcohol) nanocomposites. Chapter 6 compares PLA/CNC 

nanocomposites as prepared through different pre-processing methods. Finally, Chapter 7 provides 

conclusions and suggestions for future research. 
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Chapter 2 

 

Background 

This chapter provides the general background information regarding topics relevant in this 

research. Topics covered include materials, dispersion and functionalization of carbon nanotubes, 

polymer processing, spray freeze drying, methods of characterization.   

 

2.1 Materials 

2.1.1 Carbon nanotubes 

The discovery of carbon nanotubes (CNT) is often attributed to Iijima in 1991 [28]; however, some 

sources cite that they were discovered by Bethune at IBM [29]. Additionally, TEM (transmission 

electron microscopy) evidence of tubular, nanosized carbon filaments was reported by Russian 

scientists, Radushkevich and Lukyanovich, in 1952 [29, 30]. CNT are long cylinders of sp2 

hybridized carbon atoms covalently bonded to each other. They are classified as single-walled 

carbon nanotubes (SWNT), double-walled carbon nanotubes (DWNT), or multi-walled carbon 

nanotubes (MWNT), depending on whether they are made up of one, two, or multiple coaxial 

cylinders, respectively. A SWNT can be described as a graphene sheet rolled up into a one-

dimensional cylinder. SWNT typically have a diameter of approximately 0.5 - 2 nanometers and 

lengths that range from hundreds of nanometers to a few microns. Their small size, large specific 

surface area, stiffness, and robust carbon-carbon bonds result in extraordinary thermal, mechanical
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and electronic properties. Table 2.1 compares various properties of SWNT with several other 

nanomaterials.  

The thermal conductivity of an individual SWNT is more than 3000 W/K·m, which is 

higher than that of diamond and basal plane of graphite (both 2000 W/K·m) [31, 32].  The Young’s 

modulus and tensile strength for an individual nanotube, calculated based on the normalized 

applied force per nanotube are ~0.64 TPa and ~37 GPa, respectively. These values are close to 

Young’s modulus of ~ 0.66 TPa obtained for silicon carbide nanofiber and tensile strength of ~53 

GPa for silicon carbide nanorods. However, density-normalized modulus and strength of SWNT, 

which are important for applications requiring strong and light structural materials are ~2.4 and 

~1.7 times that of silicon carbide nanorods and ~19 and ~56 times that of steel wire, respectively 

[33-36].   

 

Table 2.1.  Estimated or measured physical properties of carbon fibers, vapor grown carbon fibers 

(VGCF), MWNT and SWNT [16]. 

* Cost represented for research grades. 

 

 

Property 

 

Carbon fibers 

 

VGCF 

 

MWNT 

 

SWNT 

Diameter (nm) 7k - 10k 50-200 10-50 1-2 

Length (µm) > 1k 10-100 10-50 1-5 

Surface area (m2/gm) ~1000 20-30 300-400 1315 

Density (gm/cm3) 2-2.2 1.95 2.1 1.45 

Tensile strength (GPa) 0.6-0.75 2.92 11-63 150-180 

Modulus (GPa) 30-32 240 270-950 600-1200 

Thermal conductivity 

(W/mK) 

1000 1950 830 >3000 

Electrical resistivity (Ω.cm) 10-5 10-4 10-4 10-4 

Cost ($/gm)* 0.02 0.8 120 750 
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SWNT also possess excellent electric current carrying capacity due to their 1-

dimensionality and long lengths. The electrical conductivity of nanotubes are highly dependent on 

their chiral angle [37]. The diameter of the nanotube is determined by the chiral vector [38]. The 

chiral vector Ch is defined in Equation 1 and is specified by n and m, a pair of integers with 0 ≤ 

|m| ≤ n, and two unit cell base vectors of the graphene sheet a1 and a2, as shown in Figure 2.1. 

Ch = na1 +ma2                                                                                                              (1) 

Depending on sheet rolling, a nanotube can be classified as zigzag, chiral, or armchair (Figure 2.1). 

If m = 0, then the resulting nanotube formed is zigzag. For example, a zigzag nanotube is formed 

if the origin (0, 0) is folded to meet another point (11, 0). If n = m, then the nanotube that forms is 

armchair. This is shown in Figure 2.1, wherein the origin (0, 0) is folded along the dotted line 

labeled “armchair” to meet a projected point (11, 11) not shown in the figure. All other tubes are 

classified as chiral nanotubes. The line labeled “H” indicates the direction of the closest hexagon 

rows to the tube axis. The angle between the tube axis T and H is the chiral angle (or wrapping 

angle Փ). Armchair nanotubes have a chiral angle of 0°, while zigzag nanotubes have a chiral angle 

of 30°. The chiral angle of chiral nanotubes ranges between 0° and 30°. Armchair nanotubes (n = 

m) are metallic in nature, as they have electronic bands crossing the Fermi level. For armchair 

nanotubes, the conduction and valence band overlap, and they are ballistic conductors (i.e., no 

scattering), providing excellent conduction with no heating [38, 39]. Chiral and zigzag nanotubes 

are generally considered metallic if they satisfy the condition (n – m) = 3l, where l is an integer; in 

reality, they have a very small band gap [40]. If they do not satisfy the condition then they are 

semiconducting with a band gap that is inversely proportional to the nanotube diameter [41].  

Carbon nanotubes’ unique combination of mechanical, thermal, and electrical properties make 

them attractive for a broad range of electronic, energy, and high strength material applications. 
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Figure 2.1. Construction of carbon nanotube from single graphene sheet [38].  

 

 

2.1.2 Cellulose Nanocrystals  

Cellulose nanocrystals (CNC) (also referred as whiskers, nanowhiskers or nanocrystalline 

cellulose) are abundant, renewable, bio-based materials contained in cellulose. The main sources 

for obtaining cellulose are plants; however, cellulose can also be produced from bacteria, algae, 

and some sea animals. CNC are inexpensive compared to many other nanomaterials including  

carbon nanotubes and nanofibers. CNC have Young’s modulus of ~150 GPa, which is higher than 

glass fibers (~70 GPa) and within an order of magnitude of that of carbon nanotubes. They also 

have bending strength of ~10 GPa, which is 1/6th of carbon nanotubes [42, 43]. 

CNC are synthesized using acid hydrolysis of cellulose, which preferentially removes 

amorphous regions of cellulose and extracts the CNC, as shown in Figure 2.2. Sulfuric acid and 
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hydrochloric acid have been extensively used for this purpose. CNC treated with hydrochloric acid 

have a limited ability for dispersing in an aqueous medium, and their aqueous suspension tends to 

flocculate. Conversely, CNC treated with sulfuric acid a have high dispersibility in water, due to 

the presence of negatively charged sulfate groups on its surface. The large solubility of CNC in an 

aqueous medium has utility in producing nanocomposites of water soluble polymers. However, it 

is challenging to achieve a homogeneous and uniform dispersion of CNC in hydrophobic polymer 

matrices [44]. Surface functionalization CNC is usually carried out to it improve its dispersion 

state in such polymers [45, 46]. Due to its biocompatibility, strength, and optical properties, CNC 

are widely used in fields such as biomedical engineering, material sciences, and electronics [47]. 

 

 

Figure 2.2. Modified and unmodified forms of cellulose nanocrystals produced from cellulose [48]. 
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2.1.3 Polypropylene 

Polypropylene is among the most widely-used thermoplastic polymer. As of 2015, the annual U.S 

production of polypropylene was ~20 billion pounds contributing a significant share in ~ 95 billion 

pounds overall annual thermoplastics production [11, 49].  Due to the wide range of molecular 

weights, diverse copolymer formations, significant stability after addition of stabilizers, and ease 

of processing, PP is one of the most widely-used thermoplastics [6]. It is used in a variety of 

applications, including food containers, kitchen appliances, toys, sports equipment, automobile 

parts, chemical tanks, and cable insulations. However, neat PP is not considered to be a high-

performance polymer and cannot be used without modification in most high performance  

applications requiring enhanced thermal and mechanical properties [8, 50].    

Polypropylene (PP) was first polymerized in 1955 by Natta et al. [51] from organo-metallic 

catalysts based on titanium and aluminum. The various forms of polypropylene are distinguished 

by tacticity—namely isotactic, syndiotactic, and atactic, as shown in Figure 2.3. Isotactic 

polypropylene is the most common commercial form of polypropylene. It has all the pendant 

methyl groups on the same side of the zigzag plane. Syndiotactic polypropylene has the pendant 

methyl group positioned alternatively on either side of the chain, while atactic polypropylene is 

classified by the random positioning of the pendant methyl group on either side of the chain. 
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Figure 2.3. Stereo configurations of polypropylene: isotactic, syndiotactic, and atactic [52]. 

 

Isotactic polypropylene is more crystalline than other forms of PP. Higher crystallinity 

improves the mechanical properties of PP, giving it a tensile strength of ~30 MPa; however, loss 

of PP’s mechanical properties can occur during processing, as result of degradation resulting in 

reduced molecular weight. Due to the presence of the tertiary hydrogen on the carbon atom bonded 

to the methyl group, the primary common mechanism of PP degradation is oxidation, a free radical 

chain reaction particularly during melt processing [53]. The presence of stress, heat, oxygen, or 

metal catalysts can result in hemolytic cleavage of the carbon-hydrogen or carbon-carbon bond, 

thus causing the formation of free radicals. The degradation chain reaction is propagated through 

the formation of a hydroperoxide, and it is accompanied by the formation other free radicals. In 

subsequent reactions, the hydroperoxide decomposes in the presence of heat or metal catalyst to 

form an alkoxy radical. Oxidative chain scission is believed to occur through the disintegration of 

this alkoxy radical. Oxidation in PP can be readily prevented by the use of antioxidants. Typically 
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two types antioxidants are used.  Primary antioxidants act as free radical scavengers to prevent 

oxidation reactions;  secondary antioxidants react with the hydroperoxide groups to convert them 

to non-radical products [54]. In addition, commercial PP may contain UV stabilizers and colorants 

for the purpose of improving its stability during use and slip agents for the purpose of reducing 

surface friction. 

 

2.1.4  Poly(ethylene-co-vinyl alcohol)  

Poly(ethylene-co-vinyl alcohol) (EVOH) is a semicrystalline copolymer of ethylene and vinyl 

alcohol; EVOH’s structure is shown in Figure 2.4. Different EVOH grades possess different levels 

of ethylene and vinyl monomer contents. EVOH with lower ethylene mole % has a higher gas 

barrier, density, and melting point temperature, whereas EVOH with higher ethylene mole % 

provides greater flexibility and ease of processing.  

 

  

 

 

Figure 2.4. EVOH copolymer molecular structure [55]. 
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EVOH provides the higher than most commodity thermoplastics—approximately 10,000 

times that of polyethylene. Table 2.2 compares the transmission rates of gas through EVOH, 

polyethylene terephthalate (PET), and low-density polyethylene (LDPE). Figure 2.5 compares the 

oxygen transmission rates of EVOH with other barrier polymers. EVOH’s primary application is 

in laminated gas barrier packaging films for containing and preserving food. It is also used in blow-

molded or thermoformed rigid containers for a variety of storage purposes, including gasoline 

storage tanks for automobiles [56]. The excellent barrier properties of EVOH minimize fuel vapor 

permeation from fuel tanks, lines, and filler pipes, enabling manufacturers to comply with 

increasingly strict fuel vapor emission standards. 

 

        Table 2.2. Gas transmission rate comparison of EVOH grades with some commonly used    

        thermoplastics [55] —PET and LDPE. 
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Figure 2.5. Oxygen  transmission rate (OTR) of two EVOH grades with two other barrier 

polymers—polyvinylidene chloride (PVDC) and biaxially oriented polypropylene (BOPP) [55]. 

 

2.1.5 Polylactic acid  

Polylactic acid (PLA) is a biodegradable thermoplastic aliphatic polyester derived from renewable 

resources, such as corn starch and sugarcane. The aliphatic polylactide structure is depicted in 

Figure 2.6. PLA is one of the polymers most widely used in fused deposition modeling, an additive 

manufacturing technology. Due to its biocompatibility, biodegradability, and relatively good 

mechanical and barrier properties, PLA is useful in a broad range of applications, especially in 

making packaging materials and biomedical devices [7, 57]. 

https://en.wikipedia.org/wiki/Thermoplastic
https://en.wikipedia.org/wiki/Aliphatic
https://en.wikipedia.org/wiki/Polyester
https://en.wikipedia.org/wiki/Renewable_resource
https://en.wikipedia.org/wiki/Renewable_resource
https://en.wikipedia.org/wiki/Corn_starch
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Figure 2.6. Polylactic acid monomer structure. 

 

 

Figure 2.7. PLA synthesis routes [58]. 

 

PLA can be synthesized using two routes: direct condensation of lactic acid and ring-

opening polymerization of the cyclic lactide dimer, as shown in Figure 2.7. Since the direct 

condensation route is an equilibrium reaction, removing trace amounts of water in later stages of 

polymerization is difficult and generally limits the ultimate molecular weight achievable by this 

approach. Therefore, ring opening polymerization is the preferred way of producing PLA 

industrially. This process uses ring opening of the lactide (cyclic dimmer of lactic acid) in the 

presence of a catalyst to obtain a high molecular weight of PLA. Ring opening polymerization 

consists of three steps:  polycondensation of lactic acid monomers to low-molecular weight PLA, 
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depolymerization of the PLA into lactides, and polymerization of these lactides to produce larger 

PLA molecules using metal catalysts [58]. 

 

2.2 Dispersion and Functionalization of SWNT and CNC 

Most carbon nanotube synthesis and purification methods result in micron- to millimeter-sized 

bundles and/or aggregates containing nanotubes of different lengths, diameters, and chiralities. In 

general, applications of SWNT (such as in conductive and high-strength nanocomposites, 

electronic devices, energy storage, and conversion devices) require them to be dispersed uniformly 

in a fluid, break free from aggregates, and remain in individual or small bundles. Moreover, SWNT 

that are monodisperse with respect to chirality, diameter, length, and electronic character are 

expected to provide the maximum performance in electronic applications [59]. However, SWNTs’ 

high aspect ratio, strong intertube van der Waals attraction (20-40 kbT/nm)[60, 61], and high 

stiffness make them difficult to disperse. This difficulty of dispersion can be reduced by employing 

mechanical methods and different functionalization schemes.  

Mechanical methods include ultrasonication, ball milling, high speed stirring, extrusion, 

and calendaring. Ultrasonication is the most commonly used method to disperse nanotubes in a 

liquid medium, but can result in reductions in nanotube length or molecular weight degradation of 

other components in the fluid. Ultrasonication method uses implosion of cavitation bubbles to 

break up aggregates of nanotubes. Other methods predominantly apply high shear forces to assist 

in debundling and distributing nanotubes throughout the fluid phase.  

SWNT functionalization can be used to create steric or electrostatic repulsion between 

SWNT and to improve thermodynamic compatibility with solvents and polymer matrices. There 

are two types of functionalization schemes: non-covalent and covalent. Non-covalent approaches 
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include the adsorption of a surfactant, biomacromolecule, or polymer on a nanotube surface. 

Covalent approaches include sidewall, defect site, and open end chemistries [62, 63]. 

In non-covalent approaches, the interaction between the dispersing agent and the carbon 

nanotube is mainly due to π-π overlapping of the conjugate system of the nanotubes and dispersing 

agent, while in some surfactants, non-specific hydrophobic interactions are exploited [64]. For 

example, surfactants such as sodium dodecyl sulfate (SDS) can form micelles around SWNT with 

their hydrophobic hydrocarbon tails facing hydrophobic sidewalls of SWNT. The surfactants then 

disperse them as individuals in certain concentrations, which is evident from spectral-based 

characterizations of ultrasonicated and centrifuged supernatants [61]. Adsorption of 

biomacromolecules (e.g., DNA, proteins) and polymers onto SWNT has been used to achieve 

dispersion and stabilization of carbon nanotubes with solubilities up to 0.36 mg/ml [22, 65-68]. 

Wrapping has been suggested to be thermodynamically favorable for DNA and polymers (e.g., 

polyvinylpyrrolidone, polystyrene sulfonate).   

Covalent functionalization can be divided into two categories: end/defect site 

functionalization and sidewall functionalization. End and defect site covalent functionalizations 

take advantage of the fact that nanotubes are more reactive at the ends and at defect sites; π-orbital 

misalignment between carbon atoms at these sites is one of the main causes for increased reactivity 

of CNT. Moreover, π-orbital misalignments are inversely proportional to the nanotube diameter, 

which further increases reactivity in smaller diameter nanotubes [69]. End and defect site covalent 

functionalizations are usually carried out under oxidizing acid media. Typically, mixtures of nitric 

and sulfuric acids are used to attach the acidic functionalities to the defect sites [70]. Oxidation 

can be a starting point for additional reactions intended for attaching species such as amides and 
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esters via chemical reactions or adsorption [71, 72]. Figure 2.8 shows the scheme of reactions 

carried out at end and defect sites.  

 

 

Figure 2.8. Schematic of common functionalization routes used to derivatize SWNT at end and 

defect sites [73]. 
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Sidewall functionalization is an option to reduce the effect of the functionalization process 

on the nanotube length. Some of the more common sidewall functionalizations include 

esterification, fluorination, ozonolysis, and alkylation. For example, Billups reaction (Figure 2.9), 

one of the routes for reductive alkylation of SWNT, is carried out by using lithium in liquid 

ammonia, wherein the reduced nanotube salts react with alkyl halide groups to functionalize the 

nanotubes. A key advantage of the Billups reaction is that the lithium intercalates the SWNT 

bundles enabling separation and functionalization of individual SWNT. Billups functionalization 

typically results in one alkyl group attached to the sidewalls of the nanotube for every 17 to 35 

carbon atoms [74]. Billups reaction is scalable and is convenient compared to other 

functionalization routes since it is carried out without sonication, thus maintains the aspect ratio 

of pristine SWNT. 

Figure 2.9. Reductive alkylation functionalization mechanism [74]. 

 

 Another common route for sidewall functionalization is sidewall esterification of SWNT 

via Bingel reaction shown in Figure 2.10. In this reaction, SWNT bundles are broken up using 

bath sonication in 1,2 dichlorobenzene. These unbundled SWNT are functionalized using diethyl 

malonate, activated by an organic base [23].  A disadvantage of this scheme is that sonopolymer 

formed by the DCB can be very difficult to remove from the SWNT. Descriptions of additional 

functionalization schemes can be found in Banerjee et al. [75]. 
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Figure 2.10. Reaction scheme of sidewall esterification of SWNT via Bingel reaction [23].    

 

Cellulose nanocrystals are promising nanomaterial derived from the most abundant natural 

polymer cellulose. Functionalization can be used to facilitate dispersion and compatibility with 

specific solvents and polymer matrices including hydrophobic materials. Surface functionalization 

of CNC introduces stable negative or positive electrostatic charges on their surface to improve 

their dispersion in solvents; it can also tune surface energy characteristics of CNC to improve 

compatibility with nonpolar or hydrophobic polymer matrices in nanocomposites. Due to the 

presence hydroxyl groups on the surface of CNC, covalent functionalization schemes include 

esterification, hydrolysis, etherification, oxidation, silylation, and polymer grafting [76-79]. Figure 

2.11 shows the esterification and hydrolysis reactions carried out at the hydroxyl groups of CNC. 

Fischer esterification of hydroxyl groups simultaneously with the hydrolysis of amorphous 

cellulose chains has been introduced as a viable one-pot reaction methodology which allows 

isolation of acetylated CNC in a single-step process [42]. Similarly, CNC produced using sulfuric 

acid hydrolysis introduce negatively charged sulfate groups on the surface of CNC which aids their 

dispersal in polar solvents.  
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Figure 2.11. Reaction scheme illustrating the cellulose hydrolysis and esterification reactivity of 

hydroxyl groups [42]  

 

2.3  Polymer Processing  

The most common techniques for making nanocomposites are in situ polymerization, solution 

processing, and melt processing. In situ polymerization requires the dispersion of the nanomaterial 

in a monomer, followed by the polymerization of the monomers. For carbon nanotubes, sonication 

is often used to aide in the dispersion in a solvent [80, 81]. The sonicated nanotube suspension is 

then added to the monomer, where, in some cases, the nanotubes act as an initiator for 
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polymerization. Better interaction between nanotubes and polymers are achieved using this 

approach compared to other processing methods. 

Solution mixing is executed in three steps. First, the nanomaterial and polymer are 

dispersed separately in a common solvent. Next, the nanotube suspension is mixed with the 

polymer solution. Finally, the composite is cast into a sheet, and the solvent is allowed to 

evaporate. Nanotube dispersion in the solvent and polymer solution is typically achieved by using 

ultrasonication, magnetic stirring, or high shear mixers. 

The most commonly-used melt processing techniques include melt extrusion [18, 82], blow 

molding [83], and injection molding [84, 85]. Melt processing is used to mix molten polymers and 

nanomaterials and can be used to form nanocomposites. Typical melt processing methods involve 

melting followed by the incorporation of the nanomaterials and any other additives, with the aid 

of high shear. 

 

2.4   Spray freeze drying  

Spray freeze drying (SFD) is an atomization technique. It is different from spray drying in that it 

is carried out in a cryogenic medium. This technique consists of two main steps. Initially, an 

aqueous solution is atomized or sprayed directly into a cryogenic medium such as liquid nitrogen. 

This is followed by freeze drying the frozen slurry below the triple point of water. The typical 

schematic for cryogenic atomization is shown in Figure 2.12. 
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Figure 2.12. Schematic of typical cryogenic atomization in the spray freeze drying process [86]. 

 

This technique has been widely used in the food and pharmaceutical industries [87-89]. 

However, it had not been used for composites until recently. Khoshkava et al. used spray freeze 

drying of CNC dispersions to make PP/CNC composites through melt processing. The spray freeze 

dried CNC were highly porous compared to spray dried CNC (Figure 2.13) and had a lower 

agglomerate strength. Both of these factors assisted in easy melt infiltration of molten polymer 

into porous CNC agglomerates, thereby enhancing the dispersion state during processing. The 

resulting CNC dispersion state was more uniform than that achieved with other promising 

techniques, such as spray drying and freeze drying. As seen from a frequency sweep in Figure 

2.14, three orders of magnitude increase in the storage modulus of polypropylene was found by 

using 5 wt.% spray freeze dried CNC. Moreover, the percolation threshold concentration was also 

significantly reduced, which is indicative of a higher aspect ratio, due to more finely dispersed 

CNC. 
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Figure 2.13. (a) Spray dried CNC lumps (b) porous structure of spray freeze dried CNC [86]. 

 

 

 

 

 

 

 

 

Figure 2.14. Storage modulus vs angular frequency plot for 5 wt.% PP/NCC composites using 

spray freeze drying (PPNCCSFD2), spray drying (PPNCCSD) and freeze drying (PPNCCFD) 

techniques [90]. 

 

2.5  Fused deposition modeling  

Fused deposition modeling is a type of additive manufacturing used in the 3D printing of 

thermoplastic polymers to make three dimensional solid objects from computer aided design 

(CAD) models. 3D printing of thermoplastic materials is achieved using additive processes, where 

an object is created by laying down successive layers of this material. 3D printing is considered 

distinct from traditional machining techniques (subtractive processes), which rely mostly on the 

a b 
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removal of material by drilling, cutting, etc. 3D printing is usually performed by a materials printer 

using digital technology. This technology is being used in many fields including jewelry, footwear, 

industrial design, architecture, engineering, construction, automotive manufacturing, aerospace 

manufacturing, dental and medical industries,  and civil engineering [91].  

The schematic of a FDM-based 3D printer is shown in Figure 2.15. Parts are built layer by 

layer, from bottom to top by depositing the polymer on the base. The printer gets its signal from a 

computer where a special software cuts a CAD model into layers and calculates the way the 

printer’s extruder should build each layer. The printer heats polymer between its melting point and 

glass transition temperature and extrudes it throughout the nozzle onto the base along the 

calculated path. The 3D printer’s computer translates the dimensions of an object into X, Y, and Z 

coordinates and controls the calculated path that the nozzle and the base follow during printing. 

When the thin layer of plastic binds to the layer beneath it, it cools down and hardens. Once the 

layer is finished, the base is lowered to start building the next layer. With introduction of this 3D 

printing method, it became possible to build objects with complex geometries and cavities [92].  

 

 

 

 

 

Figure 2.15. Schematic of FDM based 3D printer [91]. 
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2.6 Methods of characterization  

2.6.1 Ultraviolet-visible spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy is an analytical tool used to detect molecular fingerprints 

based on the electronic transitions. The range of wavelength considered under UV-vis technique 

starts from the near UV range of 200-380 nm, and covers the entire visible range, 380-780 nm. 

The electronic transition involves the transition from ground levels to excitation levels. Transition 

occurs during the interaction with photons in the UV-Vis range having energy equal to the energy 

gap between the levels.  

In the case of SWNT, the electronic transitions occur between the peaks of the density of 

states (electron residing levels) in the valence and conduction band [93]. These electronic 

transitions are responsive to the wavelengths in the visible and near infra-red range. It has been 

shown that the UV-vis spectra can assist in monitoring the aggregation state of SWNT in 

dispersion. Individually dispersed SWNT show a number of well-resolved peaks (van Hove 

singularities) in the visible-infra-red region [61, 94]. The intensities of the peaks indicate 

concentrations of the individually-dispersed SWNT [94]. The peaks observed in the UV-vis 

spectra can be used to determine chirality of the nanotubes based on the absorption energy using 

the Kataura plot. The metallic nanotubes have a higher energy gap between the van Hove 

singularities than the semiconducting nanotubes [93]. 

The intensities of UV-vis peaks can indicate the degree of dispersion of SWNT in a solvent 

due to its sonication and non-covalent functionalization. In this research, a Thermo Scientific 

Nanodrop 2000C UV-vis spectrometer was used for this purpose. 
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2.6.2  Thermogravimetric analysis - 

Thermogravimetric analysis (TGA) measures the amount and rate of change in the weight of a 

material as a function of temperature or time in an air/inert atmosphere. Measurements are 

primarily used to determine the composition of materials and to predict their thermal stability. The 

thermal stability of polymer using TGA can be monitored by examining several criteria, such as 

the onset temperature, 50% weight loss temperature, or the temperature corresponding to 

maximum rate of weight% loss of polymer. In this work, 5% weight loss temperature and 

temperature corresponding to maximum rate of weight% loss were extracted from TGA data. The 

excellent thermal properties of carbon nanotubes (including their high thermal conductivity and 

high temperature stability) render them promising reinforcement materials to improve the thermal 

stability of polymers. The presence of nanotubes in the polymer matrix stabilizes the polymer 

chains at the interphase region against the thermal degradation, thereby improving the thermal 

stability of the polymer nanocomposite. Radhakrishnan et al. observed as much as a 27 °C increase 

in the thermal degradation temperature for rotary evaporated PP/SWNT nanocomposites with 0.75 

vol.% SWNT [26]. Non-covalently functionalized SWNT might improve dispersion state of 

SWNT in polymer matrix thus stabilizing more polymer chains at SWNT/polymer interphase and 

further improving thermal stability of polymer.  

 

2.6.3 Differential scanning calorimetry 

 

Differential scanning calorimetry is widely used to measure crystallization, glass transition, and 

melt temperature. It is also commonly used in the study of the crystallization kinetics of polymers. 

The device consists of two heaters, which are loaded with sealed pans—a sample pan containing 

the polymer and an empty reference pan. The two pans are heated at the same rate (usually 10 

°C/min) with high precision. A computer records the required heat input applied to the pans that is 
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necessary to maintain the specified heating rate. The melting and crystallization temperature is 

found using sharp peaks in the observed heat flow due to the absorption and release of heat, 

respectively.  

In general, the incorporation of carbon nanotubes in polymer matrices can result in an 

increase in glass transition temperature, crystallization temperature, and melt temperature. 

Polymer crystallization occurs by a process referred to as “nucleation and chain growth.” 

Nucleation can be thought of as the first step in the formation of crystals. In fact, nucleation is 

subdivided in to primary and secondary nucleation. The crystallite nuclei are formed as a result of 

variations in the order or density of the molten polymer during primary nucleation. These 

crystallite nuclei grow in size by further induction of polymer chains during secondary nucleation.  

Primary nucleation can occur in two ways. If there is no surface on which the polymer 

chains can form nuclei, then the only option for nucleation is super-cooling the solution to enable 

spontaneous nucleation of the polymer crystals. This is referred to as homogeneous nucleation. On 

the other hand, in heterogeneous nucleation, the presence of impurities or nanomaterials in 

polymer solution provides new surfaces on which polymer chains can facilitate nucleation. The 

addition of carbon nanotubes to a polymer melt provides nucleation sites, consequently influencing 

the crystalline structure, crystallization temperature, and crystallization kinetics. Bhattacharya et 

al. have found that a PP crystallization rate with 0.8 wt. % SWNT was much faster than for neat 

PP. Additionally, there was a 10 °C increase in the crystallization temperature [95]. Radhakrishnan 

et al. found a 12 °C increase in the crystallization temperature of PP/SWNT nanocomposites 

prepared through hot coagulation process [25]. Valentini et al. observed that SWNT had a 

considerable effect on PP crystallization kinetics. They found the crystallization rate increased by 

measuring the decrease in crystallization half time, from 840 s to 115 s [96].  
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2.6.4 Microscopy  

Microscopy techniques such as optical microscopy and scanning electron microscopy (SEM) are 

widely used in studying the morphology of polymer nanocomposites. Optical microscopy under 

reflected light is often used to image micro-scale distribution of nanotubes; however, optical 

microscopy is incapable of imaging below 0.2 to 0.5 μm so it cannot be used to directly observe 

smaller nanotube aggregates.  

SEM on the other hand is not limited by the wavelength of visible light and can provide 

magnifications as high as 200kX with resolutions of 5-10 nm, which helps in identifying small 

nanotube bundles. SEM uses an electron gun to shoot electrons into an evacuated container. A 

condensing lens focuses the electrons into a beam, which is directed at the sample by scan coil. 

The electron beam moves across the specimen, and secondary electrons are disengaged from the 

specimen surface. These secondary electrons are collected and counted by a detector. The 

information thus gained is used to reproduce an image of the specimen surface. SEM images of 

polyurethane/MWNT nanocomposites are shown in Figure 2.16. A submicron level distribution 

of nanotubes in polymer matrix is clearly noticeable from these images.  

 

Figure 2.16. SEM micrographs of Polyurethane/MWNT nanocomposites (a) 10 wt.% pristine 

MWNT and (b) 20 wt.% MWNT-COOH [97]. 
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2.6.5 Raman spectroscopy  

 Raman is an inelastic scattering event of a photon. It is rare event occurring once in every 106 - 

108 photon scattering events [98]. Raman spectroscopy is a required characterization for carbon 

nanotubes as they have characteristic Raman vibrational modes as shown in Figure 2.17. 

 

Figure 2.17. Characteristic vibrational modes for carbon nanotubes [99]. 

The characteristic Raman vibration modes of SWNT such as tangential vibrational modes 

and defect modes provides insight of nanotube surface modification and defects. Tangential modes 

(G-bands) encompass the vibration of C-C bonds along the tube axis (G+) and along the 

circumference (G-). The D-band vibrational mode arises from defects in the nanotube structure 

(e.g., sp3 hybridization, missing C-atom). The ratio of intensity of the D and G bands (ID/IG) gives 

an idea about the extent of nanotube surface modification or defects, as hybridization of C atoms 

will change from sp2 to sp3, thus increasing the D band intensity. The Raman spectroscopy 

instrument used in this study was a Renishaw (Gloucestershire, UK)  inVia microRaman with 514 

and 785 nm lasers [100]. 
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2.6.6 Melt Rheology  

Unlike microscopy techniques, rheological characterization is not limited to a certain area of a 

sample. It also provides better insight on the dispersion state of nanomaterials in a polymer matrix 

as well as information on nanomaterial-polymer interactions. Moreover, rheological 

characterization helps in understanding the flow behavior and microstructure of nanocomposites. 

An Anton Paar (Ashland, VA) MCR 301 rotational rheometer with a 25 mm parallel plate 

measuring system was used in this research. A schematic of the parallel plates is shown in Figure 

2.18.  The sample is loaded between the two plates, and any excess is trimmed off to form a flat 

edge. The top fixture is rotated at a desired rate to apply the necessary steady or dynamic shear on 

the sample, and the torque and normal forces are measured by the rheometer. Rheological 

properties of interest (such as viscosity, elastic, and viscous modulus) can be calculated from the 

knowledge of the shear applied, torque generated, gap between fixtures, and fixture geometry.  

  

 

Figure 2.18. Parallel plate geometry [16]. 
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The shear stress and shear rate on a parallel plate are calculated using following relationships- 

 

𝜏(𝑅) =
2𝑀

𝜋𝑅3
 

 

�̇� =
𝜔𝑅

ℎ
 

Where     �̇� = shear rate (1/s) 

               𝜏 = shear stress (Pa) 

𝑀 = Torque (N.m) 

𝑅 = Radius of measuring plate (m) 

ℎ = gap between plates (m)            𝜔 = Rotational speed (s-1)      

The rheological characterization of polymers is typically carried out by initially running an 

amplitude sweep test where the sample is subjected to different strains at a constant angular 

frequency. The changes in storage and viscous modulus are monitored at different strains applied 

on the sample. A typical amplitude sweep plot for polymers exhibit an initial plateau region at 

lower strains followed by an exponential decrease in value of storage/loss modulus at higher strain. 

The linear viscoelastic limit of a strain is typically taken as the strain value at which there is an 

approximate 5% decrease in the constant storage modulus value of a plateau region. This linear 

viscoelastic limit of the sample is useful while running dynamic tests, which are performed to 

probe the microstructure of the sample. 

     In dynamic tests, the sample is subjected to an oscillatory shear of constant amplitude 

within the linear viscoelastic region. The sample’s response at high frequencies relates to the 

behavior of the sample at short time intervals, while the response obtained at low frequencies 

corresponds to the sample behavior at long time intervals. When an oscillating strain is applied on 

the sample, the resulting stress will also oscillate with the same frequency but will have a phase 
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lag of angle δ, with respect to strain. This data can be resolved into two components:  a solid-like 

component (storage modulus denoted as G′) that is in phase with the input, and a liquid-like 

component (loss modulus denoted as G″) that is out of phase with the input. When the shear is 

applied on a material, part of the shear energy applied is stored within the sample. This allows the 

material to regain its structure when the shear is removed while the rest of the energy is lost as 

heat. The energy that is stored within the sample is known as storage (elastic) modulus, and the 

lost energy is known as loss (viscous) modulus.  

The following equations relate these moduli to the applied strain, shear stress, and phase 

angle.   

𝐺′ = ( 
τ

γ
 ) cos 𝛿 

 

 

𝐺" = ( 
τ

γ
 ) sin 𝛿 

Where, 

 

γ = Shear strain (%) 

 

δ = Phase angle 

τ = Shear stress 

Complex viscosity (η*) is another important parameter obtained from the storage and loss 

modulus values and is given as follows:  

 

 η∗ =  
τ(t)

γ(t)
=

√𝐺′2 + 𝐺"2

𝜔
 

 

 

η* is the measure of total resistance of the sample to a dynamic shear rate.  
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Dynamic oscillatory shear tests (frequency sweeps) at a fixed amplitude in the linear 

viscoelastic regime can be used to study the microstructure of the sample. The formation of an 

interconnected network inside polymer matrix upon the addition of nanofillers can be identified 

by the formation of a plateau region at a lower frequency, along with significant improvements in 

the storage modulus and complex viscosity of the sample [101, 102]. 

For melt processed 2 wt.% polycarbonate/MWNT nanocomposites, Potschke et al. found 

a step increase in storage modulus and complex viscosity, as shown in Figures 2.19 and 2.20, 

respectively. Further, the complex viscosity curves showed a non-Newtonian behavior at much 

lower frequencies with a higher decrease in complex viscosity. This is due to the formation of an 

interconnected network of MWNT within polycarbonate, such network formation is known 

rheological percolation [70, 103]. 

 

 

Figure 2.19. Storage modulus vs frequency of polycarbonate/MWNT nanocomposites at 260°C 

[103]. 
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Figure 2.20. Complex viscosity versus frequency for polycarbonate/MWNT nanocomposites at  

260 °C [103]. 
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Chapter 3 

 

 

Experimental Section  

 
3.1  Materials 

SWNT used in this research were manufactured through the CoMoCat process and were obtained 

from South West Nano Technologies (Norman, OK). Two different grades of SWNT were used: 

CG200 (Lot L04 and L14) and CG300 (Lot L3). CG200 has a purity of ~90%, aspect ratio of 1000, 

density 1.45 g/cm3, and D/G ratio of 0.1. CG300 has a purity of >95%, aspect ratio of 940, density 

of 1.45 g/cm3, and D/G ratio of 0.07. Polyvinylpyrrolidone (PVP) with an average molecular 

weight of 40,000 and sodium dodecyl sulfate were purchased from Sigma-Aldrich (St. Louis, MO. 

Polypropylene (PP) (density = 0.90 g/cm3) was obtained as flakes (Melt Flow Index = 12, Mn= 

63,000) from Total Petrochemicals (Houston, TX). Ethylene vinyl alcohol copolymer EVOH 

grade EVAL G176 (48 mol% ethylene) was obtained from Kuraray America (Houston, TX). 

Additives including Irganox 225B and Irgastab FS301 were obtained from BASF (Tarrytown, NY) 

and were dry blended with PP to produce nanocomposites with enhanced thermo-oxidative 

stability.  

Based on the composition of primary and secondary antioxidants, FS301 acted as a 

processing stabilizer, whereas Irganox 225B was a processing and long-term thermal stabilizer. 

The primary antioxidant was a phenolic -OH group that worked as a free radical scavenger and 

prevented oxidation. The secondary antioxidant reacted with any hydroperoxides which had  
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formed during oxidation and converted them into non-radical products. All reference information 

for pure PP and EVOH is based on measurements of the resulting stabilized blends. Polylactic acid 

grade Ingeo™ Biopolymer 4043D was purchased from NatureWorks, LLC (Minnetonka, MN), 

and it had a density of 1.24 g/cm3. Three different types of cellulose nanocrystals were used in this 

research. Spray dried powder of BioPlus-L® Crystals (lignin-coated cellulose nanocrystals) and 

an aqueous gel of BioPlus-L® crystals (regular CNC without surface modification) were obtained 

from American Process, Inc.  An aqueous gel of sulfonated cellulose nanocrystals in were obtained 

from the University of Maine’s Process Development Center.  

 

3.2  Effect of Non-Covalent Functionalization of Single-Walled Carbon Nanotubes and Pre-

Processing Methods on Polypropylene Nanocomposites 

The materials used in this investigation were Total Petrochemical’s isotactic polypropylene flakes, 

Irganox 225B, Irgastab FS301, CoMoCAT SWNT of grade CG200 from SouthWest 

Nanotechnologies, polyvinylpyrrolidone (PVP), and sodium dodecyl sulfate (SDS) from Sigma 

Aldrich. The SWNT were non-covalently functionalized using PVP and SDS in water. The pre-

processing methods used were rotary evaporation and spray freeze drying prior to the melt 

processing of nanocomposites in a Haake Minilab twin screw extruder.   

 

3.2.1 Non-covalent functionalization of SWNT 

Non-covalent functionalization of SWNT was carried out by implementing optimization and 

modifications to the procedure used by Kayatin et al.[23] as discussed in Chapter 4. 2 mg/ml 

PVP/water stock solution was initially prepared by magnetically stirring the required quantities of 

PVP in distilled water for 10 minutes; 15 ml of this solution was taken in a vial followed by the 

https://www.google.com/search?q=Minnetonka+Minnesota&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCorTKmqVOIAscsNk1K0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUA-gIAQEQAAAA&sa=X&ved=0ahUKEwj66MzrxN3NAhWGyyYKHXKDALYQmxMIYCgBMAw
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addition of SWNT in 1:1 ratio (by weight) with PVP. This mixture was then bath sonicated for 20 

minutes in order to wet the nanotubes’ surfaces and to keep them in dispersion. This was then 

ultra-sonicated using a SONICS vibra-cell tip sonicator for 30 minutes. The sonication process 

induced cavitation in a medium, which debundled the SWNT by overcoming the van der Waals 

force of attraction and allowed PVP to wrap on the SWNT surfaces. The sonication was carried 

out at 60% amplitude (~60W), with cycles of 5 seconds on and 3 seconds off. A similar procedure 

was used for SWNT functionalization using SDS. In order to study the effect of non-covalent 

functionalization of SWNT on nanocomposite properties, 2 mg/ml aqueous SWNT dispersions 

were prepared by using same sonication treatment.  

 

3.2.2 Pre-processing methods 

SWNT dispersions needed to be pre-processed with polymer in order to enhance their uniform 

dispersion state in final nanocomposites. Two different pre-processing techniques were 

investigated in this research—rotary evaporation and spray freeze drying. These two techniques 

were compared in terms of their effects on nanotube dispersion state in polymer matrix and 

thermal, and rheological properties of resultant nanocomposites. 

The rotary evaporation technique was chosen based on the works of Radhakrishnan et 

al.[25].  This technique was shown to produce a more uniform SWNT dispersion state than mere 

dry mixing of nanotubes with polymer during melt processing. Also unlike the hot-coagulation 

technique, rotary evaporation did not require treatment with harsh solvents which induce 

degradation during processing [25]. Figure 3.1 shows the morphology of the samples produced 

with different pre-processing techniques from previous work on initial mixing methods. Rotary 

evaporated samples produced a uniform coating of SWNT on the polymer surface without causing 
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any degradation, unlike the hot-coagulation technique. Simple dry mixing provided the poorest 

SWNT distribution. 

 

 

Figure 3.1. Macroscale appearance of PP–SWNT after initial mixing but before melt extrusion for 

(a) dry mixing, (b) rotary evaporation, and (c) hot coagulation [25]. 

 

The rotary evaporation pre-treated polymer-nanotube mixtures were produced by initially 

mixing polymer with 2 mg/ml aqueous dispersions of non-covalently functionalized or pristine 

SWNT using magnetic stirring for 10 minutes. The quantity of polymer was added in order to get 

0.75 vol.% concentration of SWNT in final nanocomposite. The solvent in this mixture was 

evaporated at 100 °C under vacuum in a Buchi RE-121 rotary evaporator for a period of time 

dependent on the amount of solvent. Rotary evaporation provided continuous movement of the 

mixture during solvent evaporation, finally producing polymer with a uniform coating of SWNT. 

To further assure complete solvent removal, the nanotube-coated PP was vacuum dried overnight 

at 80 °C for 6 hours.  

The spray freeze drying technique was used by Khoshkava et al. [27] for making PLA/CNC 

nanocomposites. It produced a highly porous morphology of spray freeze dried CNC, which was 
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useful during melt processing. Such porous structures allowed an enhanced melt filtration, thereby 

improving the dispersion state of nanomaterials in the polymer matrix. This technique was of 

interest in this research, as it helped in delivering a uniform dispersion of SWNT in a solvent to 

final nanocomposite, reducing the aggregation during the pre-processing stage [16-19]. 

The spray freeze dried samples of SWNT were produced by using a fine spray bottle to 

spray 2 mg/ml aqueous dispersions of SWNT (both non-covalently functionalized and pristine) 

into a container with liquid nitrogen. The fine droplets obtained from the spray nozzle formed a 

frozen slurry in the container, which was kept in suspension using magnetic stirring. This slurry 

was then transferred to freeze drying flasks and freeze dried using a Labconco 4.5 Freezone 

apparatus. The freeze drying time varied from 24 hours to 48 hours, depending on the volume of 

the sample. The spray freeze dried samples were then kept at 80 °C under vacuum for 6 hours to 

remove any residual moisture. These samples were then blended with PP flakes by manually 

shaking in a vial for 1 minute.  

 

3.2.3 Polymer melt Processing  

Pre-processed samples were extruded using a Haake Minilab counter rotating twin screw extruder, 

as shown in Figure 3.2. Thermal and processing additives (including Irganox 225B and Irgastab 

FS301) were added to the pre-processed polymer samples at 0.25 wt.% and 0.15 wt.%, 

respectively. Additives were dry mixed with the pre-processed polymer samples prior to extrusion.  

The extruder barrel temperature, screw speed, and time of extrusion were the controlled 

parameters during extrusion. The combined action of the high temperature and the shear produced 

by the rotating screws melted the polymer broke apart the nanomaterial aggregates, and distributed 

the nanomaterials in the polymer matrix as the materials flowed down the barrel. The advantages 
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of using the Minilab extruder were that it required a very low volume of materials (~ 5 cm3) and 

that the availability of a backchannel allowed for the material recirculation through the barrel until 

the desired level of mixing was achieved. 

                                                                

 

Figure 3.2 Inside of the Haake Minilab Twin screw extruder. 

 

For melt processing of PP nanocomposites in an extruder, the processing conditions were 

chosen as 190 °C and 100 rpm for 30 minutes. These were based on the design of experiments  by 

Radhakrishnan et al. for polypropylene nanocomposites [16], where the optimized processing 

condition provided maximum improvement in thermal properties for the similar SWNT loading 

used in this research. 

All nanocomposites were prepared at a concentration of 0.75 vol. % (~1.2 wt.%). This 

value was chosen based on the anticipated ability to achieve percolation for nanocomposites in 

which the SWNT existed as small bundles. In previous studies on PP, post-processing (6 hour bath 

sonication) SWNT aspect ratios, as established from AFM analysis, were in the range of 200 – 

400; for this range of aspect ratios, the critical volume fraction for percolation was achieved at a 

0.0035 < Փ < 0.007 [16, 104]. Since SWNT in this research underwent 30 minutes of 
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ultrasonication, a concentration of 0.75 vol. % was considered enough to allow for some bundle 

formations with a percolated network and yet not too high to facilitate re-aggregation. 

 

3.3 Polyvinylpyrrolidone functionalized SWNT – Poly (Ethylene-co-Vinyl alcohol) 

Nanocomposites 

The materials used in this study were EVOH (EVAL G176) pellets obtained from Kurraray, 

Irganox 225B, Irgastab FS301, CoMoCAT SWNT of grade CG300 from SouthWest 

Nanotechnologies, and polyvinylpyrrolidone from Sigma Aldrich. PVP functionalized SWNT 

were produced using the procedure as explained in 3.2.1. In this case, the pre-processing of PVP 

functionalized SWNT was carried out using a spray freeze drying method, (as mentioned in 3.2.2) 

followed by processing using a Haake Minilab twin screw extruder, as was performed for PP 

nanocomposites.  

 

3.4  Polylactic Acid-Cellulose Nanocrystals Nanocomposites 

The materials used in this investigation were PLA (4043D) pellets and three types of cellulose 

nanocrystals – lignin coated, sulfonated, and unmodified regular CNC. PEO with a molecular 

weight of 1000 was used to make the masterbatches with sulfonated CNC. Unmodified regular 

CNC and lignin-coated CNC were obtained from American Process (Atlanta, GA) and have an 

average particle size of 4-5 nm wide and 50-500 nm long. Sulfonated CNC were obtained from 

University of Maine, Process Development Center. The pre-processing methods used were spray 

drying, freeze drying, spray freeze drying prior to the melt processing of nanocomposites in a 

Haake Minilab twin screw extruder.   
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3.4.1 CNC dispersion  

3 mg/ml CNC dispersions were prepared in water by initial overnight magnetic stirring, followed 

by ultrasonication for 5 minutes at 30% amplitude and cycles of 5 seconds on and 3 seconds off 

using SONICS Vibra-cell tip sonicator. The concentration of CNC was chosen based on the BET 

results shown by Khoshkava et al. [86], where the 3 mg/ml concentration of CNC/water dispersion 

resulted in the maximum surface area in spray freeze dried CNC due to its high porosity. These 

dispersions were used in producing spray dried, freeze dried, and spray freeze dried CNC powder 

during pre-processing.  

 

3.4.2 Pre-processing methods 

Pre-processing was carried out by using spray drying, freeze drying and spray freeze drying of the 

CNC dispersions. Spray drying has been widely used in obtaining fine powdered samples from 

solutions or suspended dispersions [89, 105]. 3 mg/ml CNC/water dispersions were used to 

produce spray dried powder using a B-290 from Buchi mini spray dryer. The schematic of a typical 

spray dryer is shown in Figure 3.3. The dispersion was pumped through a nozzle to form a fine 

spray of liquid with the aid of an air/nitrogen medium. The fine droplets thereby produced were 

dried in a chamber at a temperature of 120 °C. The dried particles were collected in an another 

chamber with the aid of a cyclone. The particle size of such spray dried powder is typically 2-25 

µm for the true solutions and ~50 µm for the suspensions [106]. 
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Figure 3.3 Schematic of spray dryer. 

 

Freeze dried CNC samples were produced by initially freezing the 3 mg/ml CNC/water 

dispersion in a liquid nitrogen medium. The frozen sample was then dried in a Labconco 4.5 

Freezone apparatus to obtain the porous network of freeze dried CNC. Spray freeze dried CNC 

samples were produced from 3 mg/ml CNC/water dispersion using a procedure similar to that 

which was explained in Section 3.2.2. 

In order to produce the PLA/CNC nanocomposites through masterbatch mixing, PEO/CNC 

masterbatches were prepared by making 3 wt.% PEO solution in water followed by the addition 

of CNC to this solution. A weight ratio of 1.25:1 (PEO to CNC) was maintained in the dispersion. 

This ratio was based on the procedure used by Arias et al. [24], where a highly uniform dispersion 

state of CNC in PLA was observed at this ratio. This mixture was then magnetically stirred 

overnight and then subjected to ultrasonication for 5 minutes at 30% amplitude for cycles of 5 
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seconds on and 3 seconds off using SONICS Vibra-cell tip sonicator. The resulting dispersion was 

then spray freeze dried (using the procedure mentioned in 3.2.2) to obtain PEO/CNC masterbatch. 

Spray dried, freeze dried, spray freeze dried CNC samples, and PEO/CNC masterbatch 

were dry mixed with PLA pellets. The quantity of added PLA was such that 8 wt.% CNC 

concentration was obtained in final nanocomposites. This mixture was vacuum dried at 80 °C for 

4 hours. The drying of PLA pellets was critical since the PLA was a condensation polymer, any 

residual moisture would have caused PLA degradation through hydrolysis at higher temperatures 

[107].  

 

3.4.3 Polymer melt processing  

The pre-processed sample mixtures were extruded at 190 °C, 60 rpm, 20 minutes in a Haake 

minilab twin screw extruder. No additives were added during melt processing in order to retain the 

biocompatibility of PLA/CNC nanocomposites. 

Solution processed samples were also prepared in order to compare them with the melt 

processed nanocomposites. Solution processing has been widely used by researchers [108, 109] 

since it produces highly uniform dispersions of nanofillers in the polymer matrix. The solution-

processed 8 wt.% PLA/SA-CNC nanocomposites were produced by separately making solutions 

of 1 wt.% SA-CNC/chloroform and 10 wt.% PLA/chloroform. A 1 wt.% SA-CNC/chloroform 

dispersion was ultrasonicated at 30% amplitude and for cycles of 5 seconds on and 3 seconds off 

using SONICS Vibra-cell tip sonicator for 10 minutes. A 10 wt.% PLA/chloroform solution was 

magnetically stirred for 6 hours to create the uniform PLA/chloroform solution. The two mixtures 

were then mixed together and magnetically stirred for 2 hours to create the uniform PLA/SA-

CNC/chloroform solution. This solution was then cast into thin films in a Petri dish and kept in a 
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hood overnight to evaporate most of the chloroform. These partially dried films were subsequently 

vacuum dried at 45 °C for 10 days to completely remove the remaining chloroform. 

 

 3.4.4 Nanocomposite filament preparation and FDM  

PLA/CNC nanocomposite filaments with diameters of 1.75 ± 0.1 mm were obtained using the die 

plate with a 1.5 mm diameter at the extruder outlet. The increased diameter of the filament was 

due to a die-swelling effect wherein polymer chains relaxed after coming out of the die and thus 

increased the size of the filament. The die-swelling effect using 1.5 mm die in the case of plain 

PLA and all PLA/CNC nanocomposites was such that the resultant filament diameter obtained was 

~1.6 mm to 1.8 mm. This was close to the Cube 3 filament diameter specification of 1.75 ±0.05 

mm and was still printable.  

The focus of this research was on the production of 3D-printed scaffolds from these 

filaments for algae growth. PLA is a biodegradable polymer, and its nanocomposites with CNC 

were thought to potentially improve scaffolds’ mechanical strength and thermal and environmental 

stability, thus prolonging their use for algae growth. Moreover, due to the hydrophilic nature of 

CNC, algae growth was expected to enhance in this study. PLA/CNC nanocomposite scaffolds 

were under investigation, and their effects on PLA/CNC algae growth have yet to be determined.  

3.5  Characterization   

A Nikon (Melville, NY) Eclipse 80I optical microscope with reflected light was used to capture 

an image of the dispersion state of the SWNT in the polymer matrix. The samples for optical 

microscopy were prepared by pressing the nanocomposite melt between the heated extruder 

surface and the microscope slide at 190 °C. A 20x objective (0.45 NA) and 2x magnification before 

the camera (translating to an effective magnification of 40x) were used to image the samples. SEM 
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images were obtained using a JEOL (Tokyo, Japan) 7000-F Field Emission Scanning Electron 

Microscope; pre-processed SWNT and CNC dispersion samples, and polymer nanocomposite 

films were sputter-coated with gold before taking images.  

Melting and crystallization temperatures were measured on a TA Instruments (New Castle, 

DE) Q100 Differential Scanning Calorimeter (DSC) at a scan rate of 10 °C/min over a temperature 

range of 20 to 200 °C, using aluminum pans/lids. The sample was first heated at 10 °C/min to 200 

°C and held for 5 minutes. It was then cooled at 10 °C /min to 20 °C with a hold of 5 minutes before 

it was again heated at 10 °C/min to 200 °C. The heat-cool-heat cycle was performed to ensure the 

melting of all crystallites and to remove thermal history. Isothermal crystallization studies for PP 

was performed by heating the sample to 200 °C at 10°C/min with an isothermal hold of 5 minutes 

to ensure the melting of all crystallites, followed by rapid cooling at 100 °C/min to the desired 

crystallization temperature and holding isothermally for 30 minutes. In case of PLA, isothermal 

cold crystallization kinetics was studied, in which the sample was heated to 190 °C at 100 °C/min 

with an isothermal hold of 5 minutes, followed by cooling at 100 °C/min to 20 °C with an 

isothermal hold of 5 minutes. Finally, the sample was again heated at 100 °C/min to the desired 

crystallization temperature and held isothermally for 30 minutes. 

Thermal decomposition was studied using a TA Instruments (New Castle, DE) Q5000 

Thermal Gravimetric Analyzer (TGA). All TGA tests occurred under a constant nitrogen balance 

protection with a flow rate of 10 cm3/min and a sample gas (nitrogen) flow rate of 25 cm3/min. 

Samples were heated with ramp rate of 10 °C/min to 120 °C. They were then held isothermally at 

120°C to ensure residual moisture removal. Samples were again ramped to 800 °C at 10 °C /min 

followed by an isothermal hold for 45 minutes. A sample size of ~20 mg was used for every TGA 

test in order to avoid any potential deviations in heat flow or accuracy associated with sample size.  
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Rheological characterization was performed on an Anton Paar (Ashland, VA) MCR 301 

rotational rheometer. This was equipped with a CTD 450 convection temperature control device, 

using 25 mm parallel plates at a temperature of 200 °C for PP and EVOH nanocomposites and 190 

°C  for PLA nanocomposites. Initially, amplitude sweeps were performed in order to determine the 

linear viscoelastic regime (LVR) limit of the samples. The LVR strain limit was chosen as the 

strain at which the storage modulus is 95% of its constant value in the plateau region of the 

amplitude sweep plot. Frequency sweeps between 0.1 – 600 s-1 were performed at percent strain  

well within the LVR region, usually chosen as an order magnitude of a lower value of strain (%) 

than that of LVR strain (%) limit obtained from the amplitude sweep.  
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Chapter 4  

 

Effect of Non-Covalent functionalization of Single-Walled Carbon Nanotubes 

and Pre-Processing methods on Polypropylene Nanocomposites 

 

This chapter focuses on improving the dispersion state of SWNT in melt processed PP 

nanocomposites using a non-covalent functionalization approach and different pre-processing 

methods. The dispersion state of nanotubes in polymer melts is governed by thermodynamic, 

mechanical, and kinetic factors. Therefore, improving the thermodynamic compatibility of 

nanotubes with the polymer matrix and facilitating exfoliation of nanotube bundles are the key 

factors for improving the dispersion state. These factors have been assessed based on the non-

covalent functionalization of SWNT using PVP and SDS in conjunction with rotary evaporation 

or spray freeze drying as the pre-processing methods for making PP nanocomposites. 

    Many attempts to make melt processed nanocomposites have used dry mixing of pristine 

or covalently functionalized nanotubes with polymer prior to melt processing [16-18, 20]. This has 

typically resulted in a poor dispersion state of nanotubes in the polymer matrix and/or poor 

interfacial interactions, and led to only modest improvements in nanocomposite properties.   

Several attempts have been made to improve the nanotube dispersion in polymer matrices 

by using different pre-processing methods and/or nanotube functionalizations. Zhang et al. 

employed the method of spraying the aqueous dispersion of sodium dodecyl sulfate functionalized 

SWNT directly onto polymer followed by vacuum drying.  The more uniform distribution of 
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nanotubes prior to melt processing resulted in an improved dispersion state which led to reduction 

in rheological and electrical percolation thresholds [110]. The rotary evaporation (RE) method 

used by Radhakrishnan et al. (a slight modification of spray drying) improved thermal and 

rheological properties of PP/SWNT nanocomposites compared to the dry mixing method; 

however, in their study, this method unexpectedly resulted in a poor dispersion state for  SWNT 

covalently functionalized with dodecane groups using the Billups reaction [16]. The spray freeze 

drying (SFD) technique has been recently used by Khoshkava et al. for making PLA/CNC 

nanocomposites; a highly uniform dispersion state of CNC was observed causing three orders of 

magnitude improvement in the storage modulus compared to spray dried and freeze dried CNC 

and PLA nanocomposites at similar loadings [90]. The spray freeze dried CNC samples were found 

to be more highly porous than the spray dried and freeze dried CNC samples. Such highly porous 

and weak agglomerates allowed melt infiltration of polymer and breaking during processing to 

occur more easily.  

Although pre-processing and functionalization approaches have been used to improve 

nanomaterial dispersion state in melts, there have been only limited attempts to improve the 

dispersion state of nanotubes through combination of functionalization (especially through non-

covalent functionalization) and pre-processing methods.  

In this study, PP nanocomposites were prepared using non-covalently functionalized 

SWNT through SFD and RE methods. SFD and RE are two promising methods for incorporation 

of nanomaterials in polymer melts. Moreover, non-covalently functionalized SWNT would assist 

in further improving the dispersion state in polymer matrix through nanotube compatibilization.  

The resulting PP nanocomposites were compared based on their morphology, rheology, and 

thermal properties. 
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4.1 Optimization and scale up of SWNT non-covalent functionalization  

PVP was used for the non-covalent functionalization of SWNT, since it is not only inexpensive 

and biocompatible, but also forms tight and uniform physical wrapping around the nanotube 

surface. O’Connell et al. [22] showed that PVP-SWNT demonstrates a robust physical interaction 

compared to some other polymers. A modified flow field-flow fractionation technique was used 

to test the stability of the polymers on the nanotubes’ surfaces. In the case of PVP-SWNT, most 

of the PVP remained intact, even after the intensive washing step, while other polymers were not 

retained on the SWNT surface. Kayatin et al. [23] developed a process for PVP/SWNT dispersion 

in water and showed that the freeze dried form of these PVP functionalized nanotubes had 

solubility as high as 150 mg/ml in UPR (unsaturated polyester resin), highlighting its potential use 

in making nanocomposites for this commercially-relevant polymer resin [23]. PVP-functionalized 

graphene was used by Green et al. for making PVP-graphene nanocomposites through in-situ 

polymerization of N-vinyl pyrrolidone. They found a 37 % increase in Young’s modulus and 7 

orders of magnitude increase in electrical conductivity [111].  

The procedure for making dispersions in this research was the modification of a procedure 

developed by Kayatin et al., where a lower concentration of SWNT (0.33 mg/ml) was used to 

make the dispersions with an excess of PVP, with a PVP to SWNT ratio of 30 [23]. Since non-

covalent attachment has well been established in the literature, characterization focused on the 

relative amounts of PVP that could not be readily removed. Such high concentrations of PVP in 

the dispersions would affect the composite’s thermal and mechanical properties; therefore, this 

excess of PVP must be removed before melt processing the dispersions with polymer.  Repeated 

vacuum filtration and aqueous washing steps were employed to remove the excess PVP from the 

aqueous PVP/SWNT dispersion prepared using the procedure of Kayatin et al. [23]. While rinsing 
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out this excess PVP using a vacuum filtration system, it was found that hydrophilic polycarbonate 

filter pores were blocked very quickly due to the comparable size of the nanotube bundles, making 

further filtration very difficult. In an attempt to find an alternative, a small quantity of the 

repeatedly washed PVP-SWNT sample was taken and analyzed using TGA, as shown in Figure 

4.1. A difference of ~ 45 wt % between PVP-SWNT and SWNT TGA curves suggested the 

presence of non-covalently attached PVP on SWNT surfaces. Composition calculations from TGA 

data showed that the final PVP to SWNT ratio in these washed PVP-SWNT samples ranged from 

0.7 to 1, which was much smaller than initial ratio of 30. This finding revealed that the actual 

quantity of PVP was much smaller compared to quantity initially used.  

   

 

 

 

 

 

 

Figure 4.1. Thermogravimetric analysis of SWNT and PVP-SWNT in nitrogen medium. 
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Figure 4.2. UV-Vis spectra for 0.33 mg/ml aqueous SWNT dispersion with varying PVP/SWNT 

ratios.  

Later dispersions were prepared with lower PVP/SWNT ratios of 4, 3, 2 and 1. Figure 4.2 

compares the UV-vis spectra for the (0.33 mg/ml) dispersions made with various PVP/SWNT 

ratios. The UV-vis spectra suggested no significant change in the degree of dispersion since 

intensities of absorption peaks of aqueous PVP-SWNT dispersions did not change upon reducing 

PVP/SWNT ratio from 30 to 1. From these findings, the PVP/SWNT ratio was optimized to 1. 

O’Connell et al. have found a similar ratio of PVP/SWNT (~ 0.7-1) after several washing steps for 

SDS-PVP/SWNT, which further supports this study [22].  

In order to readily produce sufficient SWNT for nanocomposite research, SWNT quantities 

for making 0.75 vol. % PP nanocomposites, the concentration of SWNT in dispersion was scaled 

up to 2 mg/ml from its initial lower concentration of 0.33 mg/ml. Figure 4.3 compares the UV-vis 

spectra for dispersions with 0.33 mg/ml and 2.0 mg/ml concentrations with a 1:1 PVP/SWNT ratio. 

Dispersions at these concentrations also did not show any difference in intensities of van Hove 
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singularity peaks.  Thus, the PVP-SWNT functionalization procedure used by Kayatin et al was 

optimized for this research by using a lower PVP/SWNT ratio as well as higher SWNT 

concentration in dispersion. 

 

 

Figure 4.3. Comparison of UV-Vis spectra dispersions with different SWNT concentrations and a   

1:1 PVP to SWNT. 

 

4.2  PVP and SDS functionalized SWNT   

The PVP functionalization of SWNT was evident from the UV-Vis spectra of its aqueous 

dispersion, as well as from the TGA runs carried out on rinsed PVP-SWNT samples. Distinct peaks 

observed in UV-vis spectrum (as shown in Figure 4.4) corresponded to the Van-Hove singularities 

of different chiralities in SWNT, which was an indication of more individualized nanotubes. PVP 

functionalized SWNT showed more distinct and sharp peaks, since PVP was an effective 

dispersing agent. Due to its hydrophilic nature, PVP had a strong thermodynamic drive to wrap 
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around the SWNT surface, reducing the hydrophobic interphase between nanotubes and aqueous 

media [22]. In contrast, the SDS functionalized SWNT/water dispersion did not show any peaks, 

indicating a poor dispersing ability of SDS at a SWNT concentration of 2 mg/ml.   

Figure 4.4. UV-vis spectra for 2 mg/ml aqueous dispersions of SWNT, SDS-SWNT, and 

PVP/SWNT. 

TGA runs under a nitrogen medium were performed on PVP-SWNT and SDS-SWNT 

samples, which were rinsed with water to ensure the removal of any free dispersing agents present 

in these samples. The difference in weight loss obtained from the samples’ TGA curves (Figure 

4.5) also gave an estimation of the degree of functionalization in these SWNT samples. A higher 

degree of functionalization ~ 50 wt. % was observed for PVP-SWNT whereas SDS-SWNT had ~ 

30 wt. %.  
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Figure 4.5. TGA curves for SDS and PVP functionalized SWNT. 

 

4.3 Morphology  

Optical microscopy images of PP/SWNT and PP/PVP-SWNT nanocomposites prepared using the 

rotary evaporation method are shown in Figure 4.6 (a) and (b), respectively. It was expected that 

nanocomposites using PVP functionalized SWNT would result in a more uniform dispersion state 

compared to pristine SWNT. However, bigger nanotube aggregates were observed in PP/PVP-

SWNT nanocomposites, with most of them having a size greater than 50 µm; the average aggregate 

size was below 50 µm in PP/SWNT nanocomposites.  

                         a. PP/SWNT (0.75 vol.%)                        b. PP/PVP-SWNT (0.75 vol.%)         

 Figure 4.6. Optical microscopy images for samples extruded at 190 oC and 100 rpm for 30 

minutes. (scale bars – 50 µm) 
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Although PVP-SWNT were dispersed more uniformly in an aqueous dispersion as opposed 

to pristine SWNT, the increased level of aggregation in PP/PVP-SWNT would have been caused 

during the rotary evaporation and melt processing steps. In order to investigate the aggregation 

effect during rotary evaporation, a few drops of PVP-SWNT/water and SWNT/water dispersions 

were taken on glass slides. These were then subjected to vacuum drying in order to provide similar 

conditions as the rotary evaporated samples. Figures 4.7 and 4.8 show their dispersion states before 

and after vacuum drying respectively. The dried PVP/SWNT dispersion had bigger aggregates 

than the SWNT dispersion, which showed that significant PVP-PVP interactions resulted during 

the evaporation of water. These interactions formed aggregates as large as ~ 200 µm. Such 

aggregation might have been due to capillary forces and van der Waals interactions as the 

dispersion concentrated upon drying. Aggregation was more predominant in PVP functionalized 

SWNT, as it was a more concentrated system [90, 112]. This investigation showed that aggregation 

was higher in PP/PVP-SWNT prior to the melt extrusion, although aggregate size was somewhat 

reduced during melt processing, as shown in Figure 4.6. 

a. SWNT/water dispersion                                   b. PVP-SWNT/water dispersion 

Figure 4.7. Optical microscopy images of dispersions before vacuum drying. (scale bars – 

100 µm) 
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a. SWNT/water dispersion                                  b. PVP-SWNT/water dispersion 

Figure 4.8. Optical microscopy images of dispersions after vacuum drying. (scale bars – 

100 µm) 

 

 Another possible factor leading to aggregation was tested based on thermodynamic 

compatibility of the PVP and PP during melt processing. Though extrusion helps in mixing PP and 

PVP-SWNT in molten state due to applied shear, the incompatibility between PVP and PP would 

lead to bigger aggregates. In order to check this incompatibility, the Flory-Huggins theory was 

applied as it is used as a guideline for polymer pair miscibility [113].  In order to use this method, 

solubility parameters were calculated for PVP and PP using Hoftyzer-van Krevelen (VKH) method 

and Hoys group contribution method respectively [114], as shown in Table 4.1. 

  

 

 

 

Table 4.1. Calculated solubility parameters for PVP and PP. 

 

Polymer Solubility parameter 

(MPa)0.5 

Solubility parameter (cal/cm3)0.5 

Polyvinylpyrrolidone 24.3 11.9 

Polypropylene 16.7 8.17 
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In order to check the compatibility for pair of polymers (A and B), the interaction parameter 

(χAB) as well as the interaction parameter at the spinodal point in the phase diagram (χAB)sp were 

calculated and compared. The two polymers would be compatible when (χAB) < (χAB)sp 

Interaction parameter ( χAB) is given by 

 

𝜒𝐴𝐵 =
𝑉𝑟(𝛿𝐴 − 𝛿𝐵)2

𝑅. 𝑇
 

Where, 𝑉𝑟 – Reference volume, taken as 100 cm3/mol. (approx. molar volume of smallest possible 

repeating unit in polymer)  

R-  Ideal gas constant    T- Room temperature (25 °C) 

A and B corresponds to PVP and PP respectively  

𝜒𝐴𝐵 ≅  
(𝛿𝐴 − 𝛿𝐵)2

6
 

                                             

                                                  𝜒𝐴𝐵  = 2.33 

 

In order to check the compatibility of polymers at particular composition, (𝜒𝐴𝐵)sp is calculated, 

which is given by  

                                    (𝜒𝐴𝐵)sp= 0.5 (
𝟏

𝒙𝑨 .(∅𝑨)𝒔𝒑
+

𝟏

𝒙𝑩 .(∅𝑩)𝒔𝒑
)   

Where      𝑥𝐴 = Degree of polymerization for PVP           𝑥𝐴 =
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴

100
 

(∅𝑨)𝒔𝒑 = Volume fraction of polymers in nanocomposite  

𝑥𝐴 = 400                           𝑥𝐵 = 670 
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For 0.75 vol.% nanocomposite –  

(∅𝐴)𝑠𝑝 = 0.009           and    (∅𝐵)𝑠𝑝 = 0.991 

For polymer to be compatible at this composition    

𝑿𝑨𝑩 < (𝑿𝑨𝑩 )𝒔𝒑 

For 0.75 vol.% PP/PVP blend 

(𝑿𝑨𝑩 )𝒔𝒑 = 0.14     which is less than  𝑿𝑨𝑩 , therefore phase separation is desired.  

 

Given this, PP-PVP immiscibility was also a plausible reason for the poor state of 

dispersion observed in PP/PVP-SWNT. Although these calculations predicted phase separation, 

these kinds of predictions can act as only guidelines; actual compatibility should be tested on the 

basis of experiments.   

Based on these hypothesis, SDS (a low molecular weight anionic surfactant) was tried 

which was found to be compatible with PP, based on similar calculations shown above. Moreover, 

SDS functionalized SWNT were expected to reduce the aggregation upon drying, due to the 

presence of a negative charge. However, as shown in the optical microscopy images of melt 

pressed PP/SDS-SWNT in Figure 4.9 (c), the dispersion state was slightly improved, yet it still 

showed the presence of aggregates of ~50 µm in size. In spite of the predicted compatibility of 

SDS with PP, SDS-SWNT still showed bigger aggregates when compared to SWNT in the PP 

matrix. This suggests that capillary and van der Waal forces acting between nanotubes during 

rotary evaporation were dominant factors responsible for the enhanced aggregation in these non-

covalently functionalized SWNT and PP nanocomposites. 
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   a. PP/SWNT composite (RE)               b. PP/PVP-SWNT composite (RE)       c. PP/SDS-SWNT composite (RE)             

 

Figure 4.9. Optical microscopy images for nanocomposites by Rotary evaporation method (a) 

PP/SWNT (b) PP/PVP-SWNT (c) PP/SDS-SWNT, and by spray freeze drying method (d) 

PP/SWNT (e) PP/PVP-SWNT (f) PP/SDS-SWNT. (scale bars -50 µm)   

 

In the case of the spray freeze dried PP/SWNT and PP/SDS-SWNT nanocomposites shown 

in Figure 4.9 (d) and 4.9 (f) respectively, the dispersion state was more uniform compared to the 

rotary evaporated samples. During spray freeze drying, aqueous SWNT dispersion was frozen in 

the presence of liquid nitrogen and then followed by freeze drying, which helped in avoiding 

aggregation induced by capillary forces, as was observed during rotary evaporation. Additionally, 

spray freeze drying also prevented flake like aggregation induced during ice crystal formation, 

which is usually observed while freeze drying nanomaterial dispersions [90]. However, the spray 

f. PP/SDS-SWNT composite (SFD) e. PP/PVP-SWNT composite (SFD)   d. PP/SWNT composite (SFD)  
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freeze dried PP/PVP-SWNT sample still showed bigger aggregates (Figure 4.9 (e)), similar to the 

rotary evaporated sample, which further supported PP-PVP incompatibility. The dispersion state 

for spray freeze dried PP/SDS-SWNT looked similar to that of PP/SWNT. The observed similarity 

in dispersion state might have been due to the poor SWNT dispersing ability of SDS at higher 

concentrations of 2 mg/ml, as was observed from its UV-Vis spectrum.  

SEM images of spray freeze dried and rotary evaporated aqueous SWNT dispersions 

showed the difference in porosity and nanotube bundle size, as shown in Figures 4.10 and 4.11, 

respectively. All spray freeze dried aqueous SWNT dispersions had smaller and more porous 

bundles, as shown in Figure 4.10, whereas compact nanotube bundles (as a result of strong 

capillary and van der Waals forces) were observed for rotary evaporated samples, shown in Figure 

4.11. 

 

Figure 4.10. (a) and (b) spray freeze dried SWNT, (c) and (d) spray freeze dried PVP-SWNT, (e) 

and (f) spray freeze dried SDS-SWNT. (scale bars - 1 µm for (a),(c),(e) and 100 nm for (b), (d), 

(f)) 
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Figure 4.11. Vacuum dried SWNT-water dispersion (equivalent to rotary evaporation) (scale bars 

- 1 µm for (a) and 100 nm for (b)). 

 

More porous structures in SWNT resulted in easier polymer melt infiltration during 

processing. Moreover, their low agglomerate strength assisted in breaking bigger aggregates due 

to applied shear, therefore achieving a much more uniform dispersion state of SWNT in the PP 

matrix. Figure 4.12 shows SEM images of PP/SWNT and PP/SDS-SWNT using the spray freeze 

drying method. Since SEM probes only a very small surface area, these images rendered any 

differences in dispersion state caused by SDS functionalized SWNT undiscernible.  

 

  

 

 

a b 
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Figure 4.12. SEM images of melt extruded nanocomposites by spray freeze drying (a),(b) and (c) 

PP/SWNT, (d), (e) and (f) PP/SDS-SWNT nanocomposites. (all scale bars- 1 µm) 

 

4.4   Rheology  

Rheological behavior was more sensitive towards the microstructure of polymers and gave a better 

idea regarding the level of nanotube dispersion in the polymer matrix. The rheological behavior in 

terms of complex viscosity, storage modulus, loss modulus, and damping factor (ratio of loss 

modulus to storage modulus) was compared to gain a better understanding of the effect of non-

covalent functionalization and pre-processing methods on nanocomposite properties.  

Figure 4.13 (a) shows the dependence of complex viscosity on angular frequency within a 

linear viscoelastic limit. Complex viscosity is a measure of the resistance of the sample to an 

a b c 

d e f 
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oscillatory shear. The effect of non-covalent functionalization and pre-processing methods on the 

complex viscosity of PP nanocomposites was evident at low frequencies. PP/PVP and PP/SDS 

blends had a very slight influence on the complex viscosity of neat PP, so the effect of PVP and 

SDS on the rheological properties of PP will be not taken in account in the following discussion. 

In the case of rotary evaporated samples, a small enhancement in the complex viscosity of 

PP/PVP-SWNT than PP/SWNT was indicative of poor dispersion and was consistent with their 

optical microscopy results. In contrast, the complex viscosity of the spray freeze dried 

nanocomposites at the same loading was much higher and showed a prominent shear thinning 

behavior at lower frequencies. This was resulted from the uniform nanotube microstructure formed 

inside the PP matrix. Such uniform nanotube microstructure was caused by the melt infiltration of 

polymer chains into porous spray freeze dried nanotube bundles during melt processing. Among 

these spray freeze dried nanocomposites, PP/SDS-SWNT showed only a slight improvement in 

complex viscosity over PP/SWNT. This small difference could have been due to favorable SDS-

PP interactions, as the dispersion states for both of these nanocomposites looked similar and 

uniform in microscopic techniques. 
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Figure 4.13. (a) Complex Viscosity, (b) Storage modulus, (c) Loss modulus, and (d) Damping 

factor as a function of angular frequency. Legends shown in 4.13(c) (same for all figures). (Error 

bars: < 15 %).   
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 The frequency dependence of G’ and G” can provide further insight into nanocomposite 

viscoelasticity.  Lower frequencies probe longer time scales which are primarily related to the 

nanotubes and network formation and higher frequencies probe shorter time scales related to the 

polymer chains themselves. At low frequencies, PP chains were fully relaxed and exhibited a 

typical homopolymer-like terminal behavior with G′ roughly proportional to ω2. However, upon 

the introduction of nanotubes in concentrations near percolation, this terminal behavior 

disappeared. The large-scale polymer relaxations in the nanocomposites were effectively 

restrained by the presence of SWNT. As shown in Figure 4.13 (b), non-terminal behavior was 

observed in the rotary evaporated PP/SWNT sample, as a result of an effective nanotube coating 

on the PP surface during its pre-processing. However, rotary evaporated PP/PVP-SWNT showed 

terminal behavior similar to neat PP and has only an order of magnitude increase in G’ compared 

to neat PP, indicating the absence of an interconnected nanotube network. For all spray freeze 

dried nanocomposite samples, non-terminal behavior was prominent with ~3 orders of magnitude 

increase in G’ with respect to neat PP, which was an indication of a highly interconnected nanotube 

network approaching percolation. Similar to the complex viscosity behavior, PP/SDS-SWNT 

showed a slight increase in low frequency storage modulus over PP/SWNT.  

The low frequency dependence of G” (Figure 4.13(c)) showed a similar trend as G’; 

however, the corresponding increase in the loss modulus of nanocomposites was much lower than 

that of storage modulus. The damping factor (tan δ = G″/ G′), provides insight into the relative 

changes in G’ and G” and is  shown in Figure 4.13(d);  it also provides information regarding the 

microstructure and interfacial interactions between the nanotubes and the PP matrix [115]. For all 

nanocomposites, tan δ > 1 at all frequencies; this indicates the dominance of the viscous response 

of the PP matrix. However, for the spray freeze dried nanocomposite samples, tan δ was close to 
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1 at low frequencies, which was due to the increased elastic nature of these nanocomposites for 

long time scales. Moreover, the flatness of the tan δ versus the frequency curve for the spray freeze 

dried nanocomposite samples indicated significant interfacial interactions between its components. 

Hence, SDS-SWNT and PP interactions seemed to be more favorable than SWNT and PP 

interactions.  

 

4.5  Thermal properties  

Since SWNT are highly thermally stable, they were expected to improve the thermal stability of 

polypropylene by stabilizing the polymer chains against thermal energy and reducing the transport 

of decomposition products [116, 117]. Due to the semi-crystalline nature of PP, it was interesting 

to see the effect of SWNT on its crystallization behavior. Nanomaterials act as nucleating agents 

and influence the polymer crystallization process by improving their rate and temperature of 

crystallization [96]. 

Table 4.2 presents crystallization, melting temperatures, and crystallization kinetic 

parameters for PP nanocomposites processed at 190°C and 100 rpm for 30 minutes. Melting 

temperatures for both spray freeze dried and rotary evaporated nanocomposites showed an increase 

of only 2 – 4 °C. This small increase in Tm is very close to experimental error of the instrument, 

but would be consistent with some restriction of polymer chain mobility against the thermal energy 

in the presence of nanotubes. However, no particular trend was seen among the increased Tm of 

these samples, as the measurement error for Tm was itself around ±1 °C. Unlike Tm, the 

crystallization temperature of nanocomposites showed a larger increase compared to neat PP. This 

observed increment was in accordance with the SWNT dispersion state in these samples. Among 

rotary evaporated nanocomposites, the largest increase of 14 °C was found for PP/SWNT, while 
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PP/PVP-SWNT and PP/SDS-SWNT showed increases of 6 °C and 8 °C, respectively. For spray 

freeze dried nanocomposites, increase in Tc was higher than it was for rotary evaporated 

nanocomposites, due to a more uniform dispersion state of SWNT achieved in these 

nanocomposites. Tc was increased by 15 °C and 16 °C for spray freeze dried PP/SWNT and 

PP/SDS-SWNT, respectively. Spray freeze dried SDS-SWNT did not result in a significant 

increase in Tc over spray freeze dried pristine SWNT. An increment in the crystallization 

temperature was due to the presence nanotubes, which acted as heterogeneous nucleation sites 

during the primary crystallization stage and thus facilitated the PP crystallization at higher 

temperatures [96]. Similar results have been obtained by other researchers; for a loading of 0.5 

vol.% Radhakrishnan et al. observed a 10 °C increase in Tc [25], with 1 wt.% SWNT Bhattacharyya 

et al. [95] observed an 11 °C increase in Tc, whereas Manchado et al. observed an increase of 5 °C 

[17]. 

 

Table 4.2. Crystallization and melting temperatures, crystallization half-times, and activation 

energies of melt extruded PP and nanocomposites. Error in Tc and Tm is about ±1 oC, Rotary 

evaporation (RE), Spray freeze drying (SFD). 

 

 

Method Sample Tc (°C) Tm (°C) 
   t1/2 (s) 

(at 133 oC)  

ΔEa 

(kJ/mol) 

  PP 116 162 259 344 

    RE 

PP/SWNT 130 165 32 204 

PP/PVP-SWNT 124 164 131 337 

PP/SDS-SWNT 126 164 108 311 

   SFD 
PP/SWNT 131 165 29 208 

PP/SDS-SWNT 132 166 22 137 
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Isothermal crystallization kinetics was studied using the Avrami equation (Equation 4.1), 

which relates the crystallized fraction of polymer (x) to the overall rate constant of crystallization 

(k), time (t) and Avrami exponent (n).  

                                             𝑥 = 1 − exp(−𝑘 𝑡𝑛  )                                                            (4.1) 

                                             ln [− ln(1 − 𝑥𝑡)] = ln 𝑘 + 𝑛 ln 𝑡                                    (4.2) 

By plotting   ln [− ln(1 − 𝑥𝑡)] vs  ln 𝑡, the Avrami exponent (n) and crystallization rate constant 

(k) were obtained from its slope and intercept. The activation energy (Ea) of crystallization was 

evaluated by using an Arrhenius-type equation 

                                            ln 𝑘 = ln 𝑘0 −
𝐸𝑎

𝑅.  𝑇
                                                            (4.3) 

where k0 is the frequency factor and R is the gas constant.  The activation energy was calculated 

from the slope of ln k versus 1/T plot. Half crystallization time, t1/2, is the time required to achieve 

50% crystallization in the sample and was obtained from the modified form of equation 4.2, as 

shown below. 

                                                          t1/2 = (
ln 2

𝑘
)

1

𝑛
 

This analysis further aided the investigation of the effect of pre-processing methods and 

functionalization on PP nanocomposites.  Table 4.2 shows t1/2 and Ea values for the neat PP and its 

nanocomposites. t1/2 was significantly reduced for nanocomposites, as compared to neat PP, 

indicating an enhanced rate of crystallization due to the presence of heterogeneous nucleation sites. 

The trend for t1/2 was in accordance with the morphological and rheological results, as spray freeze 

dried samples showed faster crystallization rate than that of rotary evaporated samples. The 

improved SWNT dispersion in spray freeze dried nanocomposites resulted in more nucleation sites 

and a significant reduction in crystallization half time. As shown in Table 4.2, t1/2 was only 22 
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seconds for spray freeze dried PP/SDS-SWNT, 108 s for the rotary evaporated PP/SDS-SWNT 

and 259 s for neat PP.  

The activation energy of crystallization Ea is a measure of energy barrier to crystallization 

and is also affected by the presence of heterogeneous nucleation sites. The energy barrier for 

crystallization process reduces as a result of the presence of nanotubes; however, an increased 

viscosity and lower polymer chain mobility resulting from these well-dispersed nanotubes tend to 

increase Ea. The activation energy of crystallization for nanocomposites was lower than that for 

neat PP. This indicated that the crystallization of PP chains was significantly governed by the 

presence of heterogeneous nucleation sites and had compensated their lower polymer chain 

mobility during crystallization. Ea followed a similar trend as t1/2, showing the lowest value of 137 

kJ/mol for spray freeze dried PP/SDS-SWNT, which was followed by rotary evaporated 

nanocomposites, while neat PP had an activation energy of 344 kJ/mol.  

 

Table 4.3. Thermal decomposition (Td) and temperature of maximum rate of weight% loss (T1) for 

neat PP and nanocomposites. Rotary evaporation (RE), Spray freeze drying (SFD). 

 

Pre-processing method Sample Td T1 

 
PP 404 463 

 

 

 

RE 

PP/PVP 407 463 

PP/SWNT 436 470 

PP/PVP-SWNT 416 464 

PP/SDS-SWNT 424 472 

 

 

SFD 

PP/SWNT 436 474 

PP/PVP-SWNT 421 466 

PP/SDS-SWNT 442 477 
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In order to observe the thermal stabilizing effect of nanotubes, a 5% weight loss 

temperature (Td) and temperature of maximum rate of weight% loss (T1) were measured, as shown 

in Table 4.3. The observed increase in Td and T1 of nanocomposites as compared to neat PP was 

due to the stabilization of PP chains in the SWNT/polymer interphase and the reduced transport of 

evolved decomposition products caused by presence of nanotubes [116, 117]. A uniform SWNT 

dispersion leads to larger interphase volume, as well as more complex nanotube network resulting 

in more PP chains being stabilized by the nanotubes.  In this case, the higher values of Td and T1, 

for the nanocomposites made after spray freeze drying further supports that this preprocessing 

method resulted in more uniform SWNT dispersion than rotary evaporation or dry mixing.  Among 

the rotary evaporated nanocomposites, a maximum increase of 32 °C was observed for Td of 

PP/SWNT, whereas for PP/PVP-SWNT, Td was increased by 12 °C, due to poorly dispersed 

SWNT in the PP matrix. Unlike PP-PVP, PP-SDS was found to be compatible, hence the slightly 

improved SWNT dispersion state in PP/SDS-SWNT resulting in a 20 °C improvement in Td. Spray 

freeze dried PP/SDS-SWNT nanocomposites showed the largest increase of 38 °C, which was due 

to the stabilization of more PP chains through uniform dispersion state, which resulted from porous 

and functionalized SWNT. However, PP/SWNT nanocomposites in this case showed similar 

increase in Td as rotary evaporated PP/SWNT nanocomposites.    

 

4.6   Conclusions 

This investigation showed that non-covalent functionalization and the type of pre-processing 

method for drying SWNT dispersion prior to melt processing have significant influences on their 

final dispersion states in PP, thereby influencing thermal and rheological properties. 

Morphological results showed that pristine and non-covalently functionalized SWNT dispersions 
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formed compact nanotube bundles upon rotary evaporation (equivalent to vacuum drying); this is 

likely due to action of capillary and van der Waals forces resulting in bigger nanotube aggregates 

upon processing. Also this aggregation effect was more prominent in non-covalently 

functionalized SWNT dispersion since the presence of dispersing agent make system more 

concentrated. Spray freeze drying of pristine and non-covalently functionalized SWNT dispersion 

formed porous nanotube bundles upon drying, thus enhancing the melt infiltration during 

processing. This resulted in a more uniform SWNT dispersion state in the final PP nanocomposites 

thereby enhancing rheological and thermal properties compared to PP nanocomposites by rotary 

evaporation method. Although optical microscopy revealed similar SWNT dispersion state for 

spray freeze dried PP/SDS-SWNT and PP/SWNT (which might be due to poor dispersing ability 

of SDS at higher SWNT concentrations), smaller enhancements in rheological and thermal 

properties of PP/SDS-SWNT were observed compared to PP/SWNT. Therefore, spray freeze 

drying is effective in reducing the aggregation induced by capillary and van der Waals forces 

during rotary evaporation. Hence, non-covalent functionalization of SWNT using an effective and 

compatible dispersing agent in conjunction with spray freeze drying can lead to greater 

improvements in nanocomposite properties.  
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Chapter 5  

 

Polyvinylpyrrolidone functionalized SWNT – Poly (Ethylene-co-Vinyl alcohol) 

Nanocomposites 

 

This chapter investigates the effect of polyvinylpyrrolidone (PVP) functionalized SWNT on 

thermal and rheological properties of poly(ethylene-co-vinyl alcohol) (EVOH) nanocomposites 

using spray freeze drying as pre-processing method. EVOH has been widely used in packaging as 

well as in high strength barrier materials for fuel tanks [5, 12, 13]; improving its mechanical and/or 

barrier properties could extend its potential range of applications. Most efforts to improve these 

properties by introduction of nanomaterials have been done using a solution processing method 

[118-120]. In this research, melt processed EVOH nanocomposites were prepared using PVP 

functionalized SWNT by employing a spray freeze drying technique during pre-processing step. 

As shown in the previous section, spray freeze drying is a promising pre-processing method for 

achieving a good SWNT dispersion state in polymer melts and was superior to the rotary 

evaporation method for the polypropylene composites investigated. PVP is an excellent non-ionic 

dispersing agent for SWNT and its compatibility with EVOH made it a promising choice for 

compatibilizing SWNT and EVOH. The results in this chapter show that PVP-SWNT 

nanocomposites had a more significant effect on EVOH rheological properties than pristine 

SWNT. The more uniform dispersion of SWNT in EVOH/PVP-SWNT led to a highly 

interconnected nanotube network than EVOH/SWNT resulting in higher low frequency complex 
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viscosity  and storage modulus G’. The thermal stability and crystallization behavior of EVOH 

was also influenced, with EVOH/PVP-SWNT achieving enhanced thermal stability and higher 

crystallization temperature than EVOH/SWNT. 

 

 5.1  Polyvinylpyrrolidone functionalized SWNT 

SWNT were functionalized with PVP by using the procedure explained in Section 3.2.1. PVP 

functionalized SWNT were characterized using UV-vis spectroscopy as shown in Figure 5.1. The 

absorption peaks for the aqueous PVP-SWNT dispersion correspond to different chiralities of 

SWNT and is an indication of more individualization of SWNT bundles. No distinct peaks were 

observed in aqueous SWNT dispersion spectrum due to largely aggregated SWNT bundles.  

 

 

 

 

 

 

 

 

 

 

Figure 5.1. UV-Vis spectra for 2mg/ml PVP-SWNT/water and SWNT/water dispersions.  
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Thermogravimetric analysis of water rinsed PVP-SWNT was also carried out. As shown 

in Figure 5.2, the difference in weight loss between PVP-SWNT and SWNT TGA curves shows 

the degree of functionalization. The ~35 wt.% difference at the temperature of ~500°C (where all 

the PVP is decomposed) largely corresponds to non-covalently attached PVP on SWNT surface.  

 

 

 

 

 

 

 

 

 

 

Figure 5.2. TGA curve for PVP functionalized and SWNTs in nitrogen medium. 

 

5.2  Morphology 

To achieve a good dispersion state of SWNT in EVOH, these two components need to be 

compatible. With PVP functionalization of SWNT the dispersion state is expected to be enhanced 

due to compatibility between PVP and EVOH. The compatibility of these two components was 

experimentally confirmed using method based on glass transition temperature, as shown in Figure 

5.3. According to this method a compatible blend of polymer will show a single glass transition 

temperature which is between their individual glass transition temperatures. PVP-EVOH blend 
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exhibited a glass transition Tg =  79 °C which was between that of PVP ( Tg = 164 °C ) and  EVOH 

(Tg = 49°C) [113]. The EVOH grade used in this research had 52 mol.% vinyl alcohol content 

which can interact strongly with PVP. The pyrrolidone rings in PVP contain a proton accepting 

carbonyl moiety, while vinyl alcohol presents hydroxyl group as side group. Therefore, a 

hydrogen-bonding interaction can take place between these two chemical moieties. Several 

researchers have studied miscibility of PVA and PVP due to such interactions [121-124].  Zhang 

et al. reported a significant improvement in tensile yield strength and Young’s modulus of 5 wt.% 

PVP functionalized SWNT and PVA nanocomposites [125]. A similar hydrogen bonding 

interaction between graphene oxide and EVOH has also led to improved mechanical properties. 

Yang et al. have found 280% and 400% increase in tensile strength and Young’s modulus, 

respectively for 4 wt. % EVOH/TRG (thermally reduced graphene) nanocomposites [118].  Kim 

et al.  showed  a 4 °C improvement in Tg as well as 103% increase in tensile moduli of 0.5 wt.% 

EVOH/GrO (graphene oxide) nanocomposites [119]. In both of these cases, the EVOH-filler 

interaction was through hydrogen bonding between hydroxyl in EVOH and oxygen containing 

TRG and graphene oxide.  

 

 

 

 

 

 

 

                            Figure 5.3. DSC thermograms for PVP, EVOH and EVOH/PVP. 
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As shown in Figure 5.4 (a) and 5.4 (b) optical microscopy images of EVOH/SWNT and 

EVOH/PVP-SWNT nanocomposites prepared through spray freeze drying showed highly uniform 

dispersion state with only few aggregates of size ~10-20 µm. In accord with previous findings, 

rotary evaporated EVOH nanocomposites depicted in Figure 5.4 (c) and (d) showed poor 

dispersion state compared to spray freeze dried nanocomposites. Unlike for PP nanocomposites, 

the rotary evaporated EVOH/PVP-SWNT did not have dramatically worse dispersion than rotary 

evaporated EVOH/SWNT; this may be due to the compatibility between EVOH and PVP.  SEM 

images for EVOH/SWNT and EVOH/PVP-SWNT in Figure 5.5, show uniformly dispersed 

SWNT bundles in both these nanocomposites without any noticeable difference.  

 

Figure 5.4. Optical images for EVOH nanocomposites extruded at 190 °C, 100 rpm, 30 min (0.75 

vol.% SWNT). (a) EVOH/SWNT (SFD), (b) EVOH /PVP-SWNT(SFD), (c) EVOH/SWNT (RE), 

(d) EVOH/PVP-SWNT (RE). (scale bars - 50 µm) 

a b 

c d 
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Figure 5.5. SEM images of (0.75 vol.%) EVOH nanocomposites through spray freeze drying 

extruded at 190 0C, 100 rpm, 30 min (a) EVOH/SWNT (b) EVOH/PVP-SWNT (scale bars-1µm) 

 

5.3  Rheology 

Although PVP is better dispersing agent, no considerable difference was observed between 

dispersion state of spray freeze dried EVOH/SWNT and EVOH/PVP-SWNT from microscopy 

techniques. However, a difference could be distinguished based on the more sensitive rheological 

characterization. Rheological characterization is more sensitive towards microstructure of polymer 

and especially its low frequency behavior is helpful in comparing SWNT dispersion state inside 

the polymer matrix. As depicted in Figure 5.6 (a), both EVOH/PVP-SWNT and EVOH/SWNT 

demonstrated a solid-like behavior at low frequencies characterized by a continuous increase in 

complex viscosity as frequency decreases, indicating the presence of a SWNT network structure. 

This characteristic gives the material a better resistance against the applied deformation at a low 

frequency.  
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Figure 5.6. (a) Complex Viscosity, (b) Storage modulus, (c) loss modulus, and (d) Damping factor 

as a function of angular frequency (Error bars < 15%). Legends shown in 5.6 (c) (same for all 

figures).  

 

The EVOH/PVP-SWNT complex viscosity  increased by ~ 400% while the 

EVOH/SWNT viscosity increased by ~170% relative to the neat EVOH. Figure 5.6 (b) showed a 

flattening in a low-frequency regime of storage modulus with three orders of magnitude increase 

in G’ for EVOH/PVP-SWNT, which was an indicative of the onset of rheological percolation of 

the PVP-SWNT. However, this effect was less prominent in EVOH/SWNT. It should be noted 
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that EVOH/PVP blend did not show any effect on rheological properties. Hence, the effect of small 

concentrations of PVP (0.75 vol.%) used along with SWNT was considered to be negligible. 

Damping factor versus frequency plots shown in Figure 5.6 (d) helped in understanding the 

interfacial interaction between the nanotube network and EVOH matrix, flatter damping factor 

curves are indicative of interfacial interaction. Thus, a considerable interaction was evident 

between EVOH and PVP-SWNT compared to EVOH and SWNT due to a distinct difference in 

their damping factor curves. Differences in nanocomposite microstructure was also evident from 

the Cole-Cole plot shown in Figure 5.7. The neat EVOH and EVOH/PVP showed a linear 

relationship between G′ and G″ typical of polymer melts. While all nanocomposites showed a 

deviation from the linearity with greatest deviation observed for the EVOH/PVP-SWNT indicating 

more solid like behavior due to presence of a highly complex microstructure. 

 

 

 

 

 

 

 

                                         Figure 5.7. Cole-Cole plot for EVOH nanocomposites. 
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5.4 Thermal Properties  

Thermal stability and crystallization behavior of EVOH are important for processing and end use 

applications. The addition of SWNT is expected to improve the thermal stability of the polymer 

through interphase stabilization of polymer chains and reducing transport of evolved 

decomposition products. EVOH shows multistep decomposition behavior, with vinyl component 

decomposing below 400 °C and a more stable ethylene component decomposing above 400 °C as 

shown in Figures 5.8 and 5.9. 

 

 

 

 

 

 

 

 

Figure 5.8. TGA curves for neat EVOH and 0.75 vol.% EVOH nanocomposites extruded at 

190°C,100 rpm, 30 minutes. 
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Figure 5.9.  Derivative weight % vs temperature plots for neat EVOH and 0.75 vol.% EVOH 

nanocomposites extruded at 190 °C,100 rpm, 30 minutes. 

 

Thermal stability of EVOH nanocomposites was measured in terms of the temperatures at 

which there was maximum rate of weight loss. The peak temperatures T1 and T2 (Figure 5.9) 

corresponding to decomposition of vinyl and ethylene components respectively are tabulated in 

Table 5.1. The stabilizing effect of SWNT on the vinyl component of EVOH was seen from the 

12 °C increase in T1 for the EVOH/PVP-SWNT and 9 °C increase for EVOH/SWNT. These results 

were consistent with the rheological behavior as discussed in previous section. The temperature 

T2, largely corresponding to ethylene decomposition, was not affected by the presence of SWNT. 

This might be due to poor interaction of PVP with ethylene component in EVOH. Similar behavior 

was seen in case polyethylene-MWNT nanocomposites where temperature of maximum rate of 

weight loss was unaffected by addition of different concentrations of MWNT [126]. 
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 Table 5.1. Temperature of maximum rate of weight % loss for neat EVOH and 0.75 vol.% EVOH  

Nanocomposites.  

 

EVOH is a semi crystalline polymer and incorporation of SWNT should influence its 

crystallization behavior. As shown in Figure 5.10, a slight increase of 2 to 3 °C in EVOH  

nanocomposites crystallization temperatures was observed due to SWNT providing nucleation 

sites for crystal growth of EVOH polymer chains. Also a ~ 3 °C increase in glass transition 

temperature of both nanocomposites was due to the confined mobility of EVOH chains at the 

EVOH-SWNT interphase. As shown in Table 5.2, there were no clear trends for nanocomposite 

Tg and Tc.  However, melting temperature of EVOH was unaffected by the presence of SWNT. 

Figure 5.10. DSC thermograms showing crystallization peaks of EVOH nanocomposites. 
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Table 5.2. Thermal properties of EVOH nanocomposites. Glass transition temperature (Tg),  

Melting temperature (Tm), Crystallization temperature (Tc), Enthalpy of crystallization (Hc), 

Enthalpy of fusion (Hm). 

 

 The percent crystallinity of EVOH nanocomposites was reduced due to the presence of 

SWNT which hindered the regular packing of the EVOH chains into crystal lattices, eventually 

leading to the diminished crystallite size. Percent crystallinity (Xc) values shown in Table 5.2 were 

calculated by using equation 5.1 

                                         Xc =
ΔHm

∆Hm,EVOH(1−Wf)
× 100                                                              (5.1) 

Where, ΔHm  is an enthalpy of melting of the sample and ∆Hm,EVOH is an enthalpy of 

melting when the sample is 100% crystalline, which was taken as 128.1 J/g [119]. Wf is weight 

fraction of nanotubes. Such reduction in crystallinity of EVOH caused by the incorporation of 

nanofillers has also been reported for EVOH/Graphene oxide nanocomposites [119]. 

 

5.5   Conclusions  

Melt processed EVOH nanocomposites with increased thermal stability and rheological properties 

(low frequency complex viscosity  and storage modulus G’) were produced by incorporation of 

spray freeze dried PVP functionalized SWNT and pristine SWNT. Uniform SWNT dispersion 

states were achieved in EVOH/PVP-SWNT as well as EVOH/SWNT, significantly increasing 

Sample Tg (°C) Tm (°C) Tc (°C) Hc (J/g) Hm (J/g) % Crystallinity 

EVOH 47.8 158 138 59.9 54 42.1 

EVOH/SWNT  (SFD) 51.0 157 140 50.1 46.5 36.6 

EVOH/PVP-SWNT (SFD) 51.0 158 141 53.6 49 37 
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thermal and rheological properties of EVOH. Morphological results did not show difference 

between EVOH/PVP-SWNT and EVOH/SWNT as was expected due to compatibility between 

EVOH and PVP. However, thermal and rheological properties of EVOH/PVP-SWNT increased 

compared to EVOH/SWNT. Higher complex viscosity, storage modulus and thermal stability of 

the vinyl component in EVOH/PVP-SWNT were the results of better interaction between the vinyl 

component of EVOH and PVP-SWNT. These enhanced properties of EVOH/PVP-SWNT, 

suggests that the spray freeze dried PVP functionalized SWNT would be more favorable for the 

achievement of EVOH-based nanocomposites with increased phase compatibility, thermal and 

rheological properties. 
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Chapter 6 

 

Polylactic Acid-Cellulose Nanocrystal Nanocomposites 

 

This chapter explores the direct comparison of some of the most promising methods to produce 

PLA/CNC nanocomposites based on their thermal and rheological properties. Melt-processed 

PLA/CNC nanocomposites have been in nascent stage as most efforts have currently been based 

on the solution processing [45, 108, 127, 128]. Melt processing of PLA/CNC nanocomposites is 

challenging since the temperature and moisture sensitivity of PLA lead to their degradation during 

processing. Furthermore, the hydrophobic nature of CNC makes its dispersion difficult in the 

hydrophilic PLA matrix. To address these issues during melt processing of PLA/CNC 

nanocomposites, several researchers have employed various methods. Arias et al. studied the effect 

of applying a miscible carrier with CNC on the morphology, thermal and mechanical properties of 

PLA/CNC nanocomposites. According to their findings, improved dispersion state was reported 

using larger PEO/CNC ratios with a noticeable increase in crystallization rate and temperature 

[24]. Jonoobi et al. used a similar approach using PLA by itself as a carrier for CNC by making 

PLA/CNC master-batches followed by its melt processing with PLA. They proved that a relatively 

good dispersion was achieved with enhancing the mechanical properties of final nanocomposites 

[129]. Khoshkava et al. have prepared PLA nanocomposites using spray freeze-dried CNC and 

have observed a significant effect on rheological properties of PLA caused by the uniform  
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dispersion of porous spray freeze-dried CNC [27]. Although various promising methods for 

preparing the melt-processed PLA/CNC nanocomposites were utilized, it was difficult to compare 

their results because of the differences in materials used and the processing conditions employed.  

In this research, various promising pre-processing methods such as spray drying, freeze 

drying, spray freeze-drying, and master-batch mixing have been used to prepare PLA/CNC 

nanocomposites and eventually the morphology, thermal and rheological results of these 

nanocomposites were compared with solution processed PLA/CNC nanocomposites with similar 

CNC loading. The detailed experimental materials and procedure employed were described in 

section 3.4.  

 

6.1  Morphology 

6.1.1  Comparison of different CNC types  

To compare the effect of CNC types with different surface chemistries on the dispersion state and 

compatibility with PLA matrix, three different types of CNC were used in this study. Regular 

unmodified CNC (CNC), sulfonated CNC (SA-CNC) with negatively charged sulfate group and 

hydrophobic lignin coated CNC (L-CNC). L-CNC is hydrophobic in nature due to the presence of 

non-covalently attached hydrophobic lignin group on its surface.  

For this investigation, all nanocomposites were prepared by extruding PLA with different 

spray-dried CNC obtained from their aqueous dispersions. Figure 6.1, 6.2 and 6.3 show SEM 

images of 8 wt.% nanocomposites of PLA and unmodified, sulfonated and lignin coated CNC, 

respectively. It was observed that 8 wt.% PLA/CNC and PLA/L-CNC nanocomposites showed the 

aggregates of the size 20 to 50 µm, whereas PLA/SA-CNC had a relatively smaller aggregates of 

size less than 10 µm. The difference was mainly due to spray drying process which produces 
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particles of size 2-25 µm in the case of true solutions and those of greater than 25 µm for 

suspensions [106]. Since SA-CNC are easily soluble in water and form a uniform and stable 

dispersion due to the presence of negatively-charged sulfate groups on their surfaces, it has resulted 

in smaller particle sizes and hence the smaller aggregates in the final nanocomposites. Regular 

CNC and L-CNC, on the other hand, were poorly dispersed in water forming suspensions with 

bigger particle sizes thereby bigger aggregates in the nanocomposites. Regular CNC/water 

dispersion was at least kinetically stable until spray drying because of the presence of hydroxyl 

groups interacting with water, whereas L-CNC/water dispersion settled down soon after sonication 

was stopped and has to be continuously stirred during spray drying to keep the L-CNC in 

suspension.  

 

Figure 6.2. SEM images for 8 wt.% PLA/SA-CNCSD (spray dried). (scale bars -10 µm)  

Figure 6.1. SEM images for 8 wt.% PLA/CNCSD (spray dried). (scale bars -10 µm) 



89 
 

 

Lignin coated CNC were expected to be compatible with the PLA matrix due to its 

hydrophobic nature [45, 130]. However, it was hard to penetrate compact CNC particles produced 

during spray drying. The spray drying was carried out under vacuum with the temperature above 

the boiling point of water. The rapid evaporation of water from atomized droplets created large 

capillary and van der Waal forces on CNC particles pulling them together resulting in compact 

aggregates. Such aggregates were not easily re-dispersible in PLA matrix since melt infiltration of 

the polymer became difficult due to high agglomerate strength and absence of porosity in these 

particles. Due to a relatively more uniform dispersion state obtained in PLA/SA-CNC 

nanocomposites, SA-CNC was used in further research to improve its dispersion and hence 

rheological and thermal properties of PLA through various pre-processing approaches.  

 

6.1.2  PLA/SA-CNC nanocomposites through freeze drying 

Freeze drying was used to avoid the compact aggregate formation due to capillary forces observed 

during spray drying. In this procedure, rapid freezing of CNC/water dispersion in liquid nitrogen 

was carried out before freeze drying to reduce flake-like aggregates induced by ice crystal 

formation. This type of aggregation was observed upon slow cooling of dispersion before freeze 

drying resulting in a poor dispersion state in final nanocomposites [90]. Due to this change, a more 

Figure 6.3. SEM images for 8 wt.% PLA/L-CNCSD (spray dried). (scale bars -10 µm) 
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uniform dispersion state of SA-CNC in PLA compared to spray-dried SA-CNC was achieved as 

shown in Figure 6.4 with the average aggregate size ranging between 5-10 µm. Capillary forces 

were reduced during freeze drying, which was evident from the porous structure of freeze dried 

CNC. However, significant van der Waal forces prevalent in highly interconnected network of 

freeze dried CNC could not overcome by applied shear during processing and has led to smaller 

aggregates in final nanocomposites.  

 

 

6.1.3  PLA/SA-CNC nanocomposites through spray freeze drying  

Spray freeze-drying technique was employed as utilized for PP and EVOH nanocomposites in the 

earlier work. Spray freeze drying is expected to improve the dispersion state of CNC in PLA by 

reducing the compact aggregates caused due to the capillary and van der Waals forces during spray 

drying as well as the flake like aggregates induced by ice crystal formation during freeze drying. 

Khoshkava et al have obtained highly porous CNC particles upon spray freeze drying CNC/water 

dispersion [90]. Nanocomposites produced from melt processing of spray freeze-dried powder of 

CNC and PLA have resulted in the highly uniform dispersion of CNC in PLA matrix with 

aggregates’ size less than 5 µm. 

 Figure 6.4. SEM images of 8 wt.% PLA/SA-CNCFD (Freeze dried). (scale bars- 10 µm) 
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SEM images shown in Figure 6.5, display a remarkable difference regarding porosity of 

spray freeze-dried CNC and spray dried CNC. The pore size of the order of ~ 0.1 µm was observed 

in spray freeze dried samples whereas spray dried CNC had compact particles with 10 to 20 µm 

in size.  

 

          

 Figure 6.5. SEM images for (a) Spray dried SA-CNC, (b), (c) and (d) Spray freeze dried  

          SA-CNC from 3 wt.% SA-CNC dispersion in water. (all scale bars- 1 µm) 

 

The micro porosity in spray freeze-dried samples leads to an easier PLA melt infiltration 

into these pores and eventually resulting in improved rheological properties described in the 

following section. SEM images of 8 wt.% spray freeze-dried CNC, and PLA nanocomposite are 

a b 

c d 
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shown in Figure 6.6; a uniform dispersion of SA-CNC was observed with an average aggregate 

size lower than 10 µm. 

 

 

Figure 6.6. SEM images of 8 wt.% PLA/SA-CNCSFD (spray freeze dried). (scale bars- 10 µm). 

 

6.1.4  PLA/SA-CNC nanocomposites through masterbatch mixing  

This approach uses a miscible carrier for assisting the incorporation of CNC in PLA matrix. PEO 

was used as carrier for CNC since it is miscible with PLA at higher concentrations. PEO-CNC 

masterbatches were prepared using the procedure described in section 3.4.2 and were melt 

processed with the PLA. The room temperature miscibility of PEO and PLA reduces with an 

increase in PEO molecular weight. It is reported that for PEO molecular weight of 400 and 10,000 

g/mol, the miscibility limits were 30 and 15 wt.% respectively [131, 132]. PEO with molecular 

weight of 1000 gm/mol was used in this research, and its 10 wt.% concentration with respect to 

PLA in final nanocomposites was well within miscibility range. As expected, the dispersion state 

of CNC in this case has improved remarkably compared to other methods as shown in Figure 6.7. 

Fewer aggregates of CNC with size ~ 1 µm were observed.  
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Figure 6.7. SEM images for 8 wt.% PLA/PEO/SA-CNC. (scale bars-10 µm) 

 

6.1.5 PLA/SA-CNC nanocomposites through solution processing  

Solution processing has been widely used method for making PLA/CNC nanocomposites but it 

may not be a viable option in an industrial setting. Solution processed PLA/CNC nanocomposites 

were produced in this research to compare its dispersion state and properties with melt-processed 

nanocomposites produced using various promising pre-processing techniques. Solution processing 

is expected to give a highly uniform dispersion state since the CNC and PLA are initially 

solubilized in a common solvent followed by a uniform mutual mixing. The detailed solution 

processing procedure is explained in section 3.4.3. As shown in Figure 6.8, highly uniform 

dispersion state was observed for 8 wt.% solution processed PLA/SA-CNC with only few 

aggregates of the size ~ 1 µm. 
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Figure 6.8. SEM images of 8 wt.% PLA/SA-CNC nanocomposite prepared using solution 

processing. (scale bars-10 µm) 

 

6.2  Rheology 

Rheological characterization was performed to provide an insight into the dispersion state of CNC 

in PLA matrix and nanocomposite microstructure. Also, it was a useful and sensitive tool for 

detecting degradation caused during processing of moisture-sensitive polymers.  

PLA is a condensation polymer, susceptible to hydrolytic degradation from residual 

moisture and thermal degradation at higher temperatures. Thermal stability for PLA was checked 

by performing repeated amplitude sweep tests at 190 °C for the duration of 75 minutes (equivalent 

to 4 tests) shown in Figure 6.9. A 15 minutes’ time interval between the tests was provided for the 

sample relaxation. The change in storage modulus was monitored to determine the level of 

degradation in PLA. 
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 Figure 6.9. Amplitude sweep runs for the PLA pellets performed in air at 190 °C and angular 

frequency of 10 s-1
. 

The storage modulus of PLA pellets was decreased by 15% percent over the period of 75 

minutes indicating the degradation of  PLA. This time duration was equivalent to the time required 

for carrying out all rheological tests on a sample load of PLA nanocomposite. Hence, the average 

error in rheological properties of PLA nanocomposites was expected to be higher due to 

degradation of PLA over time. Inert medium was tried instead of air in order to reduce any possible 

oxidative degradation but as shown in Figure 6.10, complex viscosity of 8 wt.% PLA/L-CNC in 

presence of inert medium was not significantly different from air medium and lied within 4% limit. 

Also, use of inline dessicator and vacuum drying of samples before rheology runs reduced the 

possibility of hydrolytic degradation. Hence the observed decrease in storage modulus can be 

attributed to poor thermal stability of PLA. Interestingly, the degree of change in storage modulus 

from repeated amplitude sweep runs as the result of thermal degradation did not correlate with the 

variations in thermal properties. Thermal degradation temperature and the temperature of  

maximum rate of weight% loss did not vary for PLA pellets before and after rheology runs.  
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Figure 6.10. Complex viscosity (η*) vs Angular frequency for 8 wt.% PLA/L-CNC (spray dried)    

nanocomposite under nitrogen and air mediums.  

 

Different methods employed in this research for incorporating CNC into PLA matrix were 

compared based on rheological behavior of the resulting nanocomposites. Rheological behavior of 

PLA nanocomposites correlated to their dispersion states except for 8 wt.% PLA/PEO/SA-CNC, 

where PEO has plasticizing effect. Complex viscosity as a function of frequency is shown in Figure 

6.11(a). All nanocomposites except 8 wt.% PLA/PEO/SA-CNC exhibited a non-Newtonian 

behavior characterized by plateau regime of viscosity at a low frequency up to 10 s-1 which was 

followed by power law drop in viscosity at higher frequencies. In the case of 8 wt.% PLA/PEO/SA-

CNC plateau regime was longer extending until an angular frequency of ~ 450 s-1 due to presence 

of 10 wt.% low molecular weight PEO which increased the linear viscoelastic limit of PLA. With 

reference to neat PLA, complex viscosity of 8 wt.% PLA/SA-CNCSD did not increase because of 

poorly dispersed CNC in the form of compact aggregates. Similar behavior was reported by 

Khoshkava et al. [27] in the case of 5 wt.% PLA/CNC nanocomposites prepared from spray dried 

and freeze dried CNC, where complex viscosity of nanocomposites remain unchanged compared 
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to neat PLA. However, ~80% increase in complex viscosity of 8 wt.% PLA/SA-CNCFD found in 

this research might be because of the rapid freezing of CNC/water dispersion in liquid nitrogen 

unlike slow freezing carried out by Khoshkava et al. [133]. This change in freezing rate reduced 

the aggregation induced by ice crystal formation. For 8 wt.% PLA/SA-CNCSFD, the highest 

increase in complex viscosity ~170% was found due to the uniform dispersion of CNC in PLA 

resulted from easily dispersible porous and weak CNC agglomerates. Complex viscosity of 

nanocomposites prepared using masterbatches of PEO-CNC diminished by an order of magnitude 

compared to neat PLA due to plasticization caused by PEO. Free volume inside the nanocomposite 

increased in presence of PEO, lowering friction between the PLA chains.  

Frequency sweep for PLA showed a classical viscoelastic behavior of polymer melts where 

in a low-frequency regime G” > G’, with G” and G’ having a linear and square dependence on 

angular frequency, respectively. In Figure 6.11 (b) neat PLA represents an expected terminal 

behavior also the 8 wt.% PLA/SA-CNCSD and PLA/SA-CNCFD showed similar behavior as neat 

PLA suggesting poorly dispersed CNC without any interconnected network. Whereas 8wt.% 

PLA/SA-CNCSFD showed an order of magnitude increase in storage modulus indicating more 

uniform dispersion of CNC approaching percolation. 

Using similar processing conditions for 7 wt.% PLA and spray freeze dried CNC 

nanocomposites, Khoshkava et al [27] have observed about four orders of magnitude increase in 

storage modulus. An order of magnitude increase in this case can be attributed to the low thermal 

stability of sulfonated CNC. For 8 wt.% PLA/PEO/SA-CNC storage modulus’ values remained 

lower than those for neat PLA and showed a weak dependence on angular frequency (which 

extended until larger frequency values) because of plasticizing effect of PEO. 
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Figure 6.11. (a) Complex Viscosity, (b) Storage modulus, (c) Loss modulus, and (d) Damping 

factor as a function of angular frequency. Legends shown in 6.11(c) (same for all figures). (Error 

bars < 20%) 

 

Damping factor versus frequency plot were shown in Figure 6.11 (d). The transition from 

liquid-like to solid-like behavior occurs at the crossover frequency (ωc) at which damping factor 

equals 1. The inverse of this crossover frequency is equivalent to the characteristic relaxation time 

of the polymer chains (λc) [134]. For the PLA matrix ωc and λc were 440 s-1 and 0.002 s, 
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respectively. The crossover frequency decreased to 225 s-1 for 8 wt.% PLA/SA-CNCSFD, 

indicated that the presence of CNC has significantly retarded polymer chain relaxation. For 8 wt.% 

PLA/PEO/SA-CNC, no crossover frequency was seen as the liquid-like behavior dominated in 

entire frequency range tested.  

 

6.3 Thermal properties  

 CNC did not improve the thermal stability of PLA, instead, a decrease in the thermal degradation 

temperature (Td) of PLA was observed upon incorporating CNC. As shown in Figure 6.12, more 

weight loss occurred for nanocomposites than neat PLA due to the decomposition of CNC by 

itself; this effect was prominent for PLA/SA-CNC due to the presence of acid sulfate groups which 

have lower thermal stability. Interestingly, PLA/SA-CNC have shown more thermal stability at 

temperatures higher than ~350 oC as seen from the TGA plots in Figure 6.13.  

 

Figure 6.12. TGA curves for 8 wt.% PLA nanocomposites using different spray dried CNC. 
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Figure 6.13. TGA curves for 8 wt.% PLA nanocomposites using different spray dried CNC. 

 

Thermal degradation temperature (Td) of 8 wt.% PLA/SA-CNCSD was reduced from 331 

°C for neat PLA to 312 °C, whereas 8 wt.% PLA/CNCSD and 8 wt.% PLA/L-CNCSD did not 

show significant loss in weight as their observed Td were 326 °C and 327 °C, respectively as shown 

in Table 6.1. Derivative weight (%/°C) vs temperature plots in Figure 6.14, clearly illustrates 

distinct peaks corresponding to various weight loss events. Also, peak temperatures from such 

plots are more sensitive to the decomposition behavior of the samples [135]. All nanocomposites 

have a peak between 320 °C to 400 °C which corresponds to significant weight loss of PLA and 

CNC. However, in the case of 8 wt.% PLA/SA-CNCSD, an additional peak corresponding to the 

decomposition of sulfate groups can be found in the lower temperature range between 260 °C to 

280 °C. 
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Table 6.1. Td and temperature of maximum rate of weight% loss for 8 wt.% PLA nanocomposites 

using different spray dried CNC.  

 

 

 

 

 

 

 

 

 

Figure 6.14. Derivative weight (%/oC) vs Temperature plots for 8 wt.% PLA nanocomposites using 

different spray dried CNC. 

 

Thermal properties of 8 wt.% PLA/SA-CNC nanocomposites using different pre-

processing methods were tabulated in Table 6.2. Interestingly, the Td of the 8 wt.% PLA/SA-

CNCSFD, 8 wt.% PLA/PEO/SA-CNC and solution processed 8 wt.% PLA/SA-CNC have further 

reduced compared to 8 wt.% PLA/SA-CNCSD. This might be due to the enhanced rate of the 

degradation of sulfate groups resulting from its more uniform dispersion state inside the PLA 
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matrix. However, the temperature of maximum rate of weight % loss was not significantly affected 

indicating that the presence of CNC did not have any effect on PLA thermal stability. 

 

 

Table 6.2. Td and temperature of maximum rate of weight% loss for 8 wt.% PLA nanocomposites 

using different pre-processing methods.  

 

As shown in Table 6.3, the cold crystallization (crystallization upon heating) temperature 

(Tcc) of 8 wt.% PLA nanocomposites was increased for solution processed 8 wt.% PLA/SA-CNC 

and 8 wt.% PLA/SA-CNCSFD, however 8 wt.% PLA/PEO/SA-CNC has lower Tcc than the neat 

PLA. Since the overall crystallization is governed by the competition between the nucleation effect 

and polymer chain mobility during crystalline growth. The observed change of cold crystallization 

behavior in PLA nanocomposites indicated the polymer chain mobility to be dominating factor 

responsible for crystallization than the nucleation effect of SA-CNC. Presence of PEO increased 

the PLA chain mobility thus reduced its Tcc, whereas presence of 8 wt.% SA-CNC reduced the 

mobility thereby increasing Tcc. Similar behavior was observed in case of  

PLA/PEO/graphene nanoplatelets by Chieng et al.[136]. The presence of CNC has also increased 

the crystallite size which was seen from a slight improvement in percent crystallinity of 

nanocomposites. Glass transition temperature was influenced by the restriction in the chain 

mobility and showed a small increase in Tg for all nanocomposites except 8 wt.% PLA/PEO/SA-

Sample 

5% weight loss 

temperature 

Temperature of maximum rate  

of weight% loss 

PLA 331 372 

PLA/SA-CNCSFD 294 374 

PLA/PEO/SA-CNC 304 369 

PLA/SA-CNC Sol.Processed 295 370 
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CNC where a decrease in Tg was observed due to the plasticization effect of PEO. The melting 

temperature of nanocomposites was not affected by the presence of CNC. 

 

 

Table 6.3. Transition temperatures, enthalpies and percent crystallinity of 8 wt.% PLA/SA-CNC 

nanocomposites. 

 

Isothermal cold crystallization kinetics of PLA nanocomposites was studied at 4 different 

temperatures using avrami equation. Parameters obtained from this analysis are tabulated in Table 

6.4. Avrami exponent (n) for PLA and its nanocomposites was between 2 and 3, indicating 

spherulitic morphology of the PLA crystals. Half time of crystallization (i.e., time required for 

50% crystallization) was increased by adding 8 wt.% SA-CNCSFD. For example, at 90°C half 

time for 8 wt.% PLA/SA-CNCSFD was increased by 48 seconds while it has drastically decreased 

in case of 8 wt.% PLA/PEO/SA-CNC. Half time for crystallization was only 44 seconds for 8 wt.% 

PLA/PEO/SA-CNC which has PEO to SA-CNC ratio of 1.25 (by weight). Presence of 8 wt.% SA-

CNC generated more nucleation sites for crystallization, however it has reduced the PLA chain 

mobility thus lowering the rate of cold crystallization process in 8 wt.% PLA/SA-CNCSFD. This 

effect was less prominent at higher temperatures due to increased polymer chain mobility. In 8 

wt.% PLA/PEO/SA-CNC, PEO acted as a plasticizer and increased the free volume inside the PLA 

Sample Tg (°C) Tcc (°C) Tm (°C) Hm (J/g) Hcc (J/g) Xc (%) 

PLA 58.5 114 148 28.8 26.0  3.0 

PLA/SA-CNCSFD 60.0 118 149 25.6 21.4  4.8 

PLA/PEO/SA-CNC 42.4 93 150 24.7 29.4  6.0 

PLA/SA-CNC Sol.Processed 60.1 

 

121 149 22.5 18.7  4.4 
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matrix. This reduced the friction between the PLA polymer chains resulting in their easy 

movement during crystallization thereby achieving higher crystallization rate.  

 

Table 6.4. Crystallization kinetic parameters for the 8 wt.% PLA nanocomposites.  

 

6.4  Conclusions  

A direct comparison carried out for PLA/SA-CNC nanocomposites prepared from pre-processing 

methods such as spray drying, freeze drying, spray freeze drying, and master-batch mixing showed 

considerable differences between the morphology, thermal and rheological properties of final 

nanocomposites. Among different pre-processing methods spray freeze drying and masterbatch 

mixing methods have resulted in more uniform dispersion states. Rheological characterizations 

showed that 8 wt.% PLA/SA-CNCSFD nanocomposites had given an order of magnitude increase 

in storage modulus as well a noticeable enhancement in the complex viscosity compared to the 

neat PLA, however, the complex viscosity and storage modulus of 8 wt.% PLA/PEO/SA-CNC 

nanocomposites were reduced significantly due to the plasticization effect of PEO. 

 Sample  Temperature n k t0.5 (sec) 

PLA 

 

 

 

90 2.2 3.10E-06 251 

95 2.4 2.30E-06 192 

100 2.4 3.50E-06 158 

105 2.4 7.20E-06 132 

PLA/SA-CNCSFD 

 

 

 

90 2.1 3.70E-06 299 

95 2.3 1.90E-06 238 

100 2.2 6.20E-06 179 

            105 2.2 1.10E-05 139 

PLA/PEO/SA-CNC 

 

90 3 8.50E-06 44 

95 2.7 4.20E-05 35 

100 2.6 9.62E-05 33 

            105            2.3 2.39E-04 31 
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Nanocomposites prepared using spray drying and freeze drying methods showed a similar 

rheological behavior as neat PLA due to their poor dispersion states as evident from morphology. 

Uniform dispersion of SA-CNC in nanocomposites through spray freeze drying and masterbatch 

mixing method influenced the crystallization behavior of PLA. Crystallization rate of 8 wt.% 

PLA/SA-CNCSFD was reduced due to reduction in polymer chain mobility in presence of SA-

CNC, whereas in case of 8 wt.% PLA/PEO/SA-CNC this effect was dominated by plasticizing 

effect of PEO which enhanced the polymer chain mobility and hence the crystallization rate. 

Moreover, the thermal stability of neat PLA was deteriorated by the incorporation of SA-CNC.   

It is evident that use of thermally stable CNC is crucial in achieving the maximum increase 

in thermal and rheological properties of PLA nanocomposites. Choice of relatively more thermally 

stable CNC (unmodified CNC and Lignin coated CNC) is limited by their poor dispersion state in 

solvents but perhaps functionalization of their surface in conjunction with spray freeze drying 

method can maximize the thermal as well as the rheological properties of PLA. Also masterbatch 

mixing method using lower quantities of PEO along with thermally stable CNC might also be a 

promising option to explore in future studies.  
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Chapter 7 

 

Conclusions 

 

This research has shown the importance of pre-processing methods and non-covalent 

functionalization for effectively dispersing SWNT and CNC through melt processing. The poor 

dispersion state of SWNT achieved in melt processed polymer nanocomposites was largely due to 

their aggregation during pre-processing and incompatibility with the polymer matrix. While 

compatibility can be improved using surface modification of SWNT through non-covalent 

functionalization, a poor SWNT dispersion state in final nanocomposites persists due to their 

aggregation during pre-processing. Rotary evaporation is one of the promising methods for 

incorporation of SWNT compared to dry mixing. It has resulted in uniform SWNT dispersion in 

PP matrix, while showing an unexpectedly higher aggregation for non-covalently functionalized 

SWNT. This type of aggregation was the result of capillary and van der Waal forces which pulls 

nanotube bundles together during drying, forming bigger agglomerates. Spray freeze drying in this 

case was proved to be an effective drying (pre-processing) method, since porous and low 

agglomerate strength spray freeze dried nanotube bundles were easily dispersed due to melt 

infiltration and applied shear during processing. Thus, the initial uniform dispersion state in non-

covalently functionalized SWNT dispersion was successfully translated to final PP and EVOH 

nanocomposites consequently achieving maximum improvement in their thermal and rheological 
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properties. PLA/CNC nanocomposites prepared using various promising methods has further 

reinforced the effectiveness of spray freeze drying over other methods such as spray drying, freeze 

drying and masterbatch mixing. Moreover, the rheological and thermal properties of PLA 

nanocomposites prepared using spray freeze drying closely followed the solution processed 

nanocomposites with a similar loading. It was also observed that the extent of changes in 

rheological properties of nanocomposites did not necessarily correlate with the changes in their 

thermal stability. This might be due to differences in the thermal stability of dispersing agents 

and/or nanomaterials. The thermal stability of neat polymer can even deteriorate due to poor 

thermal stability of nanomaterials as was seen for PLA/SA-CNC nanocomposites.  

The results of this research show that spray freeze drying method results in a more uniform 

dispersion state than the other pre-processing methods. However, it should be noted that this 

investigation used a relatively low shear extruder without distributive or dispersive mixing 

elements. Using spray freeze drying method in conjunction with thermally stable, non-covalently 

functionalized nanomaterials can be even more promising for producing melt processed 

nanocomposites. Such an approach is helpful for future research in order to achieve the greatest 

improvements in thermal, rheological and mechanical properties of thermoplastic polymer 

nanocomposites.  
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