
ABSTRACT 

TRIPATHI, ANURODH. Bioinspired Light-Weight Materials Using Biopolymers: From 

Synthesis to Application (Under the direction of Dr. Saad A. Khan and Dr. Orlando J. Rojas). 

 

Increasing environmental pollution together with an irreversible state of climate change 

necessitates the development of efficient light-weight materials from renewable resources. This 

dissertation explores the interaction of individual units in a biomass, providing inspiration to 

produce light-weight materials such as aerogels and fibers with a morphology that mimics the 

cellular structure of plant cells and open porous structure of a cancellous bone. 

The first part of the dissertation (Chapter 2), explores the interaction of individual units: 

cellulose, lignin, and hemicellulose in a biomass. The two biomasses chosen for this study are 

waste fibers from coconut fruit (coir fibers) and palm fruit (empty fruit bunches (EFB)). To study 

the structural and chemical arrangement of the individual units, the fibers are subjected to mild 

treatments steps to isolate the fibers into micro-nano size fibrils. The restructuring of cellulose, 

lignin, and hemicellulose is tracked at each step of deconstruction using microscopy, chemical and 

thermal analyses. During the process, we also synthesize a novel lignin-rich micro nano-fibrillated 

cellulose (MNFC) that holds potential for use in further applications.  

The second part of the dissertation (Chapter 3,4, and 5) explores the synthesis and 

application of aerogels using the plant-based commercial biopolymer, cellulose esters. The aerogel 

synthesis procedure involves chemical cross-linking of cellulose ester to form a gel, followed by 

critical point drying (CPD) or freeze-drying (FD). While starting from the same concentration, the 

CPD produces the aerogels with high density (60-70 mg/cm3), whereas, the incorporation of 

solvent exchange step before FD produces aerogels with ultra-low density (4 mg/cm3), that is well 

below the calculated density (20 mg/cm3). The observation led to the development of a solubility 

parameter based approach for solvent exchange to predict and control the swelling of a cross-



linked gel, thus providing control over the density and mechanical properties of the corresponding 

aerogel. Hence, from a given concentration, aerogels are produced in a range of mass densities 

(25-113 mg/cm3), stiffness (14-340 kPa), toughness (4-102 kPa) and compressive strength (22-

372 kPa). Additionally, ice-templating introduces anisotropic pore alignment in aerogels.  

The aerogel is comprehensively tested for performance in oil-spill remediation and is found 

to surpass its cellulosic counterparts in maintaining their mechanical integrity for fast oil cleanup 

and efficient oil retention from aqueous media under marine conditions. Additionally, the Zisman 

and Fowkes’ theoretical frameworks are used to identify the selectiveness of the aerogel and 

establish a criterion for separation of various non-polar fluids from water media, thereby providing 

a general platform for predicting the sorption ability of the aerogels for various chemicals. 

The last section of this dissertation (Chapter 6) is devoted to the development of 

mesoporous fibers via wet-spinning that exhibit morphology similar to that of a cancellous bone. 

The fiber morphology is predicted using design parameters based on the combination of (1) 

Relative Energy Difference (RED) of Hansen solubility and (2) a kinetic parameter ‘T’ that 

incorporates mass transfer considerations.  Predictions derived from (1) and (2) are experimentally 

validated by varying three variables relevant to fiber production by wet-spinning, namely, choice 

of polymer, solvent, and non-solvent, and analyzing the resultant fiber morphology via electron 

microscopy imaging. The practicality of the design parameters is further put to test by using data 

from the published literature on wet-spinning, providing a basis for future developments in this 

important area that currently explores nanomaterials derived from renewable resources.  
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freezing step. The stress-strain curve for the 6% and 8% aerogels are not 

reported here. However, we found that both the 6% and 8% aerogels 

consistently yielded below 30% strain (Figure A3.3). Inset SEM image 
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Chapter 1: Introduction and Background 

 

1.1 Introduction and Dissertation Scope 

During the preliminary stages of human civilization, the technological advancement was 

supported by natural materials such as bone, wood, plants, and shells. As humanity became 

technologically more advanced, these materials were replaced by synthetic compounds, mainly 

oil-based materials that offered improved performance. However, the oil-based approach of 

material development is not sustainable as not only we are depleting non-renewable resources, but 

also polluting our environment.1,2 With the world heading towards an irreversible state of climate-

change, we need to replace or aid our advanced technology towards more sustainable and efficient 

materials that have minimal carbon foot-print to reserve the limited non-renewable resources.  

At present, there is a pressing need for novel light-weight materials that can aid or enhance 

technologies in a variety of fields, such as transportation, buildings materials, specialty garments 

and energy storage and conversion. To address this challenge, the future materials should offer 

unprecedented combinations of stiffness, strength, and toughness at low density and would need 

to be formed into bulk complex shapes and manufactured at high volume and low cost.3,4 A 

classical material design problem is the balance of two key structural properties- strength and 

toughness at a low bulk density of the material. Strong materials tend to be brittle, whereas tough 

materials are frequently weak.5 This is where Nature provides the source of inspiration for fresh 

ideas. Natural materials often consist of stiff and soft components in hierarchal porous 

architectures such as in the case of bone6, silk7, nacre8 or wood9. In many of these materials, a 

controlled transfer of load to the soft component act as a toughening mechanism.  

Figure 1.1a shows the Ashby plot of specific properties (normalized by density) of strength 

vs stiffness for both natural and synthetic materials, the plot is adapted from Wegst et al.10 Many 
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engineered materials such as ceramic and metallic alloys have higher strength and stiffness than 

compared to natural materials, with an exception of silk fibers. The silk fibers have been reported 

to achieve high stiffness (10 GPa) and extraordinary toughness of 1000 MJ/m3 (discussed later)11, 

approaching that of Kevlar and carbon composite fibers. An initial look at the Ashby plot may 

suggest that natural materials are at the lower end of the performance spectrum, but unlike most 

synthetic materials, natural material use mechanically weak and inexpensive starting materials like 

proteins, polysaccharides, calcites etc. to form composites at ambient temperatures. The 

synergistic properties of such starting materials are greater than the sum of their parts when 

arranged in hierarchal interlocked and porous structure as also demonstrated in Figure 1.1b. Here, 

the dashed lines indicate the increase in properties of the natural composite material when the 

individual components (solid circles) are mixed, which represent an extraordinary increase in 

fracture toughness (open circle) that does not follow rule of mixing. Additionally, the toughness 

is much higher for crack growth (closed circle above solid arrows) than for crack initiation (open 

circle). As in the case of synthetic ceramic material (alumina/PMMA), while mimicking the nacre-

like structure, a similar increase in toughness is achieved.12 
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Figure 1.1: a) Ashby plot of specific values (normalized with density) of strength and stiffness (Young’s 

Modulus) for both natural and synthetic materials, b) the fracture toughness vs Young’s modulus plot of 

bone and nacre in comparison with a successful synthetic ceramic material (alumina/PMMA). Dashed 

arrows represent the change in values of individual components (closed circles) to homogeneous mixtures 

(open circles). The solid arrows indicate the change in toughness during crack growth (solid circles) after 

crack initiation (open circles). The figure is adapted from Wegst et al.10  

 

1.2 Inspiration from Nature 

Nature is filled with the examples of light-weight materials with high strength and 

toughness like spider silk, seashells, bone, enamel, wood and many others.13 These natural 

materials display high strength to weight ratio as a result of careful structuring of molecular entities 

into porous supramolecular structures, achieved through millions of years of evolution.10 Some 

well-known examples of evolution-driven strategies is a highly porous ordered architecture 

observed in cancellous bone, bamboo wood, and silk that effectively combines light-weight and 

stiffness. However, the stiff material tends to be brittle. To maintain strength, some natural 
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materials such as spider silk11 or wood9 incorporate nanofibers towards an intricate architectural 

design.  

It is through optimized hierarchal architecture at each structure level, that bamboo wood, 

palm or coconut tree stems achieve unusually high efficiency in terms of mechanical performance 

per unit weight.14,15 Figure 1.2 illustrates this hierarchal architecture for bamboo wood10, which 

is composed of molecular cellulose assembling to form a cellulose microfibril. These aligned 

microfibrils are bundled together and embedded in a lignin-hemicellulose matrix shaped into 

hollow hexagonal cells of varying wall thickness. This intricate arrangement of nanomaterials 

(cellulose) with natural chemicals (lignin and hemicellulose) generates a macroscopic honeycomb 

tubular structure that provides increased strength and toughness at reduced density.15 The bamboo, 

palm, and coconut have a more complex structure than wood, where a radial density gradient of 

microfibril in the honeycomb cell structure increases material flexural rigidity.14  

 

Figure 1.2: Bamboo wood is composed of a hierarchal arrangement of cellulose microfibril into an aligned 

fibril bundle embedded in lignin and hemicellulose matrix that shapes into a honeycomb-like cellular 

structure. Figure adapted from Wegst et al.10 

 

Taking inspiration from such natural materials regarding their hierarchal architecture, we 

can save millions of years while developing strong and stiff yet tough materials, by not starting 
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from scratch. In fact, we can use some of these renewable natural materials like cellulose 

microfibrils, lignin or hemicellulose at each stage of their structural deconstruction and engineer 

them to mimic other biological materials, which may pave the way for a more sustainable future.  

1.3 Current Challenge 

The biggest challenge lies in not only developing a strong, stiff and tough material but also 

their scale-up from the lab scale in a cost-efficient manner.3 Observing our natural surroundings 

provides a mean of inspiration, however, mimicking the complex hierarchal structure of the natural 

materials is not trivial. Equally important is the development of bioinspired bio-based materials, 

i.e., the development of materials using benign polysaccharides, peptides, clays and natural 

ceramics, which is again not an easy task because they must compete with the performance of 

synthetic oil-based polymers.  

Even though, many studies have probed the nano/microstructure of a wide variety of 

natural materials ranging from wood, bone, and teeth, to silk, fish scales, bird beaks, and shells13, 

very few have comprehensively characterized the most critical mechanical properties of these 

materials, such as strength and toughness and even fewer studies have identified the relevant 

nano/microscale mechanisms responsible for such properties. More importantly, there are even 

fewer examples of practical bioinspired materials and we are still a long way from replacing all 

synthetic polymers from practical applications. However, many industries are pledging towards 

sustainable growth. Recently, Ford announced the use of biopolymers in its automobile body parts 

leading to a total weight reduction by 10% without detrimental effect on its material properties.16 

Additionally, the development of nacre8 and silk inspired17 materials towards practical use instills 

hope for highly damage-tolerant bioinspired bio-based structures.  
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1.4 Dissertation Scope 

The research area of bioinspired and bio-based light-weight materials is an extremely broad 

topic. This dissertation focuses on 3 key aspects of this research area. First, is to understand the 

structural arrangement and chemical association of lignin, cellulose, and hemicellulose (Chapter 

2) by delaminating the residual fibers from coconut and palm tree, and analyzing their 

morphological and thermo-chemical properties. Second, we mimic the cellular structure observed 

in such fibers and in other natural materials to develop novel synthesis routes for tough and strong 

aerogels from biopolymers (Chapter 3). We further explore the idea of tailoring the mechanical 

properties of such aerogels using the concepts of solubility parameters in Chapter 4. Additionally, 

in this chapter, we also perform ice templating to mimic close pore honeycomb-like structure that 

induces anisotropy in aerogels. In Chapter 5, we investigate one practical application for these 

bioinspired bio-based aerogels for oil-spill remediation, where the mechanical and oil-uptake 

performance of aerogels is tested in simulated marine conditions. Moreover, a theoretical 

framework is developed using modified Zisman theory and Fowkes’ theory to establish a criterion 

for separation of various non-polar fluids from water media. And lastly, the concepts of polymer 

thermodynamics and mass transport phenomenon is applied to biopolymers in the setting of non-

solvent induced phase separation to develop mesoporous fibers that mimic the porous structures 

of cancellous bone (Chapter 6). The biopolymers studied in Chapter 3 to 6 are cellulose esters. 

The flow of this dissertation can be visually illustrated on the delamination schematic of wood as 

explained in Figure 1.3. 
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Figure 1.3: The scope of this Ph.D. dissertation is visually represented through the schematic of wood 

deconstruction. Chapter 2 investigates the structural and chemical arrangement of cellulose, lignin and 

hemicellulose in the biomass during the process of isolating micro/nano fibrils, whereas Chapter 3-6 

explore the synthesis, properties, and application of light-weight materials (aerogels and fibers) from 

cellulose esters. 
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1.5 Background 

1.5.1 Biopolymers 

The polymers produced by living organisms are called biopolymers. Just like synthetic 

polymers, the biopolymers consist of long chains made of covalently bonded repeating units. These 

repeating units can be nucleotides such as RNA or DNA producing polynucleotides, the repeating 

units can be amino acids or proteins called polypeptides, or the units can be monosaccharides 

generating polysaccharides.18 Apart from these classifications, there are other types of biopolymers 

such as rubber, melanin, suberin, and lignin. However, certain biopolymers like lignin do not have 

a well-defined structure, which makes them difficult to study, but a large scientific and industrial 

effort is underway for the valorization of lignin since 20-30% of the plant biomass is lignin that 

has low industrial value.19,20 

1.5.2 Lignocellulose Biomass 

Lignocellulosic biomass refers to plant dry matter produced by agricultural crops such as 

corn, grass, and sugarcane as well as woody forest-based resources such as hardwood and 

softwood trees. In addition, the lignocellulosic biomass can come from plant and fruit residue such 

as coconut shell or fibers and palm fruit residue known as empty fruit bunches.21–23 The terrestrial 

growth of lignocellulosic biomass is of the order magnitude hundreds of billions of tons per year 

and only a few percent of this biomass is utilized by humans.24 Lignocellulose consists of the 

heterogeneous distribution of three major components: cellulose, hemicellulose, and lignin.25 

 Figure 1.4 shows a simplified illustration of the deconstruction of a softwood tree. The 

macroscopic elements of the tree are made of wood or fiber cells that are closely packed by middle 

lamellae, which consist of 50-70% of lignin by weight.25 Thus, lignin acts as an adhesive between 

fibers. The fibers cell wall is composed of the primary cell wall (P) and the three layers of 
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secondary cell walls (S1, S2 and S3). The cell walls (P, S1, S2, and S3) differ in microfibril 

organization and the ratio of cellulose, lignin, and hemicellulose, which gives the different 

mechanical properties to the wood fiber.26 The crystalline cellulose microfibril bundles are held 

together with amorphous lignin with hemicellulose that acts as the binder. The primary 

components: cellulose, lignin, and hemicellulose are synthesized by the plant to produce fibers, 

vessel elements and tracheids that are responsible for fluid transport within the plant.27 It is this 

intricate arrangement of the primary components into a porous structure that makes wood one of 

the lightest yet toughest natural material.28 In Chapter 2, we explore this intricate interaction 

between cellulose, lignin, and hemicellulose by defibrillating the residual biomass obtained in 

form of coir fibers and empty fruit bunches (EFB). In the process, we also introduce a novel class 

of micro-nano materials that hold potential for the next class of light-weight composites from 

lignocellulose. 

 

Figure 1.4: Wood deconstruction scheme of a softwood tree illustrating the individual components 

(cellulose, lignin, and hemicellulose) that are assembled together to form the macro-structure of wood. 

Adapted from the Sorieul et al.29 
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1.5.3 Cellulose Esters 

After the chemical treatment and purification of lignocellulose, a high purity cellulose is 

obtained, that can be processed into useful forms such as textiles, filters, films and many others.30,31 

The chemical structure of cellulose is shown in Figure 1.5. The cellulose has abundant functional 

groups with C-2, C-3 and C-6 carbon positions of the anhydroglucopyranose unit occupied by 

hydroxyl groups.32 The hydroxyl groups of cellulose can not only be substituted with various 

molecular species like acetyl, propyl, butyl and many others, but also these hydroxyl groups can 

be partially or fully substituted to produce different degrees of substitution (DS). The difference 

between cellulose acetate (CA or CDA), cellulose acetate propionate (CAP) and cellulose acetate 

butyrate (CAB) is the length of the substituted carbon chain that induces difference in 

hydrophilicity and solubility.33 The hydroxyl groups on cellulose chains govern many physical and 

chemical properties of this polymer and the value of DS provides useful insight into these 

properties.31,34,35 

 

Figure 1.5: Chemical formulae for cellulose esters such as Cellulose diacetate (CDA or CA), Cellulose 

Acetate Propionate (CAP) and Cellulose Acetate Butyrate (CAB). The structure of cellulose is represented 

by R=H. 
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Cellulose and its derivatives exhibit intramolecular and intermolecular hydrogen bonding 

which gives rigidity to the molecule and affects their solubility and molecular configuration.35 The 

intramolecular hydrogen bonds are disrupted at a low degree of substitution (DS= 0.8-1) which 

makes cellulose acetate soluble in water. Increasing the DS (incorporation of hydrophobic acetate 

groups) decreases water solubility. However, at higher DS, cellulose acetate is soluble in organic 

solvents like acetone, tetrahydrofuran, dioxane.31,36 It has been reported that basic solvents such as 

acetone interact primarily with the hydroxyl group of cellulose acetate while acidic solvents like 

formic acid solvate acetyl groups.35,37 In Chapter 4, we explore the idea of solubility parameter 

(discussed later) to tune the solubility of cellulose acetate in various solvent blends. 

a) Production and Uses:  

Purified cellulose, free from lignin and hemicellulose, is mixed with anhydrous acetic acid 

and acetic anhydride (reactive agent) and a catalyst (sulfuric acid).38 The reaction mixture is aged 

for 20 h during which the acetylated cellulose chains dissolve into the reaction media to give a 

clear solution. The cellulose triacetate is precipitated with water as flakes. The cellulose triacetate 

is purified by dissolving in acetone and precipitating in water. Thereafter, the cellulose triacetate 

is hydrolyzed to give cellulose acetates with the desired degree of substitution.  

Cellulose acetate is an attractive choice for a number of applications such as textiles 

manufacture, specialty paper, cigarette filters, and airplane coatings due to its toughness, 

flexibility, deep gloss and low toxicity34. The transparency and smoothness of cellulose acetate 

plastics have resulted in its uses in umbrellas, toothbrushes, spectacle frames and screwdriver 

handle39. Additionally, CAP and CAB are also used in inks and coatings. 

While cellulose is abundant in nature, synthesis of cellulose and its derivatives is quite 

expensive40 and it cannot compete with petroleum-based products on the grounds of cost. Hence, 
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the current research on cellulose and its derivatives is focused on specialty products with high net 

value. Cellulose-based gels, aerogels, films, and fibers are studied for biosensors, drug delivery, 

bio-separations, optical devices, and environmental remediation.41–44 In this dissertation, our focus 

is on the aerogels and fibers of cellulose esters for environmental remediation.  

b) Biodegradability of cellulose esters:  

The idea of using cellulose esters for environmental remediation raises a question if they 

are biodegradable or their use may create secondary contamination. This question is a currently 

under investigation by research groups and industries alike. While there are only a few degradation 

studies done of CAB and CAP, the degradation studies of CA reveal that the rate of degradation 

of CA in the natural environment depends on the degree of substitution (DS).45–48 It was found that 

the rate of biodegradation was reduced, but not inhibited by higher DS. The CA have been shown 

to undergo degradation in both aerobic46 and anaerobic conditions.49,50 Gu et al.51, demonstrated 

that both aerobic and anaerobic microorganisms are known to produce complete hydrolases, 

including esterases, which are necessary to degrade polysaccharides. In biologically active soil, 

CA fibers are completely degraded in 4-9 months.52,53 

The patent literature reveals that commercial products from cellulose acetate are modified 

to enhance biodegradation.54 The modifications include the use of cellulose chain-splitting 

enzymes, nitrogenous organic compounds or hydrolyzing the fiber surface to enhance degradation 

rate.55 Cannon et al.56, in their patent, disclosed the use of lower DS cellulose acetate for fiber 

spinning by using a blend of acetone and water that results in fibers with a high rate of 

biodegradation. 

Recently, there has been significant research into the enzymes that degrade CA. 

Cellobiohydrolases (a type of cellulase enzyme) can attack amorphous and crystalline cellulose 
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regions but are sensitive to acetyl groups.57 It has been shown that after initial deacetylation the 

backbone of cellulose acetate is biodegraded by cellulase enzyme.58,59 But, the presence of an 

esterase with cellobiohydrolases is reported to facilitate the cleaving of CA chains.60,61 

Beside biodegradation, photodegradation is also an important route for CA degradation. It 

has been found that photodegradation is optimal with 280 nm or shorter wavelength UV-

irradiation.62 Additionally, the presence of photoactive compounds like TiO2 or benzophenone 

enhances the photodegradation of CA.63,64  

While these studies reveal that CA-based materials have the potential for environmental 

degradation, further studies are needed in different environmental conditions and with different 

cellulose esters to confirm the biodegradation behavior of cellulose esters. 

1.6 Synthesis of Light-weight materials 

The desired porous structure of a light-weight material can be realized by either of the two 

classical approached in material science: “top-down” or “bottom-up” approach.  The “top-down” 

approach involves carefully removing the material from the bulk to induce porosity, whereas, the 

“bottom-up approach requires assembly of the molecular species to generate a porous structure. 

The examples of “top-down” approaches can include aerogel formation65 and lithography.66 On 

the contrary, the “bottom-up” approach includes foam formation67, layer by layer printing (3d 

printing)68 and phase separation (precipitation or coagulation).69  The light-weight material 

synthesis can also involve a combination of “top-down” and “bottom-up” approaches, such as 

defibrillation of biomass to get nano-micro entities that could be assembled to get a novel light-

weight material (Chapter 2). In addition, the dissertation explores one “top-down” approach in 

form of aerogels (Chapter 3-5) and one “bottom-up” approach in form of pore structure formation 

in fibers via phase separation (Chapter 6). 
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1.6.1 Aerogels: Definition and Synthesis 

Aerogels, as the name suggests, are gels in which the solvent is replaced with air without 

collapsing the microstructure. Kistler, in 1931 prepared the first aerogel from silica gel by 

exchanging water to ethanol and heating the alcogel up to the critical point of ethanol to eliminate 

capillary forces70. In the late 1970s, the time consuming, tedious process of solvent exchange was 

eliminated by use of organic solvents during gel synthesis. Combined with the development of 

supercritical CO2 for fluid drying made the process relatively fast and easy71. Brock et al. 72, in 

2004 reported a novel sol-gel process for aerogel synthesis which opened a new door of single 

metal aerogel synthesis. Aerogels gained massive media attention in 2006 when NASA’s Stardust 

mission returned successfully after capturing high-speed cosmic particles using silica aerogels 

(Figure 1.6a)73. Many novel aerogels have been made after that including the carbon nanotube, 

graphene, cellulose, and nanocellulose74–76.  

A crucial step in aerogel synthesis is the removal of the supporting fluid within the 

organogel without disrupting the network structure of the solid phase.77 Various techniques are 

employed to produce the final porous structure, including supercritical drying, ambient drying, and 

freeze-drying (lyophilization).  Traditionally, materials produced by supercritical drying are called 

aerogels, whereas, materials produced by ambient drying and freeze-drying are frequently called 

xerogels and cryogels, respectively. However, materials with pore volume above 90%, synthesized 

by any of these processes are often termed as “aerogels”.77 For simplicity, we use the term 

“aerogel” for all materials prepared in this dissertation. 

The transition from a gel to aerogel requires solvent removal without causing structural 

collapse. The damage to microstructure can be avoided by minimizing the capillary force that 

occurs during solvent removal. The surface tension of the solvent exerts capillary pressure which 

is given by Equation 1.178 
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𝑃𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 =
2𝛾𝑐𝑜𝑠𝜙

𝑅
                         ---Equation 1.1 

where, γ = Surface tension of the liquid,  

R = Radius of the capillary, and 

cos𝜙 = Angle liquid forms with the capillary surface. 

The smaller the radius ‘R’, the larger the applied pressure. The liquid inside the very thin 

capillaries (on the order of microns) of the aerogel exerts inward force while evaporating, causing 

the structural collapse. To prevent this, surface tension must be eliminated which is generally 

achieved by two processes: freeze-drying (FD) and critical point drying (CPD). As shown in the 

pressure vs temperature curve in Figure 1.6b, a direct transition of liquid to gaseous state, which 

can cause structural collapse, can be avoided by either freezing the liquid and subjecting it to 

sublimation called FD or taking the solvent to a supercritical state and venting it out called CPD. 

The critical point conditions for most of the solvents involve extreme temperature and pressure 

but with the development of supercritical CO2, the critical point drying can be done at relatively 

mild conditions of temperature (310C) and pressure (72 bar) by replacing the transition liquid with 

liquid CO2.
71 There have been reports of using ambient drying for “aerogel” synthesis, where a 

low surface energy solvent is introduced to reduce capillary forces during solvent evaporation.79,80 

However, such “aerogels” have comparably high density and low pore volume. 
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Figure 1.6: a) Silica aerogel used in Stardust mission to capture high-speed cosmic particles (Image taken 

in Smithsonian National Air and Space Museum, Washington DC), b) pressure vs temperature curve 

demonstrating freeze drying (FD) and critical point drying (CPD). 

 

The aerogels demonstrate a unique mechanical and physical properties, such as high pore 

volume, low density, high surface area, high strength to weight ratio, and impressive thermal & 

acoustic insulation.81–84 Carbon aerogels synthesized using carbon nanotube and graphene holds 

the world record for the lightest material with a density of 0.16mg/cm3 85. These properties make 

aerogels an attractive choice for applications such as insulation, transportation, catalysis, sorption 

agent, drug delivery, tissue engineering and even in space exploration73,86–89. Although research 

on aerogels is very old, yet not much work has been done on cellulose ester aerogels. Rigacci et 

al. 90,91, reported cellulose acetate aerogel synthesized via supercritical drying which had a high 

bulk density of 250-850 mg/cm3 and low porosity of 40-80%. A similar study by Tan et al. 92, 

reported a cellulose acetate aerogel via urethane linkage of cellulose acetate and cellulose butyrate 

followed by supercritical drying. This opens the immense possibility to study cellulose ester 
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aerogels, where we can synergistically combine unique properties of aerogels with inherent 

properties of cellulose esters to derive a novel material. The Chapters 3 and 4 of this dissertation 

are devoted to the investigation of extremely light (< 30 mg/cm3) and highly porous (>98%) 

cellulose ester aerogels with competitive mechanical properties. In Chapter 5, we explore the 

application of such materials for oil-spill cleanup.  

1.6.2 Polymer miscibility and phase separation to produce porous fibers  

The phase separation phenomenon is identified as the conversion of a single phase system 

into a multiphase system. Even though the concept of phase separation can be observed in simplest 

of forms such as separation of oil and water into two immiscible liquid phases, yet the concept of 

phase separation is a broad idea encompassing different scientific fields such as colloidal science93, 

biology94,95 and material science96,97. In polymer science, the phase separation technique is usually 

used to make porous solid materials.98–103 The concept of phase separation can be classified as the 

“bottom-up” approach for producing light-weight porous materials as the dissolved polymer chains 

aggregate during phase separation to reveal a variety of porous architectures. Before understanding 

phase separation in the polymer solution, we must briefly introduce the thermodynamics and 

governing equations of the polymer miscibility. 

a) Polymer Miscibility 

A polymer chain consists of the repeating units of a molecule. The random polymer coils 

are intertwined together which can be simply correlated at the macroscopic scale with the cooked 

spaghetti.104,105 In their solution state, the polymer chains are relaxed and are free to move around 

as illustrated in Figure 1.7 and the extent of polymer chain relaxation depends on the compatibility 

of a polymer with a particular solvent, where the polymer chains arrange to achieve the lowest 

energy state. In other words, the Gibbs free energy of polymer-solvent mixing is minimized: ΔG 



   

18 

 

= ΔH -TΔS ≤0. Here ΔH and ΔS are the enthalpy and entropy of mixing respectively, T is the 

absolute temperature in Kelvin.105  

 

Figure 1.7: Illustration demonstrates the relaxation of tightly coiled polymer chains when mixed with an 

appropriate solvent. The yellow beads represent the monomer of a polymer and blue beads represent solvent 

molecules. Adapted from Dr. Ian Genzer’s lecture notes for introduction to polymer class at NC State 

University.  

 

Paul Flory and Maurice Huggins through their separate works in 1941 came up with a neat 

Equation (1.2) to define this ΔG for polymer solutions, which is called Flory-Huggins theory106–

109: 

∆𝐺𝑚𝑖𝑥

𝑅𝑇
=  𝜙𝐴𝜙𝐵𝜒𝐴𝐵 +

𝜙𝐴

𝑁𝐴
𝑙𝑛𝜙𝐴 +

𝜙𝐵

𝑁𝐵
𝑙𝑛𝜙𝐵                        ---Equation 1.2 

Where, 𝜙, 𝜌, 𝑁 are the volume fraction, density and the number of monomers of the solvent (A) 

and polymer (B), with the chi parameter ′𝜒′ to account for the energy of mixing of polymer and 

solvent molecules. The Equation 1.2 of the free energy of mixing constitutes 3 terms on the right-

hand side, the 1st term represents a non-combinatorial contribution of the enthalpy of mixing, 

whereas the 2nd and 3rd terms represent the combinatorial entropy contribution which arises due to 
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an increase in the number of distinguishable states in the mixture relative to pure components. For 

polymer solutions, the entropy term for the polymer in Equation 1.2 (3rd term) is negligible due 

to the high molecular weight of the polymers. Therefore, the contribution to the ΔGmix is only from 

the enthalpy term (1st term) and the entropy term of the solvent (2nd term). For polymer blends, 

even the 2nd term is negligible. This necessitates the calculation of the enthalpy term to identify 

the polymer miscibility in a particular solvent or a polymer. To that end, the 𝜒 parameter in the 

enthalpy term is represented as a function of temperature (T), Equation 1.3110: 

𝜒(𝑇) = 𝐴 +
𝐵

𝑇
+

𝐶

𝑇2                         ---Equation 1.3 

In most cases, C=0 and a linearity is observed for 𝜒 with 1/T. However, for some polymer 

solutions, a non-linearity could be observed resulting in more complex phase diagrams.107,110 If 

𝜒<0, polymer-solvent interaction is exothermic, otherwise it is endothermic. Although most 

polymer-solvent pairs exhibit endothermic mixing, there are some that exhibit exothermic mixing 

and it is not possible to correctly estimate 𝜒 when it is negative.111 While 𝜒 is generally found to 

be independent of ‘N’, linear or non-linear dependence on 𝜙 have been reported in certain 

instances, particularly for poor solvents.112,113 The 𝜒 parameter can be obtained either 

theoretically114 and experimentally from binodal and spinodal curves115, or it can also be predicted 

from the solubility parameters (explained later). 

The Flory Huggins theory for polymer miscibility is the oldest theory that is still actively 

used but it has certain limitations such as it is based on the lattice model that uses various 

approximations in the counting process. The theory does not account for different shapes and sizes 

of the monomers and solvent molecules. It also ignores the free volume of polymer and assumes 

perfectly incompressible systems. The most important limitation is that it only applies to non-polar 
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molecules whereas most of the biopolymers exhibit polar and hydrogen bonding interactions. The 

reader is referred to Introduction of Polymer by Young and Lovell for further reading.105 

b) Solubility Parameters: 

Solubility parameters serve as an important tool for correlating and predicting cohesive 

and adhesive properties of the material from a knowledge of only the properties of components. In 

particular, for polymers, solubility parameters can be used to find the compatible solvent or 

polymer for blends.116,117  

(i) Hildebrand Solubility Parameters: 

Unlike 𝜒 values, that are pairwise-specific, solubility parameters (δ) are pure component 

values. The solubility parameters provide a measure of energy needed to break the interaction of 

a species to permit the interaction with a different species as illustrated in Figure 1.8. The 

physiochemical properties of a system can be identified by its cohesive energy density (E/V), 

where ‘E’ is the energy of vaporization and ‘V’ is the molar volume of the material. The square 

root of the cohesive energy density of the material is defined as Hildebrand solubility parameter 

(δ)118–120.  

 

Figure 1.8: Schematic demonstrating the concept of cohesive energy density used to form a relation for 

solubility parameters. 
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Patterson and co-workers predicted the 𝜒 parameter using the corresponding states theory 

(CST), as well as using Hildebrand solubility parameters in non-polar systems.121,122 The equation 

to calculate 𝜒 from Hildebrand solubility parameter for a non-polar polymer-solvent system is 

defined by Equation 1.4119,120 

𝜒 = 0.34 +
𝑉𝑟

𝑅𝑇
(𝛿𝐴 − 𝛿𝐵)2                        ---Equation 1.4 

where, Vr is the molar volume, R is gas constant and T is the absolute temperature in K. The unit 

of 𝜒 is MPa1/2. The constant of 0.34 is generally accepted as a necessary constant for polymer 

systems as a correction to Flory-Huggins combinatorial entropy.123 Some studies have also 

suggested the use of constant 0.34 to align the values obtained from CST and Hildebrand solubility 

parameter. The CST predicts 𝜒 about 0.3 units larger than the Hildebrand solubility parameter.124  

The values of δ can be found experimentally or can be estimated via the use of group 

contribution method.125,126 Generally, if δA = δB (or 𝜒<0.5), the polymer mixes well in the 

solvent.127 Even though, the Hildebrand solubility parameter is still used to predict polymer 

solvency, the parameter was developed only for non-polar and non-associating system and the 

parameter does not account for polar or hydrogen bonding interactions as exhibited by most of the 

biopolymers.119,120  The Hildebrand solubility parameter, however, has been extended to include 

all kind of systems. Van Arkel128, Small,129 and Prausnitz, and co-workers123,130 dissociated the 

solubility parameter into polar and non-polar components. Although, this neglects the induction 

interactions (dipole-dipole). Charles Hansen in 1967 proposed a practical extension of the 

Hildebrand solubility parameter, that includes polar, dispersive and hydrogen bonding interaction 

components, which are popularly termed as Hansen solubility parameters.131 
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(ii) Hansen Solubility Parameters (HSPs) 

Hansen further improved upon Hildebrand solubility theory by dissociating the cohesive 

energy density into three components: the dispersion (δd), the polar (δp) and the hydrogen bonding 

(δh) that arise, respectively, from van der Waals, dipole and hydrogen bonding interactions.131 

These three components, the Hansen solubility parameters (HSP), can be factored in or calculated 

as Ra, Equation 1.5: 

( ) ( ) ( )( )2

2

2

1

2

2

2

1

2

2

2

14 ppppddRa  −+−+−=                        ---Equation 1.5 

where, Ra is the difference between the HSP of a solvent (1) and a polymer (2). The constant 4 is 

from an empirical correlation. The solubility is maintained if Ra < R0, defined as the “interaction 

radius” of the polymer, which is measured experimentally. A Relative Energy Difference (RED) 

is defined as Ra/R0. A value of RED < 1 implies good solubility for the polymer in the given 

solvent. The value of interaction radius R0 for a polymer is usually identified experimentally. The 

solubility of the polymer is tested with various solvents of known solubility parameters (δd, δp, δH) 

and the R0 is identified based on the polymer solubility in the corresponding solvent. Similar to 

Hildebrand solubility parameter, the HSPs can be found experimentally or can be calculated by 

group contribution method.126,132–134  

The HSPs can be visually represented on a plot with a set of three mutually perpendicular 

axes represented by dispersion, polar, and hydrogen bonding parameters respectively as illustrated 

in Figure 1.9. Within this “Hansen space”, the interaction radius of a polymer (R0) can be 

represented in form of a sphere radius. The center of the sphere is the HSP values (δd, δp, δH) of 

the polymer of interest. As represented on Figure 1.9, the solvent 1 lies outside the interaction 

radius of the polymer (RED>1), the solvent 1 should not be compatible with the polymer. On the 
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contrary, solvent 2, lies within the interaction radius of the polymer (RED<1), therefore, solvent 

2 is expected to fully dissolve the polymer. 

 

Figure 1.9: Visual representation of the Hansen solubility sphere along with the relative position of solvents 

on the three components axes. The values of the solvents on the axes are not drawn to scale. 

 

The application of HSP approach is a relatively simple that accounts for polar and hydrogen 

bonding interactions, which are very common in the polymers of interest. In addition, the HSP 

approach affords prediction capability in multicomponent systems131. However, there are still 

exceptions for the polymer-solvent systems that do not follow the HSP rule, which may be due to 

some limitation of this approach, such as the shape and size of the molecules is not accounted, that 

plays a significant role in the rate of solvency.131 Even then, it is a practical model and with a large 

amount of database available for the solubility parameters, it is easy to apply.135 

It is noted that recently Hansen solubility parameters have been expanded to investigate 

particle dispersions such as carbon nanotubes136, cellulose nanocrystals137, clays,138 and others. 

However, in these cases modification is needed for the model to be successfully implemented it 

these and related systems. Therefore, we have limited our study to fully solubilized polymers, 
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which are appropriate in the framework of the conventional HSP model. In Chapter 4, we use 

HSPs to tune the swelling behavior of cellulose acetate gels and consequently modify the 

mechanical properties of corresponding aerogels. In Chapter 6, we again use HSP, but to predict 

the non-solvency of a polymer. Coupled with the mass transfer model, we predict the fiber 

structure formed during the phase separation process of wet-spinning. 

c) Phase separation 

For the two-component polymer-solvent system, the equilibrium condition is obtained by 

equating the chemical potential (Δ𝜇 =
𝜕∆𝐺

𝜕∅𝐵
) of the polymer to zero as demonstrated in Figure 

1.10.139 This gives the binodal curve separating the single phase and phase separated system. By 

equating the derivative of chemical potential with respect to the polymer volume fraction, to zero 

generates the spinodal curve separating the phase separated region into metastable and unstable 

regions. Finally, the critical point at the intersection of binodal and spinodal curve is obtained by 

the double derivative of chemical potential with respect to polymer volume fraction.110 Figure 

1.10 demonstrates upper critical solution temperature (UCST), which means that polymer solution 

exists in single phase above UCST and phase separates below that temperature. Alternatively, 

some polymeric systems exhibit lower critical solution temperature (LCST) that implies that the 

polymer-solvent exists in single phase below LCST. This phase diagram alludes to a very 

important phenomenon in phase separation, thermal induced phase separation (TIPS) that is used 

to create porous materials. 
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Figure 1.10: The graphical representation of extracting the temperature-composition phase diagram of a 

polymer-solvent system from the Gibbs free energy equation. The curve shows the upper critical solution 

temperature (UCST) at the intersection of binodal and spinodal curves.  

 

Another way to induce polymer phase separation involves the addition of vapors (called 

vapor induced phase separation, VIPS) or liquid bath (non-solvent induced phase separation, 

NIPS).98 In both these cases, the third component behaves as a non-solvent for the polymer and 

the porous solid structure is developed during the process of phase separation. In all the cases of 

phase separation (TIPS, VIPS or NIPS), the solvent or non-solvent can be removed from the porous 

solid structure by evaporation, freeze-drying or supercritical drying.101,140 
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(i) Non-solvent induced phase separation (NIPS):  

Since the invention of an asymmetric membrane by Loeb and Sourirajan141, a lot of 

research has been conducted on NIPS or immersion precipitation that lead to many commercially 

available filter membranes. The NIPS or immersion precipitation or bath coagulation is more 

complex 3-component phase transition phenomenon than TIPS. In its simplest form, a film of the 

concentrated polymer solution is immersed in a non-solvent bath leading to precipitation or phase 

separation of the polymer. The principle structure formation occurs during the immersion step 

which is accompanied by the multicomponent mass transfer of solvent-nonsolvent leading to 

concentration fluctuations in the system and hence, leading to various phase transitions. Naturally, 

the mathematical models need to address both the thermodynamic and kinetic aspect of the system. 

The pioneering work by Pouchly et al.142, to develop the thermodynamic model for the ternary 

system from Flory-Huggins equations was further refined by Altena and Smolders143 and Yilmaz 

and McHugh144, who developed the complete set of equations for the binodal and spinodal curves, 

as well as tie line slopes and critical points. Cohen et al.145, were the first ones to calculate the 

diffusion path using the ternary phase diagram, combining the thermodynamic and kinetic aspect 

of ternary phase separation. The model was further refined by Reuvers146,147, Tsay148, 

Radovanovic,149,150 and Cheng151 These models were based on the diffusion and continuity 

equations combined with the thermodynamics of irreversible processes. 

Conventionally, ternary phase diagrams like the one shown in Figure 1.11, are used to 

explain the thermodynamic aspect of non-solvent induced phase separation. A ternary phase 

diagram of polymer-solvent-non-solvent shows three regions: stable, unstable and metastable, 

which are divided by binodal and spinodal curves.152,153 In the stable region, all three components 

(polymer, solvent, and non-solvent) co-exist. Contrarily, the region covered by the spinodal curve 

is unstable and the region between the binodal and spinodal curve is metastable. Understanding 
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the phase transitions of a system allows predicting the polymer precipitation mechanism, where 

liquid-liquid demixing plays a vital role in non-solvent induced phase separation and the demixing 

starts as soon as the system composition crosses binodal curve. It is well known that the polymer 

phase separates via nucleation and growth in the metastable region, whereas spinodal 

decomposition occurs in the unstable region. Nucleation and growth in the polymer poor phase in 

the upper metastable region (high polymer concentration) results in a porous morphology. On the 

contrary, nucleation and growth in polymer rich phase in the lower metastable region (low polymer 

concentration) gives polymer powders or mechanically weak structures. The spinodal 

decomposition typically produces open-cell or interconnected network structure. 

 

Figure 1.11: A representative ternary phase diagram for non-solvent induced phase separation.153 The three 

main regions: stable, metastable and unstable separated by binodal and spinodal curves are shown on the 

graph. The distance between the polymer-solvent axis and binodal curve is denoted as the Binodal Gap 

(BG). Three possible compositions paths for the polymer-solvent-non-solvent are represented on the graph 

based on the ratio of solvent outflow and non-solvent inflow during the phase separation. The major types 

of phase separated morphologies are also shown. 
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The relative position of the binodal curve on the ternary phase diagram is a function of 

interaction among polymer, solvent, and non-solvent. The distance between the binodal curve and 

polymer-solvent axis (Figure 1.11) is defined as Binodal Gap (BG), which can be directly 

correlated to the tendency of liquid-liquid de-mixing. Smolders et al.154,155, introduced the concept 

of delayed and instantaneous de-mixing to explain morphology in the phase separated membranes. 

In delayed de-mixing, the polymer composition just beneath the membrane surface remains in the 

stable region for a long time (few seconds to minutes), implying that no de-mixing occurs 

immediately after immersion. After a long time, the polymer composition beneath the surface 

crosses the binodal curve, as shown by the composition path 1 on Figure 1.11. On the contrary, 

during instantaneous de-mixing, the polymer composition may cross the binodal curve instantly 

(less than a second), implying that liquid-liquid de-mixing will start immediately after immersion, 

as shown by the composition path 2 on Figure 1.11. During instantaneous de-mixing, the polymer 

composition may directly go into the unstable region (path 3) if it crosses the critical point. It is 

evident from the ternary phase diagram that a system with large BG may exhibit delayed de-mixing 

and a system with small BG may undergo instantaneous de-mixing. The composition path taken 

by the system also depends on the diffusion kinetics of the solvent and non-solvent that is 

qualitatively related to the ratio of solvent outflow to non-solvent inflow, defined as k. A system 

with k>1 may undergo delayed de-mixing, whereas a system with k<1 may undergo instantaneous 

de-mixing, resulting in two fundamentally different morphologies.153 A delayed de-mixing 

produces membranes with sponge-like morphologies, whereas, instantaneous de-mixing produces 

macrovoids.  

The ternary phase diagram is usually used to explain phase-separated systems. As 

discussed, such diagram can be developed theoretically or experimentally, but it is a tedious 
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process and even then, it gives a qualitative understanding of the bulk morphology.156–158 

Furthermore, the complexity involved in the theoretical development of a model in non-solvent 

induced phase separation process entails development of a simpler predictive model that is quick 

to implement. In Chapter 6, we focus on developing two parameters, one based on Hansen 

solubility parameters (RED) and the other based on the time constant for solvent diffusion (T), that 

can rationalize the choice of solvent and non-solvent for a polymer of interest. Additionally, these 

parameters can allow to predict and investigate the fiber structure. 
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Chapter 2: Isolating Lignin Rich Micro-Nano Fibrillar Cellulose (MNFC) 

from Residual Biomass 

 

2.1 Abstract 

We approach light-weighting by exploring nature through the study of the interaction of 

cellulose, lignin and hemicellulose and their structural arrangement within the biomass. Two 

prominent residual biomasses generated as waste product in Southeast Asia are chosen: coir fibers 

(from coconut fruit) and Empty Fruit Bunches fibers (EFB, residue from palm oil). The residual 

biomass of coir fibers and palm tree Empty Fruit Bunches (EFB) are subjected mild treatments 

such as autohydrolysis and microemulsion treatments followed by microfluidization to isolate 

Micro and Nano Fibrillar Cellulose (MNFC) with high residual lignin content of ~24 and ~31 wt%, 

respectively. This serves two purposes. First, in the process of defibrillation, the structural and 

chemical arrangement of cellulose, lignin, and hemicellulose is studied within coir fibers and EFB. 

Second, the structural and thermo-chemical analyses of MNFC presented in this chapter expects 

to facilitate further interest in preparation of new light-weight materials from these novel micro-

nano lignocellulose.  The most significant findings include the fact that two MNFC populations, 

with distinctive structural differences are produced, with characteristic lateral dimensions of 20-

70 nm and 1-3 μm. The lignin distribution after possible re-condensation occurred in the form of 

nano-droplets.  

2.2 Introduction 

Lignocellulosic biomass in the form of wood, grasses, fibers and agricultural residues are 

efficient components in natural biocomposites, as produced by nature after centuries of iterations 

and evolution. Thus, man-made materials from sustainable, bio-based, biodegradable and 

renewable biomass is an excellent starting point in efforts to replace fossil sources for such 
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purpose.1–3 However, materials engineered from lignocellulosic fibers often use chemicals in their 

isolation from biomass that may require complex recovery processes; in addition, the extensive 

degree of chemical and physical deconstruction may limit a full exploitation of the properties 

inherent to wood fibers. There has been a large research impetus on producing fibers from natural 

resources using mild treatments to better preserve the original structure of the system and to reduce 

the environmental footprint.4,5 

The natural fibers used in this study are residuals from processing the coconut husk and 

the empty fruit bunches of palm trees. Coir fibers (density of 0.6-0.9 g/cm3) from the coconut 

husks represent 5-6 million tons per year with roughly 80% contribution coming from Southeast 

Asia.6 Only 10% of this potential enters the commercial trade and, traditionally, they are used to 

make mats, carpets, ropes, mattings, fishing nets and brushes because of their high ductility (15-

40% strain).7 Recently, few studies proposed coir fiber utilization as raw material in polymer 

composites and efforts are underway to explore wider markets.8–11  

The other non-woody biomass studied here, empty fruit bunches (EFB) fibers (density of 

~1 g/cm3), is the residual lignocellulosic material after palm oil production.4,12 Malaysia is the 

largest palm oil producer, contributing to 51% of the market worldwide. The global oil production 

reached almost 21 million tons in 2010.13 Thus, an enormous amount of residues are generated by 

this industry, mainly, EFB fibers, which are proposed here for the production of micro-nano fibers 

by methods different than those we4,14 and others5,15–18 have reported so far. One critical issue 

common to coir and EFB fibers is the high lignin content, as high as 45%. Therefore, any attempt 

in utilization should consider preserving this component as the only way to make any industrial 

effort truly sustainable.  
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Efforts to extract nanocelluloses from coir and EFB fibers have been reported.4,5,16–18 

However, the studies so far have generally used chemical treatments that can be improved in terms 

of their severity and its consequences.  Specifically, micro- and nano- fibers carrying residual 

lignin, hemicelluloses and extractives may present an attractive raw option for higher yield, low 

production cost and much lower environmental impact. Moreover, the presence of lignin has been 

shown to enhance barrier properties and tunable surface properties of nanocellulose films and 

nanopapers.19,20  With the goal of retaining the native lignin in coir and EFB fibers, we report a 

methodology to isolate from these residual biomass, lignin-rich micro and nano fibrillar cellulose 

(generally termed here as MNFC). The multi-stage procedure involves previously reported 

procedures for autohydrolysis21 and microemulsion treatment22, both of which are mild treatment 

procedures that allow us to retain the fiber composition. Our study includes morphological, 

structural and thermal analyses which were performed after each processing step to develop a 

thorough understanding of defibrillation and lignin redistribution. Based on the developed 

understanding and wood fiber morphology, a defibrillation mechanism is proposed. 

2.3 Experimental Section 

2.3.1 Materials 

Coir fibers were obtained from the National Coir Research and Management Institute 

(NCRMI) under the Government of Kerala, India. These were retted fibers, manually separated 

from husk. EFB from a Malaysian oil palm mill was supplied by Straw Pulping Engineering S.L. 

(Zaragoza, Spain). The fiber samples were used as received.  

The chemicals for micro-emulsion pretreatment included R-limonene sourced from Fulka, 

St. Louis, USA. Sodium dodecyl sulfate (SDS), n-pentanol, sodium chloride (NaCl), sodium 



   

45 

 

hydroxide (NaOH) and urea were obtained from Sigma-Aldrich. DI water was used for all 

experimental purposes. 

2.3.2 Autohydrolysis pretreatment 

The pretreatment was carried out in a 10 L digester. 30 g of the fiber sample (coir or EFB) 

was loaded with distilled (DI) water at a fiber-to-water mass ratio of 1:60. The fibers were digested 

at 180 °C for 60 min followed by mechanical disintegration in a Sprout-Bauer. The disintegrated 

fibers were filtered using a cheese cloth whereupon they were filtered by centrifugation at 15000 

rpm for 1 min. The pretreated samples were stored in plastic bags at 4 °C until further use. These 

grinded fiber samples are referred to as H-Coir or H-EFB. 

2.3.3 Microemulsion pretreatment 

A microemulsion was prepared with an anionic surfactant (sodium dodecyl sulfate, SDS) 

and R-limonene, creating a thermodynamically stable, single phase surfactant-oil-water system 

(SOW).22 As reported before, the treatment was performed on the fiber samples to disrupt the 

hydrogen bonding between the cellulosic fibrils, thus facilitating the mechanical defibrillation.  

Briefly, a 100 ml microemulsion was prepared by adding SDS (3.0 wt %) to water (67.7 wt%) and 

NaCl (2.7 wt%) solution. The active agent, urea (12.5 wt%), was added followed by limonene (8.0 

wt%), n-pentanol (3.1 wt%) and NaOH (3.0 wt%). The mixture was mixed under low shear 

(magnetic bar) to produce a clear, isotropic liquid microemulsion. The H-Coir or H-EFB fibers 

(3.0 wt% solid content) were soaked in this microemulsion for 12 h at room temperature and 

atmospheric pressure.  The fibers were then filtered under vacuum and washed with DI water 

several times to remove the components of the microemulsion that may have remained after 

filtration. Thereafter, they were centrifuged at 15000 rpm for 1 min and stored at 4 °C until further 

use. The fiber samples after microemulsion pretreatment are referred to as M-Coir or M-EFB. 
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2.3.4 Fiber processing and defibrillation 

The M-coir and M-EFB fibers were re-dispersed in water (0.15 wt% solid content) using a 

high shear mixer at 22,000 rpm for 15 min. MNFC-coir and EFB fibers were obtained following 

microfluidization (Microfluidics M-110T). The microfibers were passed 20 times through an 

intensifier pump that increased the pressure (2000 bar), followed by an interaction chamber which 

defibrillated the microfibers by shear forces and impacts against the channel walls and colliding 

streams. Through this process, the microfibers were further broken up into nano-sized structures 

forming the micro-nano lignocellulosic fibrils (MNFC). The unit was operating under a constant 

shear rate. The temperature was not controlled but fluidization was temporarily ceased when the 

temperature of the dispersion reached ~90˚C to prevent pump cavitation. Processing then 

recommenced when the temperature was ~45˚C. The resulting LCNF suspensions were collected 

and stored at 4˚C in a refrigerator. It was observed in our case that the microfluidizer got clogged 

after 1 pass of the coir/EFB fibers that were not subjected to microemulsion pretreatment. 

2.3.5 Thermal and chemical analyses  

Fiber composition 

The chemical composition of the raw fibers was determined following TAPPI standards: 

T-222 for lignin, T-203 for α-cellulose, T-204 for ethanol–benzene extractives and T-211 for ash. 

Holocellulose content was determined by the Wise and co-workers method.23,24  

Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was conducted using a Perkin Elmer spectrophotometer in the Attenuated Total 

Reflectance mode (FTIR-ATR). Samples were analyzed using the Pike Miracle accessory 

equipped with a Germanium (GE) crystal. The spectrum was collected for 12 scans and corrected 

for background noise. The multipoint baseline correction was realized for each spectrum and the 
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curves were normalized to 20% transmittance with respect to the peak at 1027 cm-1. All samples 

were dried in an oven at 60 °C and kept dry in a dessicator prior to analysis. 

Thermogravimetric analysis (TGA) 

Thermal degradation analysis was performed using a TA instruments TGA Q500. The 

analysis was carried out in a N2 environment at a flow rate of 60 ml/min with a constant heating 

rate of 10 °C/min over a temperature range of 40-700 °C. The fiber samples were dried in oven at 

60 °C and stored in desiccator prior to the analysis. The analysis was done in triplicate for data 

reproducibility. The time-derivative of the weight loss curve was obtained and smoothed by 

adjacent averaging over 50 points. The differential curve was plotted against temperature. 

2.3.6 Structural and molecular analyses 

Scanning electron microscopy (SEM) 

Imaging was performed by Field Emission Scanning Electron Microscope (FESEM), FEI 

Verios 460L. The P-coir and P-EFB fibers were cryo-fractured under liquid N2.  A sharp, clean 

blade was used to fracture the material and to obtain images of the radial cross-sections. The 

remaining samples (H, M and MNFC) were suspended in water at 0.01 wt% and freeze dried after 

vitrifying in liquid N2. All the samples were mounted on an SEM stub using a double-sided carbon 

tape. The prepared samples were coated with 5-nm layer of gold and platinum to capture secondary 

electrons from the surface and thus reduce charging.  The imaging was carried out at the landing 

voltage of 2 kV and 13 pA current at a working distance of 5 mm. The Everhart-Thornley (ETD) 

detector was employed to detect secondary electrons from the samples. 
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Atomic force microscopy (AFM) 

A silica wafer was carefully cut into 1x1 cm2 and the surface was cleaned by soaking in 

0.1N NaOH for 10 s. After rinsing in DI water, the wafer was subjected to UV light for 15 min. A 

0.01 wt % of the fiber suspension was sonicated at 30% amplitude. A drop of the resulting 

suspension was placed on the previously cleaned silica surface, which was allowed to dry in the 

oven at 60 0C. The fibers dried on silica surfaces were mounted on an aluminum sample holder 

and examined with a Dimension 3000 scanning probe microscope from Veeco Metrology Group. 

Scanning was performed in the tapping mode in air using silicon cantilevers (NSCl5/AIBS) 

delivered by Olympus AC160TS. The drive frequency of the cantilever was about 275–325 kHz 

(nominal resonance of 300 kHz). The scanned areas were imaged. No image processing except 

flattening was made. Images were taken with a feedback loop to keep the amplitude of oscillation 

constant and the response of the feedback loop was measured. The response of the feedback loop 

was used to determine how far the scanner was moved in Z direction in order to keep the amplitude 

of oscillation constant. 

Laser scanning confocal fluorescence microscopy (LSCM) 

A Zeiss LSM 710 laser scanning confocal microscope with Zen 2008 was used with the 

excitation laser at Ar 488 nm over an emission range of 490 to 560 nm and a 40x C-Apochromat 

objective (1.1 W NA) zoom to acquire multichannel fluorescence image. The fiber samples were 

suspended in water prior to the analysis.  

X-ray Diffraction (XRD) analysis 

XRD was conducted using Rigaku SmartLab X-ray diffractometer using the operating 

mode of Bragg-Brentano reflection geometry. A Cu Kα radiation source of wavelength 0.154 nm 

and operating at 40 kV and 44 mA was incident on the solid sample. The XRD patterns were 
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recorded over the angular range 2θ ranging from 5 to 50°. The fiber samples were dried in the oven 

at 60 °C and manually cut into small pieces using a pair of scissors prior to the analysis. Full width 

at half maximum (FWHM) was calculated by calculating peak width of I200 at half its maximum 

intensity. 

2.4 Results and Discussion 

We begin by describing the procedure used for the isolation of the lignin-rich micro-nano 

fibrillar cellulose (MNFC) from coir and empty fruit bunches (EFB) fibers. During each step of 

fiber processing, the fibers were characterized for chemical composition (TAPPI standard and 

FTIR), morphology (AFM, SEM), lignin distribution (LSCM), crystallinity (XRD) and thermal 

properties (TGA). Based on the results a defibrillation model is proposed. 

2.4.1 Isolation of lignin-rich micro-nano fibrillar cellulose (MNFC) 

The experimental procedure for the isolation of MNFC fibers (Figure 2.1) was designed 

to retain the lignin present in the coir or EFB fibers (amounting 36-43%). The as-received or 

pristine coir and EFB fibers (P-coir and P-EFB) were subjected to autohydrolysis (hydrothermal 

treatment) followed by fiber disintegration and refining in the Sprout-Bauer producing H-coir and 

H-EFB, respectively. A microemulsion pretreatment was performed on these fibers to delaminate 

and disrupt the hydrogen bonding to give M-coir and M-EFB fibers. These fibers were then 

microfluidized and are referred to as MNFC-coir or MNFC-EFB, respectively. The microemulsion 

step was necessary to prevent microfluidizer from clogging. The details of the procedure are 

included in the experimental section.  
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Figure 2.1: The synthesis procedure for the micro-nano fibrillar cellulose from coir fiber (MNFC-coir) and 

the sample nomenclature is shown. The as received coir fiber (P-coir) was subjected to autohydrolysis and 

fiber refining (H-coir) followed by microemulsion pretreatment (M-coir) and microfluidization to produce 

MNFC-coir. The same procedure was carried on EFB fibers.  

 

Autohydrolysis is a mild fiber treatment process, in which fibers are heated in DI water at 

180 °C to partially leach the soluble lignin and hemicelluloses from the fibers, while leaving 

behind high residual amounts of insoluble lignin and cellulose in the fibers.21,25 The chemical 

composition of the coir and EFB fibers after each processing stage is summarized in Table 2.1. 

After autohydrolysis, the hemicelluloses content is reduced from 23 and 20 wt% to 7 and 4 wt% 

for coir and EFB fibers, respectively. Likewise, for coir and EFB fibers, a more limited reduction 

in lignin content, by 9 and 7 wt% respectively, was determined after autohydrolysis. The 

microemulsion treatment does not lead to significant changes in chemical composition of the H-

coir or H-EFB fibers. A very slight decrease in the lignin content (by 3-5 %) is attributed to the 

alkaline medium of the microemulsion system, due to presence of NaOH.22 The composition 

analysis after microfluidization was not attempted since it was assumed that mechanical 

defibrillation did not alter substantially the chemical composition of the fibers.26 With the unique 

combination of these mild pretreatment processes, the MNFC from coir and EFB fibers retained 

the original lignin, to a large degree, with final content of 31 and 24 wt%, respectively. To the best 

of our knowledge, this is the first study to report on the isolation of MNFC from coir and EFB 

fibers while retaining the native lignin.  
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Table 2.1: Chemical composition of coir and EFB fibers (P) and after sequential treatment via 

autohydrolysis (H) and microemulsion impregnation (M).  

Sample Extractives 

(wt%) 

Lignin 

(wt%) 

Cellulose 

(wt%) 

Hemicellulose 

(wt%) 

P-Coir / P-EFB 0.5 / 0.8 43 / 36 30 / 34 23 / 20 

H-Coir / H-EFB <0.1 / <0.5 34 / 29 56 / 58 7 / 4 

M-Coir / M-EFB <0.1 / <0.5 31 / 24 56 / 67 5 / 3 

  

2.4.2 Investigating chemical structure 

FTIR analysis was performed to investigate any changes in the chemical structure during 

fiber processing. The infrared spectra of cellulose, hemicellulose and lignin has been extensively 

studied in the literature.15,27,28 The three fiber components mainly comprise functional groups such 

as alcohols, ketones, ether, aromatics, saturated alkanes and esters. The FTIR spectra obtained 

from coir and EFB fiber samples at each processing stage is shown in Figure 2.2. Some of the 

significant peaks are highlighted in the FTIR spectra. Table A2.1 lists all the major peaks that are 

identified with their corresponding functional groups, chemical compounds and the given fiber 

component. Two main transmittance regions ranging from 3500-2900 cm-1 and 1740-700 cm-1 are 

seen in all the curves.  A broad and prominent peak at 3329 cm-1 and a distinct peak at 2910 cm-1 

are due to O-H stretch and sp3 C-H stretch respectively, demonstrating availability of large number 

of acid, alcohol groups and saturated alkanes, that are present in all three fiber components. One 

major difference observed during processing of coir and EFB is the C=O stretch at 1736 cm-1 that 

arises from esters present in hemicellulose in P-coir and P-EFB. This peak is shifted to ca. 1715 

cm-1 after autohydrolysis and remains there following further processing. This may be due to two 

reasons. First, most of the hemicellulose leaches out after autohydrolysis. Second, the ester groups 

in the remaining hemicellulose are most likely converted to carboxylic groups during hydrolysis. 
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An alkoxy C-O stretch and C-O deformation at 1027 cm-1 and an acyl C-O peak at 1240 cm-1 

represents C-O-C stretching vibration arising from pyranose ring17,29. The shoulder peaks at 1161 

cm-1 and 1100 cm-1 are characteristic of cellulosic components and have been reported before by 

Yang et al.28 These peaks are also attributed to C-O-C stretching vibrations. The C-O-C 

asymmetric stretching can also be attributed to ester functional group present in hemicelluloses 

and the absence of this peak after autohydrolysis further indicates reduction in hemicellulose 

content. 

 

Figure 2.2: FTIR spectra for coir and EFB at various stages of fiber processing highlighting major peaks.  

 

The peaks in the range of 1470-1430 cm-1 represent methoxy groups and the peaks between 

1600-1460 cm-1 represent C=C stretch of aromatics. Peaks in both regions are characteristic of 

methoxy groups and aromatic rings present in the lignin. These peaks are absent in the FTIR of 

pure cellulose, as shown in Figure A2.1. The peaks in 1400-1300 cm-1 correspond to sp3 C-H 

bend. Even though FTIR spectra were developed after careful drying and storage of the samples, 

yet a small peak at 1638 cm-1 was observed and attributed to the O-H bending arising from the 
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adsorbed water on the surface. This demonstrates that water molecules are difficult to completely 

remove from cellulose due to strong molecular interactions. The peak at 898 cm-1 is attributed to 

C-O-C stretch from glycosidic linkage between glucose units. The peaks from 900-700 cm-1 are 

due to aromatic sp2 bend arising from aromatic hydrogen present in lignin.  

From the FTIR spectra analysis, three conclusions can be drafted. First, coir and EFB have 

very similar chemical composition. Second, the fiber processing steps utilized in this study do not 

alter the chemical structure of the fiber components apart from small conversion of hemicellulose 

esters to carboxylic groups; lastly, a distinct lignin IR fingerprint is observed in the MNFC samples 

for lignin chemical groups, further confirming that the native lignin is retained in the final material.  

2.4.3 Structural characterization and lignin redistribution 

This section investigates the change in structure of coir and EFB fibers due to the various 

processing steps. Figure 2.3 shows SEM images of the coir (left column) and EFB fibers (right 

column). The top row shows images of the untreated or pristine fibers. The middle row shows fiber 

images after autohydrolysis and mechanical defibrillation and the bottom one shows fiber images 

after microemulsion pretreatment. Both, the untreated coir and EFB fibers, display very similar 

morphology. The same applies, surprisingly, after processing. The cross-sections of the coir and 

EFB fibers are revealed in Figures 2.3a and c, respectively. The observed macro-fibers have high 

aspect ratio with a length of few centimeters and widths of the order of 200 to 500 µm. Figures 

2.3b and d show the surface texture of coir and EFB fibers, respectively. The cross-section and 

the surface images reveal that these are thick-walled fibers covered with surface pits (shown in 

solid circles). Both these fibers are in a tightly packed arrangement forming hollow tubules. The 

hydrothermal treatment followed by mechanical defibrillation (H-Coir and H-EFB) rips apart the 

tight arrangement of the tubular structures into individual fibers, as shown in Figure 2.3e and f. 
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These individual fibers retain the high aspect ratio, with few mm in length and 10-15 µm in 

diameter. The forced defibrillation of the fibers results in clusters of small fibrils attached to the 

fibers (shown in dotted circles). The inset image of Figures 2.3e and f shows higher magnification 

images of H-coir and H-EFB fibers, respectively. They reveal the presence of surface pits on the 

individual fibers. The water and nutrient are transported across the bundle of coir and EFB macro 

fibers via these surface pits, as indicated before in Figure 2.3b and d. The inset image further 

reveals a distinctive high microfibril angle for coir (indicated by lines in the image). The angle was 

analyzed using Image J software and was measured to be ~420 for coir fibers and ~ 210 for EFB 

fibers. The microemulsion treatment did not alter the morphology of the fibers (Figure 2.3g and 

h). The fibers retained the same dimensions. The only structural difference observed is that “clean” 

fibers, i.e., the small fibrils attached to the fibers, are removed, resulting in better isolation. This 

may be one of the reasons why microemulsion treatment was necessary before microfluidization. 

After “cleaning” the fibers, the other features such as the pitted vessel elements were still observed 

(inset of Figure 2.3h and Figure A2.2), which have been reported previously.30 The vessel walls 

were crowded with pits that were neatly arranged in elongated oval shapes. But, these pitted vessel 

elements are very few. Figure A2.3 reveals vessel elements in the cross-section of the pristine coir 

and EFB fibers.  

Figures 2.4a and 2.4b show images of coir and EFB fibrils, respectively, after 

microfluidization and reveal a disruption of the initial fiber structure. Figures 2.4a1 and b1 exhibit 

polydispersity in fibril width, ranging from 20-70 nm. Figures 2.4a2 and b2 exhibit flat ribbon 

like fibrils with 1-3 µm width and approximately 500 nm in thickness. The images also indicate 

that the microfluidization applied did not completely defibrillate the sample. The two structural 

populations are evident from Figure 2.5 for both MNFC-coir and EFB. The small fibers are 
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interlinked to the large ribbon-like structures. However, this may be an artifact resulting from SEM 

sample preparation. To confirm, the microfluidized fiber samples were centrifuged and AFM 

imaging was carried out on the supernatant and the precipitated phases, as shown in Figure 2.5. 

From the figure, a variety of fiber sizes can be seen in the non-centrifuged coir and EFB fiber 

samples. The supernatant, on the other hand, display only small fibers whereas the precipitate is 

filled with wide fibers along with smaller defibrillated fibrils attached to the larger fibers. 



   

56 

 

 
 

Figure 2.3: SEM images of coir (left column) and EFB (right column) fibers at each processing stage: 

untreated fibers (pristine, P) (a,b,c,d); fibers after hydrothermal H (e,f) and after microemulsion M 

treatments (g,h). Insets- (e,f,g,h) show high magnification images of individual fibers to indicate surface 

pits and to visualize the microfibril angle (denoted in the insets of e, f, g). Solid circles show the pits and 

vessel elements. Dotted circles highlight the small fibrils still attached to the fibers. 
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Figure 2.4: SEM images of micro-nano fibrillar cellulose (MNFC) obtained after microfluidization of coir 

(top row) and EFB (bottom row). Two structural populations are presented in dotted circles. A higher 

magnification image of the nanofibers is shown on the left (a1,b1) and for microfiber is shown on the right 

(a2, b2). The solid circle in a) shows lignin deposition in form of nanoparticles.  

 

Furthermore, the AFM image show many small particles. Similar type of spherical 

structures was also observed in SEM images (indicated in Figure 2.4a) that are less than 1 µm in 

diameter. These are believed to be coalesced lignin particles. Several studies have reported on the 

deposition of lignin particles on the fibers after autohydrolysis.21,31 It has been recently proved that 

heating the lignin above its glass transition temperature cleaves the carbohydrate-lignin bonds. 

This forces the hydrophobic lignin in the aqueous media to migrate from the cell walls and 

recondense into small spherical droplets that redeposits on the inside and outside of the fiber 

surface.32 There are also some reports on the formation of lignin-like compounds also referred to 

as pseudo-lignin. 33,34 Previous studies have shown to produce lignin droplets from carbohydrates 

(called pseudo-lignin) even with the absence of native lignin in hybrid poplar, especially under 

high-severity pretreatment conditions.35,36 
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Figure 2.5: AFM images of MNFC- from coir and EFB fiber suspensions after centrifugation, 

demonstrating two structural population. The size scale is 3 µm. Many small particles can be observed in 

the images that are less than 1 µm in diameter, which are most likely coalesced lignin particles. 

 

Since no severe pretreatment steps were applied, it is likely that native lignin redistributes 

itself inside and outside the fiber wall. To track the lignin redistribution, confocal imaging was 

performed on the coir and EFB fibers at each processing stage (Figure 2.6). The green auto-

fluorescence is from lignin. The P-coir and P-EFB fibers (Figure 2.6a1 and a2) have 

homogeneous lignin distribution on the fiber walls. After autohydrolysis, the fiber defibrillates 

into individual fibers with majority of lignin distributed on the fiber walls, along with small 

particles of lignin that are observed within the fiber, as indicated by red circles in Figure 2.6. The 
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yellow circle indicates the vessel element as seen before in SEM image (Figure A2.2b). The 

confocal image after microemulsion treatment is very much like the one after autohydrolysis, 

except that the concentration of lignin particles inside the fiber is reduced significantly. The 

presence of small fibers, less than 1 µm in width, displaying green color uniformly after 

microfluidization indicates that lignin has remained or redeposited evenly on the defibrillated 

fibers.  

 
 

Figure 2.6: Confocal microscopy image of coir and EFB fibers at each stage of fiber processing. The red 

circles indicate lignin droplets. The yellow circle indicates the vessel element.  

 

Crystallinity: 

XRD studies were performed at each stage of processing of the coir and EFB fibers to investigate 

the changes in crystallinity.  The comparison of XRD profiles for coir and EFB fibers are shown 

in Figure 2.7a and b, respectively. All the diffractograms showed two peaks at 2θ of 15.800 and 
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22.450. These peaks may represent triclinic unit cell of cellulose I. The three main peaks for 

cellulose Iα are reported at 14.260, 16.70 and 21.80 for the miller indices corresponding (100), (010) 

and (110) respectively.37 The cellulose Iβ exhibits similar peaks with slight shift at 14.850, 16.670 

and 22.980 for the miller indices corresponding (1-10), (110) and (200) respectively. The broad 

peak at 15.80 in Figure 2.7 can be deconvoluted into two peaks at approximately 14.50 and 16.50. 

However, due to presence of large amounts of amorphous lignin, the two distinct peaks for 

cellulose I are difficult to resolve. Moreover, the absence of peaks at 12.20, 19.90 and 22.10 for 

cellulose II indicates that the treatments applied in this study did not change the hydrogen bonding 

arrangement and hence the cellulose retained the triclinic structure typical of cellulose I.  

 
Figure 2.7: XRD diffractograms for Coir and EFB fibers at different treatment stages of processing. 

 

The full width at half maximum (FWHM) for (200) peaks are listed in Table 2.2, that give a 

qualitative estimation of the extent of delignification of the fiber sample. An overall broad FWHM 

(30-40) indicates presence of high amount of amorphous lignin, which agrees well with results 
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presented before. Processed Coir (H, M and MNFC) has a higher FWHM than processed EFB due 

to high lignin content present in the first case.  

 

Table 2.2: XRD analysis parameters for full width half maximum (FWHM) for coir and EFB fibers at 

various stages of processing 

 
P-

Coir 

H-

Coir 

M-

Coir 

MNFC-

Coir 

P-EFB H-

EFB 

M-

EFB 

MNFC-

EFB 

FWHM 

(degrees) 
6.2 3.9 3.9 4.2 5.8 3.3 2.9 2.9 

 

2.4.4 Thermal analysis  

Thermal stability is one of the key factors to determine a material’s potential for use as reinforcing 

agent in composites. Due to difference in the chemical structure among cellulose, hemicelluloses 

and lignin, they present different thermal transitions.28,38 Hemicelluloses comprise chain 

combinations with many sugar units and is the first to decompose, starting from 220 to 315 ºC. 

Cellulose consists of long glucopyranose chains that decomposes in the range of 315-400 ºC. 

Phenolic compounds, including lignin, present a wide range of decomposition temperatures, 

covering a range that goes as high as 900 ºC.  

The TGA thermographs for coir and EFB fibers at each treatment stage are included in 

Figure 2.8 (a and b). As observed from the curves, a large amount of residue is left (>10%) for 

all the samples due to a high amount of lignin present. P-coir and P-EFB fibers are highest in lignin 

content and they have the largest residual mass at 700 ºC, 26.4 and 24%, respectively, indicating 

incomplete pyrolysis of lignin. In addition, there are two common features evident from TGA 

curves. First, a small weight loss is observed below 100 ºC, most likely due to moisture loss and 

secondly, the decomposition temperature for all the samples lies between 310- 360 ºC. 
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Figure 2.8: a,b) TGA thermographs for the coir and EFB fibers after each processing step, c,d) time 

derivative of TGA curves. Inset shows the bar graph for Full Width at Half Maximum (FWHM) for coir 

and EFB fibers. 

 
Table 2.3: The ratio of the fiber components as calculated from values from Table 1 along with thermal 

analysis data obtained from Figure 2.8. 

Sample 

𝐂𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞

𝐇𝐞𝐦𝐢𝐜𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞
 
𝐂𝐞𝐥𝐥𝐮𝐥𝐨𝐬𝐞

𝐋𝐢𝐠𝐧𝐢𝐧
 Decompositio

n temperature 

(ºC) 

FWH

M (ºC) 

Maximum 

mass loss 

rate 

(wt%/min) 

Residu

e % 

P-Coir 1.3 0.7 315 29 -1.39 26.4 

H-Coir 8.0 1.6 355 39 -2.09 16.3 

M-Coir 11.2 1.8 331 45 -1.91 19.3 

MNFC-

Coir 

-- -- 
325 51 -1.33 19.6 

P-EFB 1.7 0.9 311 42 -1.52 24.0 

H-EFB 14.5 2.0 353 34 -2.87 10.9 

M-EFB 22.3 2.8 322 44 -1.67 19.0 

MNFC-

EFB 

-- -- 
335 47 -1.46 20.2 
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There are three aspects to notice from the derivative curves (Figure 2.8 c and d): peak 

location, peak width (quantified by Full Width at Half Maximum (FWHM) in graph inset) and 

relative peak height. The details from Figure 2.8 are listed in Table 2.3. The peak location 

indicates the thermal stability of the material. A shoulder peak for P-coir and EFB fiber is observed 

at around 270 ºC, which is distinct for coir samples compared to those from EFB. This is explained 

from the cellulose-to-hemicellulose ratio calculated from chemical composition data (Table 2.1), 

which is 1.3 for coir and 1.7 for EFB. A low cellulose-to-hemicellulose ratio indicated high 

hemicellulose content which is manifested in a shoulder peak for hemicellulose. Moreover, this 

peak disappears after autohydrolysis as most of the hemicellulose is leached away indicated by 

high cellulose-to-hemicellulose ratio. The prominent peak for all samples is due to cellulose 

decomposition and is characterized by the respective decomposition temperature in Table 2.3. The 

decomposition temperature increases by ~40 ºC after autohydrolysis. A similar increase in thermal 

stability of cellulose microfibrils from soybean hulls, upon removal of hemicelluloses has been 

observed in our previous studies.39 Raveendran et al.40 and Jin et al.38, have claimed that the 

thermal properties of the fibers are unaffected by interaction within the fiber components and are 

only affected by change in fiber composition. The cellulose content increases after autohydrolysis 

as indicated by increase in cellulose-to-hemicellulose ratio from 1.3 and 1.7 to 8.0 and 14.5 for H-

coir and H-EFB, respectively. This explains a ~40 ºC rise in decomposition temperature for H-

samples. However, further processing by microemulsion treatment and microfluidization 

decreases the decomposition temperature by 20-30 ºC. This sudden decrease in decomposition 

temperature cannot be explained by change in fiber composition alone, where the cellulose-to-

hemicellulose ratio increases further to 11.2 and 22.3 for M-coir and EFB, respectively. A 

hypothesis is given later based on defibrillation mechanism to account for such behavior. 
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Another important feature is the broadness of the peak, characterized by the FWHM value. 

Since, lignin decomposes in a wide temperature range, a broad peak should directly correlate with 

the ratio of cellulose-to-lignin present. The cellulose to lignin ratio increased from 0.7 and 0.9 for 

P-coir and EFB, respectively, to 1.6 and 2.0 after autohydrolysis, indicating a relative decrease in 

lignin content. The FWHM, decreases for H-EFB, as expected but increases for H-coir. An 

exception is perceived due to a narrow peak for P-coir, with a FWHM of 29 ºC, explained as 

follows. In plant fibers, hemicelluloses act as a binder between cellulose and lignin. For P-coir, a 

large amount of hemicellulose decomposes first at 270 ºC, allowing for fast decomposition of 

cellulose as seen from 29 ºC FWHM for P-coir. However, in P-EFB and due to its low 

hemicellulose content, a slight overlap in hemicellulose and cellulose decomposition results in a 

broad cellulose degradation peak, with a FWHM of 42 ºC. After microemulsion treatment, the 

cellulose-to-lignin ratio further increases to 1.8 and 2.8 for M-coir and M-EFB, respectively. The 

FWHM, on the contrary increases with decreasing lignin content, which further suggests that this 

behavior cannot be explained by fiber composition alone. 

A similar trend is observed for maximum mass loss rate, which increases after 

autohydrolysis due to increase in cellulose content, but the maximum mass loss rate decreases after 

further processing, even though the cellulose content increases. This data can be explained by 

taking into consideration the interactions between the fiber components along with the fiber 

composition. Based on the microscopy data and wood fiber morphology 30, a schematic illustration 

of fiber defibrillation is proposed in Figure 2.9 to explain the thermal behavior. In the illustration, 

brown color represents lignin, blue represents hemicellulose and green represents cellulose. The 

fine green features represent cellulose nano-fibrils that combine to give cellulose a micro-fibril. 

The micro-fibrils bundle to give a macro-fiber or cellulose fiber bundles. The microscopic images 
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show that P-coir fiber has a cellular cross-section with lignin concentrated on the cell walls. A 

further magnified illustration of the cell wall proposes cellulose fiber bundles are connected via 

hemicelluloses to lignin within the spaces. Upon hydrolysis, most of the hemicelluloses are 

removed, leaving behind cellulose fiber bundles with detached lignin, as can be seen from the 

confocal image, where lignin redistributes inside and outside the fiber walls as lignin particles. 

This explains the fast degradation with low FWHM and a higher degradation temperature. After 

microemulsion treatment, the lignin, redistributes again sticking on to the cellulose fiber bundles 

as is evident from the decrease in concentration of the lignin particles. We speculate that the 

residual lignin adhered onto the cellulose fiber bundles causes a slow degradation rate and high 

FWHM. The microfluidization process defibrillates the fibers into micro and nano-fibrils with two 

structural populations. However, the micro-fibrils still contain lignin, as seen from the 

corresponding confocal images, while less hemicelluloses are present (a fact that is corroborated 

by chemical analyses but nearly impossible to determine by the imaging techniques used here). 

The homogeneous distribution of lignin in the entire sample further reduces the degradation rate 

and increases the FWHM. 
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Figure 2.9: Schematic rendition of the changes illustrating coir fiber defibrillation at the given processing 

step, authohydrolysis, microemulsion treatment and microfluidization. The proposed mechanism is 

supported by confocal and SEM images. In the illustration, brown color represents lignin, blue represents 

hemicellulose and green represents cellulose. The fine green lines represent cellulose nano-fibrils that 

combine to give a micro-fibril. The micro-fibrils combine to give a macro-fibril or cellulose fiber bundle. 

The case of EFB fibers is expected to be similar.  
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2.5 Conclusions 

Lignocellulosic micro- and nano-fibrils (MNFC) were isolated from coir and EFB fibers 

by using low severity treatments, which allowed to retain most of the native lignin (31 and 24 wt%, 

respectively). The fiber processing steps included autohydrolysis, mechanical defibrillation, 

microemulsion treatment and microfluidization. The fibers were characterized during each 

treatment step for their chemical, structural and thermal properties. The FTIR analysis confirmed 

no significant changes in the chemical groups of the fiber components. The electron microscopy 

and AFM images indicated two structural populations in coir and EFB- MNFC with fibril diameter 

of 20-70 nm and 1- 3 µm. The confocal images highlighted the lignin redistribution on the fiber 

walls and within the hollow fiber in form of particles. As expected, the crystallinity of the fibers 

was not affected by the treatments applied, due to presence of substantial amounts of amorphous 

lignin. However, the thermal degradation behavior was largely affected by the chemical 

composition and the redistribution of lignin during autohydrolysis and microemulsion treatments. 

These results, along with the features observed in the morphological analyses, can be combined to 

postulate the possible structural and component changes that occurred upon defibrillation. We 

expect that the detailed structural and thermo-chemical analyses presented here facilitate further 

interest for preparation of new materials from MNFC isolated from coir and EFB, two abundant 

bioresources that are most suitable for their valorization. 
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Chapter 3: Aerogel Synthesis from Non-aqueous Polymers  

 

3.1 Abstract 

Aerogels are one of the lightest man-made materials. We study single component aerogels 

from non-aqueous polymers in terms of their synthesis and structure-property relationships. The 

two methods to synthesize aerogels are studied: Freeze Drying (FD) or lyophilization and Critical 

Point Drying (CPD) using super critical CO2. The synthesis of aerogels, from non-aqueous 

polymers such as cellulose esters, through FD is challenging because most organic solvents exhibit 

extremely low triple point that is difficult to achieve through FD. This challenge is overcome by 

employing a unique combination of synthesis procedures involving chemical cross-linking, 

solvent exchange to water and subsequent FD to produce ultra-light (4.3 mg/ml) and highly porous 

(99.7 %) cellulose acetate aerogels (CA) with honeycomb morphology. This versatile synthesis 

approach is extended to other non-aqueous polymers such as cellulose acetate propionate (CAP) 

and cellulose acetate butyrate (CAB) to produce single component polymer aerogel. On the 

contrary, the aerogels produced via CPD exhibit high shrinkage (50-70%) and consequently higher 

densities (~70 mg/ml). The reason for such shrinkage is investigated through concepts of solubility 

parameters.  

3.2 Introduction 

3.2.1 In context to the dissertation 

In previous chapter, we explored the interaction of cellulose, lignin, and hemicellulose in 

the biomass. For commercial use, the cellulose is isolated from ligno-cellulose biomass and 

chemically modified to enhance its properties. One such class of commercial modified cellulose is 

cellulose esters. In this chapter, we use cellulose esters to introduce a novel synthesis route to make 

the lightest man-made materials called aerogels. 
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3.2.2 Why Aerogels? 

Kistler, in 1931, prepared the first aerogel by supercritical drying of solvent in the gel.1 

Subsequent development of supercritical CO2 drying process made aerogel synthesis relatively 

fast and safer.2 However, it was not until NASA’s stardust mission that captured high speed cosmic 

particles using silica aerogels, that aerogels gained media attention in 2006.3 Many novel aerogels 

have been synthesized since then, including carbon nanotube4,5, graphene6,7, quantum dots8, 

polyimides9, cellulose10 and nanocellulose11,12. The definition of aerogels also developed over 

time. However, an important feature shared by all aerogels is the removal of solvent from wet gel 

with minimum shrinkage to give high pore volume, usually higher than 90%.13,14 

Even though a plethora of aerogels have been reported in the last decade, not much work 

has been done on single component polymer aerogels. Polymers have been used largely as a 

reinforcing material to improve elastic properties of inorganic aerogels.15–17 And although single 

component aerogels from aqueous based polysaccharides such as alginate, pectin, starch, chitin, 

chitosan, agar and cellulose have been synthesized, their wet strength is questionable14,18. 

Polyurethane aerogels are one of the earliest synthetic polymer aerogels reported that are formed 

by polycondensation of isocyanates and alcohols.19 The isocyanates are however generally toxic 

and very reactive, that may sometimes prove hazardous to the surroundings.20 Meador and co-

workers have worked extensively with non-aqueous polyimide aerogels and have demonstrated 

improved mechanical properties for these aerogels.9,21 In this chapter, we demonstrate the single 

component aerogel synthesis from a different class of polymers namely, cellulose esters that are 

non-aqueous polymers with hydroxyl functionality. 

Cellulose esters are polymers derived from the abundantly-available cellulose, but are easy 

to process than their parent cellulose due to reduced intramolecular hydrogen bonding.22 The 

aerogel synthesis approach is developed on cellulose acetate which is extended to cellulose acetate 
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propionate (CAP), and cellulose acetate butyrate (CAB) exhibiting a wide-range capability of this 

approach. Surprisingly, there have been few attempts at making aerogels from cellulose esters. 

Tan et al.23, prepared aerogel by urethane linkage of cellulose acetate and cellulose butyrate 

followed by CPD. The study was later reproduced by Rigacchi and co-workers with cellulose 

acetate aerogels.24,25 But, both these efforts produced aerogels with high density (>0.1 g/ml) and 

low pore volume (<90%). The synthesis of non-aqueous polymers such as cellulose esters is 

challenging via FD process and has not been attempted before this study. The extremely low 

pressure and temperature at the triple point of organic solvents, used to dissolve non-aqueous 

polymers, is usually difficult to achieve in the commercial freeze drying apparatus. 

In this chapter we introduce a unique combination of synthesis procedures involving 

chemical cross-linking, careful solvent exchange to water and subsequent freeze drying to produce 

ultra-light (4.3 mg/ml) ever reported from cellulose esters. Additionally, we also explore the CPD 

process to produce aerogels to have a quantitative comparison of the properties of the aerogels 

produced from the two processes. 

3.3 Experimental Section  

3.3.1 Materials 

Cellulose diacetate (acetyl: 39.8%, hydroxyl: 3.5%), cellulose acetate propionate 

(propionyl: 42.5%, hydroxyl: 5%) and cellulose acetate butyrate (butyryl: 46%, hydroxyl: 4.8%) 

were provided by Eastman Chemical Company and used as received. Acetone (99 %), ethanol, 

triethyl amine (TEA) and the cross-linking agent 1,2,4,5-benzenetetracarboxylic acid (also known 

as pyromelletic dianhydride, PMDA) were purchased from Sigma Aldrich. Deionized (DI) water 

was used. Dry ice was prepared in the laboratory using a liquid CO2 cylinder with siphon tube 
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bought from Airgas (NC). All solvents used for wicking measurements were 99 % pure and bought 

from Sigma Aldrich.  

3.3.2 Gelation of Cellulose esters 

Cellulose diacetate (CDA) gels were synthesized using PMDA cross-linker as reported 

earlier.26 Briefly, a homogeneous solution of CDA in acetone was formed by stirring it in a 100 

ml Pyrex bottle for 24 h. The stoichiometric amount of PMDA required for complete cross-linking 

was calculated by assuming one PMDA molecule reacts with two hydroxyl groups on different 

CDA chains (Figure 3.3a). The CDA: PMDA molar ratio of 2:1 is required for complete cross-

linking, but for this study CDA: PMDA molar ratio of 8:1 was used to prevent formation of a rigid 

cross-linked structure and to have free hydroxyl groups available for further modification. CDA 

solutions (2, 4, 6 and 8 w/v%) with the PMDA cross-linker were stirred for approximately 5 h to 

ensure complete dissolution. To this solution, 0.5 v% of catalyst triethyl amine (TEA) was added 

while stirring for another 30 s. The solution was then transferred to a cylindrical mold and allowed 

to set into a gel for 24 h. Thereafter, the obtained organogels, hydrogels and aerogels are referred 

to by using the concentration of the initial CDA solution (2, 4, 6 and 8 %). The 4% cellulose acetate 

propionate (CAP) and cellulose acetate butyrate (CAB) gels were prepared similarly. 

3.3.3 Solvent Exchange 

The acetone-gelled cellulose ester was subjected to sequential solvent exchange steps to 

gradually replace acetone with DI water. The gel was placed in a mixed solution of acetone and 

DI water; the volume of the DI water was 5 times the volume of the gel and was replaced every 12 

h to allow enough time for the gels to reach equilibrium with the solution. A total of six such 

exchanges were performed with the following ratio of acetone: DI water used in sequence: 90:10, 
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75:25, 50:50, 25:75, 10:90, 0:100. After the final exchange, the gel was kept in DI water for 24 h. 

This gel in water is termed as hydrogel. This hydrogel was subjected to Freeze drying. 

3.3.4 Aerogel synthesis  

a) Freeze Drying (FD) 

The hydrogels were frozen by completely immersing the gel in a dry ice/ethanol bath for 

20 min. The frozen hydrogel was then transferred to a lyophilizer (Labconco FreeZone 2.5 Freeze 

Dryer) operating at -53 0C and 0.113 mbar which is lower than the triple point of water.27 The 

frozen hydrogel was dried for ~24 h to obtain the aerogel. 

b) Critical Point Drying (CPD) 

The organogel was solvent exchanged with pure acetone 3 times to remove unreacted 

species and catalyst. Thereafter, the organogel was placed in the critical point dryer. A Leica EM 

CPD300 critical point dryer was used for aerogel drying (Figure 3.1a). The gel were cut into 

cuboidal or cylindrical shapes of known size and placed in the chamber. The procedure for CPD 

is illustrated in Figure 3.1b. The liquid CO2 was filled slowly in the chamber and allowed to 

exchange with the acetone in the organogel for few minutes before purging out the solvent. This 

process is termed as one cycle of liquid CO2 exchange. Such exchanges were varied from 10 to 50 

cycles for same volume of the organogel sample. The mass and volume of the resulting aerogel 

was measured. 
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Figure 3.1: a) Leica CPD 300 used for critical point drying (CPD), b) Steps involved in the CPD procedure 

of an organogel 

 

3.3.5 Aerogel Characterization 

a) Density and pore volume 

Organogel density: If there was no swelling or shrinkage during the solvent exchange and freeze 

drying step, the density can be calculated as shown in Equation 3.1. 

water

CDA

CDA

CDA

CDA

organogel MM

M




)1( −

+

=                          ---Equation 3.1 

where, ρcal = calculated density of the aerogel, 

             MCDA = weight % of the CDA added for aerogel synthesis 

             ρCDA = density of the cellulose diacetate flakes (1.3 g cm-3) 

             ρwater = density of DI water (0.998 g cm-3) 

Hydrogel density: The hydrogel density is calculated by measuring volume of each hydrogel via 

volume displacement using deionized water in a flat based beaker. Assuming, there was no 

shrinkage during freeze drying, the hydrogel density is calculated as shown in Equation 3.2: 
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hydrogel

CDA
hydrogel

V

M
=                          ---Equation 3.2 

Aerogel density: Aerogel density (ρa) was calculated by measuring its mass and volume. The 

aerogel was cut into cuboidal shape using a sharp clean blade. The mass of this cut aerogel was 

measured by analytical balance, Fisher Scientific Accu-225D, which has least count of 0.1 mg and 

the volume was determined by using the dimensions (digital Vernier caliper). It is noted that the 

2% aerogel was cut into small cuboidal shapes to measure its volume. Average density is reported 

after 5 measurements. The pore volume of the aerogels was calculated using Equation 3.3. 

Pore Volume = (1-ρa/ρCE)*100%                                                           ---Equation 3.3 

where ρa is the bulk density of aerogel ρCE is the bulk density of cellulose esters, 1.3 g /ml for 

CDA, 1.27 g/ml for CAP and 1.2 g/ml for CAB.28 

b) Surface area  

The Brunauer-Emmett-Teller (BET) surface area was measured by N2 absorption and 

desorption isotherms using Micrometrics ASAP 2020. About 0.1-0.2 g of sample was first 

degassed for 3 h at 115 0C prior to the analysis. BET analysis was done for a relative pressure of 

0.01- 0.3 at -196 0C. 

The surface area for FD aerogel was also calculated theoretically by assuming that the 

aerogel is composed of cylindrical pores with diameter ranging from 50-100 μm with wall 

thickness of 1 μm as seen from SEM (Figure 3.4c inset), we can calculate the range of surface 

area as follows:  

1 gm of 4% aerogel has volume 3

0234.0

1
/1 cmV aerogel ==   

Total surface area rhNA 2=                                                                                                        ---1 

rhNwhNrV  2
0234.0

1 2 +==                                             ---2 
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From (1) & (2), 

gm
wr

A /
)2(0234.0

2 2

+
=        =       1.6 - 3.2 m2 g-1 

where,  r= pore size radius = 25-50 μm 

             h = height of one cylindrical pore 

             N = total number of pores 

             w = wall thickness of the pore ~ 1 μm 

c) Scanning Electron Microscopy 

Imaging was done by Field Emission Scanning Electron Microscope (FESEM), FEI Verios 

460L. The aerogels were fractured under liquid N2 using a sharp clean blade to image the radial 

cross-section. The samples were fixed on the metal stub using a double sided carbon tape. The as-

prepared SEM samples were coated with a 5 nm layer of gold and platinum to capture secondary 

electrons from the surface and thus reduce charging.  

d) Mechanical Compression testing 

The freeze dried aerogels synthesized for compression testing were molded in 20ml 

syringes with a height: diameter ratio of 2:1. The top and bottom part of a cylindrical aerogel was 

made smooth by using a sharp clean blade. Compressive stress-strain curves were obtained using 

an Instron Series IX with compressive loads of 0.5 N, lowered at the rate of 5 mm min-1.  

e) Chemical analyses 

Fourier Transform Infrared Spectroscopy was conducted in the Attenuated Total 

Reflectance mode (FTIR-ATR) was conducted using a Perkin Elmer spectrophotometer. Samples 

were analyzed using the Pike Miracle accessory equipped with a GE crystal. The spectrum was 

collected for 256 scans and corrected for background noise. The multipoint baseline correction 

was realized for each spectrum.  
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3.4 Results and Discussion: 

3.4.1 Aerogel synthesis via Freeze Drying (FD) 

The aerogel formation from a non-aqueous polymer via FD process is challenging. Most 

of the organic solvents have triple points at an extremely low pressure and temperature, which is 

difficult to attain. To overcome this challenge, we developed an innovative process of aerogel 

formation from a non-aqueous polymer that occurs in a three-step sequence (Figure 3.2) starting 

with the synthesis of the organogel (gel in acetone) via chemical cross-linking, followed by solvent 

exchange into a hydrogel (gel in water) and then converting into the aerogel via Freeze Drying 

(FD).  

 

Figure 3.2: Illustration of the three-step sequence of aerogel formation from a non-aqueous polymer via 

freeze-drying (FD). 

 

a) Confirmation of the cross-linking 

Figure 3.3a shows the first step in the process in which the organogel is formed by the 

cross-linking reaction via ester linkages between hydroxyl groups in CDA and anhydrides of 

PMDA. While the formation of strong, self-standing gels at low CDA concentration (4 w/v%) 

(Figure 3.3a) indicates good cross-linking, direct evidence comes from comparison of FTIR 

spectra (Figure 3.3b) of the aerogel with that of CDA flakes. The main differences between the 

two FTIR spectra are (a) out of plane angular vibrations of aromatic sp2 C-H bends (from 690 cm-

1 to 900 cm-1) and, (b) aromatic C=C stretch (~1500 cm-1). These two peaks indicate the presence 

of aromatic cross-linker in the aerogel. Also, the lack of paired bands for C=O stretch (indicative 
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of anhydride groups between 1800 cm-1-1830 cm-1 and 1740 cm-1-1775 cm-1) suggests that all 

PMDA reacted with the CDA hydroxyl groups. A slight broadening of O-H stretch at 3476 cm-1 

is assigned to the increased number of O-H bonds via the carboxylic groups formed. The strong 

acetyl C-O and alkoxy C-O peaks at 1220 cm-1 and 1032 cm-1, respectively indicate the presence 

of C-O-C stretching in the glucopyranose ring. These peaks combined with prominent carbonyl 

peak (C=O stretch) at 1736 cm-1, confirms the presence of ester groups in CDA. The peaks at 

around 2950 cm-1 are due to sp3 C-H stretch and the one at 1368 cm-1 corresponds to C-H bend. 
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Figure 3.3: a) Proposed cross-linking reaction between CDA chains and cross-linker, PMDA and the image 

showing the gelation of CDA solution into acetone-based organogel after the gel was set for 24 h, b) FTIR 

spectra of CDA flakes and aerogel. 



   

83 

 

b) Aerogel Characterization 

We next examine to what extent the organogel swells (or shrinks) as we transition it to its 

final aerogel form via the intermediate hydrogel state, by measuring its density at each stage. Such 

information is important to understand the underlying structural changes a material undergoes 

during aerogel formation, an area in which very little work exists. Table 3.1 shows the densities 

of the organogel, hydrogel and aerogel together with the aerogel pore volume which are further 

depicted in Figure 3.4a. The organogel and hydrogel densities were calculated by assuming that 

all the liquid was replaced with air without changing the volume of the gel.  

 

Table 3.1: Density values and aerogel pore volume 

 2% 4% 6% 8% 

Organogel density (mg/ml) 20.0 40.3 60.7 81.4 

Hydrogel density (mg/ml) -- 19.3 ±1.6 50.8 ± 1.2 93.3 ± 2.1 

Aerogel density (mg/ml) 4.3 ± 0.7 23.4 ± 1.0 77.2 ± 1.6 110.2 ±1.2 

Aerogel pore volume (%) 99.7 ± 0.1 98.2 ± 0.1 94.1 ± 0.1 91.2 ± 0.1 

 

Several features are evident from the data. First, the bulk densities of the 2 % and 4 % 

aerogels are much lower than the calculated organogel density, unlike that for the 6 % and 8 % 

aerogels. The smaller density is likely due to extensive swelling of the gels during gradual solvent 

exchange with water, along with small shrinkage during freeze drying. Second, we find (Figure 

3.4a) that the 4 % hydrogel does not exhibit appreciable shrinkage during freeze drying, as 

indicated from a very small increase in the aerogel density from hydrogel density. In contrast, the 

6 % and 8% hydrogels exhibits a large shrinkage during freeze drying. Third, the 8 % CDA gels 

seem to shrink during solvent exchange (whereas the 2, 4 and 6 % gels swell during the solvent 

exchange). This observation is consistent with the strong intermolecular hydrogen bonding 

exhibited by cellulose diacetate, which is expected to be stronger at the high CDA concentration 
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that limits solvent penetration. Finally, due to its extensive swelling, the 2 % aerogel is ultra-light 

and highly porous (density of 4.3 mg/ml and pore volume of 99.7%, Figure 3.4b). This is one of 

the lightest reported cellulose based aerogels (see Table A3.1 for comparison).  

The morphology of the aerogels were examined using SEM. The radial cross-section of 4 

% aerogels show irregularly-shaped pores formed by film-like walls of assembled CDA (SEM 

image in Figure 3.4c, inset). The image reveals that the pore size is dictated by the rate of 

freezing.22 Water in the hydrogels nucleate forming ice crystals that squeeze out the cross-linked 

cellulose diacetate polymer and compress them into thin walls. The crystals then sublime during 

the drying process leaving behind cylindrical pores with an average diameter of 50 μm. The CDA 

aerogels exhibit a low BET surface area (3.4 m2/g) as compared to aerogels obtained from other 

cellulosic sources likely due to the large pore size of the aerogels. Figure A3.1 shows the N2 

adsorption-desorption isotherm for the aerogel along with the pores size distribution in the inset. 

The lack of any distinct peak below 500 Å indicates lack of micro or meso porosity. Assuming 

that the CDA aerogel is composed of cylindrical macropores, with a diameter range of 50-100 μm 

running throughout the aerogel along the radial axis, and the wall thickness of 1 μm (Figure A3.2), 

we calculate the surface area to be in the range of 1.6-3.2 m2/g, which agrees well with the value 

measured by N2 adsorption. This agreement further supports the lack of micro porosity in the 

aerogel.  

The porous morphology, including thin-walled structures observed in the cross-linked 

CDA aerogels results in highly compressible systems (see compressive stress-strain curve of 4 

w/v% CDA aerogel, Figure 3.4c). Cross-linking a gel with relatively high polymer concentration 

gives an aerogel with a maximum compressive strength of 350 kPa, which is larger than the values 

reported for cellulosic aerogels (see Table A3.2). In contrast to the brittle behavior of silica 
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aerogels29, the 4 % CDA aerogel exhibits a high compression strain (92 %) without failure. The 

high compression strains are generally comparable to carbon nanofiber aerogels and are higher 

than those of cellulosic aerogels reported in the literature.12,30–33 Interestingly, the 4 % aerogel does 

not exhibit any yielding, suggesting that the relatively high concentrations of CDA used during 

synthesis (4 w/v%), renders strength and high compressibility to the aerogel.  

Given the high pore volume and closed cell morphology, the CDA aerogels are expected 

to perform ideally for liquid uptake, as confirmed experimentally (Figure 3.4d) for oil and water 

uptake. The 2 % aerogels showed the highest water sorption of 92 and 112 g/g of aerogel 

respectively, although capillary forces caused their collapse during evaporation. The 4, 6 and 8 % 

CDA aerogels, however, were strong enough to sustain the capillary forces. The liquid uptake 

recorded for CDA aerogels in this study is comparable to the liquid uptake reported for 

nanocellulose aerogels (see Table A3.1 and references therein).  
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Figure 3.4: a) Comparison of measured and calculated density of organogels and hydrogels assuming that 

all solvent was replaced with air while keeping the size of the gel. The data for 2% hydrogel density is not 

reported because the high swelling of the respective organogel during solvent exchange made the hydrogel 

fragile for handling during measurements, b) image of the 2% aerogel (density 4.3 mg/ml) on a dandelion 

leaf, c) Compressive stress-strain profile for 4% aerogels with the maximum compressive stress of 350 kPa 

and maximum strain of 92%. It is to be noted that the desired shape of the 2% aerogel was difficult to 

synthesize due to breakage of the gel during the sequential solvent exchange process. Hence, compression 

testing of 2% aerogel was not performed. Along the same lines, due to the relatively high concentration of 

polymer in 6 and 8 % CDA gels, the final aerogel product for these gels have unavoidable artifacts during 

solvent exchange and freezing step. The stress-strain curve for the 6% and 8% aerogels are not reported 

here. However, we found that both the 6% and 8% aerogels consistently yielded below 30% strain (Figure 

A3.3). Inset SEM image shows the radial cross-section of 4% CDA aerogel, and d) water uptake and 

kerosene oil uptake (g/g of aerogel) as exhibited by the different aerogels. 
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Figure A3.4 shows the liquid uptake (oil and water) relative to the available pore volume. 

The marginally higher water uptake compared to the available pore volume in the 4, 6 and 8% 

aerogels suggests a significant finding in that sorption may takes place in both the pores and on 

the polymer. Moreover, a ratio of oil uptake less than 1, may imply entrapment of air bubbles 

during sorption.  

c) Aerogels from other non-aqueous polymers 

To demonstrate versatility of our aerogel synthesis approach, cellulose acetate propionate 

(CAP) and cellulose acetate butyrate (CAB) aerogels were synthesized. Both these are non-

aqueous polymers where some of the hydroxyl groups are replaced by propionate and butyrate 

functional groups. The SEM images of 4% CAP and CAB aerogel are shown in Figure 3.5a and 

b respectively which exhibits similar honeycomb structure as observed before for CDA aerogel. 

Yet again, we were able to prepare one of the lightest single component polymer aerogels starting 

from a relatively high concentration of 4 w/v%. The density and pore volume of CAP was 

measured to be 13.0 ± 0.9 mg/ml and 99.0 ±0.1% respectively. The density of CAB was slightly 

on the higher side, 27.9 ± 3.2 mg/ml but still 10 times lower than reported for earlier cellulose ester 

based aerogels.23,24 Compared to CDA aerogels, the 4% CAP and CAB aerogel exhibit lower water 

uptake (Figure 3.5c) due to increased hydrophobicity arising from longer carbon chain functional 

groups, namely propionate and butyrate.  The oil uptake is highest for CAP due to largest available 

pore volume, validated from Figure 3.5d where the liquid uptake is normalized with available 

pore volume and for oil uptake the ratio is ~0.8 for all three types of aerogels.  The similar 

morphological and bulk characteristics of CAP and CAB aerogels to CDA aerogels suggests that 

the mechanical properties of CAP and CAB aerogels will not be much different from that of CDA 

aerogels. Hence, they were not measured.   
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Figure 3.5: SEM images of 4% a) cellulose acetate propionate (CAP) and, b) cellulose acetate butyrate 

(CAB) aerogel. Inset shows camera images of the respective aerogels. c) Water and oil uptake by the three 

types of aerogels. d) Liquid volume uptake normalized with the available pore volume per gram of the 

aerogel for all three aerogels. 

 

3.4.2 Aerogel synthesis via Critical Point Drying (CPD) 

Figure 3.6a shows the camera image of organogel and the corresponding aerogel obtained 

from CPD. We observe that a translucent gel turns opaque after transitioning to aerogel. The reason 

for this transition is discussed later. The density of these aerogels is surprisingly uniform with 

varying CDA concentration, ranging from 65- 75 mg/ml (Figure 3.6b), which is 4 times as high 

when compared to the density of aerogel as obtained from FD. On the contrary, the 8% aerogel 

from FD has higher density compared to the aerogel obtained from CPD. The density of 6% 
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aerogel from both the procedure was almost similar. This indicates that the 4% gel undergoes large 

shrinkage than 8% gel during CPD. There could be two possible reasons for high shrinkage during 

CPD. First, incomplete removal of acetone can cause structural collapse during venting of CO2 in 

supercritical state, and second, organogel shrinkage during solvent exchange with liquid CO2. To 

test first hypothesis, different samples of aerogel were made from increasing the cycles of liquid 

CO2 exchanges. The density of the aerogel obtained from 1 cm3 of 4% CA gel is shown in Figure 

3.6c. The red data shows the organogel density (the hypothetical density if there was no gel 

shrinkage), whereas the black data shows aerogel density. The uniform density across all cycles of 

CO2 exchanges proves that the aerogel shrinkage is not due to incomplete removal of acetone. 

Additionally, we can confirm that 10 cycles of liquid CO2 exchange is enough to completely dry 

1 cm3 of organogel.  
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Figure 3.6: a) image of the precursor gel (left) and aerogel (right), b) density of aerogel as obtained from 

Critical Point Drying (CPD) compared to the aerogel obtained from Freeze Drying (FD), c) density of 

aerogel obtained from CPD after different cycles of solvent exchanges with liquid CO2. The red data points 

is the organogel density, d) RED value of cellulose acetate w.r.t liquid CO2 as a function of pressure. 

 

To explore the second hypothesis of gel shrinkage during the solvent exchange with liquid 

CO2, we invoke the idea of Hansen solubility parameters. The RED value much greater than 1 will 

confirm that liquid CO2 is not the “good solvent” for CDA, which causes gel shrinkage during 

solvent exchange with liquid CO2. The Hansen solubility parameters (δd, δp, δh) of the liquid CO2 

are calculated using the following equations:  

δdref

δd
= (

Vref

V
)

−1.25

                         ---Equation 3.4 
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δpref

δp
= (

Vref

V
)

−0.5

                         ---Equation 3.5 

 

δhref

δh
= exp [−1.32x10−3(Tref − T) − ln (

Vref

V
)

0.5

]                       ---Equation 3.6 

The reference values of liquid CO2 are listed in the Table 3.2. 

 

Table 3.2: The reference values of the liquid CO2 used to calculate the Hansen solubility parameters from 

the Equations 3.4-3.6 

δdref (MPa1/2) δpref (MPa1/2) δhref (MPa1/2) Vref (cm3/mol) Tref (K) 

15.6 5.2 5.8 39.13 298.15 

 

The RED values of CDA with respect to liquid CO2 for different pressures was calculated 

using Equation 1.5 and the resulting graph is shown in Figure 3.6d, which demonstrates that RED 

gets close to 1 around 700 bar pressure, indicating that the liquid CO2 may become “good solvent” 

for CDA at such pressure. It is expected that if the critical point dryer were to run at 700 bar, we 

could expect CA translucent aerogel with much lower density. The operating pressure in the 

critical point dryer is around 56 bar. At such pressure, the RED is close to 5. Therefore, we see a 

large shrinkage in the gel during solvent exchange with liquid CO2 along with high aggregation 

inducing opaque nature to the aerogel.  

Figure 3.7a shows the SEM images of the aerogel cross-section shows an open porous 

aggregated structure as seen in case of spinodal decomposition.34 This further agrees to the theory 

of gel shrinkage that causes aggregation of polymer chains during the solvent exchange with liquid 

CO2. Figure 3.7b shows the N2 adsorption-desorption isotherm for these aerogels. The isotherm 

identifies as Type V category isotherm as classified by IUPAC convention and the hysteresis 

indicates mesoporosity in the aerogel.35 The pore size distribution curve in the inset of Figure 3.7b 
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further confirms the mesoporous structure of the aerogel with pore size in the range of 20-50 nm. 

The BET surface area obtained from the low relative pressure range of the isotherm (0- 0.3) is 263 

m2/g, which is approximately 300 times higher than the CDA aerogels obtained from freeze drying. 

 

Figure 3.7: a) SEM image of the cross-section of 4% CDA aerogel synthesized via CPD (scale bar is 0.5 

μm), c) N2 adsorption and desorption isotherm obtained for 4% CDA aerogel prepared from critical point 

drying. Inset shows the pore size distribution derived from desorption isotherm by Barrett-Joyner-Halenda 

(BJH) method.   

 

3.5 Conclusions 

In this chapter, we laid out the synthesis procedure for aerogels using freeze drying and 

critical point drying. While exploring a way to make light-weight single component aerogels from 

polymers, we developed a versatile method to synthesize aerogel from a non-aqueous polymer and 

demonstrated the idea with cellulose esters. A unique combination of chemical crosslinking, 

solvent exchange and freeze-drying process was used to produce ultralight (4.3 mg/ml) and highly 

porous (99.7 %) cellulose diacetate aerogels for the first time. A low density cellulose ester aerogel 

(< 30 mg/ml) was easily synthesized even with a relatively high starting concentration of the 
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polymer (4 w/v%). The honeycomb morphology achieved during ice-templating provided the 

aerogels high compressive strength (up to 350 kPa) and maximum strain of about 92%.  

Additionally, the critical point drying method using supercritical CO2 was also investigated 

using CDA organogels. Even though such aerogels have relatively high density, 4 times high 

compared to the aerogels obtained from freeze drying, the critical point dried aerogels 

demonstrated mesoporous structure with BET surface area of 263 m2/g, which is approximately 

300 times higher than the freeze-dried aerogel of CDA. 
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Chapter 4: Versatile Recipe for Aerogel Synthesis with Tunable Mechanical 

Properties 

 

4.1 Abstract 

We introduce a generalized approach to synthesize aerogels that allows remarkable control 

over its mechanical properties. The Hansen solubility parameters are used to predict and regulate 

the swelling properties of the precursor gels and, consequently, to achieve aerogels with tailored 

density and mechanical properties. As a demonstration, crosslinked organogels were synthesized 

from cellulose esters to generate aerogels. By determination of Hansen’s Relative Energy 

Difference, it was possible to overcome the limitations of current approaches that solely rely on 

the choice of precursor polymer concentration to achieve a set of aerogel properties. Hence, from 

a given concentration, aerogels were produced in a range of mass densities, from 25 to 113 mg/cm3. 

Consequently, it was possible to tailor the stiffness, toughness and compressive strength of the 

aerogels, in the ranges between 14-340, 4-103 and 22-373 kPa, respectively. Additionally, 

unidirectional freeze-drying introduced pore alignment in aerogels with honeycomb morphologies 

and anisotropy. Interestingly, when the swelling of the polymeric gel was arrested in a non-

equilibrium state, it was possible to gain additional control of the property space. The proposed 

method is a novel and generic solution to achieving full control of aerogel development, which up 

to now has been an intractable challenge. 

4.2 Introduction 

4.2.1 In context to the dissertation 

In Chapter 3 of this dissertation, we laid down the basic framework for aerogel synthesis 

using two approaches: freeze drying and critical point drying. During the course of study, we 

realized that using the freeze-drying approach we can synthesize aerogels from non-aqueous 
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polymers with densities lower than the calculated density (organogel density), which motivated us 

to explore the idea of tailoring the density and consequently, the mechanical properties of aerogel 

without changing the precursor concentration. Hence, in this chapter, we modify the properties of 

the aerogel by tuning the swelling ratio of the precedent polymer hydrogel utilizing the concepts 

of Hansen Solubility Parameters. 

4.2.2 Need and Challenges for aerogels with tailorable mechanical properties 

Since the introduction of aerogels in 19311, they have been synthesized from a variety of 

sources that include inorganic materials2, synthetic polymers3, biopolymers4 and carbons5; they 

have been recognized as promising systems for a plethora of applications, including membrane 

separation6, catalysis7, thermal and acoustic insulation8, flame resistance9 and sorption.10 They are 

also used in fabrication of advanced materials such as supercapacitors11, cosmic dust collectors12, 

drug delivery devices13, photonics14, optics15 and mechanical energy absorbers.16 Most of the 

applications cited require aerogels with high pore volume and low density along with high 

mechanical performance.  

Aerogels are often produced from organogel precursors made by combining inorganic 

silica nanoparticles with suitable organic solvents.  However these aerogels contain inherently 

weak interlinks within their structure that lead to overall poor mechanical performance.17 Making 

aerogels from inorganic-organic composites has been offered as a solution for these limitations.18 

An attractive approach to make aerogels is the use of nano-materials such as nanocellulose19 and 

carbon nanotubes,20 which are not solubilized but dispersed in appropriate media and have shown 

good mechanical stability, mainly due to presence of physical entanglements that provide ample 

contact points.  However, chemical cross-linking is often needed for such nano-materials, as 

demonstrated by Yang et al.21, for cellulose nanocrystals, Zhang et al.22, for cellulose nano/micro 
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fibrils and Zou et al.23, in case of carbon nanotube aerogels. Additionally, conventional polymers 

such as polyurea3 and polyimide24,25 have been used to form chemically cross-linked aerogels. 

These aerogels displayed impressive mechanical strength. However, despite such advancements, 

there is still a major need to systematically tailor the mechanical properties of polymeric aerogels. 

As a result, attempts have been made to control the density and pore volume of polymeric aerogels, 

mainly by changing the concentration of the precursor polymer.16,26–28 However, this cannot be 

universally applied, and in some cases, it is not practical. For example, a low polymer 

concentration can result in aerogels of low density but display a limited number of chain-

interactions, compromising the mechanical performance of the aerogel. Herein, we introduce a 

novel approach to address these issues: while keeping a given polymer concentration, the swelling 

state of precursor organogel is systematically controlled, which in turn defines the strength-to-

weight ratio of the ensuing aerogel.  

4.2.3 Hypothesis to overcome the design challenge 

We hypothesize that solvent exchange for the aerogels produced during freeze-drying can 

provide novel routes to create aerogels with a better control over their mechanical properties. The 

solvent exchange leads to either gel swelling or shrinking.  Systematically choosing the exchange 

solvent and conditions can control the organogel volume change. By controlling organogel 

swelling and shrinkage, we can tailor the density of the resulting aerogel and consequently, its 

mechanical properties.  

The main premise of this study is to understand the involved phenomenon that can facilitate 

the prediction and control of swelling/shrinking behavior of the precursor organogel. Thus, we 

performed a systematic analysis based on the Hansen solubility parameter, relevant to swelling 

and shrinkage of organogels during solvent exchange. The Hansen solubility parameter approach 
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is a relatively simple approach that accounts for polar and hydrogen bonding interactions, which 

are very common in the polymers of interest. In addition, the Hansen solubility parameter approach 

affords prediction capability in multicomponent systems29.  

As a proof-of-concept, we explore this method using cellulose acetate.  Cellulose acetate 

is a biopolymer, derived from cellulose, that exhibits polar and hydrogen bonding interactions. It 

also displays good wet strength, which is a great limitation for traditional cellulosic materials.30 

The very limited work available on cellulose acetate aerogels reports low pore volume (41 %) and 

high density (0.85 g/cm3) materials after synthesis via supercritical drying.27,31 In our previous 

Chapter, we synthesized ultra-light aerogels from cellulose acetate of density as low as 0.004 

g/cm3. Herein, we build on that study to introduce a simple, systematic and general approach based 

on the selection of solvency (as defined by the solubility parameter) to tune swelling state of the 

resulting organogel thereby providing a means to control morphology and properties of the as-

produced organic aerogel product. 

Therefore, through this study, we uniquely demonstrate that combining rational solvent 

exchange with freeze-drying can enable synthesis of aerogels with more favorable properties than 

those made by more traditional routes. 

4.3 Experimental Section 

4.3.1 Materials 

Cellulose acetate (CA) flakes provided by Eastman Chemical Co. with degree of 

substitution of 2.45 and acetyl content of 39.7% and were used as received. Reagent grade acetone 

(99.5%), triethyl amine (TEA) and the cross-linking agent 1,2,4,5-benzenetetracarboxylic acid 

(Pyromelletic Dianhydride, PMDA) were purchased from Sigma Aldrich. Deionized (DI) water 

with pH 6.74 was used. Liquid N2 cylinder was bought from Airgas (NC).  
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4.3.2 Organogel synthesis 

Cellulose acetate (CA) gels were synthesized from a homogeneous solution of 4 wt% CA 

in acetone was formed by stirring in a 100 ml Pyrex bottle for 24 hours. Based on the assumption 

that one PMDA molecule reacts with two hydroxyl groups on different CA chains, a CA: PMDA 

molar ratio of 2:1 is expected for complete cross-linking. In the present study a CA: PMDA molar 

ratio of 8:1 was used. The molecular weight of one unit of CA with degree of substitution 2.45 

was calculated as 264.6 g/mol. To obtain the gel (organogel) in acetone, the CA solution was 

stirred with PMDA cross-linker for approximately 5 h to ensure complete dissolution. The catalyst 

(triethyl amine, TEA), 0.05 vol%, was added to the previous solution while stirring for another 30 

s. A 10 ml of the solution was then transferred to a cylindrical mold and allowed to set into an 

elastic gel for 24 h.  

4.3.3 Solvent exchange and swelling 

The organogel was cut into cuboidal shape of 1 x 0.8 x 0.5 cm. In order to investigate the 

effect of solvency on gel swelling, acetone volume fractions (AVF) of 1, 0.9, 0.75, 0.5, 0.25 and 

0 were used as media for immersion (48 h). The effect of solvent exchange time on gel swelling 

behavior was accessed for organogels with 0.9 AVF; the organogels were sampled at 4, 12, 24 and 

48 h intervals.  

The volume of the gels was measured via volume displacement method, where the gel was 

carefully placed in a glass cylinder filled with known solvent and the change in height of the 

solvent was measured via a Vernier caliper. The volumetric swelling/shrinking is reported by 

normalizing the volume of the organogel at time ‘t’ with respect to the initial volume of the 

organogel (Equation 4.1).  

Volumetric Swelling Ratio = 
𝑉𝑡−𝑉0

𝑉0
                        ---Equation 4.1  
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where, Vt is volume of the gel at time ‘t’ and V0 is the initial volume. 

A total of five experiments were carried out for each solvent concentration and each time 

interval. The average values of swelling along with the standard deviation are reported. The 

resulting organogels were immersed for 72 h in DI water, which was replaced every 24 h. 

Thereafter, the obtained gels in water are referred to as hydrogels. The gels are abbreviated as fA, 

where, ‘f’ is the AVF of the solvent in which the organogel was immersed. For example, 0.9A 

indicates a gel that resulted from immersion of the organogel in a solvent with AVF = 0.9. 

4.3.4 Aerogel synthesis 

The respective hydrogels were frozen directionally to ensure pore alignment. This was 

achieved using a computer-controlled temperature base plate (Linkam LTS350) using cooling with 

liquid N2 and electrically heated coils to maintain the temperature at -800C. The frozen hydrogel 

were then transferred to a lyophilizer (Labconco FreeZone 2.5 Freeze Dryer) operating at -53 0C 

and 0.113 mbar, which is below the triple point of water.32 The frozen hydrogels were dried for 

~24 h to give the CA aerogel. The label given to the aerogels use an abbreviation according to the 

immersion solvent (solvent exchange) for the corresponding organogel. For example, an aerogel 

prepared after immersing organogel in 90 vol.% acetone (AVF = 0.9) is referred to as “0.9A”. 

4.3.5 Characterization 

a) Density and Pore Volume 

Aerogel density (ρa) was calculated by measuring its mass and volume. The mass was 

measured by an analytical balance, Fisher Scientific Accu-225D, which has least count of 0.1 mg. 

The volume was determined by measuring the dimensions using a digital Vernier caliper. Average 

density is reported after 5 measurements for 3 different aerogels. The % pore volume of the 

aerogels was calculated using Equation 4.2: 
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−=                           ---Equation 4.2  

where, ρa is bulk density of aerogel ρCA is bulk density of CA flakes (1.3 g/cc).33 

b) Turbidity measurements 

Turbidity was measured by using a Thermo Scientific turbidity meter (OrionTM AQ4500). 

The instrument was calibrated using 5 USEPA approved primary calibration standards. The 

samples were measured in transmittance mode. The values are reported in turbidity units (NTU). 

c) Scanning Electron Microscopy (SEM) 

The imaging was performed with a Field Emission Scanning Electron Microscope 

(FESEM), FEI Verios 460L. The aerogels were fractured under liquid N2 using a sharp clean blade 

to image the in-pane and out-of-plane cross-sections. The samples were fixed on the metal stub 

using a double-sided carbon tape. The as prepared SEM samples were coated with a 5-nm layer of 

gold and platinum to capture secondary electrons from the surface and to reducing charging. 

d) Mechanical Compression testing 

The compressive stress-strain profiles were obtained via Instron Series IX using a 

compressive load of 0.5 N that was lowered at the rate of 5mm/min. The aerogels were compressed 

in-plane (parallel to freezing direction) and out-of-plane (perpendicular to freezing direction) 

directions. The compression modulus was obtained as the slope of initial linear region (at 1% 

strain). The energy of absorption (related to toughness) was calculated as the area under the curve, 

from 0 to 70% strain. The compressive strength was reported as the stress obtained at 70% strain 

and the densification strain was found as the x-intercept of the tangent from the densification 

region. Prior to compression testing, the aerogels were equilibrated for at least 48 h in a room 

under controlled relative humidity of 50%. 
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4.4 Results and Discussion 

For this study, organogels are formed using cellulose acetate (CA) in acetone, followed by 

solvent exchange in a mixture of acetone and water and freeze-drying to achieve the final aerogel 

product.  To understand the effect of the mixture of acetone-water solvent on the organogel during 

solvent exchange, we first describe how the Hansen solubility parameters affect the swelling of 

cellulose acetate.   Following that analysis, we discuss the effect of swelling/shrinkage on the 

morphological and mechanical properties of the resulting aerogels, including an analysis of the 

formation of freeze-dried aerogels via unidirectional freezing to isolate the effect of freezing on 

the mechanical properties of the aerogel. Finally, we elaborate on the role of solvent exchange on 

aerogel properties by evaluating the effect of arresting the organogel swelling in a non-equilibrium 

state during solvent exchange.  

4.4.1 Gel swelling 

The Hansen solubility parameters provide a quantifiable guide to determine solubility of 

one material into another.  In this study, we use the Hansen solubility method to understand 

solubility of cellulose acetate (CA), with acetyl content of 39.7%, in acetone/water solvent 

mixtures. A general concept of Hansen solubility parameter is described in the Chapter 1 of this 

dissertation. Briefly, the Hansen solubility parameter accounts for dispersion (δd), the polar (δp) 

and hydrogen bonding (δh) that arise, respectively, from van der Waals, dipole and hydrogen 

bonding interactions. These three components, the Hansen solubility parameters (HSP), can be 

factored in or calculated as Ra, Equation 4.3: 

( ) ( ) ( )( )2

2

2

1

2

2

2

1

2

2

2

14 ppppddRa  −+−+−=                                                          …Equation 4.3 

where, Ra is the difference between the HSP of a solvent (1) and a polymer (2). The constant 4 is 

from an empirical correlation. The solubility of the polymer in a solvent maintained if Ra < R0, 
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where R0 is defined as the “interaction radius” of the polymer, which is measured experimentally.29 

A Relative Energy Difference (RED) is defined as Ra/R0. A value of RED < 1 implies good 

solubility for the polymer in the given solvent.  

For cellulose acetate in acetone/water mixtures, the values of the respective HSPs and R0 

of the polymer is displayed in Table 4.1. The values for CA, water and acetone are determined 

experimentally elsewhere29. 

 

Table 4.1: Hansen solubility parameters (HSP) corresponding to the polymer (cellulose acetate, CA) and 

the solvents (mixtures of water and CA).29 AVF is the Acetone Volume Fraction in water. 

 
δd 

(MPa)1/2 

δp 

(MPa)1/2 

δh 

(MPa)1/2 

R0 

(MPa)1/2 

CA 18.6 12.7 11.0 7.6 

1.0 AVF (Acetone) 15.5 10.4 7.0 -- 

0.9 AVF 15.5 10.9 10.2 -- 

0.75 AVF 15.5 11.8 15.8 -- 

0.5 AVF 15.6 13.2 24.7 -- 

0.25 AVF 15.6 14.6 33.5 -- 

0 AVF (Water) 15.6 16.0 42.3 -- 

 

The HSPs of the solvent blend consisting of small molecules, such as acetone and water, 

can be calculated by simple rule of mixing. Figure 4.1a shows the RED as a function of acetone 

volume fraction (AVF) in the solvent blend. It is evident from the graph that the blend with 0.9 

AVF is theoretically the best solvent for CA. This claim is corroborated experimentally from 

turbidity analysis of the CA solutions (4 and 8 wt%) in solvent blends of AVF 1, 0.9 and 0.75. As 

can be seen from Figure 4.1b, the CA solution in 0.9 AVF exhibits the lowest turbidity. The 

corresponding images of the solutions are also shown in Figure 4.1b. 
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Figure 4.1: a) Relative energy difference (RED) between CA and the solvent blend of acetone and water. 

b) Turbidity measurement of the 4 and 8 wt% CA solutions in acetone/water solvent. The turbidity (NTU) 

value for 8 wt% CA in 0.75 AVF was out of the instrument limit, i.e., 10,000NTU. Images show solution 

of CA in solvent blends with of different AVFs, represented in the image. Note a drastic increase in turbidly 

in water-rich solvents, at AVFs of <90%. 

 

This understanding of the behavior of CA polymer in the solvent blend of acetone/water 

can be used to tune the swelling behavior of CA gels.  The analysis indicates that CA gel must 

exhibit maximum swelling in the best solvent (0.9 AVF) due to relaxation of the polymer chains. 

As can be seen in Table A4.1, the polar and hydrogen bonding component is critical in defining 

the interaction between the solvent and CA. In addition to a minimum value of the polar component 

(>5 MPa1/2), the hydrogen bonding component of the solvent must be similar to that of CA. 

Therefore, on addition of 10 % water, the hydrogen bonding component of the blend becomes 

similar to that of CA, allowing the 10% blend (AVF = 0.9) to become ¨better¨ solvent for CA.  

The CA gel or organogel was formed by dissolving CA in anhydrous acetone along with 

the pyromellitic dianhydride cross-linker. The cross-linking reaction was catalyzed by 

triethylamine. Note that the swelling of gels also depends on the cross-linking density. Here, the 
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cross-linking density was kept constant to isolate the effect of solvent composition (see 

experimental section for details). The CA gels were cut in cuboidal shapes and immersed in the 

mixture of acetone and water with known AVF. The volumetric swelling ratio was measured, and 

result are given in Figure 4.2a. The maximum swelling predicted for CA organogel from HSP is 

at 0.9 AVF. However, the swelling exhibits a maximum at AVF between 0.75 and 0.9. The 

observed range of AVF instead of a fixed value, as predicted from HSP, is most likely due to the 

chemical cross-linking of CA, which may cause a slight shift in the “good solvent” concentration 

for CA organogels. As expected from the Hansen solubility parameters, solvent blends below 0.5 

AVF are poor solvents for CA and they do not show any appreciable swelling.    

The obtained organogels were then immersed in DI water for 72 h and the DI water was 

replaced two times in between to remove excess acetone. The as obtained gels are termed 

hydrogels. Interestingly, even after immersing the swelled organogels in the poor solvent (water), 

they did not shrink back to the original state; in fact, they equilibrated at a given final swelling 

ratio, Figure 4.2b. The final swelling ratio ranges from 2.7 to 1.4 for AVF of 0.75 to 1. The 

organogel in 0.5 AVF did not show any further shrinkage after immersing in water. The fact that 

the swelled organogel did not revert to its original volume or shrunk further when immersed in a 

poor solvent can be explained by the elastic behavior of the cross-linked networks and presence of 

hydroxyl groups on cellulose backbone.  

We hypothesize that the elastic network behaves as illustrated schematically in Figure 

4.2c. The chains drawn in solid lines denote the CA polymer while the lighter, red lines denote 

cross-links. The (blue) dots represent water molecules and the grey and blue represent acetone and 

water respectively. Immersing organogel in a good solvent blend (0.9 AVF, middle image in 

Figure 4.2c) causes swelling and allows water molecules to seep into the network along with 



   

108 

 

acetone. These water molecules may hydrolyze some of the ester bonds, thus reducing the 

elasticity of the cross-linked network34. Upon immersing swelled organogels in a poor solvent 

(AVF=0, right image in Figure 4.2c) for a certain period, the acetone molecules diffuse out while 

the water molecules remain trapped inside, due to hydrogen bonding interactions with the hydroxyl 

groups of CA polymer chains.  

 

Figure 4.2: a) Swelling behavior of cross-linked organogels as a function of the acetone volume fraction 

(AVF) in the solvent. b) Equilibrium volumetric swelling ratio after exchange with water. c) Schematic 

illustration of the swelling of cross-linked CA gels (color code: black chains-CA polymer; red dash- cross-

links; blue dots-water molecules; grey- acetone and blue- water).  Hydrolysis of ester bonds is expected 

when the organogel comes in contact with water, resulting in irreversible swelling of the gel, termed here 

“hydrogel” (from the swelled organogel to the hydrogel, as indicated by the size of the image). 
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The hydrolysis of ester bonds should cause weakening of the elastic network that can be 

qualitatively correlated with lowering of elastic modulus (G’) of the resulting hydrogel. To test 

this hypothesis, three hydrogel samples were prepared by immersing the organogel for 4, 12 and 

24 h in solvent of AVF=0.9 followed by immersion in water for 72 h and rheological testing.  The 

rheology tests involved performing a frequency sweep (1-100 rad/s) on the resulting hydrogels 

using a serrated flat plate geometry.  This test provides values of G’ which is the measure of elastic 

modulus of the hydrogel. If the hydrolysis is ester bonds is occurring, then it is predicted that 

organogel immersed for longer period (24 h) will have the lowest elastic modulus (G’). The result 

shown in Figure A4.1, indicates a three-fold decrease in G’ upon increasing the immersion time 

for the gel, from 4 to 24 h, thereby lending credence to our premise.  

It should be noted that even though cellulose acetate was chosen as the model polymer, the 

illustrated concept of controlling polymer swelling via Hanson Solubility Parameter analysis can 

be easily extended to other polymers. Upon identification of the interaction radius R0 of the 

polymer, suitable solvents or solvent mixtures can be chosen based on their solubility parameter 

(δd, δp, δH), that either swell or shrink the gel relative to their position on the Hansen sphere. For 

example, Diehn et al.35, used HSP approach to predict a priori, the self-assembly of 1,3,2,4-

dibenzylidene sorbitol in presence of various solvents with different HSPs and their distance from 

R0. 

4.4.2 Aerogel Synthesis and properties 

For our studies, we use nomenclature to identify the aerogels produced in different solvent 

exchange conditions. For example, an aerogel obtained from the gel that was solvent-exchanged 

in AVF = 0.9 is referred to as “0.9A”. In general, it can be expected that the mechanical properties 

of such aerogels depend on the pore structure that includes pore volume and alignment as well as 
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inherent wall thickness. It has been shown that that freezing conditions strongly affects the pore 

structure of the resulting aerogel.36,37 Therefore, to isolate the effect of freezing conditions on the 

mechanical properties of the aerogels, unidirectional freezing was performed to produce uniform 

pore alignment and structure. The procedure and setup is shown in Figure 4.3a,b. The hydrogel 

was placed on a copper plate that was kept at a constant temperature of -80 0C. The other faces of 

the hydrogel were kept open to atmosphere at 25 0C. The frozen hydrogel was freeze dried at -56 

0C and 0.113 mbar, to give the aerogel as shown in the inset of Figure 4.3b. The out-of-plane 

(cross-section perpendicular to the freezing direction) and in-plane (cross-section along the 

freezing direction) view of SEM micrographs of CA aerogels are presented in Figure 4.3c,d, 

respectively. The out-of-plane view of CA aerogel (Figure 4.3c) exhibits a honey-comb structure 

with cell sizes ranging from 50 to 100 μm. The closed pore structure resembles a morphology that 

is reminiscent of sublimated ice crystals. Since the growth rate of ice crystals is highly anisotropic 

in one direction, the CA polymer is forced to align along the solidification front. The CA polymer 

becomes concentrated and squeezed on to the crystal boundaries giving the shown highly ordered 

honeycomb structure. The inset in Figure 4.3c shows the magnified SEM image of the out-of-

plane view. The in-plane view, Figure 4.3d, exhibits a directionality in the pores. Most of the CA 

polymer was aligned in the direction of ice crystal growth and no honeycomb structure was 

observed in this view. Similar pore alignment with honeycomb structure has been observed for 

directional freezing of cellulose nanowhisker foams38 and a composite foam based on 

nanocellulose and graphene oxide39.  However, the pore structure is not limited to columnar 

geometries. Chau et al.40, for example, demonstrated fibrillar and lamellar morphology, in addition 

of honeycomb-like columnar systems, during directional freezing of hydrazone crosslinked 

CNC/POEGMA aerogels. 
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It should be noted that the immersion of CA gel into water (i.e. a poor solvent according to 

HSP) may cause phase separation, leading to hierarchical porosity with pore sizes of < 1μm. 

However, results show only large pores, 50-100 μm in size, formed between the non-porous walls. 

We believe that phase separated structures of CA, if any, were eliminated during the freezing step, 

possibly by being compressed into thin walls of the polymer during slow freezing of water. To 

confirm this idea, we performed cryo-SEM of a hydrogel prepared from solvent exchange in AVF 

= 0.9. During sample preparation for cryo-SEM, the hydrogel was frozen rapidly in liquid nitrogen 

to prevent sample destruction by volume expansion of ice. This was followed by sublimation of 

ice, coating with gold and imaging of the sample. The obtained SEM image shown in Figure A4.2 

a,b demonstrate CA arrangement in honey-comb patterns, as observed before. Magnification of a 

small section of Figure A4.2b, where sample destruction was prevented by rapid freezing, 

indicates a phase-separated CA polymer structure (Figure A4.2c), as predicted. The final 

properties of the dried aerogels, however, are mainly affected by their bulk properties, which are 

governed by the macroporous structure obtained upon unidirectional freezing of the hydrogel. 
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Figure 4.3: a) Illustration of unidirectional freezing of hydrogel. b) Image showing the unidirectional 

freezing arrangement. Inset shows the CA aerogel, c) SEM image of out-of-plane view (cross-section 

perpendicular to the freezing direction). Inset shows the magnified SEM image (scale: 100 μm) and, d) 

SEM image of in-plane view (cross-section in direction to the freezing direction). 

 

The CA aerogels produced by solvent exchange and freeze drying were analyzed for their 

structural and mechanical properties. As seen from the Figure 4.4a, aerogels 0.9A and 0.75A have 

minimum density and highest pore volume. The 4 wt% CA hydrogel undergoes minimal shrinkage 

during freeze drying. Hence, the difference in densities and porosities is attributed to the swelling 

behavior of CA organogels when immersed in solvents with various AVF. The organogels 

immersed in 0.9 and 0.75 AVF exhibited maximum swelling, resulting in aerogels with lowest 

densities and highest pore volume. The organogel immersed in 0.5 AVF (poor solvent for CA) did 

not exhibit swelling, which resulted in aggregation of the polymer chains even before freezing, 
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thus producing an aerogel with highest density and lowest pore volume. Figure A4.3 shows SEM 

images of the aerogels 1A-0.5A. The aerogels 1A, 0.9A and 0.75A exhibit a honeycomb pattern 

that spans the entire aerogel. The aerogel 0.5A, on the other hand, shows pores that do not span the 

entire aerogel. 

 

Figure 4.4: a) Density and pore volume (%) of CA aerogels synthesized from hydrogels that were obtained 

after solvent exchange with different acetone volume fractions (AVF). b) Compressive stress-strain curve 

for the CA aerogels. Illustration in the inset shows the compression direction (out-of-plane compression). 

c) SEM images of the pore wall of the aerogels. The wall thickness of aerogels is corresponding to 1.3±0.3 

µm (1A), 0.8±0.1 µm (0.9A), 0.8±0.1 µm (0.75A) and 40±12 µm (0.5A). 

 

The mechanical properties of the aerogel were analyzed by measuring the stress as a 

function of compression strain. Figure 4.4b shows the out-of-plane compressive stress-strain 

curve for the CA aerogels, with the inset demonstrating the experimental schematic. The curves 

resemble compression curves of elastomeric foams, as introduced by Gibson and Ashby.41 The 
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elastomeric foams are characterized by a linear elastic region followed by a plateau region and a 

final densification region. The linear elastic region is controlled by cell wall bending. A small 

linear elastic region is observed (less than 3 % strain) for CA aerogels, which is due to low relative 

density of the aerogels (< 0.09). The aerogels 1A, 0.9A and 0.75A have extremely low relative 

density (0.03 - 0.02), which indicates the presence of thin cell walls and edges, as seen in Figure 

4.4c. The cell wall thickness of aerogels 1A, 0.9A and 0.75A corresponds to 1.3±0.3, 0.8±0.1 and 

0.8±0.1 μm, respectively. Furthermore, a honeycomb pattern of the thin cell walls (Figure A4.3) 

induces a large pore volume and provides an added strength to the aerogel.  

The linear elastic region is followed by an extended plateau region (for aerogels 1A, 0.9A 

and 0.75A, up to 70% strain), which is associated with collapse of the cells walls by elastic 

buckling. The arrangement of thin cell walls in a honeycomb pattern gives an excellent load 

bearing capacity to the aerogel structure and allows aerogels 1A-0.75A to be compressed to large 

strains of more than 80%. A cyclic compression and release for 0.9A aerogels upon increasing 

strain is shown in Figure A4.4. This indicates that the 0.9A aerogel maintains its mechanical 

integrity until 50% strain but a permanent deformation is achieved at 80% strain. Furthermore, the 

same 0.9A aerogel, after being subjected to 80% compression cycles, demonstrated an excellent 

elasticity, when compressed repeatedly, out-of-plane. This is most likely because the structure 

reached an equilibrium state after initial collapse and permanent bending of some cell walls. The 

aerogel 0.5A, in contrast, has a high relative density (0.09), corresponding to the observed thick 

cell walls and edges (40±12 μm). In addition, the honeycomb structure of aerogel 0.5A did not 

span the entire system (Figure A4.3), which generates structural defects exhibited in the form of 

kinks on the stress-strain curve. When the cells are completely collapsed, further strain causes the 

cell walls to touch each other resulting in a sudden rise of stress. This region of densification is 
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very distinct for aerogel 1A-0.75A due to a large pore volume. In contrast, aerogel 0.5A exhibits a 

short plateau region that transitions quickly to the densification region, as explained by its low 

pore volume. 

Generally, the mechanical properties of an aerogel such as compression modulus, 

absorption energy, compressive strength and densification strain is highly dependent on its relative 

density.41 Usually, aerogel density is tailored by varying the polymer content. However, reducing 

the polymer content compromises mechanical performance of the aerogels. Significantly, in this 

study, the density was tuned by controlling the swelling behavior of the precursor CA organogel. 

Using the controlled swelling approach developed here, we find that the density and desired 

mechanical properties of the aerogels be tailored, based on the basic understanding of swelling 

phenomenon.  Moreover, we find that the mechanical integrity of the aerogels can be favorably 

maintained. As can be seen from Table 4.2, the resulting aerogels show a wide range of values for 

aerogel stiffness (compression modulus from 14 to 340 kPa), toughness (absorption energy from 

4 to 103 kPa) and strength (compressive strength from 22 to 373 kPa). A wide range of 

densification strain (35 to 87 %) was also observed. The densification strain gives an indication to 

the compressibility of an aerogel that arises from the large pore volume and elastic pore walls 

arranged in the observed honeycomb pattern. The values imply the flexibility of the proposed 

solvent exchange approach used to synthesize aerogels with a range of comprehensive mechanical 

properties without undergoing any chemical or physical modification.  
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Table 4.2: Mechanical properties of the CA aerogels 

 
1A 0.9A 0.75A 0.5A 

Density, ρa (g/cm3) 0.039 0.025 0.026 0.113 

Pore Volume (%) 97.0 98.1 98.0 91.3 

Relative density (ρa/ρCA) 0.030 0.019 0.020 0.087 

Compression Modulus (kPa) 110 14 32 340 

Absorption Energy (kPa) 18 4 6 103 

Compressive strength (kPa) 71 22 24 373 

Densification strain (%) 78 86 87 35 

 

4.4.3 Introducing Anisotropy in Aerogels 

The pore alignment of the aerogels due to unidirectional freezing endows an anisotropic 

behavior. Figure 4.5 compares the compressive stress vs strain curve of aerogel 0.9A in the two 

main planes, namely out-of-plane and in-plane. The in-plane compression, which is in direction of 

the pore axis, shows a very distinct elastic regime followed by a plateau and densification regime. 

The aerogel exhibits a yielding behavior (at around 15% strain), which is a characteristic of plastic 

foams.41 A similar behavior was observed by Donius et al.42 for anisotropic nanocellulose-

montmorillonite aerogels. When compressed along the axis, the pore walls elastically buckle until 

15% strain and collapse when strained further resulting in a yielding and a constant stress of around 

20 kPa. The out-of-plane view of SEM micrographs of the uncompressed and compressed (out-of-

plane, in-plane) 0.9A aerogel sample is shown in inset of Figure 4.5. The samples were 

compressed up to 85% strain. The out-of-plane compressed image mainly shows pore walls 

bending at the hinges. There are a few pore walls that are cracked under the strain. The in-plane 

compression, in contrast, shows a complete structural collapse with loss of pore morphology. As 

can be seen from the inset images, out-of-plane compression allows aerogels to bounce back 

whereas in-plane compression causes a structural failure, when compressed up to a strain of 85%. 
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The elastic behavior of aerogels upon out-of-plane compression can also be seen in Figure A4.4.  

The compression modulus for in-plane compression is 112 kPa compared to 14 kPa for out-of-

plane compression. The energy of absorption is 14 kPa while compressive strength is 35 kPa for 

in-plane compression, compared to 4 kPa and 22 kPa when the same aerogel is compressed out-

of-plane. The densification strain is 74% for in-plane compression and 86% for out-of-plane 

compression. The data indicate highly anisotropic behavior of these aerogels, which can behave 

as an elastic or plastic foam based on the direction of property measurement. 

 

Figure 4.5: Compressive stress vs strain curves for aerogel 0.9A when compressed in-plane and out-of-

plane. Inset shows out-of-plane SEM micrographs of the aerogel 0.9A when, uncompressed (top left), 

compressed out-of-plane (bottom left) and compressed in-plane (top right). Photos of aerogel samples are 

also shown. 
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4.4.4 Arresting the gels in a non-equilibrium state 

Building on the understanding that the swelling characteristics of a gel influences the 

morphology and mechanical properties of the resulting aerogel, we hypothesized that the swelling 

kinetics of a gel influences its properties.  We therefore analyze the swelling kinetics of the gel 

and how the swelling relates to the properties of the corresponding aerogels. Figure 4.6a shows 

the swelling kinetics of the organogel for a period of 48 h when immersed in 0.9 AVF. The 

organogel reached a maximum swelling ratio of about 6. The values in the inset of Figure 4.6a 

are normalized with the swelling ratio at 48 h, which indicates that the swelling reached an 

equilibrium value at 24 h. This further implies that any appreciable change in the aerogel properties 

is not expected after 24 h of swelling. Shrinking was observed when the swelled gels were 

immersed in pure water, which equilibrated at the volumetric swelling ratio of around 1.5-2.3 

(Figure 4.6b). The density and pore volume of the aerogels synthesized from these hydrogels is 

demonstrated in Figure 4.6c. The density decreases as the solvent exchange time for the organogel 

increases and, consequently, the pore volume of the aerogel increases. This is explained by the 

swelling of the organogel, which increases as a function of time. 
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Figure 4.6: a) Kinetics of volumetric swelling ratio for organogel immersed in 0.9 AVF. Inset has swelling 

ratio normalized with maximum swelling observed at 48 h. b) Swelling ratio measured after immersing in 

water for 72 h. c) Density and pore volume of the aerogels synthesized after varying the solvent exchange 

time. d) Compressive stress vs strain curves for the aerogels obtained after varying solvent exchange time. 

 

The compressive stress vs strain curves generated from out-of-plane compression of the 

aerogels are shown in Figure 4.6d. Similar curves were observed in Figure 4.4b, with short linear 

elastic region and a long plateau region followed by a densification region. It is noteworthy that 

the stress-strain curves for the aerogels obtained after 24 h of solvent exchange did not vary 

significantly. This is most likely due to the extremely low relative density (~0.02) and high pore 

volume (98%) observed for aerogels obtained after 24 h of swelling. The swelling reaches an 

equilibrium within 24 h and hence the corresponding aerogels from 24 and 48 h of swelling have 
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the highest pore volume and lowest relative density, achievable by the solvent exchange approach 

for this polymer concentration. The SEM micrographs of the out-of-plane view for the aerogels 

obtained after varying solvent exchange time is shown in Figure A4.5. All the samples show a 

honeycomb pattern.  

The resulting mechanical properties of the aerogels produced under different swelling 

conditions is listed in Table 4.3. It is evident from the values in the table that the properties of 

aerogels can be conveniently tailored by varying the time for solvent exchange. The compression 

modulus ranges from 13-160 kPa, absorption energy ranges from 4-35 kPa, and the compressive 

strength ranges from 22-151 kPa. A wide densification strain is also observed ranging from 65 to 

88%. This wide latitude of values opens the opportunity to achieve a predetermined aerogel 

mechanical property (stiffness, toughness and strength) by the proposed solvent exchange 

approach. 

 

Table 4.3: Properties of the aerogels obtained after solvent exchange for given time periods 

 
4h 12h 24h 48h 

Density, ρa(g/cm3) 0.049 0.038 0.030 0.025 

Pore Volume (%) 96.2 97.1 97.7 98.1 

Relative density (ρa/ρCA) 0.038 0.029 0.023 0.019 

Compression Modulus (kPa) 160 54 13 14 

Absorption Energy (kPa) 35 10 7 4 

Compressive strength (kPa) 151 40 26 22 

Densification strain (%) 65 82 88 86 

 

We suggest that the approach described in this study can be extended to other polymers or 

even inorganic aerogels, provided a suitable solvent is identified based on the Hansen solubility 

parameters. While this study is focused on freeze dried aerogels, the concept can be expected to 
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be equally applicable for supercritical dried aerogels, upon identifying the interaction of the 

polymer or the inorganic compound with supercritical CO2 based on the HSP of supercritical 

fluids,43 as shown in Chapter 3. 

4.5 Conclusions 

An innovative approach to synthesize ultralight, anisotropic aerogels with tailored 

mechanical properties is demonstrated. The use of the solubility parameter theory to control 

swelling behavior of the gels allowed a remarkable control over the final mechanical performance 

of the aerogels. The solvent exchange approach allowed us to synthesize aerogels with densities 

as low as 0.025 g/cm3 with no need for optimizing the precursor polymer concentration. The 

synthesized aerogels exhibited a wide range of stiffness (14-340 kPa), toughness (4-103 kPa), 

strength (22-373 kPa) and compressibility (35-87 %). Additionally, a unidirectional and controlled 

freezing approach introduced anisotropy in the aerogels inducing both elastic and plastic 

deformations, depending on the loading direction. The morphological and mechanical properties 

of the aerogels can be further tuned by arresting the gels in a non-equilibrium state during solvent 

exchange. By using this approach, aerogels can be achieved with tunable stiffness (13 to 160 kPa), 

toughness (4 to 35 kPa), strength (22 to 151 kPa) and compressibility (65 to 88 %).With impressive 

and tunable mechanical properties along with anisotropy, these aerogels can potentially be used as 

shock absorbers, in thermal and acoustic insulator, among many others. 
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Chapter 5: Aerogel Application in Oil-Spill Cleanup 

 

5.1 Abstract  

The 4% CDA aerogel prepared in previous chapters was rendered hydrophobic and 

oleophilic via chemical vapor deposition with an organo-silane. The modified CDA aerogel 

surpass their counterparts in maintaining their mechanical integrity for fast oil cleanup and 

efficient oil retention from aqueous media under marine conditions. These aerogels are identified 

as reusable and durable for an extended period. The Zisman and Fowkes theoretical frameworks 

are used to identify the selectiveness of the aerogel and establish a criterion for separation of 

various non-polar fluids from water media thereby providing a general platform for predicting the 

sorption ability of the aerogels for various chemicals. 

5.2 Introduction 

5.2.1 In context to the dissertation 

In Chapter 3 we introduced a synthesis approach for aerogels from non-aqueous polymers, 

mainly cellulose esters. In Chapter 4, we build on the approach to perform a systematic 

investigation of a novel method to tune the density and consequently the mechanical properties of 

cellulose diacetate (CDA or CA) aerogels, while starting from same precursor concentration. In 

this chapter, we explore one practical application of such CA aerogels. The 4 w/v% CA aerogels 

with density of 23.4 mg/ml (0.023g/cm3) were modified using chemical vapor deposition of a 

silane to render them hydrophobic and oleophilic. The performance of such modified aerogel for 

oil-spill remediation was tested in the simulated oceanic environment. The Zisman and Fowkes’ 

theoretical frameworks for calculating solid surface energy are used to identify the selectiveness 

of the aerogel and establish a criterion for separation of various non-polar fluids from water media. 
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5.2.2 Current technologies for oil-spill remediation 

Uncontrolled oil or chemical spillage into fresh water triggers a cascade of events including 

toxic loading and contamination of food resources, all of which are highly detrimental to the 

ecosystem.1,2 Prevalent technologies proposed to deal with oil spills include oil skimming, in-situ 

burning, mechanical containment and utilization of dispersants, solidifiers and degrading 

microorganisms.3–8 However, these methods are either inefficient or environmentally unfriendly. 

The need for efficient oil spill cleaning technologies was imminent in the 2010 Deepwater Horizon 

spill, where oil gushed out in the Gulf of Mexico for 87 consecutive days, pouring out over 200 

million gallons of crude oil.9 In this type of scenario, the use of sorbents is attractive as it is easy 

to deploy and do not generate byproducts. There are three categories of sorbent materials: organic 

(milkweed, wood chips, rice straw), inorganic (organo-clay, perlite and sand, zeolites) and 

synthetic (non-woven polypropylene mats).10–12 However, they suffer from low sorption capability 

(typically less than 10 g per gram of substrate), are difficult to recover (they are not buoyant), and 

are not biodegradable. 

5.2.3 Aerogels for oil-spill cleanup 

In recent years, aerogels have gained attention as sorbent materials because of their light- 

weight and high pore volume. However, conventional silica aerogels are brittle, making it difficult 

for removal from oil-water mixtures, and thus are prone to secondary contamination.13 Silica-

chitosan composite aerogels display suitable mechanical properties but they have low porosity 

(<96%) and high density (>58 mg/cc), which results in low sorption.14 Carbon nanotube and 

graphene-based aerogels demonstrated a very high sorption of non-polar solvent (500-600 g/g).15–

17 These aerogels are, however, not biodegradable and their synthesis involves loss of expensive 

material under the high temperature treatment used. The advent of nanocellulose signified new 
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biodegradable aerogels that are relatively easy to synthesize and have better mechanical properties 

than those based on conventional silica. Sehaqui et. al,18,19 synthesized nanofibrillated cellulose 

aerogels with high surface area and porosity. Compared to silica aerogels, they displayed better 

strength and compressibility. Unfortunately, these nanocellulose aerogels were not tested for 

sorption properties. Ikkala and co-workers synthesized hydrophobic and oleophilic nanocellulose 

aerogels suitable for oil separation.20,21 The aerogels were rendered hydrophobic via chemical 

vapor deposition of chlorosilanes and atomic layer deposition of TiO2. In a similar study, the 

sorption capacity of  nanocellulose aerogels possessing different pore structure and size was 

quantified.22 These aerogels were reported to have oil sorption capacity of 30g/g. Recently, the 

highest sorption ability was reported for aerogels comprising cellulose nanofibrils (defibrillated 

from rice straw), and found to be 200-300 g/g for non –polar solvents.23,24 However, they suffered 

from weak mechanical integrity and had a maximum compression strength of only 2 kPa. 

Durability and mechanical strength are essential properties for a sorbent material, in 

addition to buoyancy, and rapid and large sorption capacity, as these materials may be exposed to 

wind, waves and ocean currents. While the abundance of hydroxyl functionalities in cellulosic 

aerogels facilitates modification to induce hydrophobicity and increase sorption ability, some form 

of cross-linking is required to increase their mechanical strength and uphold their mechanical 

integrity in agitated water. Cellulose nanocrystal aerogels were prepared via hydrazine-aldehyde 

cross-linking25; likewise, epoxide cross-linking was used to synthesize aerogels based on cellulose 

nano/micro fibrils.26 These studies demonstrated an impressive shape recovery under water. 

However, the cross-linking was carried out in the solid phase, which is generally non-uniform and 

thus produce uneven mechanical strength in the aerogel. The limited performance under extreme 
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conditions in agitated systems makes the reported cellulosic aerogels unlikely candidates for oil 

spill management in oceanic environment.  

Results of these studies taken together reveal that nanocellulosic aerogels while offering 

high oil sorption capacities lacked mechanical integrity23,24, earlier reported cellulose acetate 

aerogels have poor properties and no reported sorption results27,28, and no theoretical framework 

exists to explain and generalize the selectivity of the aerogels. In this chapter, we modify cellulose 

acetate aerogels using chemical vapor deposition to render them hydrophobic and oleophilic. 

Thereafter, we explore the efficacy of modified freeze dried cellulose acetate aerogels in simulated 

oil-spill scenario. We also provide a theoretical framework based on the surface energy theories to 

determine selectivity of these and possibly other aerogels towards various chemicals with different 

surface energies.  

5.3 Experimental Section 

5.3.1 Materials  

Cellulose diacetate flakes provided by Eastman Chemical Co. with degree of substitution 

of 2.45 were used as received. The trichloro-octyl silane was purchased from Sigma Aldrich. 

Deionized (DI) water was used. All solvents used for wicking measurements were 99 % pure and 

bought from Sigma Aldrich. Spent kerosene oil was purchased obtained from vacuum pump 

cleaning. Used motor oil was gathered from the oil change of the car. The crude oil was purchased 

from the Texas Raw Crude Oil. 

5.3.2 Aerogel modification 

The CDA aerogels were subjected to chemical vapor deposition (CVD) with trichloro octyl 

silane (TCOS) to convert them hydrophobic and oleophilic.41 A bottle-in-a-bottle set up was used 
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for this purpose (Figure 5.1) where TCOS was kept in the smaller container and the aerogel was 

kept on a wire mesh atop. The system was kept in an oven at 80 0C for 2 h. 

 

Figure 5.1: Set-up used for modification of cellulose diacetate aerogel  

 

5.3.3 Aerogel Performance tests  

a) Sorption test 

The aerogel was immersed in a liquid and allowed to saturate. After immersion, the surface 

of the saturated aerogel was blotted with a paper wipe to remove surface liquid and weighed. 

Liquid uptake was calculated using Equation 5.1: 

Liquid uptake =                         ---Equation 5.1 

Where, Wab and Wa are the weights of the saturated and dry aerogels respectively. Note, for sorption 

of organic solvents, the blotting step was avoided to prevent wicking of solvent to the paper wipe. 

Instead, the saturated aerogels were weighed immediately.  

b) Reusability tests 

A representative solvent of a low surface energy oil, n-hexane, was used to test the 

reusability of modified aerogels. Loaded aerogels were mechanically compressed between paper 

wipes to remove the solvent and weighed again to ensure at least 70 % of the solvent was squeezed 

a
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out. The process of sorption and compression was repeated until the aerogel lost its mechanical 

integrity, which was identified when the aerogel was not able to recoil back as observed from the 

unaided eye. The average data with standard deviation is reported after repeated tests with three 

different samples.  

5.3.4 Wicking and contact angle measurements 

A dynamic contact angle analyzer (CAHN DCA-312) was used for the wicking 

measurements. The aerogels were cut into cuboid shape and lowered into the liquid (see Figure 

5a). Extreme care was taken to cut the aerogels in one direction to ensure that pore alignment was 

the same in all the measured samples. The aerogels were immersed 1.5mm into the surface of the 

given liquid to ensure complete immersion of aerogel into the solvent during the course of 

experiment. A goniometer, SEO Phoenix was used for contact angle measurements. The images 

of the sessile drop reported for aerogel were taken for qualitative assessment of the extent of 

hydrophobic modification of the aerogels. Each value of contact angle for the flat surface (average 

of 5 measurements) was recorded after drop deposition for 30 s. Since the measured contact angle 

of liquid on the modified aerogels using a camera image is not a correct representation of the 

aerogel’s actual surface properties due to difficulty in obtaining a perfectly flat surface for the 

inventive aerogels, the change in surface energy of an aerogel due to surface modification was 

analyzed. The Fowkes’ model32 was used to calculate the polar and dispersive components of the 

solid surface energy using the contact angle data. 

5.3.5 Spin coating 

Silica wafers (1cm x 1cm) were used as supports that were coated with 1 wt% of CDA 

solution in acetone, as reported earlier.42 The silica wafers were cleaned by washing with Piranha 

solution for 5 min. The silica wafers were then immersed in DI water for 5 min and thoroughly 
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washed with DI water for 3 times followed by drying with compressed N2 gas. The as-cleaned 

silica wafers were spun coated with 1wt% CDA solution at 4000 rpm for 40 s at an acceleration 

of 2400 s-1. 

5.4 Results and Discussion 

5.4.1 Aerogel Modification 

The presence of free hydroxyl groups and carbon backbone renders CDA aerogels 

generally amphiphilic. To increase the hydrophobicity and oleophilicity of CDA aerogels, 

Chemical Vapor Deposition (CVD) with trichloro-octylsilane (TCOS) was used to cap free 

hydroxyl functionalities with the hydrophobic chains. As shown in Figure 5.2a, a water droplet 

completely wicks through the surface of the unmodified 4 % CDA aerogel, whereas a modified 

4% CDA aerogel shows a water contact angle exceeding 120° on both the surfaces of the aerogel 

(Figure 5.2 b1). Moreover, the fact that the transverse cross-section of modified aerogel exhibits 

a high, water contact angle (Figure 5.2 b2), indicates that TCOS diffuses below the surface of the 

aerogel, rendering the bulk aerogel hydrophobic. In general, all observed contact angles for the 

modified aerogels were greater than 120°. Note however, the typical large variation in contact 

angle values due to the uneven surface on the aerogel. An XPS survey scan of the top surface and 

transverse cross-section of modified aerogel (Figure 5.2c) further confirms the diffusion of TCOS 

into the bulk of aerogel. The calculated Si/O atomic% at the top surface and in the center is 19 and 

2 at.%, respectively.  
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Figure 5.2: Images showing the water contact angle, a) water wicks through the surface of unmodified 

CDA aerogel, high water contact angle at b1) top surface, b2) transverse cross-section of modified aerogel, 

c) XPS survey scan for unmodified and modified aerogel (top & radial cross-section) 

 

The samples of modified and unmodified 4% CDA aerogels were subjected to water 

sorption test for 48 h, with their behavior monitored after placing them on the surface of water. 

Figure 5.3a shows the experimental condition, where modified (right) and unmodified (left) 

aerogels were left on the water surface. The unmodified aerogel sunk in the water within 2 h while 

the modified aerogel remains afloat even after 12 h. The unmodified CDA aerogel quickly sorbed 

water, between ~35 and 40 g/g aerogel during approximately 48 h, whereas the TCOS-modified 

CDA aerogel was hydrophobic and sorbed less than 3 g/g aerogel during the same time period 

(Figure 5.3b). This data demonstrates that the modified aerogel is stable and retains its 
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hydrophobicity even after constant exposure to water for 48 h. An additional durability test was 

performed where the modified aerogel sample was left on lab bench under ambient conditions for 

4 months. Figure 5.3c compares the water uptake by modified aerogel after 4 months. A high 

durability and stability of modified aerogel is indicated by the high water contact angle on their 

surface (>120 degrees) and the low water uptake (< 3g /g of aerogel ).  

 
Figure 5.3:  a) The images show unmodified aerogel (left) and modified aerogel (right) on water surface. 

Within 2 hours, the unmodified aerogel sinks completely below the water surface, contrary to the modified 

aerogel which floats on the water surface even after 12 hours, b) water uptake rate by unmodified and 

modified aerogel for 48 hours and, c) water uptake by the modified aerogel just after silanation (t=0) and 

the same aerogel sample after 4 months. Inset images demonstrates high water contact angle on the modified 

aerogel surface even after 4 months. 
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5.4.2 Oil Separation from water-oil mixture 

The TCOS-modified 4 w/v% CDA aerogel was tested in various scenarios of oil-in-water 

systems to evaluate their sorptive properties and mechanical integrity.  The model oil used in these 

studies was a spent kerosene grade oil (viscosity of ~1-2 cP). A sample of 0.26 g of the modified 

aerogel was placed into a jar which contained 10.5 g of the oil and about 59.4 g of water.  The 

photographs of Figure 5.4a are the snapshots of Movie A5.1 that show the process of the selective 

sorption over time of the oil from the oil-water mixture by the modified aerogel.  The aerogel was 

saturated with oil within a minute, as shown in Figure 5.4a ii) to iii).  The oil-loaded aerogel was 

hand-pressed, as shown in Figure 5.4a iv), to recover the oil, and was reused to remove the oil 

remaining in the oil-water mixture, as shown in Figure 5.4a v) to vi). The mass balance of the 

liquids from the separation shown in photographs of Figure 5.4a, is shown in Figure 5.4b. The 

weight of the water, oil and aerogel was measured before the experiment, and the weight of the oil 

pressed from the aerogel was measured after the experiment.  The weight of the used aerogel and 

the remaining water was measured to complete the mass balance.  The data shown in Figure 5.4b 

shows that about 83 wt% of the kerosene oil was recovered, with the unrecovered oil staying 

trapped in the aerogel. In addition, the water sorption by the CDA aerogel was negligible (about 

0.02 wt%), which suggests that the recovered oil could be reused. 

No major changes in the aerogel structure were observed after multiple cycles of sorption 

and mechanical compression. The reusability of modified aerogels was tested via n-hexane 

sorption and desorption by mechanical compression (Figure 5.4c). We found that a TCOS-

modified 4 w/v% CDA aerogel can be subjected to at least 10 cycles of sorption and compression 

before undergoing structural failure.  As shown in Figure 5.4c, the modified aerogel can sorb over 

25 times its weight of n-hexane in the first cycle and can still sorb about 10 grams of n-hexane per 

gram of aerogel even after 9 cycles of sorption/compression. 
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The modified aerogels were further tested under shear in an oil in water medium (Movie 

A5.2). The spent kerosene was dyed red for better observation. Figure 5.4d shows photographs to 

indicate that a clear solution is obtained within a minute, as nearly all the dyed oil is soaked up by 

the modified aerogel. The modified aerogel retains both the oil and its mechanical integrity even 

in the stirred media, indicating its utility for oil spills in an agitated media. To further simulate 

high viscosity oil spill in a turbulent environment (typical in marine environments), a stirred oil in 

water system was prepared (Movie A5.3), in which the oil used was spent motor oil (spent car oil 

with a viscosity of about 170 cP. As indicated by the photographs of Figure 5.4e, the modified 

aerogel sorbed all the high viscosity motor oil within 2 min, even in the stirred media.  

As the final performance test for modified aerogel, it was tested in salt water with the same 

chemical composition as the sea water. The experimental set-up to test the modified aerogel 

performance in sea water is shown in Figure A5.1a. The three salts that constitutes a significant 

percentage of salt water in sea are sodium chloride (NaCl), magnesium sulfate (MgSO4) and 

calcium chloride (CaCl2) were mixed with water to make a total dissolved salt concentration of 

3.5 wt%. The crude oil with the viscosity of 10 cP was mixed with this salt water. Figure A5.1b 

shows the water uptake and crude oil uptake by modified aerogels in presence of salts and pure 

water. The results indicate that the aerogel performance is not inhibited in presence of salts. 

Therefore, we expect these modified aerogels to perform as well in sea water as in the lab 

conditions.  
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Figure 5.4: a) Snapshots from movie S1 demonstrating the separation of spent kerosene oil from oil/water 

stagnant media. The aerogel’s reusability is demonstrated in the figure, b) graph for the mass balance of the 

water and oil before and after separation indicating the complete removal of oil with very negligible sorption 

of water, c) reusability of the aerogel was tested for 10 cycles of sorption and desorption (by mechanical 

compression) of n-hexane, d) snapshots from movie S2 to demonstrate the separation of dyed kerosene oil 

from oil in water stirred emulsion system (kerosene: 6g, DI water: 100g, aerogel: 0.26g, stirring rate: 

500rpm) e) snapshots from movie S3 demonstrating the separation of high viscosity spent motor oil from 

motor oil/water stirred system to model oil spill in a turbulent sea (motor oil: 7g, DI water: 100g, aerogel: 

0.35g). The upper photographs shows a side view of the beaker used for the study prior to addition of the 

modified aerogel (“initial system”; upper left photograph), and an overhead view of the instant that the 

aerogel was added to the beaker (t = 0 sec; upper right photograph) 

 

The rate of oil uptake was measured via wicking experiments using a tensiometer (CAHN 

DCA-312). The aerogels were cut into a cuboid shape and lowered into the liquid (see Figure 

5.5a). Extreme care was taken to cut the aerogels in one direction to ensure that pore alignment 

was same in all the measured samples. The bottom edge (surface) of an aerogel was submerged 

1.5 mm below the surface of a given liquid to ensure continuous contact of aerogel with solvent 
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during the course of the experiment. Kerosene oil, crude oil and motor oil were the liquids used 

with viscosity 1.4, 10 and 168 cP respectively. Figure 5.5b shows the liquid uptake rate by the 

modified aerogel. We observe that low viscosity kerosene oil wicks the modified aerogel 

instantaneously, in contrast to high viscosity motor or crude oil. Motor oil with the highest 

viscosity has the slowest liquid uptake rate, as expected. The maximum uptake of crude oil is 

highest, as crude oil (0.97 g/cm3) has a  higher density than kerosene oil (0.8 g/cm3). It should be 

noted that the wicking rate of any oil can be further tuned by changing the pore size of the aerogels 

or by changing the surface energy of the aerogel with other compounds such as fluorocarbons. 

 

Figure 5.5: Uptake of various liquids by modified aerogels. a) Setup of wicking experiments showing 

partially immersed cuboidal aerogel into the liquid of interest. The bottom face of the liquid is immersed 

1.5 mm below the liquid surface. b) Liquid uptake rate for three oils.  

 

5.4.3 Surface energy of solid surfaces 

An estimation of the surface energy of the modified aerogels is an intriguing idea as we 

can identify the liquids that the modified aerogel can separate from polar solvents such as water. 

Unfortunately, the surface energy of a solid vapor interface (𝛾𝑆𝑉 𝑜𝑟 𝛾𝑆) such that of an aerogel 
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cannot be measured directly. The value of surface energy is calculated indirectly from a set of 

liquid/solid contact angles, which implies that the calculated surface energy not only depends on 

the surface energy of the liquid used for contact angle measurement, but also on the surface energy 

theory applied for data analysis.29 The oldest equation relating surface energies of solid and liquid 

is Young’s equation:   

𝛾𝑆𝑉 = 𝛾𝐿𝑐𝑜𝑠𝜃 +   𝛾𝑆𝐿 

To find surface energy of solid (𝛾𝑆), we need the value of 𝛾𝑆𝐿. A unifying theory for 

determination of 𝛾𝑆𝐿and 𝛾𝑆 does not exist; however, pioneering work by Zisman30, further 

extended by Fowkes31,32, Owen-Wendt33 and Van Oss34 are well accepted approaches. Such 

approaches rely on measurement of contact angle on the solid surface using the liquids with known 

surface energies. All theoretical models can be classified into either theory of surface tension 

components (STC) pioneered by Fowkes or equation of state (EOS) approach based on 

macroscopic thermodynamics proposed by Neumann.35–37 While both these approaches require 

measurement of contact angle on solid surface, the theory of STC is based on resolving 𝛾𝑆𝐿 into 

contributions from polar (that includes dipole-dipole, hydrogen bonding and electrostatic 

interactions) and dispersive (van der Waals) intermolecular forces. The EOS approach on the other 

hand identifies 𝛾𝑆𝐿 as the function of total surface energy of the solid and liquid phases leading to 

a model equation that can be solved simultaneously with Young’s equation to determine two 

unknowns 𝛾𝑆𝐿 and 𝛾𝑆𝑉. Although EOS approach requires measurement to be done using only one 

probe liquid and in principle the surface energy should be same regardless of the liquid chosen, 

this approach has drawn a lot of criticism dealing with whether the experimentally determined 

constant β is the universal constant of the material or just a quantity obtained as a result of the 

iterative procedure applied. The reader is directed to previous work describing limitations of EOS 
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approach.38 Therefore, among all the models available in the literature, Zisman and Fowkes’ model 

based on theory of STC were considered most appropriate for our system of aerogels. 

However, aerogels present an additional challenge when compared to other flat solid 

surfaces. Aerogel have surface undulations that makes the contact angle measurements from the 

camera images unreliable. In fact, the contact angle varies for the same sample while changing the 

location of measurement. Moreover, a porous structure of the aerogel induces an additional wetting 

phenomenon resulting in the changing shape and size of liquid droplet on the surface due to 

wicking.39 To overcome this challenge, a two-fold approach was employed. First, a modified 

Zisman theory (explained later) was applied to the modified cellulose acetate aerogels to estimate 

the range of surface energy of the aerogels and second, the Fowkes’ model was applied on the 

modified cellulose acetate films to further narrow down the value of surface energy of modified 

aerogel arising from the chemical modification.  

a) Modified Zisman Theory 

According to Zisman theory, a critical surface tension of solid 𝛾𝑆
𝑐 can be attributed to the 

modified aerogel. If this critical surface tension is greater than the surface tension of liquid 

(𝛾𝑆
𝑐 > 𝛾𝐿), the liquid will complete wet the aerogel and get sorbed; if 𝛾𝑆

𝑐 < 𝛾𝐿, a partial wetting 

will be observed. When applied in its traditional sense, the Zisman plot looks something like 

Figure 5.6a. The cosine of contact angle is plotted against the liquid surface tension and the surface 

tension where the line crosses zero contact angle or cosine value of 1 is identified as the surface 

tension of the solid. Since, the aerogel surface has undulations, the contact angle measurements 

are not reliable and should not be used to while applying the Zisman theory. Instead, wicking tests 

were performed on the modified CDA aerogels using solvents of different surface tension. The 

aerogels were carefully cut in the pore direction and immersed in the liquid of known surface 
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tension. The rate of weight gain of the aerogel is recorded. Based on the slope of the graph an 

estimation of the range of surface energy of the solid surface can be made. As shown in theoretical 

Figure 5.6b, there are 4 types of curve possible in this case of wicking where the surface tension 

of liquid follows this relation:  𝛾𝐿
4 < 𝛾𝐿

3 < 𝛾𝐿
2 < 𝛾𝐿

1. The idea is to find the position of 𝛾𝑆
𝑐 in this 

relation. The two extreme cases are liquid 1, where the liquid does not wick at all, and liquid 4 

where the liquid wicks instantaneously.  From these two curves, we can safely deduce that 𝛾𝑆
𝑐 <

𝛾𝐿
1 and  𝛾𝑆

𝑐 > 𝛾𝐿
4. The other two cases include intermediate wicking rate where liquid 3 exhibits 

slower wicking rate than liquid 2. In such scenario, 𝛾𝑆
𝑐 > 𝛾𝐿

2 because curve 2 has higher slope of 

wicking rate and due to slower wicking rate with liquid 3, the following relation can be deduced:  

𝛾𝑆
𝑐 ≥ 𝛾𝐿

2. Therefore, the final range of surface tension of the solid will be 𝛾𝐿
2 ≤ 𝛾𝑆

𝑐 < 𝛾𝐿
1. Note, that 

wicking also depends on the viscosity of the liquid. So, all the liquid tested here had viscosity 

lower than 3 cP. is The absolute value of weight gain is inconsequential because it depends on the 

density of the liquid. 
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Figure 5.6: a) Traditional Zisman plot of cosine of contact angle vs surface tension of the probe liquid for 

low density polyethylene film.40 The intersection of the straight line with the X-axis where contact angle is 

zero is identified as the surface energy of the solid surface. b) The theoretical plot of rate of liquid uptake 

of 4 probe liquids with following relation of surface tension: 𝛾𝐿
4 < 𝛾𝐿

3 < 𝛾𝐿
2 < 𝛾𝐿

1. The modified Zisman 

theory used in this study relies on this plot to identify a range of surface tension of the solid surface, aerogel 

in this case.   

  

b) Fowkes’ Theory 

The limitation of our modified Zisman theory to give only a range of surface energy for 

the chemically modified aerogels necessitated the use of Fowkes’ theory to isolate the effect of 

chemical modification of aerogels on its surface energy. Since, the Fowkes’ theory also relies on 

the measurement of contact angle on the solid surface and the value of contact angle on the aerogel 

surface is not reliable, the contact angle was measured on the spin coated layer of cellulose acetate 

(method described later) that was chemically modified in the similar fashion as the aerogel.  

Fowkes’ theory is a two-component surface energy model that describes surface energy of the 

solid surface as composed of dispersive component and polar component. The theory is based on 

three fundamental equations: 
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Young’s Equation 

𝛾𝑆 = 𝛾𝐿𝑐𝑜𝑠𝜃 +   𝛾𝑆𝐿                         ---Equation 5.2 

Dupre’s Definition of Adhesion Energy 

𝐼𝑆𝐿 = 𝛾𝑆 + 𝛾𝐿 −   𝛾𝑆𝐿                         --- Equation 5.3 

And Fowkes’ theory that the adhesive energy can be separated into dispersive and polar component 

𝐼𝑆𝐿 = 2[(𝛾𝐿
𝐷)

1

2 (𝛾𝑆
𝐷)

1

2 +  (𝛾𝐿
𝑃)

1

2 (𝛾𝑆
𝑃)

1

2]                        --- Equation 5.4 

Here, 𝛾𝑆= surface tension of solid, 

𝛾𝐿 = surface tension of liquid 

𝛾𝑆𝐿 = interfacial tension of solid and liquid 

𝜃 = contact angle between solid and liquid 

𝐼𝑆𝐿 = energy of adhesion per unit area between liquid and solid surface 

𝛾𝐷 and 𝛾𝑃 are dispersive and polar part of the surface tension respectively 

Combining these three equation, we get primary equation for the Fowkes’ surface energy theory: 

𝛾𝐿(1+𝑐𝑜𝑠𝜃)

2
= [(𝛾𝐿

𝐷)
1

2 (𝛾𝑆
𝐷)

1

2 + (𝛾𝐿
𝑃)

1

2 (𝛾𝑆
𝑃)

1

2]                        ---Equation 5.5 

The first step in determining the solid surface energy using this model is to measure the 

contact angle with a liquid that has only dispersive component (diiodomethane is usually used for 

the purpose, 𝛾𝐿 =  𝛾𝐿
𝐷 = 50.8 𝑚𝑁/𝑚). This gives the dispersive component (𝛾𝑆

𝐷) solid surface 

energy. Thereafter, the contact angle measurement can be done with water to solve for the 

remaining unknown, that is the polar component (𝛾𝑆
𝑃) of the solid surface energy. The total solid 

surface energy is the sum of these two components: 𝛾𝑆 =  𝛾𝑆
𝐷 + 𝛾𝑆

𝑃.  In our case, the solid surface 

energy from the Fowkes’ theory should fall between the range of solid surface energy identified 

from the modified Zisman theory. 
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5.4.4 Sorption & surface energy analysis for aerogels 

In this and the subsequent sections, we attempt to establish a simple framework to a priori 

predict what liquids can be sorbed by the modified aerogel using the modified Zisman theory 

(explained before) and Fowkes’ theory. Our basic premise is that the mass of the liquid sorbed 

depends on the interfacial surface tension of the corresponding liquid with the surface of the 

aerogel, for the liquids of similar viscosity.  

a) Application of modified Zisman theory for aerogels 

According to the Zisman theory, a critical surface tension γc can be attributed to the 

modified aerogel.30 If this critical surface tension is greater than the surface tension of liquid (γc > 

γliq), the liquid will complete wet the aerogel and get sorbed; if γliq > γc, a partial wetting will be 

observed. Since, the aerogel surface is not perfectly flat, contact angle measurements are not 

accurate representation of surface tension and not a means to test the Zisman theory. Instead, 

wicking tests were performed on the modified CDA aerogels using solvents of different surface 

tension, as tabulated in Table A5.1. A plot of the amount of liquid sorbed as a function of time for 

four solvents is shown in Figure 5.7a. The modified aerogel exhibits an instantaneous sorption of 

low surface energy liquid, n-hexane, but shows a negative value for the liquid uptake of water and 

diiodomethane. The explanation for the negative value recorded for mass gain is given in the 

Appendix A5. Briefly, the buoyant force (Fb) on aerogels (Figure 5.7b) is not negligible and for 

hydrophobic aerogels, the surface tension force is acting upwards whereas the gravitational force 

(Mabg) is very small resulting in a total negative force (F) recorded by the instrument. A negative 

mass gain implies that the surface tension of liquid is greater than the critical surface tension of 

aerogel surface (γc). As indicated from Figure 5.7a, γc < γdiiodomethane and instantaneous sorption of 

n-hexane indicates that γc> γhexane. However, 1,2-dichlorobenzene (with surface tension of 
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35.7mN/m), shows a sorption gradient which implies that initially the aerogel surface resisted 

penetration of 1,2-dichlorobenzene but as soon as the liquid penetrated the aerogel surface, the 

aerogel became saturated within a minute, due to capillary action. This means that γ1,2-dichlorobenzene 

< γc. From this analysis, one can conclude that γc of the modified aerogel lies between 36 and 51 

mN/m. 

 

Figure 5.7: a) Liquid uptake as measured from tensiometer. The value in parentheses is the surface tension 

of corresponding liquids in air (mN/m), b) Graphical representation of experimental set up of tensiometer 

explaining the effect of buoyancy and surface tension on the weight recorded by instrument that results in 

negative value of liquid uptake. Image in inset demonstrates the set up for wicking, c) graph of mass of 

liquid sorbed vs the surface tension of the corresponding liquid shows a linear relationship, and d) volume 

of liquid sorbed relative to the available pore volume by the modified aerogel.  
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Once the liquid is sorbed, the equilibrium mass uptake of the corresponding liquid will 

depend on the capillary force due to microporous structure of aerogel, and the mass of liquid sorbed 

(M) can be related as 

                                                                                                     ---Equation 5.6 

where ‘r’ is the radius of the pore, ‘γ’ is the surface tension of liquid with respect to air and ‘θ’ is 

the contact angle of the fluid with the pore wall.30 As evident from Figure 5.7c, the mass of the 

liquid sorbed is directly proportional to the surface energy of the corresponding liquid as long as 

the surface tension of the liquid is below the critical surface tension (γc) of the aerogel. The volume 

of liquid sorbed, however, depends on the available pore volume as shown in Figure 5.7d. A ratio 

greater than 1 for most of the solvents may indicate that the liquid is chemically interacting with 

the polymer. However, a ratio of less than 1 for completely non-polar n-hexane may suggest 

minimal chemical interaction. 

b) Calculation of surface energy using Fowkes’ model  

Results from modified Zisman theory demonstrate that the value of γc of the modified 

aerogel is between 36 and 51 mN/m. The value can be confirmed and more precisely determined 

by considering that the interfacial surface energy of the modified aerogel is governed by surface 

groups, surface roughness and tortuosity. We use the Fowkes’ model to identify the dispersive and 

polar components of the surface energy of TCOS-modified CDA films, which was obtained by 

spin coating CDA on a silicon wafer. The spin coated CDA was subjected to chemical vapor 

deposition of TCOS using the same procedure as described for the aerogels. Water and 

diiodomethane were the two probe liquids used. Table 5.1 shows the average contact angle 

measured with the probe liquids along with the corresponding surface energy values.  

 

 cos2 rMg =
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Table 5.1: Contact angle data & surface tension values for different probe liquids43 

Probe liquid 

Contact angle θ(degree) 
Polar γp 

(mN/m) 

Dispersive 

γd (mN/m) 

Total γt 

(mN/m) 
Untreated 

CDA 

Modified 

CDA 

Water 45 80 51 21.8 72.8 

Diiodomethane 26 38 0 50.8 50.8 

 

Using the Fowkes’ model, the surface energy of the untreated CDA surface and TCOS 

modified CDA surface were calculated as 64 and 44 mN/m, respectively as listed in Table 5.2. 

Here, the dispersive component of the surface energy dominates: 71 and 93 % in untreated and 

modified CDA, respectively. This is likely because CDA is primarily composed of non-polar 

carbon backbone, which is responsible for induced dipole interactions (i.e., London forces). The 

polar component of the surface energy for untreated CDA is mainly due to surface hydroxyl 

groups. Upon modification of the CDA, by capping the hydroxyl group with non-polar eight 

carbon chain, the polar component drops from 18 to 3.3 mN/m. The reduction in γp renders the 

substrate oleophilic. Finally, we know from the prediction of the Zisman theory that the surface 

energy of the modified aerogel lies between 36 and 51 mN/m. The calculated surface energy of 

the modified film based on the Fowkes model is 44 mN/m. The apparent surface energy of the 

aerogel is likely smaller than the calculated surface energy for the modified thin film because of 

surface roughness of the aerogels. Therefore, since the modified aerogel successfully separates the 

non-polar liquid we conclude that the critical surface tension of the non-polar liquid must be less 

than 44 mN/m. 
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Table 5.2: Surface tension values as calculated from Fowkes’ model of surface energy 

 Polar γp (mN/m) Dispersive γd (mN/m) Total γt (mN/m) 

Untreated CDA 18.3 45.8 64.1 

TCOS-modified CDA 3.3 40.6 43.9 

 

5.5 Conclusions 

The cellulose diacetate (CDA or CA) aerogels were modified by chemical vapor deposition 

to render them hydrophobic and oleophilic. The modified aerogels demonstrated fast oil uptake 

and good oil retention. Even in the agitated oil in water media, the modified aerogels sorbed low 

viscosity kerosene oil within 45 s and the uptake of high viscosity oil (170 cP) was well within 2 

min. Moreover, the modified aerogels uphold their mechanical integrity in turbulent media, thus 

preventing any secondary contamination. These properties make them suitable for potential use to 

clean up oil spills in the rough marine environments. 

The modified CDA aerogels were further identified for fluid selectivity based on surface 

energy analysis. The results from the modified Zisman theory indicated the critical surface energy 

for the aerogel to be in the range from 36 to 51 mN/m. The value of interfacial surface tension of 

spin coated CDA modified with chemical vapor deposition was calculated to be 43.9 mN/m using 

Fowkes’ theory. Thus, a non-polar liquid with surface tension lower than 44 mN/m could be 

separated from water media using these modified CDA aerogels. This analysis served two 

purposes: it showed the versatility of these aerogels in sorption of other chemicals, and a theoretical 

platform was established to a priori predict how a non-polar chemical can be separated by these 

aerogels based on the surface tension of the chemical. 
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Chapter 6: Experimental and predictive description of the morphology and 

porosity of wet-spun fibers 

 

6.1 Abstract 

Up to now the description of the morphology of non-solvent-induced phase separated structures is 

only possible by the tedious process of constructing ternary phase diagrams that ultimately gives 

only approximate information. We address this challenge by proposing and applying, for the first 

time, design principles based on the combination of (1) Relative Energy Difference (RED) of 

Hansen solubility and (2) a kinetic parameter ‘T’ that incorporates mass transfer considerations.  

Predictions derived from (1) and (2) are applied and experimentally validated for the synthesis of 

porous fibers via wet-spinning of polymer solutions. The design principles allowed the possibility 

to qualitatively tailor the porosity and morphology of the obtained systems, depending on the 

selection of the solvent and non-solvent for a polymer of interest. Three variables relevant to fibers 

production by wet-spinning are found sufficient in our description, namely, choice of polymer, 

solvent and non-solvent, which were varied, and the resultant fiber morphology confirmed via 

electron microscopy imaging. An agreement between the predicted and experimentally measured 

fiber morphology and size is determined. The practicality of the design parameters is further put 

to test by using data from published literature on wet-spinning, providing a basis for future 

developments in this important area that currently explores nanomaterials derived from renewable 

resources.  

6.2 Introduction 

6.2.1 In context to the dissertation 

In chapters leading up to this chapter, we investigated the interaction and structural 

arrangement of biomass components (Chapter 2), we also utilized one form of chemically 
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modified biomass, cellulose esters, to synthesize light-weight and strong aerogels with 

honeycomb-like morphology (Chapter 3). The solubility parameters were invoked in Chapter 4 

to tailor the aerogel mechanical properties and in Chapter 5 we explored one potential application 

of these aerogel for oil-spill remediation. In this Chapter, we again use to concepts of solubility 

parameters, however, to predict the non-solvency of a polymer, coupled with kinetics of mass 

transfer to explain the structure of porous fibers formed during wet-spinning. 

6.2.2 Wet-spinning and porous fibers 

Fiber synthesis through the wet-spinning processes have been a popular research topic for 

many years. Some of the more recent developments in the area include wet spinning of regenerated 

silk in ionic liquids,1 filaments spun from cellulose nanofibril,2  liquid crystalline graphene oxide 

fibers in alkaline solutions,3 and a plethora of other examples,2,4–11 enabling advances of textiles, 

electronics, foods, filtration, catalysis and medicine. Wet-spinning benefits over melt-blowing 

because it allows production of fibers from otherwise temperature sensitive biodegradable 

compounds, which can be used in medical applications.4 Additionally, wet-spinning may induce 

porous fiber morphology/structure that can be manipulated to fit a desired application, e.g. if a 

particular pore size is needed in filtration, or a non-porous textile is desired.  

Even with expansion of the field, the reasons behind the development of fiber structure 

during wet-spinning have not been fully answered. The desired structure is typically achieved by 

optimizing the solvent, non-solvent, polymer concentration, and other variables via trial and error 

over a range of experiments.12,13 The pores in the fiber synthesis during wet-spinning can originate 

due to non-solvent induced phase separation. There are number of studies investigating the 

formation of porous membranes via non-solvent induced phase separation, that demonstrate 

thermodynamic interactions and diffusion kinetics, which are the two key processes that determine 
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the bulk morphology and thus properties of membranes formed via non-solvent induced phase 

separation.14–20 However, there are only a few studies that consider the aspects of pore formation 

in fibers during wet-spinning.13,21–24  

As discussed in Chapter 1, section 1.6.2.3, conventionally, ternary phase diagrams like 

shown in Figure 1.11, are used to explain the thermodynamic aspect of non-solvent induced phase 

separation and the bulk morphology of the fiber during wet-spinning strongly depends on the 

composition path taken by the ternary system in relation to its binodal curve, which in turn depends 

on the following: a) initial polymer concentration, b) thermodynamic interactions among the 

polymer, the solvent and the non-solvent and c) the kinetics of inter-diffusion of the solvent and 

the non-solvent.  

In this Chapter, we develop two parameters, one based on Hansen solubility parameters 

(HSP) and the other based on diffusion kinetics of the solvent and non-solvent, to predict and 

explain the fiber morphology formed during wet-spinning. The efficacy of the design parameters 

is tested experimentally by varying polymer, solvent, non-solvent, and investigating the ensuing 

fiber morphology. The design parameters are also verified against previously reported studies. 

Furthermore, due to the simplicity of the model, its applications are not only limited to fibers, but 

can be extended to understand and predict the formation of particles and films formed by non-

solvent precipitation process. We envisage that this fundamental work will enhance the knowledge 

regarding the porous fiber production. 

6.3 Developing design parameters 

The ternary phase diagram is usually used to explain phase separated systems. Such 

diagram can be developed theoretically or experimentally, but it is a tedious process and even then, 

it gives qualitative understanding of the bulk morphology.25–27 Additionally, phase separation in 
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the ternary systems is a complicated phenomenon to approach theoretically due to thermodynamic 

effects, non-linear multiple diffusion, non-isothermal processes, convection transport and others. 

Previously, Cohen28, Reuvers15,16, Tsay29, Radovanovic17,18 and Cheng30 have proposed several 

models to investigate the polymer composition path during precipitation in thin films. These 

models were based on the diffusion and continuity equations combined with thermodynamics of 

irreversible processes. In spite of these efforts, it is still difficult to correlate and predict the 

membrane/fiber morphology for any chosen system. Furthermore, the complexity involved in 

theoretical development of model in non-solvent induced phase separation process entails 

development of a simpler predictive model that is quick to implement. Here, the focus is on 

developing two parameters, one based on Hansen solubility parameters (RED) and the other based 

on time constant for solvent diffusion (T), that can rationalize the choice of solvent and non-solvent 

for a polymer of interest. Additionally, these parameters can allow to predict and investigate the 

fiber structure. 

6.3.1 Hansen Solubility Parameters (HSPs) 

The solubility parameters are usually employed to identify the solubility of a polymer in a 

solvent (explained in Chapter 1, section 1.6.2.2). Here, we use solubility parameters to identify 

the tendency of non-solvency of a polymer in a non-solvent. Hansen solubility parameters (HSPs) 

are used, as they are an improvement over conventionally used Hildebrand solubility parameters.31 

In HSP, the cohesive energy density is dissociated into three components: the dispersion (δd), the 

polar (δp) and the hydrogen bonding (δh) that arise, respectively, from van der Waals, dipole and 

hydrogen bonding interactions.31 These HSP, can be factored in or calculated as Ra, Equation 6.1. 
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where, Ra is the difference between the HSP of a solvent (1) and a polymer (2) and the constant 4 

is an empirical correlation. The Ra is normalized with the “interaction radius” R of a polymer as 

Ra/Rₒ and is termed as Relative Energy Difference (RED). The interaction radius Rₒ for a polymer 

can be identified experimentally by testing the solubility of the polymer with various solvents of 

known solubility parameters (δd, δp, δH). For most of the commercial polymers, the value of Rₒ can 

be found in literature. A value of RED < 1 implies good solubility for the polymer in the given 

solvent. Cellulose acetate (CA) and polystyrene (PS) were chosen polymers for this study. 

Cellulose acetate is a commercial biopolymer derived from biodegradable and renewable resource 

cellulose.  It is slightly hydrophilic due to the surface hydroxyl groups, whereas PS is a synthetic 

polymer that is entirely hydrophobic. The HSPs for CA, PS, solvents and their respective REDs 

are listed in Table 6.1. 

 

Table 6.1: Hansen solubility parameters of selected Polymers and solvents in MPa1/2. 31,32 

 δd δp δH Rₒ 
RED 

(CA) 

RED 

(PS) 

CA 18.6 12.7 11 7.6 -- -- 

Polystyrene 21.3 5.8 4.3 12.7 -- -- 

DMAC 16.8 11.5 10.2 -- 0.5 0.9 

Acetone 15.5 10.4 7.0 -- 1.0 1.0 

DMSO 18.4 16.4 10.2 -- 0.5 1.0 

DMF 17.4 13.7 11.3 -- 0.3 1.0 

Water 15.6 16 42.3 -- 4.2 3.2 

Methanol 15.1 12.2 22.2 -- 1.7 1.8 

 

Based on HSP, we propose the following: First, a combination of solvent and non-solvent 

can be identified for a chosen polymer for fiber formation via wet-spinning. For instance, based 

on the RED of CA and PS with respect to different solvents, it is predicted that DMAc, acetone, 
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DMSO and DMF are good solvents for CA and PS whereas methanol and water behave as non-

solvent for these polymers.  

Second, 
BG

RED
1

 . This implies that higher the value of RED, smaller is the boundary 

gap in the phase diagram. Therefore, a quick and qualitative prediction is possible regarding 

tendency of de-mixing by easily calculating RED of the chosen polymer w.r.t. non-solvent. For 

instance, since, CA has higher RED with water (REDwater = 4.2) than methanol (REDmethanol = 1.7), 

CA is expected to have low BG with water as non-solvent on ternary diagram, as compared to 

when methanol is used as non-solvent. Therefore, a higher tendency of de-mixing is predicted for 

CA in water than in methanol. Same argument goes for PS based on its RED values. It is 

noteworthy that RED parameter defined here does not account for solvent-non-solvent 

interactions. 

In practice, fiber formation via immersion precipitation is a dynamic process where the 

composition of the three phases change rapidly, not only with time but also radially, due to fast 

multi-component mass transfer. Thus, the kinetics of the inter-diffusion of solvent and non-solvent 

must also be considered. 

6.3.2 Kinetics of solvent-non-solvent inter-diffusion during phase separation 

To understand the model for the kinetics of solvent-non-solvent inter-diffusion, let us first 

briefly explain the wet-spinning process used in this study as illustrated in Figure 6.1a. The 

polymer solution is extruded through a syringe at the fixed rate using a syringe pump, during 

which, the needle is submerged in the non-solvent. Figure 6.1b illustrates the cross-section of the 

extruded polymer solution as soon as it meets the non-solvent. The polymer solution/non-solvent 

interface phase separates and solidifies forming a small skin layer of thickness ‘W’. This 

solidification front gradually moves inside the core in the radial direction as the fiber is drawn 
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down via gravity. However, the model is developed at the small-time limit, t = ε →0+ of the 

polymer extrusion.  

The concentration of the non-solvent (𝐶𝑁𝑆) is defined as the mass of non-solvent divided 

by the total volume of non-solvent. Therefore, 𝐶𝑁𝑆 = 𝐶𝑁�̃� as r ⟶∞, which is nothing but the density 

of non-solvent (𝜌𝑁𝑆). At the interface of polymer solution/non-solvent (r=R), the concentration of 

non-solvent, 𝐶𝑁𝑆= 𝐶𝑅(𝑡) as t⟶0+. The illustration assumes a linear concentration profile of non-

solvent in the skin layer ‘W’, as well as at the small distance outside the skin layer due to outward 

diffusion of the solvent. The thickness ‘W’ is a function of time W(t) at small time interval. Certain 

other assumptions are also made to develop the model (see Appendix A6), as were also stated by 

Patsis et al.33, for non-solvent induced phase separation in thin films. Most importantly, a “lag 

time” is assumed that corresponds to the interval between the initial polymer solution/non-solvent 

contact and the time tₒ, at which the solvent first diffuses through the skin.  

 

 

 



   

160 

 

 

Figure 6.1: a) Laboratory scale wet-spinning set up for the fiber synthesis, b) cross-section schematic of 

the polymer solution as soon as it comes in contact with the non-solvent. A fixed radius ‘R’ is assumed for 

the fiber and the skin thickness ‘W’ is varying as W(t) at t→ 0+. 𝐶𝑁𝑆 is defined as the mass of non-solvent 

per unit volume of non-solvent. 𝐶𝑁𝑆=  𝐶𝑁�̃� at r⟶∞ and 𝐶𝑁𝑆 = 𝐶𝑅(𝑡) at r=R. The assumed linear 

concentration profile of 𝐶𝑁𝑆 within the skin layer is illustrated at small time scale, t⟶0+. The solvent 

concentration is 𝐶𝑆= 𝐶(𝑡) at r=R, and 𝐶𝑆= 𝐶0 at r= R-W. 

 

The growth-rate of the volume of the skin-layer can be expressed as follows: 

( ) ( )  ( )
2 2

2skindV d dW
R R W L L R W

dt dt dt
   = − −  −

 
                           Equation 6.2 

The change in the volume of the non-solvent (VNS) as the non-solvent diffuses (Vdiffusion) through 

the skin-layer can be written as,   

NS fixed diffusionV V V= −                              Equation 6.3 

The fixed part of the non-solvent volume, Vfixed is very large and approximately constant compared 

to the changing part, Vdiffusion. 

Now, the change in the non-solvent volume with respect to time can be written as following: 
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( ) diffusionNS
fixed diffusion

dVdV d
V V

dt dt dt
= − = −                             Equation 6.4 

According to our definition of 𝐶𝑁𝑆 at the surface interface that is equal to 𝐶𝑅(𝑡), the mass rate of 

non-solvent diffusion through the skin layer can be written as follows: 

diffusion R
NS fixed

dV dC
V

dt dt
                               Equation 6.5 

diffusion R
dV dCV

dt dt
=                               Equation 6.6 

Where V = Vfixed and ρNS = ρ. Equation.6.6 contains the concentration accumulation term of the 

non-solvent in the skin layer. The accumulation of non-solvent in the skin layer is mainly due to 

the diffusion of non-solvent from the non-solvent envelope to skin layer (Figure 6.1b). As there 

is no radial velocity component at the outer boundary of non-solvent envelope (r→∞), the 

contribution of convection term is neglected. From the Fick’s equation of diffusion in radial 

coordinates, the following expression can be written: 

1 NSR R R
NS

skin skin skin

DC C C
D r r

t r r r R r r

          
= =      

          
                           Equation 6.7 

Note, that at the limit of infinite dilution, the DNS (diffusion coefficient of non-solvent in solvent) 

and DS (diffusion coefficient of solvent in non-solvent) are not commutative.23 

At a very small time-scale, a linear concentration profile of the non-solvent reveals that radial 

concentration gradient can be approximated as follows: 

( ) ( )R R

skin skinR R

Skinskin

C C
R W R

C Cr r
r

r r R W R r

 
− −

      
= =  

  − −   

                           Equation 6.8 

The radial concentration gradient of the non-solvent can also be further approximated as: 
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0NS NSR

Skin

C CC

r R W R W

−
= = −

 − −
                            Equation 6.9 

Note that the negative sign indicates that 𝐶𝑅 is decreasing in the radial direction. Thus, from 

Equations. 6.6-6.9, the change in non-solvent volume becomes: 

diffusion NS NSR

R

dV D CdCV V

dt dt R W 
= = −                           Equation 6.10 

The skin thickness ‘W’ is time dependent and the rate of skin growth can be written as directly 

proportional to the steady state volume flux of non-solvent in to the system. For the sake of 

simplicity in the model, the proportionality constant is assumed as unity. 

( )2 NS NSVD CdW
L R W

dt RW



− =                           Equation 6.11 

Assuming at t=0, W=0, the differential equation can be written in the following integral form: 

2

0 0

1
2

W t

NS NSVD CW
W dW dt

R L R 

 
− = 

 
                            Equation 6.12 

2 3

22 3 2

NS NSVD CW W
t

R L R 
= − =                           Equation 6.13 

The term 
3

3

W

R
represents the effect of curvature on the growth of skin. If we consider that W<<R, 

then the Equation 6.13 becomes as follows: 

2

22 2

NS NSVD CW
t

L R 
=                            Equation 6.14 

W A t= =                            Equation 6.15 

Where A is constant which equals to 
2

NS NSVD C

L R 
. 
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An approximate formula of the skin thickness, W at t →0 is obtained (Equation 6.15) considering 

the radial diffusion of the non-solvent and square root dependence of W on time is found, which 

is also consistent with the literature data for diffusion in thin films.33  

Now, while writing the equation for solvent mass transfer in the skin-layer, time dependence of 

the solvent concentration ( C(t) ) is also treated by neglecting the convection transport as there is 

no external perturbation at the boundaries of skin layer to create radial velocity. 

1 S
S

skin skin skin

DC C C
D r r

t r r r R r r

           
=       

          
                         

Equation 6.16 

Similar to the non-solvent, the linear profile approximation for the solvent provides similar 

magnitudes of the first and second polar derivatives of solvent concentration: 

0

skinskin

C CC C
r

r r r W

−     
= =  

    
                          Equation 6.17 

C0 is the concentration of solvent in the interface of skin-layer and polymer solution, at r=R-W (it 

is considered to be fixed in the small-time scale) and C(t) is the concentration of solvent in the 

interface of skin and non-solvent layer (r=R). From Equations 6.15, 6.16 and 6.17, we obtain: 

tA

CC

R

D

dt

dC S )( 0 −=                            Equation 6.18 

Assuming, at t=0, C=0 and integrating Equation 6.18, we obtain the following expression of C, 
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                          Equation 6.19 
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In the Equation 6.19, τs is a time scale for the solvent diffusion. All else being equal, τs→∞ 

represents no diffusion of the solvent to the non-solvent layer and τs→0 represents the complete 

diffusion of solvent to the non-solvent layer. Figure A6.1 reveals that as the time-scale increases, 

the solvent removal process becomes slower. 

The expression of τs is written as follows: 
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Equation 6.20

 

2

NS
S

S

D

D
=  =T                           Equation 6.21

 

The rate of solvent diffusion into non-solvent can be qualitatively compared with τs or ‘T’. A 

smaller value of T indicates a faster diffusion of solvent into non-solvent. This further implies a 

smaller fiber diameter if all other parameters are kept constant. Table 6.2 gives the values of 

diffusivities of the solvent in non-solvent (DS-NS) and non-solvent in solvent (DNS-S) as calculated 

from Wilke-Chang correlation.34 It should be noted that in the limit of infinite dilution the 

diffusivities are non-commutative. 

 

Table 6.2: Diffusivity values of solvent in non-solvent (DS-NS) and non-solvent in solvent (DNS-S) as 

calculated from Wilke-Chang correlation.34 

Solvent 

(S) 

Non-

Solvent 

(NS) 

DS-

NS(x105 

cm2/s) 

DNS-

S(x105 

cm2/s) 

DMAC Water 0.91 1.70 

DMAC Methanol 1.93 2.48 

DMSO Water 1.07 0.68 

DMSO Methanol 2.26 0.98 
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6.4 Experimental Section 

6.4.1 Materials 

Cellulose acetate was provided by Eastman chemical company with DS of 2.45 and 

molecular weight of 30,000 g/mol. Polystyrene was purchased from Scientific Polymer Products 

Inc. with molecular weight of 260,000 g/mol. All solvents were obtained from Sigma Aldrich and 

were used without further treatment. Reverse osmosis purified water was used in the experiments 

for all intended purposes.  

6.4.2 Experimental set-up 

A small-scale laboratory set up was built as shown in Figure 6.1a. Polymer solution was 

injected through a syringe at the fixed rate of 0.1ml/min. The needle diameter was 0.412 mm. The 

non-solvent was filled in a 1liter test tube and the syringe needle was immersed in the non-solvent 

during the experiment. The height of the measuring cylinder was 40 cm. After the experiment, the 

as spun fibers were manually collected onto a clean roller. There was no drawing step involved in 

the experiment.   

6.4.3 Ternary Phase Diagram 

A known concentration of the polymer solution in DMAC was prepared. The non-solvent 

water or methanol was added dropwise under constant vigorous stirring until the solution turned 

cloudy. The final concentration of the three components were noted at the cloud point. The 

polymer solutions were made starting from 1 wt% at unit interval. The CDA solutions with a 

maximum concentration of 12 wt% and PS solutions with a maximum concentration of 40 wt% 

were used. 
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6.4.4 Fiber Characterization  

a) Density and Porosity 

The polymer fiber density was measured by their mass and volume. The mass of the fiber 

was measured by analytical balance, Fisher Scientific Accu-225D, which has least count of 0.01 

mg and the volume was calculated by measuring the fiber diameter by digital screw gauge and 

fiber length by digital Vernier caliper. Average density is reported after 10 measurements. The 

porosity was calculated using Equation 6.22.  

%1001 













−=

p

f
Porosity




                      ---Equation 6.22 

where, ρf is the bulk density of the fiber and ρp is the bulk density of polymer as provided by the 

vendor, 1.3 g/cm3 for CA and 1.05 g/cm3 for PS. 

b) Scanning Electron microscopy (SEM) 

Imaging was done using Field Emission Scanning Electron Microscope (FESEM), FEI, 

Verios 490L. The polymer fibers were fractured under liquid N2 using a sharp clean blade to image 

the radial cross-section. The samples were fixed on the 45° inclined metal stub using a double-

sided carbon tape. The samples were coated with 5nm layer of gold and palladium before imaging. 

c) N2 adsorption isotherms 

The N2 adsorption and desorption were measured using Micrometrics ASAP 2020. The 

Brunauer-Emmett-Teller (BET) surface area was calculated from N2 adsorption isotherm between 

the relative pressures of 0.1-0.3 at -196 °C. About 0.1-0.2 g of sample was degassed for 20 h at 60 

°C prior to the analysis. The pore size distribution curve was derived from N2 desorption curve of 

the isotherm by Barrett-Joyner-Halenda (BJH) method.  
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6.5 Experimental Results and Discussion in relation to developed parameters 

The two parameters defined by ‘RED’ and ‘T’ can give a fairly accurate qualitative 

prediction about the fiber structure. The parameter ‘RED’ allows to choose a set of solvent and 

non-solvent for a polymer of interest. The parameter ‘T’ along with ‘RED’ qualitatively predicts 

if the polymer tends to undergo delayed or instantaneous demixing, which in turn gives an idea 

about fiber morphology. Additionally, ‘T’ parameter can give a qualitative comparison of fiber 

diameters. From here on, we test if the predictions from these two parameters correlate with the 

experiments. 

There are three essential components in fiber making via wet-spinning: i) Non-solvent, ii) 

solvent, and iii) polymer. For a chosen polymer, the solvent and non-solvent were identified based 

on HSP. The various combinations are investigated, and the resulting fiber morphology, density, 

pore volume and fiber diameter are listed in Table 6.3. In the following sections, the effect of each 

variable on fiber structure will be discussed in detail. 
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Table 6.3: List of all the systems investigated along with the major properties identified for the resulting 

fibers. CA= Cellulose Acetate, PS= Polystyrene. The MV and MC indicate macrovoids and microcellular 

structure respectively. Note that microcellular structure is also referred to as spongy structure in this study. 

Polyme

r 

Solven

t 

Non-

Solvent 

R 

E

D 

T 

(x10-

5) 

s/cm2 

Morphology Densit

y 

(g/cm3) 

Pore 

Volume 

(%) 

Diamete

r (µm) 

CA DMA

C 

Water 4.2 2.05 MV, MC 0.71±.0

4 

45.3±3.

4 

190±10 

CA DMA

C 

Methan

ol 

1.7 0.67 MC 0.41±.0

8 

68.2±6.

4 

100±12 

CA DMSO Water 4.2 0.59 MV, MC 0.88±.0

6 

32.0±4.

3 

135±10 

CA DMSO Methan

ol 

1.7 0.19 MC 0.63±.0

8 

51.6±6.

4 

63±2 

PS DMA

C 

Water 3.2 2.05 MV, MC 0.35±.0

2 

67.0±1.

6 

360±2  

PS DMA

C 

Methan

ol 

1.8 0.67 MV, MC 0.32±.0

1 

69.7±0.

7 

270±8 

 

6.5.1 Choice of non-solvent 

The SEM images of the CA in DMAc polymer fibers obtained by precipitating in water 

and methanol are shown in Figure 6.2, where both types of fibers demonstrate circular cross-

section with bulk porosity. However, there are a few striking dissimilarities. First, the fiber 

obtained by precipitating in water exhibits a number of macro-voids that are concentrated close to 

the fiber surface, shown in Figure 6.2a1 ,d1. On the contrary, CA fiber obtained via precipitation 

in methanol do not exhibit any macro-voids and displays uniform bulk porosity (Figure 6.2a2, 

d2). Second, the surface of the fiber obtained from precipitating in water has non-porous skin 

(Figure 6.2b1, c1 and c1 inset), when compared to the fiber formed by precipitating in methanol 

(Figure 6.2b2, c2 and c2 inset) which has no skin and a uniform porosity throughout the surface. 

In both cases, however, the fiber core exhibits microcellular or spongy morphology (Figure 6.2e1, 

e2). The difference in the fiber structure is also manifested in form of their density and pore volume 



   

169 

 

as can be seen in Table 6.3. The fibers formed in water have higher density (0.71 g/cm3) and lower 

pore volume (45.3 %) than fibers formed in methanol (ρ=0.41 g/cm3 and pore volume 68.2 %). 

And lastly, a noteworthy difference in fiber diameters. Using the same needle, the fiber formed by 

precipitating in water has diameter of 190 µm, whereas the fiber formed by precipitating in 

methanol has diameter of 100 µm. 

 

 

Figure 6.2: 10 w/v% CA in DMAC precipitated in water (top row) and methanol (bottom row). a1,a2) 

Fiber cross-section (scale: 50µm), b1,b2) fiber surface (scale: 100 µm), c1,c2) magnified fiber surface 

(scale: 10 µm). Inset shows further magnification of the fiber surface (scale: 1µm), d1,d2) magnified edge 

of fiber cross-section (scale: 5 µm), e1,e2) magnified fiber core (scale: 5 µm).  

 

These morphological and structural properties can be qualitatively predicted by invoking 

the defined parameters (RED and T) together. The RED of CA with water is 4.2, and with 

methanol, it is 1.7, therefore, binodal gap (BG) of CA is lower for water than for methanol as non-

solvent. Lower BG results in faster phase separation, which is confirmed experimentally from the 

cloud point curve obtained on the ternary phase diagram of CA-DMAC-Non-solvent as shown in 

Figure 6.3a. Therefore, CA has higher tendency to phase separate in water than in methanol. As 
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soon as the CA was extruded in water, instantaneous de-mixing caused a skin formation, which 

acts as a physical barrier and slows down the inter diffusion of solvent and non-solvent. On the 

contrary, when the polymer is extruded in methanol, due to low tendency of CA to phase separate 

in methanol, formation of skin layer, if any, is delayed and the polymer fiber is stretched by gravity 

before solidification of the surface. This allows free inter-diffusion of solvent and non-solvent as 

illustrated in Figure 6.3b. At the same time, diffusion kinetics of solvent and non-solvent start 

shaping the fiber structure, forming micropores throughout the fiber cross-section. The kinetic 

parameter (T) of DMAC is 2.05 s/cm2 in water and 0.67 s/cm2 in methanol (Table 6.3), implying 

that resistance to solvent (DMAC) diffusion is higher in water than in methanol. Therefore, due to 

instantaneous de-mixing and slow diffusion of DMAC in water, a fiber was formed with large 

diameter (190 µm), whereas, for non-solvent methanol, delayed de-mixing and faster diffusion of 

DMAC in methanol yielded a thinner fiber (100 µm diameter). It is noted that needle diameter was 

constant in both the cases.  

The formation of macrovoids while coagulating in water can also be explained by 

instantaneous demixing of CA in water. The solidification of surface due to instantaneous 

demixing, traps water pockets underneath the solidified fiber surface, resulting in formation of 

macrovoids. No such entrapment is possible in methanol as non-solvent due to delayed demixing 

of CA in methanol. The diffusion of non-solvent in both cases is slowest in the fiber core due to 

hindrance from few microns of sub surface solidified polymer structure that allows formation of 

microcellular structure. A similar kind of morphology has been observed for CA membranes where 

macrovoids are seen close to the surface in contact with non-solvent and the bottom surface 

remains spongy-like structure.25,35,36 However, to the best of our knowledge, the microcellular type 

structure reported here for CA fibers have not been observed previously for CA wet spun fibers. 
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These kinds of microcellular structures have been previously reported for membranes formed via 

thermal induced phase separation when the polymer composition crosses the spinodal curve.37 We 

do not have enough information to confirm that the CA fibers formed in our case are via spinodal 

decomposition. However, the obtained fibers have mesoporous structure as confirmed from N2 

adsorption-desorption analysis (Figure A6.2) that shows pore size distribution in the range of 40-

50 nm. The BET area calculated from the slope of N2 adsorption curve is 20-25 m2/g. 

 

Figure 6.3: a) Ternary phase diagram for CA/DMAC/Non-solvent system showing the cloud point curve. 

Dashed arrows after the data points predict shape of the curve at higher CA concentration, b) illustration of 

fiber development in different non-solvents. 

 

6.5.2 Choice of the solvent 

In the second variation of experimental verification, solvent for CA was changed to DMSO 

and the fibers were formed by coagulation in either water or methanol. The RED of CA and PS 

with the two non-solvents will be same as before, i.e., REDCA-Water = 4.2, REDCA-Methanol = 1.7.  The 

only difference was the choice of solvent: DMSO and DMAC, which changes the kinetic 
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parameter T. We observe that with DMSO as the solvent, fiber structure closely resembles the 

structure seen in CA/DMAC/Non-solvent case, that is a circular fiber with mesoporous bulk and 

presence of macrovoids while precipitating in water (Figure 6.4a1, d1, e1), whereas absence of 

macrovoids with uniform microcellular structure while precipitating in methanol (Figure 6.4a2, 

d2, e2). On similar lines, the fiber surface was non-porous in case of coagulation in water (Figure 

6.4b1, c1 and c1 inset), whereas a uniform porous structure was observed on the fiber surface 

while coagulation in methanol (Figure 6.4b2, c2 and c2 inset). 

 

Figure 6.4: 10 w/v% CA in DMSO precipitated in water (top row) and methanol (bottom row). a1, a2) 

Fiber cross-section (scale: 50µm), b1,b2) fiber surface (scale: 100 µm), c1,c2) magnified fiber surface 

(scale: 10 µm). Inset shows further magnification of the fiber surface (scale: 1µm), d1,d2) magnified edge 

of fiber cross-section (scale: 5 µm), e1,e2) magnified fiber core (scale: 5 µm). 

 

With DMSO as solvent, the kinetic parameter (T) is different (Table 6.3, TDMSO  = 0.59 

s/cm2, compared to TDMAC=2.05 s/cm2 , both in water). This implies that DMSO diffuses faster 

than DMAC in water, resulting in a thinner fiber with diameter (135 µm), compared to fiber 

obtained from CA/DMAC/water system (d=190 µm). Similarly, when methanol is non-solvent, 
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RED is 1.7 and fiber structure appears to be the same as that obtained in CA/DMAC/methanol 

system. However, the kinetic parameter TDMSO = 0.19 s/cm2, compared to TDMAC = 0.67 s/cm2 

(both in methanol), implying that diffusion of DMSO is faster than that of DMAC in methanol. 

This results in thinner fiber with a diameter of 63 µm as compared to fiber obtained from 

CA/DMAC/methanol system with a fiber diameter of 100 µm. 

Apart from differences in solvent diffusivities, fiber diameter can also be affected by its 

stretching due to gravity, as our experiments were performed by extruding polymer solution into 

a measuring cylinder filled with the antisolvent. In case of precipitation in water, the fiber 

stretching was minimum due to instantaneous demixing and solidification of the fiber surface, 

whereas precipitation in methanol was delayed resulting in higher fiber stretching before 

solidification of the surface. This may also cause a thinning of fiber diameter in case of 

precipitation in methanol. However, the fact that a smaller diameter was observed in DMSO/water 

system (135 µm) compared to DMAC/water (190 µm) (RED parameter is the same in both cases) 

indicates that kinetic parameter is instrumental in defining the fiber diameter and a follow up study 

is necessary to quantify its effect to the fiber properties. 

To summarize, our observations show that the type of de-mixing dictates the extent of 

macrovoids, that can be qualitatively predicted from RED values, and strongly depends on the 

system of solvent - non-solvent used. CA/water has high RED (=4.2) and exhibit macrovoids due 

to instantaneous de-mixing, whereas CA/methanol has low RED (=1.7) and exhibits microcellular 

morphology due to delayed de-mixing. The kinetic parameter helps to qualitatively predict the 

fiber diameter. A low value of T (=0.19 s/cm2) for DMSO/methanol produces CA fiber with 

smallest diameter (63 µm), whereas a high value of T (=2.05 s/cm2) for DMAC/water produces 

CA fiber with largest diameter (190 µm).  
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6.5.3 Choice of the polymer  

As RED varies for different polymers, to determine differences between fibers, we 

compared polystyrene (PS) and CA fibers. The DMAC was used as solvent, and water and 

methanol were kept as non-solvents. It is noted from previous studies on membrane formation that 

viscosity η of the polymer solution strongly affects the morphology of the phase separated 

structure.38 To have a uniform comparison with CA, we selected a high molecular weight PS and 

a solution concentration of 30 % w/v to match CA and PS solution viscosity (η30 w/v% PS ≈ η10 w/v% 

CA ≈ 2.7 Pa-s). 

 

Figure 6.5: A ternary phase diagram of PS/DMAC/Non-Solvent demonstrating the cloud point curves for 

non-solvents, water and methanol. The binodal gap (BG) with respect to each non-solvent is also shown on 

the diagram. 

 

The RED values of PS (with water and methanol are 3.2 and 1.8 respectively,) predict a 

smaller BG with water than methanol. This is also confirmed via ternary phase diagram of 

PS/DMAC/Non-solvent (Figure 6.5). Based on these values, we predict a lower tendency of 
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precipitation of PS in water than in methanol causing instantaneous demixing in water and 

relatively delayed demixing in methanol. A large number of macrovoids are observed in the fiber 

formed via coagulation in water (Figure 6.6 a1, d1), due to instantaneous demixing and 

solidification of the fiber surface. On the contrary, a more microcellular or spongy structure is 

expected and was formed in the fiber formed by precipitation in methanol (Figure 6.6 a2, d2). In 

both cases the fiber core has microcellular structure (Figure 6.6 e1, e2) due to hindered diffusion 

of solvent-non-solvent by solidified surface as mentioned before. The kinetic parameter T for 

DMAC/water is 2.05 s/cm2 and for DMAC/methanol is 0.67 s/cm2. Therefore, a faster diffusion 

of DMAC in water is expected than that of DMAC in methanol.  Hence, the fiber diameter is 

expected to be smaller when the precipitation is carried out in methanol (270 µm) as compared to 

the fiber diameter when the precipitation takes place in water (360 µm). Comparing PS fiber 

surface obtained in precipitation in water (Figure 6.6 b1, c1 and c1 inset), and methanol (Figure 

6.6 b2, c2 and c2 inset), we can observe a minute difference is fiber surface morphology. The 

small surface pores (or roughness) were observed on the surface of the fiber formed by coagulation 

in methanol in contrary to the smooth fiber surface observed for the fiber formed by coagulation 

in water. The surface pore structure observed for PS is different compared to that of CA fibers. 

Moreover, a different kind of macrovoids and microcellular structure is observed in PS than that 

observed in CA. In case of PS, finger like macrovoids were observed extending towards the fiber 

core when non-solvent is water. On the contrary, tear drop macrovoids were observed in the PS 

fiber formed in methanol. This observation emphasizes one drawback of our model, i.e., it cannot 

be used to compare fiber structures obtained from different polymers. The RED is used 

qualitatively to compare the BG of the polymer with various non-solvents but cannot be 

successfully applied across different polymers. For instance, PS and CA have RED of 3.2 and 4.2 
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respectively with water but the BG of PS with water is smaller as compared to that of CA with 

water (Figure 6.3 a and 6.5). Nevertheless, the model can successfully compare the fiber structure 

obtained from one polymer when subjected to different solvent-non-solvent systems. 

 

Figure 6.6: 30 w/v% PS in DMAC precipitated in water (top row) and methanol (bottom row). a1,a2) Fiber 

cross-section (scale: 50µm), b1,b2) fiber surface (scale: 100 µm), c1,c2) magnified fiber surface (scale: 10 

µm). Inset shows further magnification of the fiber surface (scale: 1µm), d1,d2) magnified edge of fiber 

cross-section (scale: 5 µm), e1,e2) magnified fiber core (scale: 5 µm). 

 

6.5.4 Comparison with the published literature: 

We looked for the studies that reported ternary phase diagram of single polymer system 

with various solvent-non-solvent systems, along with the SEM images of resulting structures 

obtained by via wet-spinning or non-solvent induced phase separated membranes. We found a few 

studies in field of membrane science satisfying these criteria, where we tested our model. Table 

A6.1 contains the values of solubility parameters for the components used in the following studies. 

The RED and T values for each set of system is listed in Table 6.4. Yin et al.39, studied fiber 

production by extruding PAA/DMAC solution into various composition of water and DMAC. For 

PAA, it is expected based on RED values that BG will increase with increase in concentration of 
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solvent (DMAC) in the non-solvent (water). Consequently, the roughness on the fiber surface 

increases with decrease in RED. Also, the T values will decrease upon addition of DMAC in non-

solvent. This will result in decrease of fiber diameter as also reported in the study. Sukitopaneeni 

et al.24, investigated the morphology of PVDF hollow fiber membranes by wet-spinning solution 

of PVDF in NMP in the coagulation bath of water and various blends of water with methanol, 

ethanol and isopropyl alcohol (IPA). The study has a ternary phase diagram of PVDF/NMP and 

the non-solvents used, that satisfies the criteria of REDs inverse relationship with BG. Hence, a 

microcellular or spongy morphology is observed when the non-solvent used are 50% 

methanol/ethanol/IPA with water, because the PVDF undergoes delayed demixing in these non-

solvents. It is difficult to comment on the fiber diameter because the study was for hollow fibers, 

but based on the T values with pure solvents, we hypothesize that PVDF fiber diameter (D) may 

follow the following order when spun in pure non-solvents: Din IPA>Din Water>Din Ethanol>Din Methanol. 

Mazinani et al.40, studied phase separated membranes of Extrem polymer. The values for Extrem 

satisfy the criteria of RED being inversely proportional to BG, implying that it will undergo 

delayed demixing in methanol and glycerol exhibiting a spongy morphology. From the T values, 

we expect that if the fibers were made from this polymer, the diameter will be smallest in methanol 

and highest in glycerol. The solvent diffusion in glycerol will be minimal as the T value is very 

high. However, there may be issues of poor spinability due to high viscosity of glycerol. The 

authors also investigated different solvents. The DMAC, NMP and DMF yielded macrovoid 

morphology when polymer was phase separated into water, whereas spongy morphology was 

obtained when DMSO was used as a solvent. The authors attributed the behavior to high viscosity 

of Extrem in DMSO. Our model does not account for change in viscosity and needs further 

improvement.  
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Table 6.4: Our design parameters (RED and T) applied to selected studies of phase separated membranes 

and fibers.  

Polyme

r 

Solven

t 

Non-

Solvent 

RE

D 
T Morphology Comments Reference 

PAA DMAC water 5.6 2.05 
No surface roughness,  

Fiber dia= 50 μm 

Satisfies 

the 

condition 

of 

 RED α 
1

𝐵𝐺
 

Yin et al.39, 

PAA DMAC 

70% 

water/30

% DMAC 

3.8 -- 

Moderate surface 

roughness, 

Fiber dia= 40 μm 

PAA DMAC 

50% 

water/50

% DMAC 

2.6 -- 

Moderate surface 

roughness 

Fiber dia= 27 μm 

PAA DMAC 

40% 

water/60

% DMAC 

2 -- 
High surface roughness,  

Fiber dia= 32 μm 

PVDF NMP Water 13.7 1.33 Macrovoids 
Satisfies 

the 

condition 

of  

RED α 
1

𝐵𝐺
.  

If the fibers 

were made 

in pure 

antisolvent. 

IPA may 

give fibers 

with largest 

diameter 

Sukitpaneeni

t et al.24, 

PVDF NMP 

50% 

water/ 50 

% 

methanol 

9.6 -- Microcellular 

PVDF NMP 

50% 

water/ 50 

% ethanol 

8.9 -- Microcellular 

PVDF NMP 

50% 

water/ 

50% IPA 

8.3 -- Microcellular 

PVDF NMP Methanol 5.6 0.33 -- 

PVDF NMP Ethanol 4.6 0.82 -- 

PVDF NMP IPA 4.1 4.39 -- 

Extrem NMP Water 2.8 1.30 Macrovoids 
Satisfies 

the 

condition 

of  

RED α 
1

𝐵𝐺
 

Mazinani et 

al.40, 

Extrem NMP Glycerol 1.7 >>1 Microcellular 

Extrem NMP Methanol 1.3 0.33 Microcellular 

Extrem DMAC water 2.8 2.05 Macrovoids 

Extrem DMF water 2.8 1.55 Macrovoids 

Extrem DMSO water 2.8 0.59 Microcellular 

 

6.6 Conclusion 

A model is developed to qualitatively and comparatively predict the fiber morphology and 

size formed during wet-spinning. By using the two design parameters (RED and T), it is possible 

to identify a set of solvent and non-solvent combinations for use with the polymer of interest for 
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wet-spinning. Additionally, it is possible to qualitatively predict the ensuing fiber morphology and 

diameter. An experimental verification of the model is conducted using cellulose acetate and 

polystyrene. Based on RED, we chose DMAc & DMSO as solvents and water and methanol as 

non-solvents. Using the model, we predicted that low RED will result in mesporous fiber due to 

delayed demixing, and high RED will produce less porous fibers, with a possibility of an outer 

non-porous “skin” layer formation due to instantaneous demixing. The kinetic parameter T 

predominantly governs the fiber diameter. A small value of T implies fast solvent diffusion that 

leads to decrease in fiber diameter. This model also shows good agreement with published 

literature. This versatile model can be applied to any other polymer-solvent-non-solvent system if 

the Hansen solubility parameter is identified. Furthermore, due to the simplicity of the model, its 

applications are not limited to fibers, but can be extended to understand and predict the formation 

of particles and films formed by non-solvent precipitation process. We envisage that this 

fundamental work will enhance the knowledge regarding the porous fiber production in the 

industry. 
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Chapter 7: Summary and Future Directions 

 

This chapter summarizes the previous chapters to provide major highlights to the reader in each 

chapter. In addition, some chapters also include future direction, which contains my thoughts 

regarding continuation of this research. 

7.1 Chapter 1 

In chapter 1, we laid out our motivation for the dissertation, which is exploring the structural 

and chemical interaction of components in the natural materials that inspired us to mimic the 

morphology of the natural materials towards developing new class of light-weight yet strong 

materials. The overreaching goal of the dissertation was to utilize one of the most abundant 

biopolymer available on earth, cellulose and its derivatives, towards developing functional light-

weight materials that can replace or aid materials from synthetic polymers. The broad scope of the 

dissertation was narrowed down to exploring 3 avenues: First, investigate component interaction 

in lignocellulose biomass, Second, mimic cellular structure in biomass to develop strong aerogels 

and lastly, develop porous fibers that mimic structure of cancellous bone and explain the structure 

using concept of phase separation.  

In this chapter, we also give a background of the lignocellulose biomass, cellulose and cellulose 

derivatives that are used to synthesize aerogels and porous fibers. The underlying fundamental of 

synthesizing aerogels and porous fibers are also explained. We hope, the reader gets the full 

overview of these materials and is guided to the relevant literature for further exploration. 

7.2  Chapter 2 

In chapter 2, we studied the chemical and structural interaction of cellulose, lignin and 

hemicellulose within the residual biomass of coir and empty fruit bunches (EFB fibers) while 

isolating lignocellulosic micro-and nano-fibrils (MNFC) from coir and EFB by using low severity 
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treatments, which allowed to retain most of the native lignin (31 and 24 wt%, respectively). The 

fiber processing steps included autohydrolysis, mechanical defibrillation, microemulsion 

treatment and microfluidization. The fibers were characterized during each treatment step for their 

chemical, structural and thermal properties. The FTIR analysis confirmed no significant changes 

in the chemical groups of the fiber components. The electron microscopy and AFM images 

indicated two structural populations in coir and EFB- MNFC with fibril diameter of 20-70 nm and 

1- 3 µm. The confocal images highlighted the lignin redistribution on the fiber walls and within 

the hollow fiber in form of particles. As expected, the crystallinity of the fibers was not affected 

by the treatments applied, due to presence of substantial amounts of amorphous lignin. However, 

the thermal degradation behavior was largely affected by the chemical composition and the 

redistribution of lignin during autohydrolysis and microemulsion treatments. These results, along 

with the features observed in the morphological analyses, can be combined to postulate the 

possible structural and component changes that occurred upon defibrillation. 

7.2.1 Future Directions 

We terminated the study after exploring the interactions between lignin, cellulose, and 

hemicellulose, which resulted in synthesis of MNFC. We expect that the detailed structural and 

thermo-chemical analyses presented here facilitate further interest for preparation of new materials 

from MNFC isolated from coir and EFB, two abundant bioresources that are most suitable for their 

valorization. There are few approaches one could take. Rojo  et al.1, elucidated the effect of 

residual lignin on the physical, mechanical and interfacial properties of ligno-cellulose nano paper. 

They found significant changes in the interfacial and physical properties manifested by changes in 

water contact angle from 35° to 78° on increasing lignin content. On similar lines, the micro-nano 

paper from the MNFC may exhibit interesting physical and interfacial properties due to 
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redistribution of residual lignin in MNFC. Alternatively, the two structural populations of MNFC 

can be separated and investigated towards further use in composite materials as reinforcing 

component. 

7.3 Chapter 3 

In this chapter, we explored the synthesis procedure for aerogels using freeze-drying and 

critical point drying. While exploring a way to make light-weight single component aerogels from 

polymers, we developed a versatile method to synthesize aerogel from a non-aqueous polymer and 

demonstrated the idea with three cellulose esters, cellulose diacetate, cellulose acetate propionate 

and cellulose acetate butyrate. A unique combination of chemical crosslinking, solvent exchange 

and freeze-drying process was used to produce ultralight (4.3 mg/ml) and highly porous (99.7 %) 

cellulose diacetate aerogels for the first time. A low density cellulose ester aerogel (< 30 mg/ml) 

was easily synthesized even with a relatively high starting concentration of the polymer (4 w/v%). 

The honeycomb morphology achieved during ice-templating provided the 4% CDA aerogels with 

high compressive strength (up to 350 kPa) and maximum strain of about 92%. 

Additionally, the critical point drying method using supercritical CO2 was also investigated 

using CDA organogels. Even though such aerogels have relatively high density, 4 times high 

compared to the aerogels obtained from freeze-drying, the critical point dried aerogels 

demonstrated mesoporous structure with BET surface area of 263 m2/g, which is approximately 

300 times higher than the freeze-dried aerogel of CDA. 

7.3.1 Future directions 

While ice-templating, the inherent network structure obtained through cellulose ester 

cross-linking is lost, since the nucleation and growth of ice crystals during freezing compress the 

polymer into thin walls. To preserve the cross-linked network structure one could perform freeze-
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drying of gel with organic solvent (acetone). This is challenging because the triple point of acetone 

is extremely low to achieve (-94.5 °C) using most available equipment (see Chapter 3 for details).2  

An alternative approach is the use of organic solvent that have higher triple point such as t-butanol 

(25 °C), acetic acid (16.6 °C) or benzene (5.5 °C).2  There have been some articles investigating 

the effect of t-butanol in cellulose nanofiber aerogel.3,4 However, the approach still remains vastly 

unexplored from the perspective of aerogels from polymers. In one of our preliminary experiments, 

we performed solvent exchange of CA organogel (gel in acetone) with t-butanol, followed by 

freezing in freezer (-4 °C) and freeze-drying. The images of the organogel and the corresponding 

aerogel along with its SEM image is shown in Figure 7.1. A high degree of shrinkage was 

observed in solvent exchange step. The RED of CA with respect to t-butanol is 3.5. So, the high 

shrinkage was not unexpected. Moreover, the SEM image of an open porous structure comprising 

of small aggregated fibrils alludes to a phase separated structure obtained during the solvent 

exchange with t-butanol. A macroscopic pore structure was not evident with these aerogels. 

Additionally, the resulting aerogel was highly brittle too. The challenge pertains to match the 

solubility parameter of the solvent of interest (for example t-butanol) with the desired polymer to 

prevent gel shrinkage during solvent exchange. The ideal approach will be to perform the cross-

linking reaction using t-butanol as the solvent. 
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Figure 7.1: a) Camera image of organogel of cellulose diacetate in acetone (left) and the corresponding 

aerogel (right) formed after solvent exchange with t-butanol followed by freeze drying, b) SEM image of 

the aerogel. 

 

7.4 Chapter 4 

An innovative approach to synthesize ultralight, anisotropic aerogels with tailored 

mechanical properties is demonstrated in this chapter. The use of the solubility parameter theory 

to control swelling behavior of the gels allowed a remarkable control over the final mechanical 

performance of the aerogels. The solvent exchange approach allowed us to synthesize aerogels 

with densities as low as 0.025 g/cm3 with no need for optimizing the precursor polymer 

concentration. The synthesized aerogels exhibited a wide range of stiffness (14-340 kPa), 

toughness (4-103 kPa), strength (22-373 kPa) and compressibility (35-87 %). Additionally, a 

unidirectional and controlled freezing approach (ice-templating) introduced anisotropy in the 

aerogels inducing both elastic and plastic deformations, depending on the loading direction. The 
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morphological and mechanical properties of the aerogels can be further tuned by arresting the gels 

in a non-equilibrium state during solvent exchange. By using this approach, aerogels can be 

achieved with tunable stiffness (13 to 160 kPa), toughness (4 to 35 kPa), strength (22 to 151 kPa) 

and compressibility (65 to 88 %).  

7.4.1 Future Directions 

Except for looking into anisotropy in mechanical properties, the possibilities of unique pore 

directionality of these aerogels are not explored. Regarding exploring applications for these 

aerogels, with impressive and tunable mechanical properties along with anisotropy, the aerogels 

can potentially be used as shock absorbers, in thermal and acoustic insulator, among many others. 

Apart from these, the pore structure can be utilized for templating as demonstrated by Shopsowitz 

et al.5, for CNC aerogels. In other approach, the toughness and strength of such materials can be 

further enhanced by filling the pores with a viscoelastic solid. Such solid can be incorporated into 

the aerogel pores in fluid form followed by in-situ UV cross-linking.6,7 

7.5 Chapter 5 

This chapter explored one potential application for the cellulose diacetate (CDA or CA) 

aerogels for selective oil uptake. The CA aerogels were modified by chemical vapor deposition to 

render them hydrophobic and oleophilic. The modified aerogels demonstrated fast oil uptake and 

good oil retention. Even in the agitated oil in water media, the modified aerogels sorbed low 

viscosity kerosene oil within 45 s and the uptake of high viscosity oil (170 cP) was well within 2 

min. Moreover, the modified aerogels uphold their mechanical integrity in turbulent media, thus 

preventing any secondary contamination. These properties make them suitable for potential use to 

clean up oil spills in the rough marine environments. 
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The modified CDA aerogels were further identified for fluid selectivity based on surface 

energy analysis. The results from the modified Zisman theory indicated the critical surface energy 

for the aerogel to be in the range from 36 to 51 mN/m. The value of interfacial surface tension of 

spin coated CDA modified with chemical vapor deposition was calculated to be 43.9 mN/m using 

Fowkes’ theory. Thus, a non-polar liquid with surface tension lower than 44 mN/m could be 

separated from water media using these modified CDA aerogels. This analysis served two 

purposes: it showed the versatility of these aerogels in sorption of other chemicals, and a theoretical 

platform was established to a priori predict how a non-polar chemical can be separated by these 

aerogels based on the surface tension of the chemical. 

7.6 Chapter 6 

In this chapter, we moved away from aerogels and focused on porous fibers development 

during wet-spinning. A model was developed to predict the fiber morphology and size that used 

two design parameters (RED and T), that allowed us to identify a set of solvent and non-solvent to 

use for the polymer of interest during wet-spinning process. Additionally, it was possible to 

qualitatively predict the ensuing fiber morphology and diameter. An experimental verification of 

the model was conducted using cellulose acetate and polystyrene. Based on RED, we chose DMAc 

& DMSO as solvents and water & methanol as non-solvents. Using the model, we predicted that 

low RED will result in mesporous fiber due to delayed demixing, and high RED will produce less 

porous fibers, with a possibility of an outer non-porous “skin” layer formation due to instantaneous 

demixing. The kinetic parameter T predominantly governs the fiber diameter. A small value of T 

implies fast solvent diffusion that leads to decrease in fiber diameter. This model also shows good 

agreement with published literature indicating that the versatile model can be applied to any other 

polymer-solvent-non-solvent system if the Hansen solubility parameter is identified. Furthermore, 
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due to the simplicity of the model, its applications are not limited to fibers, but can be extended to 

understand and predict the formation of particles and films formed by non-solvent precipitation 

process. We envisage that this fundamental work will enhance the knowledge regarding the porous 

fiber production in the industry. 

7.6.1 Future Directions 

This is a preliminary study with a bold claim of combining solubility parameter with the 

thermodynamics of the ternary system. Even though it provides a criterion for predicting the fiber 

morphology during wet-spinning using Hansen solubility parameters and kinetic parameter, there 

are still some questions that need to be answered. First, the solubility parameter approach does not 

account the interaction of solvent and non-solvent. So, the effect of change in the solvent-non-

solvent pair on the fiber morphology is still not fully explained with this approach. Second, the 

two-parameter model does not account for the change in viscosity of the polymer solution or the 

polymer concentration as such. The future work for this study entails probing these questions. 
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APPENDIX A2: Supplementary Information for Chapter 2 
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Figure A2.1: FTIR spectra of pure cellulose with MNFC-Coir and MNFC-EFB 
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Table A2.1: Transmission peaks observed for coir and EFB samples along with the identified functional 

groups, chemical compounds and fiber component consisting of the identified functional groups. (C = 

Cellulose, H = Hemicelluloses, L = Lignin). 

Wavenumber 

(cm-1) 

Functional groups Organic Compound(s) containing 

functional groups 

Fiber 

component 

3329 O-H stretch Acid and alcohol C, H, L 

2910 sp3 C-H stretch Alkyl, aliphatic, aromatic C, H, L 

1736-1715 C=O stretch Ketone, ester and carboxylic H 

1640 O-H bend Adsorbed water C 

1600-1460 C=C stretch of aromatic Aromatic rings L 

1470-1430 O-CH3 Methoxy (O-CH3) on aromatic ring L 

1440-1400 O-H bending Acid C, H, L 

1400-1300 Sp3 C-H bend Saturated alkanes C, H, L 

1240 Acyl C-O (C-O-C stretching) Aryl-alkyl ether linkage C, L 

1161, 1100 C-O-C stretching vibration Pyranose ring skeletal C, H 

1027 Alkoxy C-O stretch and C-O 

deformation 

C-OH (ethanol) C, H, L 

898 C-O-C stretching vibration Glycosidic linkage between glucose 

units 

C, H 

700-900 Aromatic sp2 bend Aromatic hydrogen L 

  

  



   

196 

 

 

 

Figure A2.2: The Coir and EFB fibers showing the vessel element. 

 

 

Figure A2.3: Cross-section of the untreated or pristine coir and EFB fibers showing the vessel element in 

solid circles  
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APPENDIX A3: Supplemental Information for Chapter 3 

 

 
Figure A3.1: N2 adsorption and desorption isotherm obtained for 4% CDA aerogel. Inset shows the pore 

size distribution derived from desorption curve of the isotherm by the Barrett-Joyner-Halenda (BJH) 

method. 

 

 
 

Figure A3.2: SEM image of the juction point at one pore in the aerogel. The wall thickness is ~1 μm. 
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Figure A3.3: The compressive stress-strain curve for 4. 6, and 8% aerogels. The curves for 6 and 8% were 

not reproducible due to unavoidable artifacts generated during solvent exchange and freezing step. 

However, they consistently yielded below 30%. 
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Figure A3.4: Liquid uptake w.r.t the available pore volume per gram of aerogel for 2, 4, 6 and 8 % aerogels. 

A ratio greater than 1 for water uptake by 4% and above aerogel indicates a combination of absorption in 

the pores and adsorption on the polymer walls may be due to hydrogen bonding of water with polymer 

chains. Hence the liquid uptake is referred to as sorption. The low value of sorption for 2% aerogel relative 

to the available pore volume is may be due to inability of 2% aerogel to retain such high volume of water. 

Relative volumetric uptake for kerosene oil is less than or equal to 1, which further implies entrapment of 

air bubbles during sorption.  
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Table A3.1: Comparison with other studies on aerogels for oil sorption reported in literature (ρ= Bulk 

density, P= Porosity,W=Water, NP-S= Non-polar solvent, R= Reusability (# of times sorbed and desorbed) 

S.

No

. 

Material 

 

Preparation 

method 

 

Conc. 

wt % 

 

ρ 

(mg

/cc) 

 

P 

% 

 

Sorption 

g/g 
R 

Drawbacks 

 
Ref. 

W NP-S 

1. 

Cellulose 

fiber 

(patent) 

Freeze 

drying of 

cellulose 

suspension 

followed by 

CVD of 

silane 

NA 
40-

80 

94-

98 

5-

25 
10-25 3  

Low sorption, high 

density compared 

to other aerogels, 

1 

2. 

Cellulose 

nanofibri

l from 

rice 

straw 

(CNF) 

TEMPO 

oxidation of 

CNF 

followed by 

freeze drying 

and CVD of 

silane 

0.1 -

0.6 

1.7-

8.1 

99.

9-

99.

5 

21

0 
375 6 

mechanical 

integrity in 

practical scenario is 

questionable, 

reusability is 

demonstrated by 

distilling toluene 

(not practical) 

 2 

3. 
Nanocell

ulose  

Freeze 

drying NFC 

dispersion in 

water 

followed by 

CVD of 

silane 

 0.5-2 
4-

14  

99.

8-

99.

5  

 N

A 

30-

40  
3 

 Complicated 

procedure for NFC 

production, 

mechanical 

integrity in 

practical situation 

is questionable 

 3 

4. 

Nanocell

ulose fro

m birch 

kraft 

pulp 

Freeze 

drying NFC 

hydrogels 

followed by 

CVD of 

silane  

1.3  20  
98.

6  

NA

  
NA  

N

ot 

te

st

ed 

Not tested for 

sorption 

applications  

 4 

5. 

Nanocell

ulose fro

m 

hardwoo

d kraft 

pulp 

Freeze 

drying of 

nanocellulose 

hydrogel 

followed by 

TiO2 Atomic 

layer 

deposition 

 2 
 20-

30 
98  

 N

A 
 30 10 

 Reusability is 

demonstrated by 

evaporating 

Toluene (not 

practical) 

 5 

6. 

Recycled 

cellulose 

fibers  

 Cellulose 

fiber 

dispersion 

freeze dried 

and CVD 

with silane 

 0.25-

1 

 9-

42 

99.

4-

97.

2  

 N

A 

 45-

62 

N

ot 

te

st

ed 

 Very slow 

separation of oil 

and water, 

reusability not 

tested 

 6 
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 Table A3.1 (continued) 

7. 

Cellulose 

nanocrys

tal  

 Hydrazine 

cross-linking 

followed by  

freeze drying 

 0.5-2 

5.6-

21.7

  

 99

.6-

98.

6 

 72 160  20 

Long and 

complicated 

synthesis 

procedure, not 

studied for oil 

separation 

 7 

8. 

 Cellulos

e 

nanofibri

l 

Kymene 

crosslinking 

followed by 

freeze 

drying  

 0.6-1 
 10-

20 

99.

9-

99.

8 

 98  NA 

N

ot 

te

st

ed 

 Not studied for oil 

separation 
 8 

9. 
Bacterial 

cellulose  

Liquid phase 

silanation 

followed by 

freeze 

drying  

 NA 
6.77

  

 99

.6 

 N

A 
 185 10 

Very expensive 

material,  long 

synthesis 

procedure, practical 

application not 

demonstrated 

 9 

10. 

Carbon 

nanofiber

  

Bacterial 

cellulose 

aerogel via 

freeze drying 

followed by 

pyrolysis   

NA  4-6  
 >9

9 

 N

A 

 106-

312 
5 

 Material loss from 

pyrolysis, High 

temperature 

treatment 

 10 

11. 

 Graphen

e 

Framewo

rk 

Hydrotherma

l treatment of 

Graphene 

oxide, freeze 

dried 

followed by 

pyrolysis  

 .035  2.1 
 >9

9 

NA

  

 200-

600 

N

ot 

te

st

ed 

Material loss, 

expensive material, 

high temperature 

treatment  

 11 

12. 

Graphen

e and 

Carbon 

nanotube 

 Lyophilizati

on of Carbon 

nanotube and 

graphene 

oxide 

followed by 

hydrazine 

vapor 

reduction 

NA  
 0.1

6 

>9

9  

 N

A 
 580 10 

Expensive raw 

material, practical 

use is questionable 

 12 

13. 
Chitosan

-Silica  

 TEOS 

polycondensa

tion in 

presence of 

chitosan 

followed by 

lyophilizatio

n 

NA  

 5.8

-

17.3 

96.

7-

90.

9  

 N

A 

 10-

25 
10 

 Low sorption, 

weak mechanical 

integrity, not 

suitable for 

practical use, 

reusability 

demonstrated by 

evaporation of 

solvent, unpractical 

 13 
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Table A3.1 (continued) 

 
  

14. Silica  

 Polycondens

ation of 

methyltrimet

hoxysilane 

followed by 

supercritical 

drying 

NA  NA  
N

A  

NA

  
 15 

N

ot 

te

st

ed 

 Low sorption, 

weak mechanical 

integrity, not 

suitable for 

practical use 

 14 

15. 
Cellulose 

acetate 

Organic gel 

formation by 

isocyanate 

crosslinking 

followed by 

supercritical 

drying 

5-10 

250

-

750 

82-

42 
NA NA 

N

ot 

te

st

ed 

High density and 

low porosity, not 

tested for sorption 

properties 

15 

16. 
Cellulose 

Acetate 

Sol-gel route 

to crosslink 

via ester 

linkage 

followed by 

solvent 

exchange 

with water to 

give 

hydrogel 

which is 

freeze dried 

and CVD of 

silane 

2-8 

4.0-

110.

2 

99.

7-

91.

2 

10-

92 
5-112 

7-

10 
 

This 

wor

k 
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Table A3.2: Material properties of the aerogels synthesized in current study and prior studies 

 
Densi

ty 

(g/ml) 

Compressi

on 

Modulus 

(kPa) 

Specific 

Modulus 

(MPa/g/

ml) 

Yiel

d 

strai

n 

(%) 

Highe

st 

strain 

(%) 

Maximu

m 

compressi

ve stress 

(kPa) 

Maximu

m stress 

at 60% 

strain 

(kPa) 

Referen

ce 

4% aerogel 
0.023

4 
38 1.6 NA 92 3501 33.5 

This 

work 

CNF aerogel 
0.008

1 
54.5 6.7 19 80 2 15 2 

CNC aerogel 
0.021

7 
40 1.8 NA 80 71 10 7 

Graphene 
0.005

8 
2.3 0.4 NA 95 101 1.5 16 

Carbon 

nanofiber 
0.006 10 1.7 NA 90 641 6 10 

1 The materials showed no yield stress. Elastic region was followed by densification region. The values 

represent compressive stress, i.e., the stress at maximum strain 

  



   

204 

 

References: 

[1] Duong HM et al. A polysaccharide aerogel. WO2014/178797 2014. doi:WO2014/178797. 

[2] Jiang F, Hsieh Y-L. Amphiphilic superabsorbent cellulose nanofibril aerogels. J Mater 

Chem A 2014;2:6337–42. doi:10.1039/c4ta00743c. 

[3] Cervin NT, Aulin C, Larsson PT, Wågberg L. Ultra porous nanocellulose aerogels as 

separation medium for mixtures of oil/water liquids. Cellulose 2012;19:401–10. 

doi:10.1007/s10570-011-9629-5. 

[4] Jin H, Kettunen M, Laiho A, Pynnönen H, Paltakari J, Marmur A, et al. Superhydrophobic 

and superoleophobic nanocellulose aerogel membranes as bioinspired cargo carriers on 

water and oil. Langmuir 2011;27:1930–4. doi:10.1021/la103877r. 

[5] Korhonen JT, Kettunen M, Ras RH a, Ikkala O. Hydrophobic nanocellulose aerogels as 

floating, sustainable, reusable, and recyclable oil absorbents. ACS Appl Mater Interfaces 

2011;3:1813–6. doi:10.1021/am200475b. 

[6] Feng J, Nguyen ST, Fan Z, Duong HM. Advanced Fabrication and Oil Absorption 

Properties of Super-hydrophobic Recycled Cellulose Aerogels. Chem Eng J 2015;270:168–

75. 

[7] Yang X, Cranston ED. Chemically Cross-Linked Cellulose Nanocrystal Aerogels with 

Shape Recovery and Superabsorbent Properties. Chem Mater 2014;35:6016–25. 

doi:10.1021/cm502873c. 

[8] Zhang W, Zhang Y, Lu C, Deng Y. Aerogels from crosslinked cellulose nano/micro-fibrils 

and their fast shape recovery property in water. J Mater Chem 2012;22:11642. 

doi:10.1039/c2jm30688c. 

[9] Sai H, Fu R, Xing L, Xiang J, Li Z, Li F, et al. Surface Modification of Bacterial Cellulose 

Aerogels’ Web-like Skeleton for Oil/Water Separation. ACS Appl Mater Interfaces 

2015;7:7373–81. doi:10.1021/acsami.5b00846. 

[10] Wu Z-Y, Li C, Liang H-W, Chen J-F, Yu S-H. Ultralight, flexible, and fire-resistant carbon 

nanofiber aerogels from bacterial cellulose. Angew Chem Int Ed Engl 2013;52:2925–9. 

doi:10.1002/anie.201209676. 

[11] Zhao Y, Hu C, Hu Y, Cheng H, Shi G, Qu L. A versatile, ultralight, nitrogen-doped 

graphene framework. Angew Chemie - Int Ed 2012;51:11371–5. 

doi:10.1002/anie.201206554. 

[12] Sun H, Xu Z, Gao C. Multifunctional, ultra-flyweight, synergistically assembled carbon 

aerogels. Adv Mater 2013;25:2554–60. doi:10.1002/adma.201204576. 

[13] Ma Q, Liu Y, Dong Z, Wang J, Hou X. Hydrophobic and nanoporous chitosan-silica 

composite aerogels for oil absorption. J Appl Polym Sci 2015;132:41770. 



   

205 

 

doi:10.1002/app.41770. 

[14] Venkateswara Rao A, Hegde ND, Hirashima H. Absorption and desorption of organic 

liquids in elastic superhydrophobic silica aerogels. J Colloid Interface Sci 2007;305:124–

32. doi:10.1016/j.jcis.2006.09.025. 

[15] Fischer F, Rigacci A, Pirard R, Berthon-Fabry S, Achard P. Cellulose-based aerogels. 

Polymer (Guildf) 2006;47:7636–45. doi:10.1016/j.polymer.2006.09.004. 

[16] Xu X, Li H, Zhang Q, Hu H, Zhao Z, Li J, et al. 3D Graphene / Iron Oxide Aerogel 

Elastomer Deformable in a Magnetic Field. ACS Nano 2015;9:3969–77. 

 

  



   

206 

 

APPENDIX A4: Supplemental Information for Chapter 4 

 

 

 
Figure A4.1: Frequency sweep demonstrating elastic modulus (G’) of the hydrogel obtained after solvent 

exchange for 4, 12 and 24 h. The organogels prepared for this measurement were 2.5cm in diameter. They 

were immersed in 0.9 AVF for 4, 12 and 24 h followed by water immersion for 72 h. The frequency sweep 

was run on a 2.5 cm diameter serrated steel flat plate geometry.   
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Figure A4.2: Cryo-SEM image of the hydrogel obtained after solvent exchange with AVF =0.9, that shows 

(a,b) walls of CA in honey-comb pattern , and (c) the magnification of the area where sample destruction 

was prevented by rapid freezing. It exhibits a phase separated CA structure. 
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Figure A4.3: SEM micrographs of the out-of-plane axis of aerogels when the acetone volume fraction in 

solvent exchange is varied. Inset shows the camera image of the bulk aerogels 
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Figure A4.4: A cyclic compression of 0.9A aerogel when subjected to increasing strain of 25, 50 and 80%. 

The aerogel was kept under compression for 10 s before the release was initiated, as indicated by dwell 

time. The gap between the curves at maximum strain shows that the aerogel is slow to recover. 
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Figure A4.5: SEM micrographs of the out-of-plane axis of aerogels when solvent exchange time is varied. 

Inset shows camera image of the bulk aerogels. 
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Table A4.1: The Hansen solubility parameters of cellulose acetate and the various solvents in which it is 

soluble or insoluble, as indicated. The values are taken from Hansen, C. M. Hansen Solubility Parameter- 

User Handbook. PhD Proposal 1, (2007) 

 

 δd δp δH 
 

 MPa1/2 MPa1/2 MPa1/2  

Cellulose Acetate 18.6 12.7 11.0  

Acetone 15.5 10.4 7 Soluble 

Dimethyl Acetamide (DMAc) 16.8 11.5 10.2 Soluble 

Dimethyl Sulfoxide (DMSO) 18.4 16.4 10.2 Soluble 

Tetrahydrofuran (THF) 16.8 5.7 8 Soluble 

Dimethyl Formamide (DMF) 17.4 13.7 11.3 Soluble 

     

Toluene 18.0 1.4 2 Insoluble 

Hexane 14.9 0 0 Insoluble 

Ethanol 15.8 8.8 19.4 Insoluble 

Water 15.6 16 42.3 Insoluble 
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APPENDIX A5: Supplemental Information for Chapter 5 

 

Movie A5.1: Demonstration of separation of spent kerosene oil obtained from cleaning the pump. 

Movie A5.2: Demonstration of separation of spent kerosene oil from oil in water stirred emulsion 

system. 

Movie A5.3: Demonstration of separation of spent motor oil (obtained from the oil change) from 

water in a stirred system to model oil spill in a turbulent ocean 

(Note: The Movies are hyperlinked to the supporting information of the corresponding research 

article) 

 

 

Figure A5.1: a) The experimental set-up to test the modified aerogel performance for crude oil-spill in sea 

water, b) water and oil uptake from the mixture of crude oil and salt water.  

  

https://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00571
https://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00571
https://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00571
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Table A5.1: Properties of the solvents used for sorption testing 

Solvent 
surface tension @ 20 °C 

(mN/m) 

Viscosity 

cP 

density 

g/cm3 

Diethyl ether 16.7 0.22 0.708 

n-hexane 18.4 0.3 0.655 

1-propanol 20.9 1.95 0.802 

Ethanol 22.1 1.07 0.787 

Cyclohexane 24.7 0.89 0.773 

Toluene 27.9 0.56 0.865 

1.2-dichlorobenzene 35.7 1.32 1.301 

Methyl Iodide 50.8 2.6 3.306 

water 72.8 0.89 1 

 

  



   

214 

 

Explanation for the negative value of liquid sorbed in wicking setup 

 

A negative value of the liquid sorbed is explained as follows, with reference to the graphical 

representation of the wicking setup shown in Figure 5b. As the aerogel sample is lowered towards 

the surface of the liquid, the instrument records mass gain (Mg) as the function of distance and 

time. Once a certain fraction of the aerogel sample is immersed in the solvent, a buoyant force is 

exerted in the upward direction which is not negligible in case of the aerogel samples.  

For hydrophobic aerogel, 

F = Mabg – γAcosθ – Fb 

For hydrophilic aerogel, 

F = Mabg + γAcosθ – Fb 

Where, F = Mass gain recorded by the tensiometer 

Mab = Mass of the liquid sorbed the aerogel 

γ = Surface tension of the aerogel w.r.t liquid 

A = Surface area of the liquid in contact with the aerogel 

Fb = Buoyant force 

The buoyant force and surface tension both are acting in upward direction for hydrophobic aerogel 

while there is very little solvent sorption (for water and diiodomethane) and hence, the 

gravitational force Mabg acting downwards is very small. Hence the tensiometer records negative 

mass gain. 
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APPENDIX A6: Supplementary Information for Chapter 6 
 

Assumptions made to develop diffusion kinetic model 

 

The following assumptions were made to develop the diffusion kinetic model: 

1. Radial diffusion components of solvent and non-solvent are considered. As there is no external 

influence on the non-solvent layer (at r→∞) to generate radial velocity component, the radial 

convection process is neglected.  

2. The diffusion and convection components of the other directions are neglected. 

3. In the limit of experimental time, 0t +→  the skin-thickness (W) is small enough to assume linear 

concentration profiles of solvent and non-solvent across the skin. 

4. In the limit of experimental time, 0t +→ , the curvature effect of the skin layer in neglected. i.e., 

R is larger than W. 

5. The concentration of non-solvent at the skin-solution interface is assumed to be negligible. 

6. The concentration of solvent at the skin-solution interface is assumed to be constant, C0. 

7. Initial skin formation results almost exclusively from diffusion of non-solvent into the system. 

8. A quasi-steady diffusion state is established almost instantaneously. 

9. The effect of temperature is negligible. 

10. Diffusivities at infinite dilution are used. 
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Figure A6.1: Normalized solvent concentration at the precipitation interface as a function of time. The 

graph is plotted from eq. 20. 
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Figure A6.2: N2 adsorption-desorption curve for 10 w/v% CDA with DMAC as the solvent and non-solvent 

as a1) water, a2) methanol. The corresponding pore size distribution curve for non-solvent b1) water, and 

b2) methanol. The BET surface are lies in between 22- 25 m2/g and the pore size distribution is broad with 

the peak close to mesoporous limit of 50 nm. 
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Table A6.1: Hansen solubility parameters for various polymers and solvents studied elsewhere.[1,2] 

  δd 

(MPa1/2) 

δp 

(MPa1/2) 

δH 

(MPa1/2) 

Polyamic acid (PAA) 

Polymers 

15.4 14.8 13 

Extrem 17.01 3.66 8.27 

Poly(vinylidene fluoride) 

(PVDF) 
17.2 12.5 9.2 

NMP  

 

 

Solvents 

17.9 12.3 7.2 

DMAC 16.8 11.5 10.2 

DMF 17.4 13.7 11.3 

DMSO 18.4 16.4 10.2 

Water 

Non-

Solvents 

15.6 16 42.3 

Glycerol 17.3 12.1 29.3 

Methanol 15.2 12.3 22.3 

Ethanol 15.8 8.8 19.4 

Isopropyl alcohol (IPA) 15.8 6.1 16.4 

70% water/30% DMAC 16.0 14.6 32.7 

50% water/50% DMAC 16.2 13.7 26.2 

40% water/60% DMAC 16.3 13.3 23.0 

50% water/ 50% Methanol 15.4 14.2 32.3 

50% water/ 50% Ethanol 15.7 12.4 30.9 

50% water/ 50% IPA 15.7 11.1 29.4 

Note: R0 is assumed as 5.2 for PAA 13.2 for Extrem and 8.9 for PVDF. These values are taken for 

the solvents with highest Ra that dissolves these polymers. Since, our model gives a qualitative 

prediction based on the magnitude of values, actual values are not necessary. 
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