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Abstract 

The overall goal of this project was to investigate all-cellulose composites prepared in a 

“green” solvent – ionic liquid. The approach was to partially dissolve cellulose and 

subsequently convert it into a matrix domain embedding the reinforcement domain – the 

undissolved cellulose. Microcrystalline cellulose (MCC) was partially dissolved in 1-N-

Butyl-3-methylimidazolium chloride (BMIMCl) ionic liquid. The dissolved portion of 

cellulose was precipitated by adding water, and the gels obtained were washed, dried, and 

pressed into films. The all-cellulose composite films were structurally characterized using 

x-ray diffraction (XRD) and scanning electron microscopy (SEM), while their properties 

were determined using tensile tests and dynamic vapor sorption (DVS) studies.  XRD 

results verified that the crystallinity index and weight fraction of cellulose I in the 

composites can be controlled by controlling the soaking time and cellulose concentrations. 

The tensile test data revealed that the all-cellulose composite produced in this study had 

mean elastic moduli and strength of up to 4.4 GPa and 49 MPa, respectively, which are in 

the range of a randomly oriented biofiber-reinforced polymer composites. The tensile 

properties increased as a response to the composite density, which was found to increase 

as more cellulose II matrix (from increased dissolution) was present to presumably better 

fill the voids.  This presumption was supported by SEM images of cryo-fractured 

surfaces. The sorption isotherms obtained from DVS studies showed a non-sigmoidal 

behavior at low relative humidity levels (<44%), while the equilibrium moisture content 

values at higher humidity levels closely correlated to the cellulose I crystallinity index of 

the composites.  Overall, this study verified that dissolution of cellulose in ionic liquid 

can be controlled to control the properties of all-cellulose composites.  
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Chapter 1 Introduction 
 

1.1 Backgrounds 

Synthetic polymers play many important roles in our daily life today.  These 

polymers are mostly made from fossil sources, which are decreasing in supply.  

Environmental impacts of fossil-based products are also becoming a serious 

issue (Tan et al. 2009).  These impacts include the massive rise in sea levels, 

extreme weather conditions and widespread extinction of animal and plant 

species.  As a result, the next generation materials should be produced with 

sustainability, industrial ecology, eco-efficiency and green chemistry in mind (Kim 

et al. 2006).  One such attempt is to replace synthetic polymers and reduce the 

dependence on fossil sources. 

 

Lignocellulosic biomass, which refers to plant-derived materials, is an abundant 

and renewable resource. It has been demonstrated that biodegradable plastics 

and biobased composites generated from renewable biomass are regarded as 

promising materials that could replace synthetic polymers, (Anastas 1998).  

Lignocellulosic materials contain cellulose, hemicelluloses and lignin, the most 

abundant of which is cellulose.  Cellulose, being the reinforcing element in the 

plant cell wall (Fig. 1.1) is advantageously high in stiffness and strength.  

Cellulose is also bio-compatible, biodegradable and chemically stable.  These 

features make cellulose a promising candidate for biocomposite production to 

address the depletion of non-renewable resources and replace fossil based 

polymer materials.  
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Figure 1.1 Microstructure of Wood Fiber Cell Wall.(Delmer and Amor, 1995) 

 

As a material for composites, cellulose has great potentials to be a bio-based 

reinforcing agent. Currently, natural fibers are used to reinforce synthetic 

polymers for non-structural applications such as decking and windows. The 

common polymer matrices in these wood- or natural fiber-plastic composites 

include high density polyethylene (HDPE), low density polyethylene (LDPE), 

polypropylene (PP), and polyvinyl chloride (PVC). These polymers are not as 

hydrophilic as the hydroxyl-rich cellulose, which benefits from reduced water 

susceptibility through combining with the polymer in composites. The same 

hydrophilic-hydrophobic characteristic, however, causes incompatibility between 

the fiber and matrix phases. This incompatibility reduces the potential for 

interfacial bonding between the matrix and reinforcement to develop high 

mechanical properties (Wollerdorfer and Bader,1998; Mohanty et al. 2004).  

 

n 
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To improve the interfacial strength between cellulose reinforcement and 

thermoplastic matrix, a number of approaches had been proposed, which include 

addition of surfactants, fiber surface treatments, such as acetylation and 

propionylation, and addition of compatibilizers, such as maleic anhydride-grafted 

copolymers, (Shanks et al. 2006). Introducing surface modifying agents could 

affect the mechanical properties of the reinforcing fibers (Megiatto et.al 2007). 

Additionally, the introduced compounds for enhancing interfacial properties could 

change the “green” connotation of cellulose or biocomposite materials. Therefore, 

it becomes increasingly pressing to find a “green” and economic approach for 

enhancing interfacial bonding in cellulose-reinforced composites. 

 

One approach to address issues of interfacial bonding between cellulose 

reinforcement and thermoplastic polymers in composites is through the concept 

of all-cellulose composites.  In this approach, cellulose is converted to the matrix 

domain that embeds the reinforcement domain, which is also of cellulose. The 

resulting composites have the advantage of being fully bio-based without 

requiring a commercial bio-based plastic as the matrix, and so it is a product of 

low environmental impact.  Since both the reinforcing and matrix phases can be 

considered chemically similar, the adhesion between them is favorable without 

concerns of incompatibility (Gindl and Keckes, 2005).   

 

All-cellulose composites, in addition to being “green”, also exhibit high 

mechanical properties. Nishino et al. (2004), who was the first to report the 
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development of all-cellulose composites, dissolved kraft fibers and impregnated 

the resulted cellulose solution into uniaxially aligned ramie fibers to embed the 

fibers.  They reported mechanical properties that were comparable or higher than 

those of conventional glass-fiber-reinforced composites.  Gindl and Keckes (2005) 

reported a partial dissolution strategy to prepare all-cellulose composites from 

microcrystalline cellulose (MCC). The partially dissolved cellulose was then 

reprecipitated (regenerated) as cellulose II around the undissolved (native) 

cellulose (cellulose I).  The resulted all-cellulose composites exhibited tensile 

properties that exceed the typical range for elastic modulus (1-13 GPa) and 

tensile strength (15-140 MPa) of a randomly oriented biofiber-reinforced polymer 

composite. 

 

The partial dissolution strategy, which offers the simplicity for all-cellulose 

composites preparation, requires an appropriate solvent.  Cellulose is insoluble in 

water and most common organic solvents. There are two current solvent types 

that can dissolve cellulose without having to first derivitize the cellulose. The first 

solvent system is lithium chloride/dimethyacetamide (LiCl/DMAc) (Fig. 1.2). This 

solvent system, used by Nishino et al (2004) and Gindl and Keckes (2005) to 

prepare all-cellulose composites, require a pretreatment that involves immersion 

of cellulose in distilled water, acetone (or ethanol), and DMAc, before the actual 

dissolution step.  Swatloski et al. (2002) reported that another type of solvent for 

cellulose is ionic liquids, which are a group of salts of low melting points (below 

100oC), composed of organic cations and organic or inorganic anions (Fig. 1.3). 
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One common ionic liquid for dissolving cellulose is 1-N-butyl-3-

methylimidazolium chloride (or BMIMCl).  Ionic liquids are regarded to have the 

advantages of being thermally stable, non-flammable, low in vapor pressure, and 

easily recyclable.  The ionic liquid, therefore, if applied to prepare all-cellulose 

composites, would make the composites even more environmentally friendly 

because of the “green” processing. 

 

 

Figure 1.2 Degradation of cellulose reacted with DMAc/LiCl (Potthast et al. 2002) 

 

 

Figure 1.3 Reaction Mechanism of BMIMCl and Cellulose (Zhang et al. 2005) 

 

 

 

++
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1.2 Hypothesis and objectives 

In this thesis project, it was hypothesized that cellulose dissolution in the BMIMCl 

ionic liquid could be controlled to provide various weight fractions of cellulose II 

matrix for cellulose I, and that this control capability would dictate properties of 

the resulting all-cellulose composites.  To examine these hypotheses, two 

research objectives were formulated:  

1) examine the partial dissolution of cellulose in the ionic liquid (1-N-Butyl-3-

methylimidazolium chloride) by varying the duration (time) of soaking and 

cellulose concentration; 

2) investigate the mechanical and sorption properties of the resulted all-cellulose 

composites.   

 

This project differs from other published studies in that it combined “green 

processing (ionic liquid) with the concept of all-cellulose composites. Published 

studies of all-cellulose composites employed LiCl/DMAc, which is associated with 

combustibility risks, and the difficulty and costliness of chemical recycling 

(Barthel and Heinze 2006). Additionally, the process of cellulose dissolution 

(within dissolution limit) in ionic liquid takes minutes, while in LiCl/DMAc, it could 

take from hours to several days. 

 

In the attempt to achieve the objectives of this project, a technical challenge 

associated with the agglomeration of MCC during the dissolution process was 

also addressed. This agglomeration greatly reduced the uniformity of the MCC 
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distribution in the ionic liquid, thus would be undesirable to the mechanical 

property development of the resulted all-cellulose composites. To address the 

agglomeration issue, polyethylene glycol (400 molecular weight) was used to 

pre-wet the MCC before mixing with the ionic liquid. PEG has been studied as 

processing aids to improve the dispersion of cellulose nanowhisker in polyactic 

acid (Ljungberg et al. 2005). The PEG-400 that was used in the present study is 

non-toxic, odorless, neutral, lubricating, nonvolatile, nonirritating, water-soluble, 

and miscible with ionic liquid.  

 

1.3. Thesis scope and approach 

In this research, the extent of partial dissolution was determined from the relative 

amount of cellulose I and cellulose II examined through X-ray diffraction. Tensile 

tests were performed to characterize mechanical properties of the all-cellulose 

composites. Dynamic vapor sorption (DVS) studies were conducted to measure 

the uptake (or loss) of moisture, which is known to affect mechanical properties 

of biomaterials.  The relationship between structure (from XRD data) and 

properties (mechanical data and sorption) of the all-cellulose composites was 

also examined. 
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Chapter 2 Literature review 

2.1. Composites and reinforced fibers: 

Composites are materials made from two or more constituents with significantly 

different physical or chemical properties which remain macroscopically separate 

and distinct within the overall structure. One constituent could be the binder to 

hold the other constituents, and is called matrix. The other constituents are called 

reinforcements . The contact region between the matrix and reinforcement is the 

interphase.  

 

Among the three phases, the matrix domain is continuous and is often, but not 

always, present in a greater quantity in the composite. The reinforcement domain 

enhances or reinforces the mechanical properties of the matrix. So, the 

reinforcement domain is usually harder, stronger and stiffer than the matrix. The 

interphase is the key phase among the three phases, (Puglia et al. 2008). It has 

to be sufficient for load to be transferred from the matrix phase to the 

reinforcement phase. Overall, the three terms dominate the properties of the 

composites.  

 

Fibers, sheets or particles are the common forms of the reinforcement phase 

which is embedded in the matrix phase in composites. Based on these forms, the 

composites could be classified into particulate composites, flake composites and 

fiber composites.  For fiber composites, the common reinforcing fibers include 

carbon fibers, aramid fibers, and glass fibers, but cellulose fibers are becoming 
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increasingly used. Carbon fibers are a polymer in a form of graphite. They are 

used to reinforce materials such as epoxy resins and polyester. Carbon fibers 

have very high modulus of elasticity, tensile strength, low density and high 

chemical inertness. But the cost of carbon fibers is very high, and it is 

approximately ten times that of glass fibers. Carbon fibers also have low impact 

resistance (Donnet 1998). 

 

The second type of commonly used reinforcing fibers is aramid fiber. They are 

fibers made of carbon, hydrogen, oxygen and nitrogen atoms. Aramid was 

originally developed as a replacement of steel in automotive tires. Its advantages 

include low density, high tensile strength, low cost and high impact resistance. 

However, its compressive strength is only about 20% of the tensile strength. 

Therefore, composites containing aramid fibers are not recommended for 

structural applications involving high compressive loads. Another drawback of 

aramid fiber is degradation under sunlight (GangaRao 2006). 

 

The third type of fibers commonly used for reinforcement is glass fibers. Silicon 

dioxide is the basis of textile-grade glass fibers. Glass fibers are the most 

common fibers used in fiber reinforced composites because of their low cost, 

high strength, high chemical resistance and good insulating properties. While 

carbon and aramid fibers are usually used for high performance composites due 

to their properties, glass fibers are used for composites produced in large volume 
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due to the good compromise between low cost and good performance 

(GangaRao 2006).  

 

There are three major problems associated with using traditional fiber 

reinforcement: high cost, low recycling possibilities, and high environmental 

impact. In the last few years, both academic and industrial researchers have 

been working to find a good replacement for traditional fibers. Natural fibers, 

which are biodegradable and low in density and cost, offer a solution to the 

limitations of conventional fiber reinforcement (Li et al. 2007).  At the same time, 

natural fibers also have the mechanical property to be an effective reinforcing 

agent; their tensile strength is up to 1500 MPa, and their elastic moduli range 

from 40GPa to 120GPa (Puglia et al. 2008). 

 

2.2 Cellulose and its structure: 

Cellulose is the major component of natural fibers obtainable from wood, annual 

plants and agricultural by-products.  Cellulose is an abundant renewable 

resource.  It is composed of β-D-glucopyranose units which are linked together 

through 1-4-glycosidic bonds and the chains are arranged in one plane (Fig. 2.1).  

Cellulose is a linear polymer (Fig. 2.2) (Moran et al.2008). The functional group in 

cellulose chains is the OH- groups; there are 3 OH groups on each glucose ring. 

The OH groups of cellulose molecules can form two types of hydrogen bonds 

depending on their locations at the glucose unit. The two types of hydrogen 



 

 11 

bonds are intramolecular hydrogen bonds and the intermolecular hydrogen 

bonds.  

 

  

Figure 2.1 Cellulose and D-glucose (Moran et al. 2008) 

 

 

Figure 2.2 Cellulose molecules (Delmer and Amor 1995) 

 

Cellulose molecules bundle to form crystalline and amorphous regions. 

Crystalline regions are very ordered, held together by hydrogen bonds, and are 

not accessible by water. The high elastic modulus of native cellulose fibers, 

estimated to be 150 GPa, is largely a result of the extended-chain structure of 

crystalline cellulose.  The longitudinal tensile strength of crystalline cellulose is 

about 10 GPa. Cellulose is a native polymer and it has a degree of 

polymerization of approximately 10,000 glucopyranose units in wood and about 

15,000 in cotton (O‟Sullivan 1997).  

n 
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Besides cellulose I (native cellulose), there are cellulose II, III and IV. Cellulose II 

is formed when the lattice of cellulose I is destroyed, for example through 

swelling with strong alkali or through dissolving and subsequent precipitation. 

There are many similarities between the native cellulose and cellulose II except 

two major differences. The first is the chain direction (Fig. 2.3). Cellulose II 

contains what is called an “anti-parallel” chain direction arrangement – the center 

chain is staggered and antiparallel (Granstrom 2009). In addition of anti-

parallelism, there is also a difference in hydrogen bonding patterns in comparison 

to cellulose I. There is a specific hydrogen bond between the center chain and 

the distant corner chains between O2 and O2. The cellulose II crystal structure is 

more thermodynamically stable than native celluloses (Sugiyama et al. 1991), so 

cellulose I can be converted into cellulose II, but cellulose II cannot be converted 

into cellulose I. Cellulose III, the other cellulose allomorph, is obtained when 

cellulose Iβ and cellulose II are treated with liquid ammonia or certain amines. 

Cellulose III is reversible to their respective parent forms. (Yui et al. 2010). 
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Figure 2.3 Cellulose structure of cellulose I and II (Klemm et al.2005) 

 

The regenerated cellulose in the consumer market today is mainly cellulose II. 

Cellulose II can easily be formed through a number of methods. The most 

common technique is the simple mercerization using a strong alkali solution. 

Rayon fibers are a typical example. They are made of a polymer of β-1,4-linked 

D-glucopyranose, in which not more than 15% of the hydrogen of the hydroxyl 

groups have been replaced by manufacturing impurities, pigments and fire 

retardants. Rayon fibers are usually used for textiles. (Well and Levchik 2008) 
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Figure 2.4 SEM image of regenerated cellulose (Kim et al. 2006) 

 

2.3 Cellulose modification  

Cellulosic fibers, with their biodegradable nature and relatively high mechanical 

properties, offer an attractive opportunity to increase the bio-based content of 

petroleum-based polymers and to reinforce both such polymers and bioplastics.  

However, till now, application of cellulose fibers as a reinforcing agent is still 

limited.  This limitation is due to the large amount of hydroxyl group in cellulosics, 

making them hydrophilic and so incompatible to the hydrophobic behavior of the 

polymer matrices (Alvarez et al. 2003).  The polymers commonly filled with 

cellulosic fibers are high density polyethylene (HDPE), low density polyethylene 

(LDPE), polyethylene (PP), and polyvinyl chloride (PVC), preferred to others 

because of their high availability in the plastic market and their low melting points 

(Bledzki and Gassan 1999; Abu et al. 2003). A result of the fiber/matrix 

incompatibility is the poor interface and poor resistance of the product to 

moisture adsorption.  Indeed, Interface is a very important domain in the 
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composites. A sufficient bonding between the matrix phase and dispersed 

(reinforcing) phase allows transfer of load that is exerted to the composite, 

thereby improving its resistance to failure. 

 

To improve the interfacial strength between the cellulose reinforcement and 

thermoplastic matrix, and to disperse cellulose evenly, three strategies had been 

adopted: compatibilizing, grafting, and chemical modification (Hill, 2000).  

Compatibilizing employs a co-polymer that has one region capable of interacting 

with the hydroxyl groups of cellulose and another region chemically similar to the 

matrix polymer.  One such example is maleic anhydride polypropylene (MAPP) 

for natural fiber/polypropylene composites.  Stark and Rowlands (2003) reported 

that adding 3 weight% MAPP to natural fibers (weight ratio of fiber: PP = 40:60) 

resulted in composites that were approximately twice as strong and three times 

as stiff as the composite without MAPP treatments. 

 

Grafting, the second strategy, involves producing radicals from fibers to initiate 

the chain growth of polymers that are compatible to the matrix polymers. For 

example, Stenstad et al. (2008), performed a cerium induced grafting to 

microfibriallated cellulose to introduce epoxy groups, carbon-carbon double 

bonds, cationic groups (amines) and anionic groups (carboxyls). They also 

demonstrated that it is possible to render the cellulose hydrophobic by grafting 

polymer brushes and layers. These results indicate the potentially wide range of 

matrix polymers that the cellulose can interact with when forming composites.   
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Chemical modification, the other strategy, substitutes the hydroxyl groups of 

fibers to a hydrophobic functional group to make the fibers compatible to the 

hydrophobic matrix polymer. One example is acetylation and propionylation.  In 

acetylation, for example, reaction with acetic anhydride substitutes the hydroxyl 

groups of the cell wall with acetyl groups to make cellulose become hydrophobic. 

(Li et al. 2007) 

 

For some applications, polyethylene glycol (PEG) is also used to modify the 

properties of cellulose. Polyethylene glycol is non-toxic, odorless, neutral, 

lubricating, nonvolatile,nonirritating, water-soluble, and miscible with ionic liquid.  

In the food science field, PEG is used to modify or plasticized cellulose.  In 

medical engineering, poly ethylene oxide(PEO)-poly ethylene glycol (PEG) are 

mixed with cellulose papers to make electroactive papers.  In the nanocomposite 

field, PEG is used to disperse cellulose nanowhiskers in polylactic acid polymer 

(Lijunberg et al.2005).   

 

PEG had also been used to dissolve cellulose using a strong alkali system (Han 

and Young 2009).  The absence of residual PEG in the cellulose precipitated 

from the solution after washing was confirmed using dynamic scanning 

calorimetry (DSC) and thermogravimetric analyseis (TGA).  The DSC revealed a 

strong peak at around 58°C for pure PEG, but the peak was absent in the 

precipitated sample (Fig.2.5), suggesting that the PEG in the solvent had been  
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completely washed. Supporting this conclusion is the TGA result (Fig.2.6), which 

indicated a sharp drop in weight loss at around 322oC, corresponding to the 

cellulose decomposition temperature, but the decomposition at 395oC typical of 

pure PEG was not observed.   

 

 

Figure 2.5 DSC curves of PEG-2000 and all-cellulose composite 
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Figure 2.6 TGA curves of cellulose, PEG-2000 and all-cellulose composite 

 

2.4. All-cellulose composites: 

The development of green composites, which are sustainable, environmentally 

friendly, and compostable, would be expedited with the use of “green” matrix in 

addition to the cellulose fibers. Maya et al. (2007) presented an overview of the 

various aspects of green composites based on biodegradable matrices such as 

poly(lactic acid), poly(butylenes succinate), poly(hydroxybutanoate), and soy-

based polymers.  The concluded that although the composites produced are 

biodegradable and green, there is a major hurdle of high cost for using 

biodegradable matrices. Most of the biodegradable resins cost significantly more 

than the commonly used resins.  
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Cellulose is also a potential matrix material for composites.  When the 

reinforcement and matrix phases are both in the same polymer forms (e.g. 

cellulose), the products are called self-reinforced polymeric materials (SRPMs) 

(Kmetty et al, 2010). Compared to the traditional composites, SRPMs have better 

performance and cost balance. Traditionally, all-polymer composites were 

created through the impregnation of polymer fibers with a polymer matrix of a 

lower melting temperature. At the University of Leeds, researchers developed an 

innovative route for manufacturing all-polymer composites, called „hot 

compaction‟. In this approach, part of the polymer fiber is melted and then 

recystallized into a matrix, which bonds the fibers together and forms a perfect 

interface (Ward and Hine 2004).  Nishino et al. (2004) were the first to develop 

this approach for cellulosic materials, based on successes of all-polypropylene 

composites (Cabrera et al.2004). To prepare their all-cellulose composites, 

Nishino et al. (2004) dissolved kraft fibers and used the cellulose solution as a 

“binder” matrix for uniaxially aligned ramie fibers.  In this kind of cellulose 

composites, the matrix and the reinforcement are composed of the same material. 

So, a better adhesion at the interface can be expected because of the excellent 

interfacial compatibility. Consequently, the tensile strength of this all-cellulose 

composites was as high as 480-540 MPa.  

 

All-cellulose composites also could be produced by selective dissolution of 

cellulose materials. A surface layer of cellulose was dissolved and regenerated to 

form the matrix, in which the reinforcement was provided by undissolved part or 
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core of cellulose. Using this approach, Gindl and Keckes (2005) and Duchemin 

et al. (2009a) partially dissolved microcrystallinity cellulose in LiCl/DMAc and 

precipitated the dissolved portion to form a matrix around the undissolved portion.  

The cellulose materials for this selective (or partial) dissolution approach could 

also be a pre-formed mat, e.g. filter paper. (Nishino and Arimoto  2007) or 

regenerated cellulose fibers (Soykeabkaew et al., 2009), both using the 

LiCl/DMAc solvent system. More recently, Han and Yan (2010) used PEG/NaOH 

aqueous solution to conduct selective dissolution of filter paper.  

 

All-cellulose composites have superior mechanical performance compared to 

other natural fiber based composites.  For example, Gindl and Keckes (2005) 

reported that all-cellulose composites from MCC exhibited tensile properties that 

exceed the typical range for elastic modulus (1-13 GPa) and tensile strength (15-

140 MPa) of a randomly oriented biofiber-reinforced polymer composite.  When 

comparing with unidirectional natural fiber-based composites, Soykeabkaew et al. 

(2008)‟s comparison reveal superior tensile strength at the same basis of 

modulus (grey area in Fig. 2.7).   

     

Figure 2.7 Comparisons of mechanical properties of all cellulose composites with 

other unidirectional natural fibers based composites. (Qin et al.2008) 
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2.5 Cellulose dissolution 

Cellulose does not dissolve in water or common organic solvents. There are a 

few current solvent types that can dissolve cellulose.  Complexing agents such 

as cupriethylenediamine (Cuene) and cadmium ethylenediamine (cadoxene) 

have been used to dissolve cellulose.  Dissolution is achieved when metal ions 

from these complexes disrupt the hydrogen bonding in cellulose by forming 

complex with the hydroxyl groups (Fengel and Wegener 1983).  These 

complexing agents are commonly used to dissolve pulp fibers to determine 

cellulose degree of polymerization through measurement of capillary viscosity.   

 

Strong alkali also causes dissolution.  For this solvent type (e.g. NaOH), it has 

been reported (Anne-Laurene Dupont, et al.2004) that cellulose is better 

dissolved when a certain amount of urea is added. It is thought that the role of 

urea is to trap the free water that is present in the alkali solution, thus preventing 

cellulose chain from interacting with other cellulose chains, thereby eliminating 

hydrogen bond formation between them.  

 

Two recent solvent systems used for dissolving cellulose to prepare regenerated 

cellulose are N-methylmorpholine N-oxide (NMMO) and lithium chloride/N.N-

dimethylacetamide (LiCl/DMAc).  NMMO is used commercially to prepare lyocell 

fibers, a type of regenerated cellulose fibers more commonly known for its trade 

name: Tencel fibers.  LiCl/DMAc system, on the other hand, is considered a good 

solvent for cellulose because: 1, a great level of cellulose-solvent interactions, 
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and 2, negligible reduction in intrinsic viscosity of cellulose in the solution after a 

long period of storage (Kotek 2007). 

 

As early as 1934. Graenacher discovered that molten N-ethylpyridinium chloride 

in the presence of nitrogen-containing bases could be used to dissolve cellulose 

(Zhu et al.2006). This might be the first example of cellulose dissolution using 

ionic liquids. However, this capability was thought of little practical value because 

the concept of ionic liquids had not been put forward at the time. Until recently, 

the value of cellulose dissolution in ionic liquids is re-evaluated based on the 

understanding of ionic liquids. Rogers and his group (Swatloski et al. 2002) at the 

University of Alabama have carried out comprehensive studies on cellulose 

dissolution in ionic liquids and its regeneration. Cellulose can be dissolved 

without derivation in The some hydrophilic ionic liquids such as 1-N-butyl-3-

methylimidazolium chloride (or BMIMCl) and 1-allyl-3-methylimidazolium chloride 

(or AmimCl).   

 

The solubility of cellulose in the ionic liquid and the solution properties can be 

controlled by selecting the ionic liquid constituents. The dissolution capacity is 

typically 10-15 wt-% of the ionic liquid, but a 25 wt-% can be attained with the aid 

of a microwave heating (Swatloski et al. 2002).   The high chloride concentration 

and activity in BMIMCl, which is assumed highly effective in breaking the 

extensive hydrogen- bonding network present in cellulose, plays an important 

role in its dissolution. The presence of water in BMIMCl, however, greatly 
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decreases the solubility of cellulose through competitive hydrogen-bonding with 

its microfibrils.  

 

Cellulose in BMIMCl solution can be easily precipitated by addition of water, 

ethanol or acetone. The regenerated cellulose has almost the same degree of 

polymerization and polydispersity as the initial one, but the cellulose morphology 

is significantly changed and its microfibrils are fused into a relatively 

homogeneous macrostructure. By changing the regeneration processes, the 

resulted cellulose can be in a range of structural forms, such as powder, tubes, 

beads, fibers and films (Swatloski et al. 2002).  

 

The degree of crystallinity of the dissolved cellulose can be manipulated during 

its regeneration, and cellulose varying from amorphous to crystalline can be 

obtained under different regeneration conditions. The storage time of the 

cellulose ionic liquid solution also affects the microstructure of regenerated 

cellulose. The amorphous cellulose can be obtained after the cellulose ionic-

liquid solution is stored for a few weeks at room temperature (Zhu et al. 2006).  

 

Ionic liquids can be recovered and reused after cellulose regeneration (Zhu et al. 

2006). Various methods, such as evaporation, ionic exchange, pervaporation, 

reverse osmosis and salting out are used to recover the ionic liquids.  
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Chapter 3  Materials and Methods 

3.1 Composites preparation 

In this research, micryocrystalline (~20 micron) cellulose (MCC) (Sigma-Aldrich 

category # 310697) was chosen as the raw material for the all-cellulose 

composites.  1-Butyl-3-methylimidazolium Chloride (BMIMCl) with a purity >95% 

was obtained from Sigma-Aldrich (category # 38899) and used without further 

purification as dissolving agent. Polyethylene glycol (PEG,average Mn 400, 

Sigma-Aldrich category # 202398) was used as a processing aid to pre-wet 

cellulose to make it easy to disperse evenly in ionic liquid.  

 

MCC (1 g) was dissolved by soaking in 33 g ionic liquid BMIMCl for different time 

durations, 5s, 10s, 30s, 60s, 90s, 180s at 90°C.  MCC tends to aggregate during 

mixing. To make sure that MCC dispersed evenly in BMIMCl, the cellulose was 

pre-mixed for about 5 seconds with 2 g of PEG, making the PEG-to-MCC weight 

ratio to be 2.  The dispersing effect of PEG is clearly shown in Fig. 3.1, in which 

agglomerated MCC particles (circled) remained even after 1 hour of soaking in 

ionic liquid, while clear cellulose solution was observed within 30 seconds of 

soaking in ionic liquid.  
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Figure 3.1 Comparison of MCC dispersion without (left) and with PEG (right). 

 

After stirring for different time durations at 90°C, the solutions were poured into 

petri disks and 5s later, precipitated with water as anti-solvent, then washed in 

distilled water for one week (Fig. 3.2). Transparent gels of 5-7-mm thick were 

formed. These gels were gently compressed between sheets of blotter paper and 

dried for 2-3 days at 40°C in an oven. After drying, the films, measured 0.2-

0.5mm in thickness, were kept in the conditioning room (50% relative humidity; 

20°C) for 4-5 weeks before testing. 

 

 

Figure 3.2 Procedure of all cellulose composites 
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3.2 Experiments design 

In this research, the weight ratio of MCC and IL is 1:33 (3%), and 2 g of PEG was 

mixed with 1g of MCC. The same weight ratio (MCC and IL) was used at different 

MCC concentrations in the ionic liquid and also different soaking time, 5s, 10s, 

30s, 60s, 90s, 1h.  For calibrations, different amounts of MCC were added to 1 g 

of pre-dissolved cellulose (from 1-h soaking) at room temperature.  The overall 

treatments were summarized in Table 3.1. 

 

Table.3.1 Design of dissolution experiments 

Time MCC (g) mixed at room temperature 

with 1 g of pre-dissolved cellulose 

(calibration experiments) 

MCC concentration 

(weight %) in ionic liquid 

before dissolution at 90oC 

0.2 0.4 0.6 0.8 1.5 3 1 % 2 % 3 % 

5 s X X X X X X X   

10 s       X X X 

30 s       X   

90 s       X   

180 s       X   

1h       X   

 

 

3.3 Characterization 

3.3.1 X-ray diffraction 
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The XRD-Bruker-AXS (Siemens) D5005 (Fig. 3.2) was used to determine the 

crystallinity index of cellulose I and presence of cellulose II. The XRD 

diffractogram was collected by scanning the 2θ angle between 5°and 40°in 

increments of 0.02°. A CuKα radiation with a wavelength (λ) of 1.5405 Ǻ was 

used as the X-ray source. The sample size was 10-15 mm in length, 5-8 mm in 

width, and 0.2-0.35mm thick 

 

      

Figure.3.3 X-ray diffraction instruments 

The acquired X-ray diffraction patterns were analyzed for cellulose crystallinity 

index using the Segal‟s equation (Segal et al.1959).  In this approach, the height  

or intensity of the 200 crystal lattice peak at 2θ ~22.7o (I22.7) is regarded to be 

contributed by both crystalline and amorphous fractions of cellulose (Fig. 3.3), 

while the lowest point between this peak and another peak (2θ ~16o) is 

considered to be contributed by only amorphous material.  This lowest point 

usually occurs at 2θ ~18o, and so its intensity (I18) was used in the following 

formula to estimate the cellulose crystallinity index (CrI): 

7.22

187.22

I

II
CrI




                           (3.1)
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Figure.3.4 Determination of crystallinity index (Krässig 1993) 

3.3.2 Tensile test 

Before tests, all specimens were equilibrated for 4-5 week in a humidity 

conditioning room set at 20℃ and 50% relative humidity.  The tensile specimens 

were in the shape of „dog bone‟, measuring 50 mm in the overall length, with the 

narrow portion (where fractures occur) being 30 mm long and 6 mm wide.  The 

film thickness was 0.2-0.35 mm. To minimize slippage between the specimen 

and grips, the gripping region of the specimen was glued to the back of a small 

piece of sand papers (grit size 150) to increase friction (Fig. 3.4). The test was 

conducted with a universal testing machine (Instron model 5542) with an initial 

span of ～25 mm at a speed of 45mm/min. 
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Figure. 3.5 Tensile test samples and test instruments 

 

3.3.3 Dynamic vapor sorption 

The moisture sorption behavior of the all-cellulose composites was determined 

by using the dynamic vapor sorption (DVS) tests. Specimens were dried in an  

oven at 103℃ before the test. The DVS experiment was carried out using a DVS-

1000 (surface measurement system Ltd, UK).  A specimen of 9-35 mg and 0.2-

0.5 mm in thickness was loaded into an environmental chamber that was 

maintained at 26℃. The moisture sorption was initiated by a relative humidity 

(RH) step rise from 0%-100% within 3000 minutes (50 hours) The mass change 

of the specimen was recorded with time.  A mass change equilibrium was 

considered to be attained when the rate of mass change was not more than 

0.0001 %/min (dm/dt), at which point the RH were raised (in sorption) or 

decreased (in desorption) to the next set level.  From the equilibrium mass 

change, the equilibrium moisture content (EMC) was calculated based on the dry 

mass.  The EMC at each RH was then plotted to produce a sorption isotherm.  
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Figure.3.6 Dynamic vapor sorption test instruments. 

The sorption isotherm was modeled using the GAB (Guggenheim-Anderson-

Deboer) model ((Oluwamukomi 2009): 

                                      0
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This GAB model can be expressed using a linear function as follows: 
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which can be solved using multiple regression analyses to obtain values of α and β from 

the coefficients and γ from the intercept.  The values obtained can then be used to 

calculate the GAB parameters: Mo, C, and K.  
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where Mo is the monolayer moisture content; C is a constant related to thermal 

effects; K is the constant related to the properties of mltilayer water molecules 

with respect to the bulk liquid.  

 

3.3.4 Scanning electron microscopy 

For scanning electron microscopy (SEM), composite specimens were first dipped 

in liquid nitrogen, and the frozen specimens were snapped with fingers.  The 

cryo-fractured specimen was mounted onto a SEM aluminum stub with a carbon 

tape and then Pt (platinum) coated. The Pt coating thickness, measured using a 

quartz crystal monitor, was 5 nm. An JEOL 6500 SEM was used to carry out the 

imaging and the vacuum pressure was 9.63*10-5 Pa; voltage was 5 kv. 

                                            

Figure 3.7 SEM test instruments 

 

 

 

 



 

 32 

Chapter 4 Results and Discussion 

4.1 Crystallinity and weight fraction of cellulose I in all cellulose 

composites 

               

Figure 4.1 X-ray diffractogram of MCC and all cellulose composites generated 

from different soaking time in ionic liquid at 90oC 

 

The X-ray diffractograms of specimens regenerated from variously dissolved 

cellulose including the control (MCC) are shown in Fig. 4.1. It can be seen that 

for native, undissolved cellulose (MCC), the main diffraction peaks are located at 

2θ around 16o and 22.7o, which correspond, respectively, to the 110  and 002 

(Krässig 1993) crystal lattices of cellulose I. Compared to the native cellulose, the 

X-ray diffraction patterns of regenerated cellulose composites become broader 

as the soaking time was increased. A new peak at 2θ around 20.4o, which 

corresponds to the 110  crystal lattice of cellulose II, is visible as a “shoulder” in 

the diffraction pattern of regenerated specimens of 10-second soaking.  
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Appearance of this new peak suggests that cellulose dissolution had occurred 

during the very brief soaking treatment. With more cellulose I being dissolved 

(increased soaking time), the peak at 20.4o becomes increasingly prominent.  At 

1-hour soaking, the 20.4o peak takes over the 22.7o peak as the major peak.  The 

x-ray diffraction pattern of this specimen also shows the disappearance of the 

16o peak and the emergence of a peak at 12o, which corresponds to the 101 

crystal lattice of cellulose II. Thus the overall change in the X-ray patterns shown 

in Fig. 4.1 suggests that composites of cellulose I held by various amounts of 

cellulose II as the matrix could be prepared by controlling the soaking time of 

MCC in the ionic liquid.  

 

To quantify the weight fraction of cellulose I (or cellulose II) in the all-cellulose 

composite specimens, a calibration experiment was performed to mix known 

amounts of MCC powder at room temperature to one gram of MCC pre-dissolved 

(pre-soaked for 1 hour) in ionic liquid. The cellulose mixtures were then re-

precipitated by adding distilled water, dried in the same manner as the composite 

specimens, and examined for x-ray diffraction.  The intensity of the peaks at 2θ ~ 

22.7o and 20.4o (I22.7 and I20.4) was used as indications of the amount of cellulose 

I and cellulose II, respectively. Based on the mass (wI) of cellulose I added into 1 

gram (wII) of cellulose II, a linear expression (k=slope and C=intercept) was 

plotted in Fig. 4.2 to relate the intensity ratio to the weight fraction of cellulose I:  

    

                                                                                             (4.1) 
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Figure 4.2 Calibration of XRD intensity ratio for cellulose I weight fraction 

 

The calibration in Fig. 4.2 was applied to analyze the x-ray diffraction patterns of 

all-cellulose composites prepared from different soaking time to estimate the 

(weight) fraction of cellulose I remained.  An estimated dissolution profile of the 

MCC in the ionic liqud could then be constructed (Fig. 4.3). This profile shows 

that (0.3 g) cellulose was completely dissolved by the ionic liquid at 90 seconds 

of soaking (at 90oC). Based on this result, soaking durations of 5, 10, and 30 

seconds were used to prepare more all-cellulose composites for further analyses 

– mechanical and sorption studies, which will be discussed in later sections. 
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Figure.4.3 The dissolution of cellulose I (1 g) in ionic liquid (33 g) at 90oC. 
 

The X-ray diffraction pattern also allows the determination of the crystallinity 

index of cellulose (using Equation 3.1). Figure 4.4 shows the depletion of the 

crystallinity of cellulose at increased soaking time in ionic liquid.  The crystallinity 

index of MCC was around 0.80. When MCC was soaked in the ionic liquid for 5 s 

and 10 s, the crystallnity index decreased to 0.72 and 0.66, respectively.  The 

depletion indicates disruption of crystalline regions of cellulose.  When the 

treatment time was increased to 30 s and 60 s, the crystallinity disruption 

became more severe, with the crystallinity index dropped to 0.45 and 0.21, 

respectively. At a point between 60-90 seconds of soaking, the crystallinity index 

approached zero, signifying complete disruption of cellulose I crystallinity.  
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Figure 4.4 Degree of cyrstallinity (CrI) of cellulose I at different soaking time 

using Segal‟s equation. 

 

Figure 4.5 summarizes the crystallinity index of cellulose I when the 

concentration of MCC was increased. Although there is only a marginal 

difference in the crystallinity index (0.66-0.71), there seems to be an increasing 

trend of cellulose crystallinity as the weight percentage of MCC in the ionic liquid 

was increased. This increasing trend is related to the decreased solubility of 

cellulose (within a fixed, brief 10 s) that resulted in less disruption of crystals. 
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Figure 4.5 Crystallinity index of cellulose I from soaking of MCC in different 

concentrations in ionic liquid 

 

4.2 Mechanical properties of all cellulose composites 

The tensile tests produced load-deformation data that could be converted and 

plotted as stress-strain curves.  There were considerable variations (standard 

deviations listed in Table 4.1) in the stress-strain behaviors probably due to 

cracks (weak points) resulted from clipping of specimens for the dog-bone shape.  

The most replicable shapes of stress-strain curves for composites from each 

soaking time were shown in Fig. 6.  Fig. 6 shows that all-cellulose composites 

from 30-s soaking time appear to have higher mechanical properties compared 

to shorter soaking durations.   
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Figure 4.6 Mechanical properties of all cellulose composites 

 

The mechanical properties of all-cellulose composites (moisture content 8-10%) 

are listed in Tables. 4.1, together with the crystallinity index data.  The 

dependence of the tensile stiffness, strength, and strain at maximum stress, on 

the crystallinity index is depicted, respectively, in Fig. 4.7 (a), (b), and (c). 

 

Table.4.1 Mechanical properties of all-cellulose composites and crystallinity index 

of cellulose I in the composite (values in parentheses are standard deviations) 

time (s) 
Replicate 

CrI for Cellulose I MOE(GPa) 
Tensile Strength 
(MPa) 

Maximum 
strain (%) 

5 5 0.71(0.02) 3.86 (0.49) 33.9 (4.2) 1.37 (0.075) 

10 7 0.66(0.02) 4.21 (0.18) 40.2 (4.0) 1.53 (0.22) 

30 12 0.45(0.07) 4.44 (0.34) 45.7 (8.1) 2.06 (0.42) 

1hour 5 0.01(0.02) 7.16 (0.84) 76.9 (18) 3 (0.70) 
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Figure 4.7 (a) Relationship between MOE and cyrstallinity index of cellulose I.  

Note: Error bars refer to standard deviations. 

 

Figure 4.7 (b) Relationship between tensile strength and cyrstallinity index of 

cellulose I.  Note: Error bars refer to standard deviations. 
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Figure 4.7(c) Relationship between strain at maximum stress and cyrstallinity 

index of cellulose I.  Note: Error bars refer to standard deviations. 

 

Table 4.1 and Fig.4.7 (a), (b), and (c) indicate that as the crystallinity index of 

cellulose I was decreased (due to increased dissolution) from 0.71 to 0.01, the 

average Young‟s modulus increased from 3.86 GPa to 7.16 GPa, the tensile 

strength improved from 33.9 MPa to 76.8 MPa in average, while the strain at 

maximum stress rose from 1.4% to 3% (average values)  These observations are 

consistent for crystallinity index controlled either by manipulating the MCC 

soaking time or concentrations in the ionic liquid. It is also noteworthy that the 

specimens with 0.01 crystallinity index is of cellulose II films from 1-h soaking. Of 

the all-cellulose composites mechanically tested, those from a lower crystallinity 

index (CrI=0.45) due to increased dissolution exhibited higher mechanical 
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properties.  These observations seem to contradict the conventional wisdom 

about the role of cellulose crystals as a reinforcing element in composites.  

 

To verify the reason for cellulose crystallinity not playing a role in mechanical 

properties of the composites examined in this study, the properties were plotted 

as a function of composite density.  Figures 4.8 (a), (b), and (c) strikingly reveal 

that as cellulose dissolution increased, the density of the resulting all-cellulose 

composites also increased.  This observation is thought to be a result of better 

void filling as more fractions of cellulose II matrix (due to more cellulose 

dissolution) is present.  The consequence is thus a higher density of the resulted 

composites, thereby favoring mechanical properties for longer soaking time.  

 

Figure 4.8 (a) Relationship between MOE and density of all-cellulose composites.  

Note: Error bars refer to standard deviations. 
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Figure 4.8 (b) Relationship between tensile strength and density of all-cellulose 

composites.  Note: Error bars refer to standard deviations. 

 

Figure 4.8 (c) Relationship between strain at maximum stress and density of all-

cellulose composites 
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To gain more insights into the roles of density as an important factor in the all-

cellulose composite, the specimens were examined under the scanning electron 

microscope (SEM).  Figure 4.9 shows the morphology of cryo-fractured surfaces 

(transverse section) of all-cellulose composites. The fractured surfaces are 

irregular and rough for the specimen prepared from 5-second soaking.  On the 

other hand, the fractured surface appears more uniform and smoother in the 

specimen prepared from 30-second soaking, suggesting ess void area. It follows 

that density plays a more important role than crystallinity in affecting the 

mechanical properties of all-cellulose composites in this study.  
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                   5s-1                                                            5s-2                                                  

     

                         10s-1                                                         10s-2                   

      

                            30s-1                                                       30s-2 

Figure 4.9 Scanning electron micrograhs of cryo-fractured surfaces of all-

cellulose composite with different treatment time: 5s, 10s and 30s. Note: Images 

on the left have a magnification of 500-550 X, while those on the right 270-300 X.  
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Overall, the mechanical properties of all-cellulose composites from this study are 

within the range of other all-cellulose composites prepared from other solvents. 

Gindl and Keckes (2005) prepared all-cellulose composite materials through 

partial dissolution of MCC in DMAc/LiCl.  The resulted composites exhibited a 

tensile strength of 219 MPa and Young‟s moudulus of 13 GPa at a crystallinity 

index of 0.46. Using the same solvent system (DMAc/LiCl) and similar starting 

cellulose material (MCC), Abbott and Bismarck (2010) obtained all-cellulose 

composites of 35 MPa in tensile strength and 0.7 GPa in modulus, respectively, 

at a crystallinity index of 0.43.  In the present study, when the crystallinity index 

of cellulose I was 0.41 (30-s soaking), the tensile properties (MOE = 4.4 GPa; 

tensile strength = 46 MPa) lie between the data of the two published studies (Fig. 

4.10). The tensile stiffness and strength properties of all-cellulose composites 

from the present study are also comparable to the conventional wood-

polypropylene composites and wood fiber-polypropylene composites, both of 

which, however, were added a compatibilizing agent (Fig. 4.10). 
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Figure 4.10 Comparisons of mechanical properties with other all-cellulose 

composites and conventional wood- and wood fiber-plastic composites.  

Note: ACC refers to all-cellulose composites; WFPC refers to wood fiber-

polypropylene composite (with 3% maleated PP as compatibilizer); WPC refers 

to wood (flour)-polypropylene composite (with 3% maleated PP); Wf refers to 

weight fraction of fibers (or cellulose I in all-cellulose composites); CrI refers to 

cellulose crystallinity index. 
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4.3 Moisture uptake behavior of all cellulose composites 

4.3.1 Moisture sorption and desorption isotherms 

Fig 4.11 plots the percent mass change and the relative humidity step change as 

a function of time in the dynamic vapor sorption (DVS) experiment.  The 

attainment of equilibrium mass change is evident for each relative humidity step.   

 

 

Figure 4.11 Example of a set of sorption experimental data, with mass change in 

relation to target relative humidity as a function of time. 

 

The moisture sorption isotherms are shown in Fig.4.12. The sorption isotherm of 

MCC has a characteristic type II shape, typical of native cellulose. The sorption 

isotherms of all-cellulose composites lack the sigmoidal curve at low RH, and are 

characteristic type 3 (Basu et al. 2006).  This type of behavior was also reported 

for hydroxypropyl methylcellulose films (Villalobos et al. 2006). At high MC 

(above 80% RH), there is a significant upswing in the equilibrium moisture 
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content for both types of isotherms, which may originate from the water 

liquefaction due to capillary condensation into the pores. 

 

The sorption isotherms of all-cellulose composites prepared from 5-30 seconds 

of soaking in ionic liquid are shown in Fig. 4.12.  A longer soaking time 

(increased dissolution) resulted in all-cellulose composites of higher equilibrium 

moisture content (EMC) at high relative humidity levels.  This effect is related to 

the decreased crystallinity in the specimens. Fig. 4.13 illustrates that as the 

crystallinity index was reduced (by dissolution), there is an increase in the EMC 

value of the regenerated cellulose composites at high relative humidity levels (e.g. 

78%).  The crystalline portion of cellulose is of well packed region hence is not so 

easily accessible by water, while the amorphous portion is less ordered, thus 

allowing water accessibility.  When comparing among the sorption isotherms of 

specimens (Fig. 4.14) prepared from different MCC concentrations in the ionic 

liquid, there is an overall decreasing trend of EMC as the MCC concentration 

was increased, and this trend can be explained by the higher (better retained) 

cellulose crystallinity (Fig. 4.15).  
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Figure.4.12 Isotherms of all-cellulose composites (prepared from different 

soaking time) and MCC 

 

Figure.4.13 Effects of cystallinity index on the sorption equilibrium moisture 

content of cellulose and composites at low, medium, and high relative humidity. 

0

2

4

6

8

10

12

14

0.3 0.6 0.9

E
q
u
ili

b
ri
u
m

 m
o
is

tu
re

 
c
o

n
te

n
t 
(%

)

Crystallinity index

78% RH

44% RH

22% RH
30 s 

30 s 

30 s 

10 s 

10 s 

10 s 

5 s 

5 s 

5 s 

MCC 

MCC 

MCC 



 

 50 

 

Figure.4.14 Isotherms of different all-cellulose composites with different weight 

ratio between MCC and ionic liquid. 

 

Figure.4.15 Effects of cellulose crystallinity index on the sorption equilibrium 

moisture content of composites prepared from different concentrations of MCC in 

ionic liquid. 
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4.3.2 Hystersis 

The sorption isotherms show typically higher desorption curve than the sorption 

curve.  This hysteresis can be expressed from the sorption/desorpion ratio at a 

RH level (Table 4.2).  The hysteresis at low RH (22%) and medium RH (44%) 

levels decreased as the crystallinity index decreased (Fig. 16 a). The hysteresis 

at high RH (78%), however, remains about the same (0.78-0.82) and is similar to 

that of the native cellulose (MCC). Hystersis is due to the specific interactions of 

water sorbed in the bulk at lower relative humidity, e.g. up to 75% RH.  However, 

when the relative humidity is higher than 75%, the hysteresis is usually atrributed 

to pore effects.  

Table.4.2 Hysteresis data expressed as sorption/desorption ratio  

Soaking 
time 

MCC 
wt % in 
ionic 
liquid 

Equilibrium moisture 
content (%) during sorption 

Sorption/desorption ratio 

22% 
RH 

44% 
RH 

78% 
RH 

22% 
RH 

44% 
RH 

78% 
RH 

0 (MCC)   3.16 5.16 9.43 0.85 0.83 0.80 

5s 3 0.76 3.67 10.52 0.47 0.78 0.82 

10s 3 0.52 3.55 10.52 0.35 0.76 0.82 

30s 3 0.73 3.65 11.61 0.31 0.66 0.80 

10s 6 0.45 3.17 9.06 0.34 0.73 0.78 

10s 9 0.32 2.88 8.71 0.26 0.71 0.78 

Note: Sorption EMC was provided for reference purposes 

 

For 10-second soaking in the ionic liquid, there seem to be little to no changes of 

the hysteresis as the MCC concentration was increased. This observation might 

be due to the marginal difference in the crystallinity index (0.66-0.71) of the 

composites (Fig. 4.16 b). 



 

 52 

 

Figure.4.16 (a) Effects of cellulose cystallinity index on the ratio between sorption 

and desorption at different relative humidity. 

 

Figure.4.16 (b)  Effects of different concentration of MCC in ionic liuqid on the 

ratio between sorption and desorption at different relative humidity. 
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4.3.3 Fitting of sorption isotherms 

In IUPAC classfication, the isotherm of hydrophilic materias are type II. For type 

II isotherms, the Brunauer-Emmet-Teller (BET) model is the most common 

empirical relationships describing the sorportion characteristics, but it is good for 

partial pressures below 30%, 0.05<aw<0.45. (aw is water activity, i.e. relative 

humidity expressed in fraction).  The GAB model, on the other hand, is known for 

its robustness to predict sorption isotherms (including type 3) up to a relative 

humidity of 90% (Oluwamukomi 2009).    

 

The GAB model fitting of sorprtion isotherms is depicted in Fig. 4.17 (a) and (b) 

for MCC and an all-cellulose composite (30-second dissolution time).  Overall, 

When the experimental isotherms and fitted isotherms were compared, for both 

MCC and composites, the best fits were obtained in the range of RH 44% and 

higher.  Also, the high R2 indicates a satisfactory goodness of fit of the GAB data 

with those of the experimental values. 
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Figure 4.17 (a) GAB model fitted curve and experimental data for MCC 

 

 

Figure.4.17 (b) GAB model fitted curve and experimental data for all-cellulose 

composites (30-s soaking) 
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The fitted parameters and constants of the GAB model are listed is Table 4.3. 

The GAB parameters Mo , C and K are dependent on soaking time. As the 

soaking time increased, Mo was increased from 4.0 to 5.7% while C was 

decreased from 9.3 to 1.1. Also, K was decreased from -0.15 to -10. The 

increase in Mo was an indication that the monolayer moisture content increased 

for all-cellulose composites of lower crystallinity, while the decrease in C was an 

indication of more enthalpy and a gain in kinetic energy resulting in the loss of 

more moisture when there is more amorphous regions in all-cellulose composites 

(Oluwamukomi 2009). At the same treatment time, 10s, when the concentration 

of MCC was increased from 3 to 9%, the values of Mo increased, while those of 

C and K decreased.  

 

Table.4.3 GAB fitted parameters for different all cellulose composites 

Soaking time 
MCC wt % in 
ionic liquid 

Mo (%) C K R
2
 

0 (MCC) 
Kachrimanis et al. (2006)  3.26 8.16 0.82 0.995 

0 (MCC)  4.01 9.32 -0.15 0.997 

5s 3 4.33 1.76 -1.52 0.992 

10s 3 4.84 1.41 -2.88 0.991 

30s 3 5.66 1.12 -10.2 0.998 

10s 6 4.27 1.49 -2.4 0.994 

10s 9 4.96 1.06 -21.5 0.994 
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Chapter 5 Conclusion and Recommendation 

In this research, partial dissolution of cellulose in ionic liquid at different soaking 

time and MCC concentrations was verified by the different weight fraction of 

cellulose I (up to 0.66) in regenerated specimens. This outcome suggests that 

all-cellulose composites were prepared successfully. 

 

The cellulose specimens regenerated from the various soaking time exhibited 

cellulose I crystallinity indices (CrI) of 0.10-0.71. Crystallinity of cellulose I had a 

negative effect on the equilibrium moisture content values of the composites at 

high relative humidity (e.g. 78%).  The all-cellulose composites (CrI = 0.45-0.71) 

mechanically tested in this study had mean elastic moduli of 3.8-4.4 GPa, tensile 

strength of 34-46 MPa, and strain at maximum stress of 1.4-2.1%.  The tensile 

properties increased as a response to the composite density (1.0-1.2 g/cm3), 

which was found to increase as more cellulose II matrix (from increased 

dissolution) was present to fill the voids in the composites. The mechanical 

properties of the composites from this study are within the (broad) range of all-

cellulose composites prepared from other solvents. The tensile stiffness and 

strength properties are also comparable to the conventional wood-polypropylene 

composites and wood fiber-polypropylene composites, both of which typically 

require a compatibilizing agent.  

 

Overall, this study verified that dissolution of cellulose in ionic liquid can be 

controlled to control the properties of all-cellulose composites. 
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Besides these conclusions, here are some recommendations for future research: 

1, Conduct more SEM analyses of microtomed fractured surface to examine the 

interface in the all-cellulose composites. 

2, Investigate the hot-pressing of the regenerated partially dissolved cellulose to 

control void fractions, hence also the density and mechanical properties. 

3, Determine and control crystallinity of cellulose II in the all-cellulose composites.  

4,Investigate bio-based additives to further control properties of all-cellulose 

composites.  
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