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Abstract
Cellulose composite polymers have been considered as advanced environmentalfriendly materials that can be biocompatible and biodegradable, and already have
produced mature industrial applications such as in the textile industry. However,
because of the dense hydrogen bonding present in cellulose, it presents severe
problems for dissolution and processing. Room temperature ionic liquids, especially
those which contain strong hydrogen bond acceptor anions, have been reported to be
effective and promising cellulose solvents. Graphene continues to play an important
role in many fields such as carbon nano-materials because of its unique optical,
electrical, mechanical, and structural properties. The large delocalized π-electron
system and high theoretical specific surface area of graphene make the material
suitable for electronic composites or adsorbent/thermal conduction materials. The
pure ionic nature of ionic liquids can also help stabilize the dispersion of graphene in
materials by insertion into the sheet structure. This ability of ionic liquids to both
stabilize graphene dispersions and dissolve cellulose suggests their application as
solvents to prepare cellulose/graphene composite, however, many challenges such
as the slow dissolution rate of cellulose, inhomogeneous dissolution, and strong
shrinkage of aerogel dehydration still restricts the development of this method.
Some ionic liquids have excellent dissolubility for cellulose is the key theoretical basis
of this project. In the meantime studied and tested the effect of doping of
self-prepared graphene on the performance of synthesized composites. Cooperate
with the innovative method of this project to control the morphology of synthetic
composites, in an attempt to solve the irregular shrinkage of cellulose hydrogel
materials in the process of water loss. This project explores the preparation of
outstanding graphene/cellulose composites by dissolution, regeneration, and
modification in order to construct monolithic composites with controlled and structure.

1. Introduction
In this chapter, the background, framework, and technical route of the project will be
presented in detail. The goal of this project is to screen out an ionic liquid (IL) that can
be used as a high-efficiency solvent for cellulose for preparing a graphene-doped
composite film material, and develop a modification treatment for the shrinkage of the
composite during the drying process to optimize the final morphology of the dry film
composite. Through the sequence of the overall experimental, the introduction part is
shown through ionic liquids preparation and selection, regeneration and drying
procedures, morphology control design for regeneration and drying, modification of
composites and recovery of ILs.

1.1 Background
Cellulose is a kind of natural polymeric material, which is the main constituent of wood,
paper, cotton, and linen and has been used for centuries. Cellulose is a linear polymer
of β(1→4) linked D-glucose sugar units. Cellulose is the most abundance biopolymer
on earth and is a core component of woody cellulosic biomass (trees etc), along-side
lignin and hemicelluloses. It is used directly to produce paper, and after chemical
dissolution and/or modification to produce cellophane and rayon. Cellulose is
considered to be an environmental-friendly polymer, it is extremely easy to obtain
from plants and is widely abundant.1 It has excellent properties such as mechanical
robustness, hydrophilicity, biocompatibility, and biodegradability. However, because of
the dense hydrogen bonding between cellulose polymer chains, there are no common
solvents that can readily dissolve cellulose without derivatization. This makes
processing and production of cellulosic materials challenging. Recently, some of room
temperature ionic liquids (RTILs), which are considered as desirable green solvents
(negligible vapor pressure, volatile toxicity, and recyclable), these RTILs as cellulose
solvents tend to have small cations and basic anions such as chloride, acetate or
dimethylphosphate which have been reported to be effective and promising cellulose
solvents.2, 3 Owing to the characteristics of these ionic liquids, with excellent
dissolving capability, negligible vapor pressure, recyclability, and variety of structure,
this class of new cellulose solvents has attracted considerable attention and has been
used to prepare different regenerated cellulose materials and cellulose composites.
Meanwhile, graphene continues to play an important role in many fields such as
carbon nano-materials because of its unique optical, electrical, mechanical, and
structural properties. The large delocalized π-electron system and high theoretical
specific surface area of graphene make the material suitable for electronic
composites or adsorbent/thermal conduction materials. Therefore, our research on
such composites with an advanced solvent system has a very broad prospect.
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1.1.1 Environmental-friendly polymer chemistry
As an indispensable basic industry, the chemical industry has been integrated into all
aspects of human life. Since modern times, various high-performance polymers have
been widely developed and applied to multiple fields such as traditional plastics,
textiles, rubber, and high-tech industries such as new materials, life sciences,
aerospace, etc. The polymeric materials that are widely used in production and life
today can be divided into natural polymeric materials and synthetic polymers.
According to the Food and Agricultural Organization of the United Nations (FAO) and
Discover Natural Fibers Initiative (DNFI), every year there are about 30-35 million tons
of natural fiber polymers produced in agriculture (Figure 1.1).4, 5 However, according
to Plastics Europe Market Research Group (PEMRG) statistics, due to the near
saturation of production capacity, the global synthetic polymer production capacity is
330-350 million tons per year between 2015 and 2018.6 From these statistics, the
annual production of natural polymers accounts for about one-tenth of the production
of synthetic polymers.

World Natural Fibre Production,
32 Million Tons in 2018
Jute
7%

Wool
Coir
3%
3%

Others
6%

Cotton
81%

Data Sources: Natural Fibres and the World Economy, July 2019, By Terry Townsend, Chair of DNFI

Fig. 1.1 Natural fiber polymer production in 2018.5
Most natural polymers in the industrial chain can be processed into crude products for
further processing or sale through simple impurities removal, purification, and
bleaching steps, and most of them belong to the upstream of the textile industry.
Since most of the natural polymers are isolated directly from natural resources, it is
difficult to introduce modifications or optimization of their structures or properties in
the production process, such as structural screening. Among natural fiber polymer
products, cellulose-based products account for the vast majority (cotton 81%, Jute 7%,
Coir 3%), and the rest are protein-based (wool 3%, silk, and other animals fiber) and
very few polysaccharide-based products (chitin, chitosan, etc.).
2

As discussed above, cellulosic polymers are not easily processed due to their chain
structure characteristics and poor solubilities in common solvents. Proteinic polymers
are denatured under specific temperature and pH conditions, which limit the
development of polymer chemistry of natural polymers. Natural polymers are unable
to be applied in all directions of the chemical industry like synthetic polymers.
As an important downstream of the petrochemical industry, synthetic polymers have
emerged in all aspects of human life. Since the early nineteenth century, the first fully
synthetic polymer Bakelite (phenol formaldehyde resin) known as "plastic" has been
synthesized by Leo Baekeland.7 The type and yield of synthetic polymers have been
exponentially increasing until in recent years the production is gradually slowing
down.6 The list of synthetic polymers includes polyethylene, polypropylene,
polystyrene, polyvinyl chloride, synthetic rubber, phenol formaldehyde resin,
neoprene, nylon, polyacrylonitrile, PVB, silicone, and many more. These polymers are
widely used in plastic, rubber, high-performance material, and manufacturing
industries.
Synthetic polymers have the advantages of controllable production, convenient
modification, high performance and low cost etc. On the other hand, their raw
materials are not renewable, production processes can be energy intensive with high
carbon emissions, and most polymers currently manufactured are not biodegradable
making them not truly environmentally friendly. Nowadays, many environmentally
friendly chemistry ideas are used in the production of synthetic polymers, such as
high-efficiency waste heat-steam cycles in production, carbon recycling, efficient
exhaust collection, waste-to-raw material recycling, etc.
From the perspective of green chemistry, here comes the concept of the 12 principles
of green chemistry proposed by Anastas and Warner (Figure 1.2).8

Fig. 1.2 Consideration of green chemistry from environmental and economic costs.8
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Although synthetic polymers have a massive advantage over natural polymers in
terms of economic and time costs, moreover, in the development of high-performance
polymer chemistry, synthetic polymers have always been favored by scientists
because of controllability and structural diversity. Returning to the core of
environmental-friendly chemistry, the vast majority raw materials used to prepare
synthetic polymers are non-renewable fossil fuels, and in the process of degradation,
few microorganisms can participate, and the waste can only be slowly decomposed
by natural effects such as sunlight, oxidation, wind erosion, etc.9, 10 According to
statistics as of 2015, the annual plastic waste produced in the world is as high as 322
million tons. From the 1950s up to 2010s, an estimated 8.3 billion tons of plastic has
been produced worldwide, of which an estimated 9% has been recycled and another
12% has been incinerated (Figure 1.3).11, 12 This shows that if synthetic polymers are
to be further developed in the field of environmental-friendly polymer chemistry, they
must break through the constraints of raw materials and treatments. Existing
optimizations in chemical reactions cannot break through its margin based on
environmental costs.

Fig. 1.3 The lifecycle of plastic polymer12, 13
Therefore, greater attention is being paid to both the use of renewable and recycled
chemical resources and, specifically, to ways of making use of natural polymers
because of their inherent advantages in environmental costs. Natural polymers are
synthesized by organisms in general, and the environment and microorganisms can
participate in their degradation process, making them form a cycle in the environment.
The main disadvantage is that in the production process, people cannot make
structural or functional interventions in the final product.
The contemporary mature textile industry has brought new ideas. For example,
viscose fiber is a regenerated cellulose fiber (rayon) that has been widely used and
produced - made using the viscose (cellulose xanthate: a mixed system of natural
4

cellulose fibers through alkalization and sulfonation) process. The viscose fiber is
made from dissolving wood pulp and regenerating it in the form of fibers, the
molecular structure of natural cellulose is preserved in the process.14 Viscose fibres,
formed by regeneration retain the chemical structure of the original natural
biopolymers and provide new directions for the development of natural polymer
chemistry. Moreover, the original polymers can be modified during the regeneration
process to change the properties of the polymer, such as cellulose acetate.15
Regenerated cellulosic fiber accounted for about 6% of global fiber production.5 This
shows the route of regenerating natural polymers in the industry is feasible.
Return to the perspective of green chemistry, regenerated natural polymers can be
biodegraded, and unlike the synthetic fiers produced by the petroleum industry,, a
variety of natural fiber-based agricultural products such as straw and forestry wastes
can be used as raw materials. This is ahead of synthetic polymers in terms of raw
materials, environmental maintenance, and prevention of hazards. Research on
regenerated natural polymers is promising if the chemical reaction and process
design is carried out under the framework of environmental-friendly chemistry.

1.1.2 Properties and application of cellulose
Cellulose is an organic compound with the formula (C6H10O5)n, a polysaccharide
consisting of a linear chain of several hundred to many thousands of β(1→4) linked
D-glucose units.16, 17 Cellulose from wood pulp has typical chain lengths between 300
and 1700 units; cotton and other plant fibers as well as bacterial cellulose have chain
lengths ranging from 800 to 10,000 units.14, 18 Unlike starch (α(1→4)-glycosidic bonds),
no coiling or branching occurs and the molecule adopts an extended and rather stiff
rod-like conformation, aided by the equatorial conformation of the glucose residues.
The multiple hydroxyl groups on the glucose from one chain form hydrogen bonds
with oxygen atoms on the same or on a neighbor chain, holding the chains firmly
together side-by-side and forming microfibrils with high tensile strength (Figure 1.4).
Cellulose is the most abundant natural organic polymer on Earth.18 The cellulose
content of cotton fiber is more than 95%, that of wood is 40–50%, and that of dried
hemp is approximately 57%.19, 20 In the secondary cell wall of plant cells, the cellulose
content is about 35-50%.21
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Fig. 1.4 Structure of cellulose and intermolecular hydrogen bond of cellulose
Cellulose has no taste, is odorless, chiral, biodegradable, and insoluble in water and
most common organic solvents.22 The traditional solution system that can be used for
cellulose dissolution is Schweizer's reagent, cupriethylenediamine (CED), cadmium
ethylenediamine (Cadoxen), N-methylmorpholine N-oxide, and lithium chloride /
dimethylacetamide.23 Another advanced cellulose dissolution system was reported
the strong hydrogen-bond acceptor ionic liquids.24 Cellulose was shown to melt at
467 °C in pulse tests made by Dauenhauer et al.25 Cellulose as a natural polymer can
be rapidly degraded in an acidic environment, Wyman showed cellulose can be
broken down chemically into its glucose units by treating it with concentrated mineral
acids at high temperature.26 In acidic soil (pH 2) at normal temperatures, cellulose in
cotton can be quickly decomposed under the microbial attack.27, 28 Properties of
cellulose depend on its chain length or degree of polymerization, the number of
glucose units that make up one polymer molecule. Cellulose from wood pulp has
typical chain lengths between 300 and 1700 units; cotton and other plant fibers as well
as bacterial cellulose have chain lengths ranging from 800 to 10,000 units.18
Cellulose has different applications in many industries (Table 1.1) and is mainly
obtained from wood pulp, cotton, linen, and other plant fibers.
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Table 1.1 Main industrial applications of cellulose
Source of
cellulose

Process

Production

Textile

Cotton, linen
jute, etc.

Purification, bleaching

Cotton and linen fabric

Regeneration

Rayon (e.g. Lyocell fiber)

Paper

Wood/straw
/bamboo pulp

Bleaching, steaming

Paper, card, kraft, etc.

Cotton,
Food/
pharmaceutical wood pulp

Purification, hydrolysis

Microcrystalline cellulose
(MCC; stabilizers and
thickeners)

Electrical
insulation

Purification, molding

Insulating paper

Purification, bleaching

Filter paper and filter bed

Carboxymethylation

CMC·Na (mud modifiers)

Wood pulp

Oilfield

Cotton,
wood pulp
Wood pulp

Gunpowder

Cotton

Nitrification

Nitrocellulose (smokeless
gunpowder)

Energy

Straw/forestry
wastes

Combustion power
generation

Electricity

Lab science

Cellulose other industrial applications e.g. films, building materials, derivatives, etc.

It is worth noting that in industrial applications of cellulose, such as the process of
hydrolysis, swelling, and regeneration causes the space of cellulose to be rearranged,
and the chain length changes. Other chemical treatments produce new cellulosic
derivatives. The hydroxyl groups (-OH) of cellulose can be partially or fully reacted
with various reagents to afford derivatives with useful properties like mainly cellulose
esters and cellulose ethers (Table 1.2). In principle, cellulosic polymers are renewable
resources and can be degraded.
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Table 1.2 Cellulose ester and ether derivatives
Group R
Cellulose
esters/ethers

Organic
esters

Reagent

Organic
acids

Derivative

Acetic acid and
acetic anhydride

Cellulose acetate

H or -(C=O)Me

Acetic acid and
acetic anhydride

Cellulose
triacetate

-(C=O)Me

Propionic acid

Cellulose
propionate

H or -(C=O)Et

Acetic acid and Cellulose acetate H or -(C=O)Me
propionic acid
propionate (CAP)
or -(C=O)Et
Acetic acid and Cellulose acetate H or -(C=O)Me
butyric acid
butyrate (CAB)
or -(C=O)nPr

Inorganic
esters

Alkyl ethers

Inorganic
acids

Nitric
acid or Nitrocellulose
nitrating agent
(cellulose nitrate)

H or -NO2

Sulfuric acid or
Cellulose sulfate
sulfuring agent

H or -SO3H

Halogeno- Chloromethane
alkanes
Chloroethane
Ethylene oxide

Hydroxyalkyl
ethers

Carboxyalkyl
ethers

Epoxides

Halocarboxylic
acids

Propylene oxide

Methylcellulose

-Me

Ethylcellulose

-Et

Hydroxyethyl
cellulose
Hydroxypropyl
cellulose (HPC)

-EtOH
-Et(OH)Me

Chloromethane Hydroxypropyl
and propylene methyl
oxide
cellulose (HPMC)

-Me or
-Et(OH)Me

Chloroacetic
acid

-CH2COOH
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Carboxymethyl
cellulose (CMC)

1.1.3 Ionic liquid solvents
Ionic liquids (ILs) or ionic liquids solvents (IL solvents) are a general term for salt
compounds in the molten state. In some contexts, the term has been restricted to
salts whose melting point is near room temperature or slightly above room
temperature, also known as room temperature ionic liquids (RTILs).29 While ordinary
liquids such as water and organic solvents are predominantly made of electrically
neutral molecules, ionic liquids are full made of cation-anion ion pairs (Table 1.3).
Starting from the point of environmental-friendly chemistry, as some defects in
traditional organic solvents make them be considered as dangerous chemicals, the
introduction of cleaner technologies has become a driver throughout both industry
and academia. Some organic solvents are high on the list of dangerous chemicals
because they can be (i) volatile liquids that are difficult to contain, (ii) toxic due to
volatilization and inhalation and/or (iii) easily reach lower explosive limits (LEL) in gas
phase mixtures with air.30
In contrast, some of the intrinsic physical properties of ionic liquids make them
interesting as innovative solvents for synthesis: (i) RTILs have a wide solute
selectivity range of both inorganic/organic and polar/nonpolar materials can be
brought into the same phase. (ii) RTILs have negligible vapor pressure, and they
could be used in high-vacuum systems. (iii) Since the ions in the general RTILs
usually have empty coordination center, they are kinds of highly-polar but
non-coordinating solvents.29 (iv) RTILs can compose a two-phase system with an
incompatible organic solvent (hydrophobic ionic liquids can also compose with water),
and can be completely separated by differences of vapor pressure.
Table 1.3 Anions and cations constituting RTILs (partial)
Room temperature ionic liquids (RTILs)
Cation
Anion

Imidazolium
[Cn1Cn2IM]

+

[CnDBU]+

Pyridinium
[CnPy]

+

NO3-

Halide

Nitrate

Dialkylphosphate

Sulfonate

Pyrrolidinium
[Cn1Cn2Pyr]

2Alkyl-pyrrolium

X-

Acetate

+

Isoquinolinium
[DRP]

Ammonium
[Nn1,n2,n3,n4]

+

Phosphonium
+

[Pn1,n2,n3,n4]

Sulfonium

BF4 -

[Sn1,n2,n3]+
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-

[RSO3]

PF6 -

-

[OAc]-

Triflate
[OTf]-

[Tf2N]-

Because of the outstanding performance of ionic liquid solvents, some researches
have focused on whether ionic liquid solvents can destroy complex and stable
hydrogen-bonded grids in the cellulose intermolecular structure. Swatloski et al. first
reported the excellent solubility of cellulose in IL solvents with halide anions, showing
that cellulose could be readily and rapidly dissolved in 1-butyl-3-methylimidazolium
chloride.31 Costa Lopes et al. have reported in more detail on such ionic liquids,
collectively they can also be call for strong hydrogen-bond acceptor ionic liquids.24
The characteristics of such ionic liquids are that the cation composition is basically
1,3-dialkylimidazolium with strong hydrogen bonding acceptor anion such as chloride,
acetate, thiocyanate, or alkyl-phosphate, etc. Pinkert et al. summarized the cellulose
cellulose-dissolving capacity of various HBA-ILs based on reported literature in their
study,.32 Similarly, Wang et al. further summarized the research progress of such type
of HBA-ILs that can be used as favourable cellulose solvents and elaborated their
dissolution mechanism in detail.33

1.1.4 Graphene in new materials
Graphene is an allotrope of carbon in the form of a single layer of atoms in a
two-dimensional (2D) hexagonal lattice in which one atom forms each vertex (Figure
1.5). Graphite can be seen as being stacked vertically from a myriad of graphene
sheets. From the initial research of Novoselov and Geim in 2004, graphene entered
our sight as the first 2D material to be developed in the true sense34, 35 and resulted in
the award of the 2010 Nobel Prize in Physics "for groundbreaking experiments
regarding the two-dimensional material graphene." Graphene has a large delocalized
π-electron system and a high theoretical specific surface area with a surfacic mass of
0.763 mg per square meter. It conducts heat and electricity very efficiently and is
nearly transparent. The 2D flat structure is effective in improving the thermal and
mechanical properties of composite materials.36 Graphene has received a lot of
research attention across a wide range of scientific fields, such as physical chemistry,
electrochemistry, computational chemistry, materials science, etc. This project does
not involve the specific calculation of the theoretical parameters of graphene physics.
We will focus on the review and development of graphene in the field of new
materials.
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Fig. 1.5 The 2D flat structure of graphene, and its spatial expansion and stacking
The global market for the graphene industry was reported to have reached US$9
million in 2012 and was forecast to rise to up to US$150 billion by 2020, with most of
the demand from research and development in semiconductors, electronics, battery
energy, and composites.37, 38 At present, the production methods of graphene mainly
include exfoliation, chemical vapor deposition), reduction of graphene oxide (GO), and
nanotube slicing.
Exfoliation refers to the method by mechanical, ultrasonic, acid-base or salt solution
intercalation, so that the spatial distance in the graphite sheet is greater than its Van
der Waals force, and thus peeled off into single-layer or less than 5 layers graphene.
Novoselov and Geim firstly used adhesive tape to pull graphene sheets away from
graphite typically require multiple exfoliation steps to achieve a single-layer, the
exfoliated flakes are deposited on a silicon wafer. 34 Paton et al. used mixers that
produce local shear rates greater than 104 s-1 and obtained defect-free, unoxidized
graphene-containing liquids produced by exfoliation of graphite.39 Kamali reported
that protons dissolved in molten lithium chloride could be discharged on cathodically
polarized graphite rods, which then intercalate, inducing peeling of graphene sheets.40
Liu used ionic liquid ([C8mim]+[PF6]- and [C8mim]+[BF4]-) and water as the electrolyte,
applied a static potential of 15V between the two graphite rods obtained functionalized
graphene sheets.41
In Chemical vapor deposition (CVD), typically, the wafer (substrate) is exposed to
one or more volatile precursors, which react and decompose on the surface to
produce the graphene deposit. Jobst et al. showed by heating silicon carbide (SiC)
substrate to high temperatures under low pressures reduced it to graphene and grown
on the 6H-SiC substrate.42 Mattevi et al. uses a copper substrate to obtain epitaxially
grown graphene by CVD.43
To obtain graphene by reduction of graphene oxide, usually graphite is first oxidized
to graphene oxide (GO). Then, the oxygen-containing functional groups on the
graphene oxide are reduced by chemical treatment. The preparation of GO was first
reported by Hummer using the approach now knownas Hummer's method.44
Stankovich et al. used hydrazine hydrate to reduce GO.45 Combined with green
chemistry, Zhang et al. successfully reduced GO by using L-ascorbic acid which is
non-toxic to the environment46 and is significantly less hazardous that hydrazine.
Graphene can be created by cutting or etching carbon nanotubes to get a 2D
11

structure. Kosynkin et al. used acidic oxidants to cut open carbon nanotubes in
solution.47

1.1.5 Morphological control and surface modification
In the process of dissolving cellulose and regenerating cellulosic polymer materials,
there are three distinct steps to divide the different states of cellulose molecules in the
solvent system: dissolution (swelling), regeneration, and drying (Figure 1.6). During
each step, due to the change in the state of matter, the intra- / inter-molecular chain
structure of cellulose is also modified. The essence is the reorganization of cellulose
hydrogen-bonding network.18, 48 In the phase of dissolution or swelling, the solvent
with hydrogen bond basicity, enters the cellulose hydrogen-bonding network breaking
inter-chain hydrogen bonds allowing the polymer chains to separate from each other,
so that it achieves the process of starting swelling until dissolved completely.
Conversely, during regeneration, the hydrogen-bond disrupting solvent is replacement
by a non-solvent such as water or methanol and the cellulose hydrogen bonds are
re-crosslinked, and at the same time, the cellulose intermolecular wraps a part of the
solvent and forms a weaker hydrogen-bonding connection with the solvent to
assemble a gel network (hydrogel or alcogel). The drying step removes all the
solvents inside the gel to complete the reconstruction of the hydrogen bonding
network, different pore structures can be generated according to different drying
methods.48

Fig. 1.6 Three main steps to synthesis cellulose composites: dissolution (swelling),
regeneration, and drying.48
The dissolved cellulose solutions will typically contain 5-20 wt% of polymer in solvent,
and so with removal of solvent molecules from the intermediate gel system drying, the
cellulose space skeleton will shrink due to high capillary stresses from unbonded
hydroxyl groups rejoin the hydrogen-bonding network.48 To retain the porous,
macro-porous structure during the drying process, for example to generate aerogels,
morphological control needs to be added into the step.
The common morphological controls applied during the drying process are
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freeze-drying (or lyophilization) and supercritical conditions drying (sc-drying).
Freeze-drying is sublimation of the frozen solid (ice or frozen alcohol) from the pores
of a wet gel. Under the crystallization of water molecules, freeze-drying tends to help
the formation of large pores and channels from several to tens of microns.49-51
In sc-drying (supercritical conditions drying), a gas phase atmosphere (e.g. a CO2
system with constant temperature and pressure) need to be provided so that
liquid/gas surface tension is zero because there is no longer liquid/gas meniscus,
which is better to preserve cellulose network structure leading to the formation of
mesopores and small scale macropores.48, 52 The introduction of drying methods in
specific application instance will be introduced separately in Section 1.5.2.
In addition to the decisive morphological control added during the drying process,
during the regeneration process, the solvent contained in the cellulose network can be
replaced in stages by functional solvents to reduce the tension in the pores to help
control the morphology during drying.53-55 This step is called co-solvent replacement
(Figure 1.7).

Fig. 1.6 The co-solvent replacement for wet gels conversion
Another way to achieve the morphological control of composites, at the same time to
functionalize synthetic materials for enhancing performance is named surface
modification.56 Modification of specific functional groups on the surface (or one of the
components) of composite materials with specific reagents can achieve, for example,
the conversion of hydrophilic/hydrophobic properties.56, 57 Niu et al. used phenolic
acids (p-hydroxybenzoic acid, vanillic acid, and syringic acid) to modify the hydroxyl
groups of cellulose producing partially esterified plasticized cellulosic films.55 Yagyu et
al. partly acetylated the surface of cellulose films to improve the thermal and moisture
resistance of the material.54 Xu et al. chose to functionalize GO in the cellulose-GO
composites, which improved the hydrophobic properties of the composites.57
Overall each application requires specific morphology and application, and thus it is
essential to understand and control the macrostructure and modification process.
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1.2 Hydrogen bond acceptor ionic liquids
1.2.1 Hydrogen-bonding selectivity of ILs
Hydrogen bond acceptor ionic liquids (HBA-ILs) are usually composed with
heterocyclic cations and strong hydrogen bond acceptor anions. Most commonly
considered with ionic liquids incorporating1,3-dialkylimidazolium cations with basic
anions such as acetate e.g. 1-ethyl-3-methylimidazolium acetate ([Emim][OAc]).
Avent et al. pointed out that all three ring-hydrogen sites of the 1,3-dialkylimidazolium
heterocycle are acidic.58 If let ionic liquid become a strong hydrogen bond acceptor,
an anion with a higher hydrogen bond basicity should be selected for matching. Here
the concept of the Kamlet-Taft equation will be introduced to specifically quantify the
ability of ionic liquids to act as hydrogen bond acceptors.59
XYZ = (XYZ)0 + s(π*+dδ)+ aα + bβ

(1)

XYZ = a particular solvent-dependent process; (XYZ)0 = the value for the reference system; π* = the value of solvent‘s
dipolarity/polarizability; α represents hydrogen bond donating ability; β represents hydrogen-bond accepting ability and
δ is a correction term. The parameters a, b, d and s represent coefficients of the solvent-independent.59

The Kamlet-Taft parameters established for traditional solvents are one of the most
accepted and well-used polarity scales, they can also be used to describe the scale of
ILs.60 The method uses a kind of dyes (e.g. N,N-diethyl-3-nitroaniline or
N,N-diethyl-4-nitroaniline) as a solvatochromic probe, and then analysis the band
shifts by UV-Vis spectral to obtain a set of values.61 Depending on dye probes and
experimental approaches, different values of solvatochromic parameters for the same
solvent may be observed. Therefore, we can only refer to scales of relative polarity
under the same condition of the probe and the experimental method as the standard
for comparison of different ILs.59, 62 In addition, a similar method Reichardt‘s betaine
dye is used to measure the ETN value of the solvent dipolarity/polarizability.62
Crowhurst et al., demonstrated, using the solvatochromic probes, Reichardt's dye,
N,N-diethyl-4-nitroaniline and 4-nitroaniline,.that in imidazolium ILs, α values are to a
large extent dependent on the nature of the cation, i.e. the imidazolium heterocycle.63
According to the experimental results, α values of 1-butyl-3-methylimidazolium
([Bmim]+) ILs are in the range of 0.62-0.64, and 1-butyl-2,3-dimethylimidazolium
([Bm2im]+) ILs are between 0.38-0.40.63 This was also consistent with the prediction,
because the proton at the 2-C is replaced by a methyl group, resulting in a significant
decrease in the acidity of the cation. Calculations also showed that both anions and
cations affect π* values, but overall π* values of imidazolium ILs were around 1.00.63
However, the change of β values was significant with the change of anions which is a
key factor in determining whether this IL is a good hydrogen bond acceptor (Table
1.4).63-65
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Table 1.4 [Bmim]+ ILs Hydrogen-bond basicity (β) values and hydrogen-bonding
interaction energy in the equimolar cation-anion mixture (EHB/(kJ·mol-1))
1-Butyl-3-methylimidazolium

[Bmim]+

Anion

Abbr.

β 66

β 64, 65

EHB/(kJ·mol-1)67

Acetate
Diethylphosphate
Dimethylphosphate
Dibutylphosphate
Chloride
Methanesulfonate
Bromide
Triflate
Bis(trifluoromethanesulfonyl)imide

[OAc][DEP][DMP][DBP]Cl[MeSO3]Br[OTf][Tf2N]-

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0.60
0.41

1.20
n.a.
1.12
n.a.
0.95
0.85
0.87
0.57
0.42

-40.17
-33.41
-32.85
-32.46
-30.72
-29.03
-25.60
-17.11
-9.86

*n.a.: not applicable

The difference in hydrogen bond basicity contributes to the fact that HBA-ILs are
polarizable solvents with a specific selectivity for hydrogen bond donor (HBD) solutes.
Claudio et al. then provided a more quantitative method to demonstrate the selectivity
of HBA-ILs for hydrogen-bonding solutes, calculating the hydrogen-bonding
interaction energy in the equimolar cation-anion mixture (EHB, Table 1.4) through the
thermodynamic model of COSMO-RS (COnductor-like Screening MOdel for Real
Solvents).67, 68 It can be seen, from the data in Table 1.4, that when the hydrogen
bond basicity (β) of the IL increases, the hydrogen-bonding interaction energy in the
equimolar cation-anion mixture (EHB) also increases and shows better selectivity for
acidic protons of a solute.
The core of this project is the use of cellulose as a target solute and in the face of the
large and complex hydrogen-bonding networks present in cellulose, the selection of a
solvent with excellent selectivity for hydrogen bonding is the key to a successful
dissolution.

1.2.2 Synthesis of hydrogen bond acceptor ILs
The first reported ionic liquid was ethylammonium nitrate, formed by the addition of
concentrated nitric acid (HNO3) to ethylamine, by Walden in 1914.69 Most of the
hydrogen bond acceptor ILs that have been identified as good solvents for dissolving
cellulose can be synthesized in the laboratory under normal condition.3, 22 Generally,
HBA-ILs are composed of heterocyclic cations and hydrogen-bonded basic anions.
The synthesis of ILs can generally be split into two steps: (i) the formation of the
desired cation and (ii.a) anion metathesis or (ii.b) Lewis acid-anion superimposition
(Figure 1.8). However, it is generally believed that halometallate anions lack hydrogen
bond basicity.70 Therefore, the synthesis of general HBA-IL of interest here can be
divided into either a direct one-step (Figure 1.8 (i)), or two-step (Figure 1.8(i) → (ii.b))
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methods.

Fig. 1.8 A two-step synthetic route of hydrogen bond acceptor ionic liquids
1.2.2.1 Quaternization Reactions
Because cations of chosen HBA-ILs are mostly 1,3-dialkylimidazolium cations, the
formation of the cations may be carried out by quaternization of a 1-alkylimidazole
with an alkylating agent such as a haloalkane or an alkylphosphate.71, 72 The alkylation
process by quaternization possesses the advantages that the nucleophilic substitution
reactions generally occur smoothly at reasonable temperatures, and usually without
the need for catalysts.72 If possible, the reaction should be carried out under
nitrogen/inert gas or in a pressure reactor in order to exclude water and oxygen. In
some situations, microwave-assistance can be used to speed up the reaction rate
(especially with nucleophilic substitution using poor alkylating agents such as
trialkylalkylphosphates).71
In general, using the reaction of 1-alkylimidazole with haloalkane as an example, with
the reaction conditions required becoming steadily more gentle in the order Cl → Br
→ I, as expected for SN2 nucleophilic substitution reactions. But it should be note that
1-alkylimidazole with fluoroalkanes cannot react in this manner. In principle, this
reaction requests really simple conditions: the 1-alkylimidazole is mixed with the
desired haloalkane, and the mixture is then stirred and heated. The following scheme
(Figure 1.9) is an example of the reaction for the synthesis of
1-butyl-3-methylimidazolium bromide ([Bmim]Br) to show the mechanism of
quaternization. In addition, other heterocyclic amines such as 1,8-diazabicyclo-[5,4,0]
-7-undecene (DBU) can be quaternized by alkylation to the corresponding cation
[CnDBU]+ (shown in Table 1.3) following the same mechanism to prepare oother
HBA-ILs.73
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Fig. 1.9 SN2 substitution to synthesis 1-butyl-3-methylimidazolium bromide
It should be noted that when using short-chain haloalkanes (particularly with
chloroethane) which have low boiling points (EtCl, bp 12.2 °C) this reaction is
generally carried out in an autoclave to contain the reagents and it is necessary to
cool the raw material below the boiling point before addition.
1.2.2.2 Anion Metathesis
Anion metathesis or anion exchange is the second step in the two-step preparation of
HBA-ILs. The mechanism is the same as the general metathesis reaction, but it
should be noted that alcohol-salt solutions (generally methanol or ethanol) are
generally used as the reaction system instead of water. All HBA-ILs have excellent
solubility in water, so after the metathesis reaction, it will increase the difficulty of
product separation and purification, and it cannot guarantee that the product is highly
anhydrous. The raw IL in this step is usually the 1,3-dialkylimidazolium halide
prepared in the previous step. Anion metathesis removes the halogen element by
generating a precipitate, gas or through an ion exchange resin, and replaces it with
the target anion group.
Wilkes and Zaworotko first reported the preparation of a series of ionic liquids
containing [Emim]+ cations paired with a range of anions by anion metathesis in
1992.74 These included [Emim][NO3], [Emim][NO2], [Emim][BF4], [Emim][SO4], and
[Emim][OAc], which were prepared by a metathesis reaction between [EMIM]I and
silver salts of the target anions mentioned above in methanol solution. The very low
solubility of silver iodide (AgI) in these solvents allowed it to be separated simply by
filtration, and removal of the reaction solvent under vacuum. However, the cost of the
silver salt and iodine used in this method is relatively high, and silver iodide
precipitates were discarded together as a by-product, the atomic utilization rate is low,
and the by-product treatment is required, which does not meet the requirements of
green chemistry. To address the cost and impact of using silver salts, alternatives
approaches using potassium, sodium, and ammonium salts in non-aqueous
conditions have been explored, for example undertaking anion metathesis in
acetonitrile. Seddon et al. used acid-base method instead of silver anionic metathesis
in water-miscible IL system, and similarly achieved high purity [Bmim][NO3].75 The
required anions can also continue to be replaced through [Cation]hydroxide as an
intermediate.76 After the metathesis step, multiple washing stages and separation
steps were still required to reduce the halogen content in the ionic liquid as completely
as possible. It is necessary to keep the synthesized HBA-ILs highly anhydrous and
vacuum dry for more than 24 hrs.
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1.2.3 Purification of hydrogen bond acceptor ILs
In theory, high-purity HBA-ILs are mostly colourless transparent liquids or white solid
crystals at room temperature. However in practice, synthesized ILs often show a
slightly yellow or yellow appearance due to oxidation or trace impurities in the raw
materials. These impurities are usually undetectable by 1H NMR spectroscopy or
CHN microanalysis.72 This usually does not affect the use of HBA-ILs as solvents and
many potential applications, but these coloured impurities in some ionic liquids could
be absorbed and transferred into transparent cellulose gels under investigation in this
work, so impurities should be avoided during the synthesis process and raw materials
and products should be appropriately purified. Another and the major impurity from
anion metathesis can be residual halide (chloride/bromide). In the case of using ionc
liquids as cellulose solvents, where the chloride ionic liquids are key examples, the
presence of chloride as an impurity is not important, although of course it is necessary
to know what the purity and composition of the solvent is. Due to the lack of vapor
pressure of ILs, it is difficult to purify ionic liquids by distillation. A notable exception is
the distillability of some ionic liquids with very weak HBA anions such as [Emim][NTf2]
under high vacuum, however under these conditions, ionic liquids containing more
strongly HBA anions undergo thermal decomposition.77 Distillation can be only used
for purification raw materials (especially for cations) of ILs. The counterpoint to this is
that, in principle, volatile impurities can be removed from ILs by distillation under
vacuum. In general, it is better to remove most of impurities from the starting materials,
and where possible to control synthetic methods that either generates as few side
products as possible, or allow side products easy separation from the target IL. All
solvent used in quaternization or anion metathesis reactions should also be dried and
distilled before use, and for isolating the influence of oxygen in time during the
reaction, nitrogen or inert gas should be used for protection.
After the quaternization reaction, multiple recrystallization steps are usually required
on the crude HBA-IL products (such as [Bmim]Cl and [Bmim]Br) to remove impurities
and unreacted materials. A common, and effective method for these ILs is
recrystallisation from acetonitrile/ethyl acetate mixtures using ethyl acetate as the
anti-solvent.78-80 The crude product and solvent are heated to about 70 °C, then
cooled and froze the system, the IL is crystallized and the solvent is decanted. This
process is repeated several times until a pure ionic liquid is obtained. Finally, the
organic solvent in IL needs to be completely removed by vacuum distillation.
After the anion metathesis is completed, the system should first be cooled and most of
the by-products should be separated (Figure 1.10).75 Similarly, the crude product also
requires multiple times of non-polar organic solvent washing (chloroform or
acetonitrile), but the newly generated precipitation components need to be separated
in time.77 The solvent is removed by rotary evaporation, but rotary evaporation cannot
take away the by-product crystals or excessive halogen residues. It needs to be
repeated more than three times to ensure the purity of the product. The purification
process should be completed as fast as possible to reduce the effect of hydrolysis and
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oxidation on product purity.

Fig. 1.10 Work-up procedures in pricessing [Cnmim]+ HBA-ILs product.75
Due to HBA-ILs having very strong water absorption characteristics, and competition
between IL-water and IL-cellulose interactions having a seriously impact on the
solubility of cellulose in HBA-ILs, when discussing purity, water is the most important
impurity that needs to be controlled as much as possible. Unlike most organic
solvents that are generally easily removed by heating under vacuum, water is one of
the most problematic solvents to remove from ILs and it is recommended that
HBA-ILs be heated to at least 70 °C for more than 12 hours with stirring under vacuum
to achieve an acceptably low degree of water contamination. In the process of rotary
evaporation, it is also necessary to adjust the temperature to a suitable range, which
is usually 25~30 °C lower than the water-solvent azeotropic point at the atmospheric
pressure to ensure that water is thoroughly taken out.
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1.3 Dissolution system of cellulose
1.3.1 Dissolution mechanism of cellulose
It was mentioned in section 1.1.2 that cellulose is a natural biopolymer composed of
D-glucose units, thousands of units are linked by β(1→4)-glycosidic bonds resulting
and each linear chain forms hydrogen-bonds to adgacent chains in an extended and
rather stiff rod-like conformation. In plants, the individual cellolose chains bundle
together attracted by strong inter-chain hydrogen-bonding producing cellulose
microfibrils. This high-strength structure also determines that cellulose cannot be
easily dissolved in water or in other basic organic solvents.22, 81 Some aqueous
solutions of acids, bases and salts can penetrate into the crystalline region of the fiber,
producing infinite swelling and solubilizing the cellulose.
1.3.1.1 Dissolution in current systems
So far, there is no systematic research study showing the detailed mechanism of
cellulose dissolution, but observation under the microscope shows that the dissolution
process always follows the order of swelling→dissolving.31 There are many mature
applications in the textile industry, such as copper ammonia fibers and viscose fibers
(described based on the solvent systems or processing methodologies), which utilize
cellulose dissolution and regeneration systems. The traditional solution system that
can be used for cellulose dissolution is Schweizer's reagent, caustic soda/carbon
disulfide (viscose regent), cupriethylenediamine (CED), cadmium ethylenediamine
(Cadoxen),
N-methylmorpholine
N-oxide
(NMMO),
and
lithium
23
chloride/dimethylacetamide (DMAc).
Zhang et, al. used cellobiose as a model compound of cellulose to study the
interactions in the cellulose/DMAc/LiCl system.82 DMAc coordinates to lithium cations
in solution providing fee, unsolvated chloride anions. Hydroxyl protons of cellulose
are able to form strong hydrogen bonds with the chloride anion, during which the
intermolecular hydrogen-bonding networks of cellulose is broken (Figure 1.10a).
Lithium cations complexed with free DMAc molecules reach electrical equilibrium with
hydrogen-bonded chloride anions, so cellulose chains can disperse at molecular level
in the solvent system to form a homogeneous solution.82
1.3.1.2 Dissolution in ionic liquids
As mentioned earlier, ionic liquids with strong hydrogen-bond acceptor anions have
been identified as advanced cellulose dissolution systems.24 The first example s
reported were ionic liquids derived from small 1,3-dialkylimidazolium cations ([Bmim]+)
with chloride anions which could dissolve in excess of 25 wt% of cellulose dissolving
pulp forming viscous solutions suitable for forming films and fibres.31 The
characteristics of such ionic liquids are that the cation composition is basically
1,3-dialkylimidazolium with strong hydrogen bonding acceptor anion such as chloride,
acetate,
thiocyanate,
or
alkyl-phosphate,
etc.
In
the
case
of
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1-butyl-3-methylimidazolium chloride ([Bmim]Cl), the solvation mechanism is
proposed to involve the interaction of the IL chloride ions, which are non-hydrated and
in a concentration of approximately 20 wt%, with the hydroxyl protons of the
carbohydrate.31 This has the effect of breaking the extensive hydrogen bonding
network of the polysaccharide and promotes its dissolution. While indirect, several
experimental observations provide evidence in support of this qualitative solvation
model. First, [Bmim]+ with chloride or acetate ILs displays higher hydrogen bonding
basicity among commonly used ILs.83, 84 In addition, 1-n-butyl-3-methylimidazolium
salts bearing weaker hydrogen bond acceptors or noncoordinating groups as anions
are poor cellulose solvents. 13C NMR studies of cellulose in [Bmim]Cl solution show
that the polymer is disordered in this medium, indicating that its hydrogen bonding
network is indeed disrupted.85 Another research that also used cellobiose as a
disaccharide model for cellulose identified that in the interaction between
1-ethyl-3-methylimidazolium acetate ([Emim][OAc]) and cellulose, the hydrogen bond
acceptor acetate anions were the main force for cellulose to dissolve in the IL
(Figure 1.10b).86 Similarly, the electrostatic balance in the dissolution system can get
cellulose molecules homogeneously dispersed.

Figure 1.10 'Swelling→dissolving' process in the dissolution of cellulose: (a) in
DMAc/LiCl-cellulose dissolution system;87 (b) in [Emim][OAc]-cellulose dissolution
system; (c) cellobiose as a dissolution model compound of cellulose.1
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Although it cannot be inferred that the dissolution of cellulose in each dissolution
system follows the same mechanism, among the points mentioned the presence of
anions with excellent hydrogen bonding basicity are core to most dissolving systems
to attack the intermolecular hydrogen bonding of cellulose.
The electrostatic balance dissolving system can better disperse the cellulose
molecules in it and avoid the re-association of intermolecular hydrogen bonds.

1.3.2 General dissolution system of cellulose
Research based on cellulose dissolution has continued from the application of
viscose fibers and cuprammonium fibers in the early twentieth century to the present.
The dissolution system has been developed from the earliest Schweizer's reagent,
carbon disulfide (CS2)/xanthate to N-methylmorpholine N-oxide (NMMO), dimethyllacetamide (DMAc)/LiCl, alkali/urea, ionic liquid (IL), etc. The following will briefly
introduce several important dissolution systems, IL will be introduced separately.
1.3.2.1 Schweizer's reagent
Schweizer's reagent is the chemical complex tetraamminediaquacopper dihydroxide
([Cu(NH3)4(H2O)2](OH)2), as known as cuprammonium solution (Figure 1.11). The
Swiss chemist Matthias Eduard Schweizer (1818–1860) discovered that cellulose can
dissolve in cuprammonium solution. The method was used by Max Fremery and
Johann Urban to produce carbon fibers for use in light bulbs in 1897. Production of
cuprammonium rayon for textiles started in 1899, now it has become a mature
application of regenerated cellulose fiber in the textile industry. The cuprammonium
solutions are blue, and the whole system appears blue after cellulose is dissolved.
The whole system is regenerated in a sulfuric acid bath, and then washed with caustic
soda to remove acid, copper and ammonia. Other variants of transition metal
-ammonia cellulose dissolution system similar to Schweizer's reagent include
cupriethylenediamine (CED) and cadmium ethylenediamine (Cadoxen).
1.3.2.2 N-methylmorpholine N-oxide (NMMO)
N-Methylmorpholine N-oxide (NMMO) is an organic compound (Figure 1.11),
cellulose/NMMO dissolution system commercially supplied as a monohydrate
C5H11NO2·H2O. Cellulose of high molecular weight can be dissolved in NMMO/H2O at
high temperature to form transparent solution. The use of NMMO provides a simple
physical technology for producing regenerated cellulose fibers, films, food casings,
membranes, and others without hazardous by-products.88 NMMO/H2O hydrate
becomes a mobile liquid when heated to around 100 °C and dissolved cellulose, first
forming amorphous and plastic regions and then inducing dissolution by replacing
NMMO-water hydrogen bonds with NMMO-cellulose bonds at 150 °C. Regenerated
cellulose fibers can be obtained by adding excess water or dilute sulfuric acid into the
cellulose/NMMO/water solution.89 The fiber produced is also known commercially as
Lyocell fiber.90 The NMMO used to dissolve the cellulose and set the fibre after
spinning is recycled. Typically, 98% of the NMMO is recovered. Since there is little
22

waste product, this process is relatively eco-friendly.91

Figure 1.11 Chemical molecular structure of NMMO and Schweizer's reagent
1.3.2.3 Dimethylacetamide (DMAc)/lithium chloride (LiCl)
DMAc/LiCl is considered to be an excellent dissolution system had previously been
applied to dissolve long-chain polymer such as proteins, amylose, synthetic
polyamides, and chitin, similarly, studys found that the system also has good
dissolubility to cellulose.87, 92 Turbak et al. reported in 1981 a LiCl/DMAc dissolution
system used as dissolving cellulose, and a method for producing hydrogel from
natural cellulose.93 Glasser et al. have prepared cellulose beads through dropwise
addition of cellulose/DMAc/LiCl homogeneous solution into an organic non-solvent
system such as azeotropic methanol or isopropanol.94 Cellulose materials with a large
molecular weight range (from chain lengths ranging from 100 to 4,000 D-glucose units)
can be dissolved in the DMAc/LiCl dissolution system. The cellulose maximum
concentration in the DMAc/LiCl system has been determined to be 7 wt%. The
physical properties of its regenerated product, such as transparency and water
content, mainly depend on the chosen of the coagulation bath.22 Studies show that in
the DMAc / LiCl system, lithium ions can form a cationic structure of [(DMAc)4Li]+ or
[(DMAc)3Li]+ with DMAc monomers (Figure 1.10a), which promotes the dispersion of
cellulose molecules in the system. 82 In other researches, other polar aprotic solvents
similar to DMAc such as dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
have also been developed as cellulose dissolution systems. Triethylammonium
chloride (TEAC) /DMSO and tetrabutylammonium fluoride (TBAP)/DMSO system for
the wood pulp has been used to fabricate directly regenerated cellulose.95, 96 Östlund
et al. reported that the transparency of regenerated hydrogels can be controlled by
adjusting water contents in such polar aprotic cellulose dissolution systems.97
1.3.2.4 Alkali (NaOH)/urea/water
Cai et al. reported a novel solvent for cellulose, namely, 7 wt% NaOH/12 wt% urea
mixture in supercooled water at -12 °C, in which cellulose (molecular weight < 1.2 ×
105) could be dissolved rapidly.98, 99 Interestingly, cellulose can regenerate into
hydrogels from this solvent by disrupting the stability of cellulose/NaOH/urea networks
by raising the temperature to 50 °C or by reducing it to −20 °C. Gelation behavior was
investigated by rheological experiments; the gelation temperature of systems
containing cellulose (molecular weight = 11.4 × 104) decreases to 30.5 °C on
increasing concentrations from 3 wt% to 5 wt%.98 Chen et al. used this same system
to prepare cellulose-reduced graphene oxide (rGO) films, using 5 wt% H2SO4
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solutions as a coagulation bath in for regeneration of cellulose solution.99
Another similar alkali/urea cellulose dissolution system is 9.5 wt% NaOH/4.5 wt%
thiourea aqueous solutions pre-cooled to −5 °C.100 The cellulose inclusion complex
associated with cellulose, NaOH, urea/thiourea, and water clusters can be stable
existence at low temperatures, leading to the good dispersibility of cellulose in such
dissolution system.

1.3.3 Ionic liquid dissolution system of cellulose
Not all ionic liquids can be well used as cellulose dissolution system, as described in
section 1.2, only hydrogen bond acceptor ionic liquids (HBA-ILs), which have strong
hydrogen bond basicity, makes this type of ILs become a good cellulose solvent.
Although the specific cellulose dissolving mechanism of some HBA-ILs has not yet
been clarified, it has specific manifestations in different dissolution rates and
dissolving capabilities (Table 1.5). Some reports indicate that some polar aprotic
solvents and HBA-ILs can be used together as cellulose solvents to improve the
overall dissolution ability.
Table 1.5 Relative rates of dissolution, k50, determined from the rate of change in
viscosity, research by Cruz et al.84
Solvent
NMMO
[Bmim]Cl
[Bmim][OAc]
[Hmim]Cl
(1-hexyl-3-methylimidazolium
chloride)
[N4 4 4 1]Cl
(N-tributyl-N-methyl
ammonium chloride)

k50 / min-1
105
76
27
157
13

T / °C
100
100
60
80
100

wt% Cl in IL
20.3
17.5

3

130

15.0

1.3.3.1 General 1,3-dialkylimidazolium HBA-ILs
Swatloski, Holbrey, and Rogers et al. first reported and tested the cellulose-dissolving
ability of HBA-ILs represented by 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) in
2002, research showed that [Bmim]Cl can dissolve up to 10 wt% of cellulose at
100 °C, if microwave-assisted, cellulose solubility increased to 25 wt%.31 Based on
this research, a series of halide/acetate HBA-ILs such as 1-ethyl-3-methylimidazolium
chloride ([Emim]Cl), 1-ethyl-3-methylimidazolium acetate ([Emim]OAc), 1-butyl-3methylimidazolium acetate ([Bmim][OAc]), etc. have been developed to be used as
efficient cellulose solvents and to prepare cellulose functional materials such as
hydro-/areo- gels and films.24, 48, 86 In addition to saturated straight-chain alkyl
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branched groups, another allyl-branched imidazolium (1-allyl-3-methylimidazolium)
ILs has been proven to have good cellulose capacity, [Amim]Cl can dissolve up to
14.5 wt% cellulose under heating at 80 °C, and the dissolution rate has
accelerated.101-103 Similarly, by modifying the branch group of imidazolium,
1-(2-hydroxyethyl)-3- methylimidazolium chloride [Hemim]Cl HBA-IL was also
developed as a good cellulose solvent, Ma et al. tested that the dissolubility is optimal
at 70 °C and used the cellulose solution to prepare films by regeneration.104

Figure 1.12 Chemical structure of [Amim]Cl and [Hemim]Cl
1.3.3.2 Microwave-assisted 1,3-dialkylimidazolium dialkylphosphate HBA-ILs
Dialkylphosphates anions have similar strong hydrogen bonding basicity to chloride
and acetate. Hydrolytically stable, halogen-free ionic liquids with dialkylphosphate
anions were first described by Kuhlmann et al., who use trialkylphoosphates as
alkylating agents for reaction with N-alkylimidazole, directly preparing
1,3-dialkylimidazolium dialkylphosphate ionic liquids in a one-step reaction (Figure
1.13).105 Fukaya et al. demonstrated that ionic liquids with small
1-ethyl-3-methylimidazolium cations paired with dimethyl phosphate, methyl
methylphosphonate, or methyl phosphonate anions, all of which could be prepared in
a one-step reaction were suitable for direct cellulose dissolution.106 The dissolubility is
related to the ability of small (methyl-substituted) alkylphosphates etc to act as
hydrogen bond accepting bases with the two oxygen atoms on the group providing
two strong hydrogen bond acceptor sites. It is worth noting that although long-chain
dialkylphosphate anion imidazolium ionic liquids can be synthesized, as long as the
number of branched carbons (R2, Figure 1.13) of the dialkylphosphate is more than
four (R2≥4), the ILs with imidazolium cation can hardly dissolve cellulose.107 For this
phenomenon, there are few reports on the chemical kinetics of why cellulose cannot
be dissolved. We can only infer that the long alkyl branch may have a large steric
hindrance, so that the oxygen sites on the anionic group can barely attack the
intermolecular hydrogen-bonding of cellulose. Cruz and co-workers had the study of
in situ viscosity measurement to cellulose dissolution process in some HBA-ILs,
suggested strong links between the concentration of HBA sites in the liquid and ability
to dissolve cellulose, so that if either the anion or the cation is too large the
concentration of HBA sites decreases significantly, the ability to dissolve cellulose also
deteriorates accordingly.84 Secondly, as the alkyl branched-chain (R2) becomes longer,
the space sizes of the dialkylimidazolium and dialkylphosphate also increase, further
affecting the swelling and dispersion steps.
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Figure 1.13 The one-step microwave-assisted reaction of synthesis 1,3-dialkylimidazolium dialkylphosphate HBA-ILs
Vitz et al. reported that both [MMIM][DMP] and [EMIM][DEP] HBA-ILs have excellent
dissolubility (≥10%) in cellulose dissolution.107 Hu et al. further elaborated the kinetics
of [EMIM][DMP] in dissolving cellulose.108 Based on the research of several
imidazolium dialkylphosphate (DAP) ILs which have been proven to be good solvents,
we can cross-match several raw materials to synthesis many different DAP ILs (Table
1.6) for deeper research of dissolution capabilities of cellulose.
Table 1.6 Several imidazolium dialkylphosphate ILs that may be synthesized
[R1R2IM][DR2P]
HBA-ILs
1-Methylimidazole
1-Ethylimidazole
1-Butylimidazole

Trimethylphosphate Triethylphosphate
(TMP)
(TEP)
[MMIM][DMP]
[EMIM][DMP]
[BMIM][DMP]

[EMIM][DEP]
[EEIM][DEP]
[BEIM][DEP]

Tributylphosphate
(TBP)
[BMIM][DBP]
[BEIM][DBP]
/

[R1R2IM]: [MMIM]= 1,3-dimethylimidazolium; [EMIM]= 1-ethyl-3-methylimidazolium; [BMIM]= 1-butyl-3-methylimidazolium; [EEIM]= 1,3-diethylimidazolium;
[BEIM]= 1-butyl-3-ethylimidazolium. [DR2P]([DAP]): [DMP]= dimethylphosphate; [DEP]= diethylphosphate; [DBP]= dibutylphosphate.

1.3.3.3 1,8-Diazabicyclo[5.4.0]undec-7-en-8-ium HBA-ILs
The fused bicyclic non-nucleophilic base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
has been used as a precursor for HBA-ILs using two strategies. Using conventional
N-alkylation, ionic liquids with quaternised 1,8-diazabicyclo[5.4.0]undec-7-en-8-ium
([CnDBU]+) cations can be generated. These differ from the imidazolium dinitrogen
five-membered heterocyclic ring, by the presence of the combined seven-membered
and six-membered diazabicyclic structure. These ILs can be synthesized from DBU
and the target anion donor in one step, the reaction mechanism is roughly the same
as the quaternization reaction. Similarly, [C4DBU]Cl has also been reported as a
one-step synthesized DBU HBA-IL.109 Hanabusa et al. has experimentally verified that
[DBU][OAc] has good dissolubility in cellulose.110
In addition, since DBU itself is a strong Lewis base, when it is mixed with organic
acids especially acetic acid, a protic HBA-IL [DBU][OAc] can be obtained without
catalyst, solvent or temperature assistance (Figure 1.14), the reaction has the
advantages of fewer by-products, high atomic economy.111 [CnDBU]+ HBA-ILs become
a very promising new class of non-imidazolium-based ionic liquid cellulose
solvents.112
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Figure 1.14 (a) (b): 3D-balls structure of DBU and [DBU][OAc]; (c): one-step
synthesis of [DBU][OAc]
1.3.3.4 Mixed dissolution systems of HBA-IL and polar aprotic solvent
Both HBA-ILs and polar aprotic solvent—salt systems represented by DMAc/LiCl
have been proved to be good solvents for cellulose. HBA-ILs are also a class of
molten salt compounds in fact. When used as a salt component in a polar aprotic
solvent-salt system, HBA-ILs can be mixed as a new part of polar aprotic
solvent—HBA-ILs systems, these systems can optimize the cellulose dissolution
process compare to independent systems. Mussana et al. used [Amim]Cl/DMSO
mixed dissolution system as the solvent of dissolving lignocellulose. The
lignocellulose aerogel was regenerated and the dissolving amount reached 11 wt%. 53
Niu et al. used [N4444][OAc]/DMSO (8:92) as the solvent to dissolve cellulose-based
softwood pulp, modified and partially plasticized cellulose in the system, regenerated
to obtain a transparent modified cellulose film.55 Such systems may also be used
directly as modification reaction places of cellulose side-chain groups, such as
esterification, carbanilation reaction etc. It is worth noting that after cellulose
regeneration, there is often a ternary system of ILs-polar aprotic solvent-water, which
makes the recovery of ILs and aprotic polar solvents more difficult, and the atomic
economy decreases.

1.3.4 Selection of cellulose dissolution systems
The starting point for selecting a suitable cellulose dissolution system must first be the
dissolubility of the solvent system to cellulose. Secondly, the cost and recyclability of
the dissolution system also need to be taken into account to make a comprehensive
selection. There have been many reports on the dissolution performance of various
HBA-ILs on cellulose that had been tested and summarized for reference.24, 31, 56, 107
After selecting a dissolution system with a high cellulose solubility within a suitable
range, the economic cost of the system needs to be considered. Excessive raw
material costs will cause its cost of production to be far greater than the value of the
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cellulose dissolution-regeneration product. Imidazolium-based ionic liquids are more
costly than alkylammonium-based ionic liquids (Table 1.7), but their cellulose
dissolubility is higher than alkylammonium and alkylphosphonium-based ionic liquids.
For anions, the cost of using simple structure anions is also lower than that of
complex anions.
Table1.7 Price cost of each ion in ILs
Cheap

Expensive

cations:
[HNR3]+
[HPR3]+

[NR4]+
[PR4]+

[CnMIM]+
[CnPy]+

anions:
Cl[MeSO4][OAc]X-

[CnDBU]+
[CnCmIM]+

[PF6][NO3]-

[DAP]-

[AlCl4]-

[BF4]-

[SbF6][OTf][Tf2N]-

From the perspective of solvent recycle and regeneration, since HBA-ILs are all
hydrophilic ionic liquids, removal of water from the after-regeneration system as
efficiently as possible without significant solvent loss, which can also greatly save the
cost of regeneration and the cost of replenishing raw materials. ILs with too high
hydrogen-bonding basicity will cause a small part of the water to be difficult to remove
when most of the water is removed, which requires cleaning with organic solvents,
increasing the cost of regeneration. When choosing a cellulose dissolution system,
these three points need to be considered. In addition, the toxicity of the dissolution
system and the effect on the form of the regenerated material can also be considered
as comprehensive factors.
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1.4 2D graphene doped in composites
The structure, development and basic preparation process of graphene materials are
introduced in section 1.1.3. This section considers garphene as a component in
doped in cellulose composites, with the focus on performance changes and
improvements due to the addition of graphene into composites.

1.4.1 Applications of graphene in new materials
Graphene is a two-dimensional (2D) carbon material and is compared graphically to
other 2D inorganic and carbon materials in Figure 1.15. Graphene can be prepared by
exfoliation from natural graphite and does not require synthesis or an assembly
process.113 Nevertheless, the implementation of a ‗graphene industry‘ is still a
challenge and the most important problems are in addressing the ability to prepare
high-quality and well-defined (< 5 layers) graphene sheets in bulk quantities
(estimated annual demand above 3,000 tons).37, 114 The many properties of graphene
have been the cause of incredible attention in both physics and materials science
communities. On the physical development, Novoselov first reported the observation
of the room-temperature quantum Hall effect in graphene (where in 2D electron
system, the Hall conductance σ is observed in quantized values (a multiple ν of
e2/h)).115

Figure 1.15 The boundary between carbon materials and two-dimensional materials
Due to the thermal conductivity of graphene up to 5300 W·m-1·K-1 and graphene is the
least resistive material known in the world.116, 117 Number of reports have described
positive effects that doping of graphene into composites could improve properties of
composites such as tensile modulus and thermal conductivity114, 118, 119 In material
science, these properties of graphene can be well applied to prepare such as
electrodes, semiconductors, super-capacitors, composite materials with high thermal
conductivity and with high composite strength.
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A popular approach that has been widely used is to prepare composites through the
dispersion of graphene nanosheets (GNS), graphene oxide (GO) or
reduced-graphene oxide (rGO) into petrochemical plastic materials. Ponnamma et al.
doped rGO and carbon nanotubes (CNTs) in natural rubber for in situ polymerization.
Composites graphene-impregnated rubbers were obtained with good dispersion and
strong interactions between the matrix and the rGO sheets, enhanced composite
strength and modulus of the materials were reported compared to those of
concentional rubbers.118 Pedrazzoli et al. prepared polypropylene (PP) composites
incorporating 5 wt% graphite nanoplatelets (GNP) and 15 wt% short glass fibers (GF)
to polypropylene through melt compounding. Significant improvements to the impact
strength and tensile modulus of the composites was observed.120
Similarly, doping natural polymers such as cellulose with graphene materials is also a
good strategy to preparing new composite materials. Xu et al. prepared cellulose
composite hydrogels using a two stage procedure, first reducing GO to rGO which
was then doped into pre-dissolved solutions of cellulose in [Bmim]Cl. The
cellulose/GO composites were then regenerated with water and subsequently
lyophilized to produce cellulose aerogel composites, these type of composite
materials can support loads of more than 10,000 times its own weight.49 Ye et al.,
reported the preparation of graphene-cellulose composites prepared by adding
graphite to ionic liquid-cellulose solutions. The ionic liquid solvent was used directly
used as an exfoliating agent to produce graphene from the graphite, and composites
were then used as precursors to composite carbons with good electrical and thermal
properties generated by carbonization at 750 °C.121
Chen et al. loaded GO into cellulose-alkaline-urea aqueous solution, then by in situ
chemical reduction of GO to rGO, and prepared cellulose/graphene nanocomposite
films, the composites with high electrical conductivity as well as good mechanical
properties.99 Wicklein et al. integrated GO, sepiolite nanorods (sepiolite is a
magnesium silicate with chemical formula Mg4Si6O15(OH)2·6H2O) and cellulose
nanofibres into highly porous foams, generated by direct freeze casting of colloidal
suspensions. Mechanically stiff nanocomposite foams were obtained suitable for use
as thermal insulation and flame retardants that exhibited a thermal conductivity of 15
mW·m−1·K−1.122
The examples described above demonstrate that combining solvents for cellulose
dissolution/regeneration processes (especially ionic liquid solvents) with the
introduction of graphene components into the solutions prior to regeneration is an
effective approach to manufacture new, composite materials. In all these examples,
the additive components, graphene etc, have been added to the cellulose dopes.
In this work an alternative strategy was envisaged wherein alternative methods to
generate graphene materials within the cellulose matrix networks were envisaged.
After selecting a cellulose dissolution system with excellent dissolving properties,
suitable graphene preparation paths were identified that can ensure that the number
of layers of graphene doped into the composite materials is as few as possible. In
terms of material economics, cellulose is a kind of low-cost natural polymer and its
raw material quality is easy to control.
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G - refers to the graphene quality; C - refers to the cost of production (a low value corresponds to high cost of
production); S - refers to the scalability; P - refers to the purity and Y - refers to the yield of each preparation route.
Figure produced by Papageorgiou et al., 2017 and the copyright 2015, Nature Publishing Group.

Figure 1.16 The key characteristics of the most common graphene production
methods in a scale of 0–3.114, 123
The quality of graphene is related to the choice of its production routes, high-quality
graphene often uses chemical vapor deposition (CVD), hydrothermal self-assembly
and other methods. However, the produced few-layers graphene will be accompanied
by extremely high production cost. Mechanical exfoliation methods with lower cost
could reduce the production cost of graphene, but the range of the number of
graphene sheet layers produced is wide, which brings uncertainties and affects the
performance of the prepared composite materials. In contrast, approaching the
generation of graphene by reduction of graphene oxides is only moderate in cost and
is a convenient strategy to produce high-quality few-layers graphene oxide (Figure
1.16). Although rGO will have certain surface defects, it is generally acceptable.

1.4.2 Routes to the synthesis of graphene oxide, GO
The most widely used methods for preparation of graphene oxide are based on the
original work of Hummers and Offeman in 1958 using the approach known as
Hummers‘ method (Figure 1.17).44 A strong oxidant, usually acidic potassium
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permanganate, is used to insert prepare graphite oxide and also, as in this case,
graphene oxide by intercalation and penetration into the graphite lamellar structure
followed by deep oxidation of the graphite monolayers. The grafting of
oxygen-containing functional groups increases the spacing between graphite sheets,
and the graphite oxide is exfoliated into monolayers of graphene oxide under
ultrasonic treatment.

Figure 1.17 Hummers' method for graphene preparation.124
The method has three reaction stages: low temperature, medium temperature and
high temperature. Studies have shown that: low temperature reactions mainly occur
with intercalation of sulfuric acid molecules in the graphite layers, medium
temperature reactions mainly occur with the deep oxidation of graphite and high
temperature reaction processes mainly occur with the hydrolysis of interlayer
compounds.125, 126 Hummers method uses concentrated sulfuric acid, potassium
permanganate and sodium nitrate as oxidants to generate graphite oxides, and then
uses ultrasonic treatment to exfoliate graphite oxide sheets.
In 1999, Kovtyukhova et al. described improvements to Hummers‘ method by
incorporating a pre-oxidation treatment. Concentrated sulfuric acid, potassium
persulfate, phosphorus pentoxide, and graphite powder were reacted for 6 h under
low-temperature stirring conditions and then diluted, filtered, washed, and dried to
obtain pre-oxidation ‗activation‘ of graphite that enabled improved degrees of graphite
oxidation and greater interlayer separations in the formed graphene oxides.127
In this project, a pre-oxidation ultrasonic-assisted Hummers method was used to
prepare graphene oxide using graphite powder as the raw material. The graphite is
pre-oxidized according to the Kovtyukhova method to obtain pre-oxidized graphite
powder, and then moved into deep oxidation using Hummers method.44, 127 Graphite
oxide formed at this stage is then subjected to ultrasonic treatment to exfoliate the
graphite oxide into GO in the dispersion system. The obtained GO aqueous
dispersion was dried to obtain GO powder. In the process of drying the water
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dispersed GO system into GO powder, the increase in temperature will cause the GO
to agglomerate.128 In the process of incorporating the composite material, attention
should be paid to the ultrasonic treatment to re-disperse the agglomerated GO.

1.4.3 Reduction of GO to reduced graphene oxide, rGO
The reduction of graphene oxide refers to the use of reducing agents to reduce the
oxygen-containing groups on the GO sheets that include hydroxyl (-OH), carboxyl
(-COOH), epoxy (

), etc., so that defects in the hexagonal grid of graphene oxide

are repaired and turned into honeycomb hexagonal units of graphene again, the
reduced products is also called reduced graphene oxide (rGO) (Figure 1.18 b). The
reducing agent often used in this process is hydrazine hydrate (Figure 1.18 ), the
efficient reduction of organic oxides by hydrazine hydrate was reported in 1965 and
can effectively repair the defective structure of oxidized polyaromatic ring
compounds.129 Similarly, hydrazine hydrate can reduce and repair the
oxygen-containing groups on the graphene sheet and repair the oxidized
six-membered ring structure, However, hydrazine hydrate is highly poisonous,
corrosive and explosive and is not considered as an environmental-friendly chemical
reagent and requires strict operating environment, which bring great safety risks to the
preparation process of composites using this method.130-132
In comparison, and more recently, alternative reducing agents such as L-ascorbic acid
(Vitamin C) have been examined as reductants to transform graphene oxide to
reduced forms (Figure 1.16) because it is significantly more environmentally
friendly.133 L-ascorbic acid (Figure 1.18 a) has been used as a mature reductant in GO
reduction, Zhang et al. reported the use of L-ascorbic acid to reduce graphene oxide
to prepare large-sized rGO in the aqueous phase.46 Xu et al. also successfully
reduced GO doped in cellulose hydrogel system to rGO by L-ascorbic acid.49
L-Ascorbic acid (L-AA), is a mild reducting agent for oxygen-containing functional
group in organic compounds and is nontoxic. It occurs naturally as a reducing agent
and antioxidant in organisms.134
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Figure 1.18 (a) Liquid phase reduction of graphene oxide and (b) structure change
from GO to rGO.46, 132, 135
L(+)-Cysteine is also a reducing amino acid commonly found in living organisms
(Figure 1.18 a). Similar to ascorbic acid, it has medium reductive and non-toxic to the
environment. For reduction of GO, Wang et al. used L(+)-cysteine to reduce and
bridge GO in a hydrogel system.135 L(+)-cysteine derivatives also have a certain
reducing ability, Palmieri et al. chose N-acetyl cysteine for GO reduction experiments
and found that the N-acetyl cysteine also have excellent reducing ability for GO.136
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1.5 Regenerate and modify cellulose-based composites
This section describes the processing of cellulose solutions after dissolution in
HBA-ILs discussing regeneration strategies with antisolvents and methods to achieve
morphological control to prepare regenerated cellulose composites. The processing
process mainly includes: regeneration and shape fixing of cellulose, drying of
composites, modification and solvent treatment to control material shrinkage, and
recovery of HBA-IL.

1.5.1 Regeneration of cellulose dissolution system
When cellulose is dissolved into the hydrogen bonding acceptor ionic liquid (HBA-IL),
homogeneous solutions with high viscosity as formed. The solvent/celloluse
mixtures can be described as the cellulose dissolution system. Similar to the process
of producing regenerated cellulosic fibers in the textile industry or cellophane sheets
for packaging, it is necessary to regenerate the polymer from the cellulose dissolution
system and re-arrange the spatial array to prepare the cellulose composite materials.
As described in section 1.3.1, HBA-ILs rely on their strong hydrogen-bonded basic
groups to enter the cellulose space matrix, and bond with the hydroxyl groups on the
cellulose chain to complete the dissolution process. When an antisolvent such as
water or dilute acid solution is added to the dissolution system, or the system is
immersed into the antisolvent, the net hydrogen-bonding acidity in the system is
significantly increased, and IL anions are sequestered by the antisolvent.137 This leads
to the cellulose hydrogen bond network re-crosslinking, and to the cellulose polymer
chains desolvating and coagulating. Because coagulation occurs in relatively dilute
solutions (upto typically max 30 wt% polymer, and more typically from 5-10 wt%
solutions where 90-95 % of the cellulose dissolution system‘s volume is solvent), the
cellulose polymer chains wrap up around the excess solvent volume to assemble as
gel networks. Whether IL-cellulose dissolution systems or traditional dissolution
systems, this mechanism is followed in the process of regenerating cellulose. The
N-methylmorpholine N-oxide monohydrate (NMMO·H2O)-cellulose dissolution system
is used, in this method, to produce regenerated cellulosic fiber using the Lyocell
process. Cellulose is dissolved in NMMO·H2O and the system is extruded through a
spinneret over an air gap into an aqueous coagulation bath then stretched and dried
to obtain a yarn fiber.23, 91, 138 Lopes et al. have reviewed the range of cellulose-IL and
cellulose-DMSO-IL dissolution systems that have been reported use water, methanol
or acetone as antisolvents for regeneration of cellulosic materials. and statistics of the
cellulose recovery of each system, in all systems, the solute cellulose can be
regenerated into a gel well under the participation of antisolvent.24
By applying morphological control during the regeneration process, different forms of
regenerated cellulose hydrogels can be obtained. This can be achieved through the
process of spinning, coating, mold control, etc. In the existing experimental ideas,
regenerated cellulose filaments can be prepared by jet-extrusion of cellulose-IL
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solutions into a regenerating antisolvent by spinner; coating it on a substrate such as
glass sheet and immersing the coated substrate in coagulation bath can obtain
regenerated cellulose hydrogel films; and fixed cellulose-IL solution in cylindrical
beakers for regeneration to produce large-sized monoliths as regenerated cellulose
hydrogel cylinders.49, 55, 122, 139, 140 The cellulose hydrogel regenerated from the
HBA-ILs (e.g. [Bmim]Cl, [Emim]OAc) system is usually white. When the ionic liquid
contains impurities may cause dissolution system presents in a darker colour, the
regenerated hydrogel may appear brown and needs to be filtered as a gel and then
washes with water/DMSO multiple times to purify the regenerated cellulose to obtain
a white gel.141
When the dissolution system is immersed into the coagulation bath, the regeneration
process begins and the antisolvent diffuses radially from the contact edges inwards,
until the antisolvent diffuses evenly into the center of the gel grid. At this point all
cellulose solutes re-crosslink as a gel and the regeneration process ends.139 In order
to describe the diffusion of antisolvent into the cellulose dissolution system intuitively,
the method introduced by Biganska and Navard in 2005 is quoted: a drop of the
cellulose-IL solution was pressed between glass slides, then the rest of the gap filled
with water. Using an optical microscope, the transformation of the contact interface of
the cellulose solution and antisolvent is observed, taking micrographs at specified
intervals which were then processed to extract the diffusion constant of water into the
dissolution system yielding the diffusion equation (Eq. 2) shown below.142
𝑑(𝑡) =

4
√𝐷𝑤 𝑡
√𝜋

(2)

Where d(t) = distance diffused (µm); Dw = the diffusion constant for water (m²·s-1); t = time (s).142

Hauru et al., examined the water diffusion constants for three ionic liquids with the
same acetate anion ([Emim]OAc, [DBU]OAc, and N,N,N,N-tetramethylguanidium
acetate ([TMGH]OAc)) and compared these with that for NMMO·H2O for cellulose
dissolved in the four solvents and extruded into water to prepare regenerated
cellulosic hydrogel fibers (Table 1.7).139
Table 1.7 Cellulose solutions diffusion constant of water during regeneration
IL system
Dw
–11

Unit in 10

2

-1

[DBU]OAc

[Emim]OAc

[TMGH]OAc

NMMO·H2O

15.5±0.13

5.61±0.05

13.64±0.06

27.10±0.26

m ·s ; data source: Hauru, L. K.;

Hummel, M.;

Nieminen, K.;

Michud, A.; Sixta, H., Cellulose

regeneration and spinnability from ionic liquids. Soft Matter 2016,12 (5), p.1491

The study showed that when the IL-cellulose dissolution system is regenerated, the
type of cation used can affect the reorganization of the cellulose hydrogel network.
The main resistance to water diffusion is the formation of dense, collapsed network
structures which will affect the spatial network state of the cellulosic polymer material
and its final strength. It should be pointed out that in the [TMGH]OAc-cellulose
dissolution system, it has been shown that part of the gel network exists in the system
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before entering the regeneration stage. It may be that cations such as [TMGH]+
cannot completely achieve a good dispersion of swollen cellulose molecules and this
reduce mechanically orientability during regeneration.139 Therefore, when selecting a
suitable HBA-IL as a solvent for cellulose, it is necessary to comprehensively consider
its dissolution rate for cellulose and the uniform and rapid diffusion of the solvent
during regeneration to ensure the comprehensive strength of the material.

1.5.2 Drying of regenerated cellulose gel composites
Cellulose gels regenerated from the antisolvent can be divided into (i) hydrogels or (ii)
alcogels (See section 1.1.5) according to the different antisolvent used. Before the
cellulose gel enters the drying step, it is necessary to wash or change the antisolvent
bath several times to ensure that the IL component in the gel network is almost
completely removed because the effective non-volatility of ionic liquids results in their
retention within the cellulose matrices if not initially removed at this stage.48 Moreover,
basic ionic liquids such as [Emim][OAc] can als act as sources of reactive carbenes
that can lead to degredation of the cellulose polymer chains.143, 144
At the point of coagulation and regeneration, the cellulose gel formed typically more
than 80% of its volume occupied by solvent molecules hydrogen-bonded to the
hydroxyl groups of the polymer chains encapsulated by the gel network. As described
above, without the support of the contained solvent, the unbonded hydroxyl groups on
the cellulose chain will quickly form hydrogen bonds with the surrounding intra-chain
hydroxyl groups due to high capillary stresses. This causes the cellulose skeleton to
shrink rapidly and compress on drying to a dense polymer.48, 145 In a conventional
oven or constant temperature drying, the large-sized hydrogel of cellulose will lose the
all liquid molecular it contains and shrinks as an agglomerated state, which is called
hornification.146, 147 In order to control the shrinkage and agglomeration of composite
materials in macro-scale, two drying methods, freeze-drying and supercritical
conditions drying (sc-drying) are introduced in section 1.1.5. Here we compare them
with conventional oven-drying in more detail (Table 1.8).
Oven-drying also known as vacuum drying or solvent evaporation drying, is the most
conventional drying method. Simply put, the sample are placed in a vacuum oven and
dried by reducing pressure, with mild heating, until all the liquid components are
removed from the sample to complete the drying process. Because the hydroxyl
groups between cellulose chains are strongly attracted due to hydrogen-bonding
effect and rapidly shrunk after contained water evaporation, this drying method is also
the most difficult with which to directly apply morphological control, and the porosity of
the prepared materials (named xerogels) is also the worst.48, 146 If porous structures
are desired in the application direction of the cellulose composites, such as adsorption
and drug delivery, this direct drying method is not preferred.
The volume shrinkage during transformation from regenerated hydrogel to a dried
xerogel through oven-drying without any other treatment is higher than 90% (cellulose
contents in hydrogel is 3~11 wt%).48 Owing to the large-scale compaction of the
cellulose hydrogel network during this drying process, oven-drying is most suitable for
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materials where a non-porous structure are required, and morphological control can
be applied during drying by application of external forces. For example, by extraction
and drawing for formation of flat sheets or fibers. Kafy et al. prepared a 1.5 wt%
cellulose-DMAc/LiCl solution and added GO. Porous cellulose/GO films were
obtained by adding nano calcium carbonate prior to regeneration and drying at room
temperature (which is analogous to solvent removal process by oven-drying). The
pore structure induced by the presence of the inorganic nanoparticles prevents
self-assembly between parts of cellulose chains and also suppresses excessive
shrinkage of materials. Calcium carbonate can be readily removed from the
composites by washing with dilute acid.148
Freeze-drying is mainly divided into two control processes: the growth of ice crystals
(freeze) and the sublimation of water molecules (drying). During the freezing stage,
water in the gel system is present in two different states: free frozen water (ice) coated
with cellulose network and bonded water with hydroxyl groups attached to the
cellulose chain. During the freezing process, ice crystals grow along the diffusion
channel. In a high-concentration cellulose hydrogel, the cellulose molecules are
squeezed and crowded out to complete the self-assembly process of the cellulose
chain to form a network wall structure. During the sublimation process, the frozen
water molecules complete sublimation and a cellulose aerogel forms with a
honeycomb pore structure.122, 146, 149 Water bound to the hydroxyl groups on the
cellulose do not crystallize during the freezing process. After the sublimation of the
crystallization water is complete, the hydrogen-bonded water will continue to adhere
to the cellulose until the increasing temperature-drying phase (which is generally not
performed) is used.150 Cellulose-based aerogels formed by freeze-drying are also
called cryogels.48 The prepared aerogel composites are mainly composed of
macropores resulting from sublimation of the crystallized ice with pore diameters that
are largely in a micron-size range as large pores. Mesopores and microporous
structures do not account for a significant amount of porosity in cryogels.48, 50
Therefore, this type of drying method is suitable for preparing aerogel materials which
have spatially and mechanically structure requirements. Peng et al. studied the
freeze-drying process of cellulose nanofiber suspensions, and reported the
observation of cellulose self-assembles during the freeze-drying process.151 Wicklein
et al. also prepared freeze-dried cellulose aerogels doped with GO, with the resultant
aerogel materials exhibiting longitudinal honeycomb structures. These aerogels were
described as potential fire-retardant materials.122
Sc-drying, also known as supercritical fluid extraction, has also been used to remove
solvent from hydrogel systems. Carbon dioxide is often selected as the supercritical
solvent for the extraction process. Carbon dioxide has a critical temperature and
pressure of 31.3°C and 72.9 atm.152 The operating environment of a supercritical
system makes the liquid/gas surface tension approach zero because there is no
longer liquid/gas meniscus with the reduction of the related capillary force.153 Since
the water molecules in the gel system do not crystallize, they will not squeeze the
cellulose molecular network to self-assemble. When the solvent is removed, the
prepared aerogel cellulose network is retained, resulting in numerous mesoporous
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and microporous structures. Specific surface area, measured by BET
(Brunauer-Emmett-Tellermethod), shows that aerogels formed using sc-drying have
the greatest surface areafor the dried gel.48
Aerogels prepared by sc-drying are suitable for adsorption or drug delivery because of
their rich pore structure. Chin et al. used sc-drying to prepare cellulose aerogels as
drug carriers, demonstrating the formation of supercritical CO2 dried cellulose
aerogels from low concentration solutions with larger BET specific surface area.154 Cui
et al. prepared a manganese ferrite (Mn2Fe2O4)-cellulose composite aerogels by
sc-drying. The aerogels showed rapid adsorption rates and excellent adsorption
ability for the uptake of heavy metal ions from water.155
Table 1.8 Comparison of different cellulose hydrogels drying methods and differences
in material characterization.48, 146
Drying
mathod

Oven-drying

Comparison146
Advantage

Gel characterization (5wt% cellulose)48

Disadvantage

- Low cost

- Agglomeration

- Quick process

- Loss of porous

Volume

Porosity

BET specific

shrinkage (%)

(%)

surface area (m2/g)

95

2

-

14

95

13

49

91

282

- Slow process

Freeze-drying

- Form space grids
- Effects of bonded
- Stable process
water
- Efficient drying

Sc-drying

- High cost
- Numerous
- Complex process
nanostructures

Successful control of volume shrinkage of cellulose hydrogels during the drying
process is a challenging project, especially for overn-drying. Table 1.18 shows a
comparison of changes in gel morphologies typically obtained from oven drying,
freeze-drying and sc-driying of cellulose hydrogels. Due to the irresistible capillary
stress during the drying process, it is necessary to reduce the capillary stress
between the cellulose networks as much as possible before drying and to apply
control during the drying process to suppress its shrinkage. It should be noted that,
because the water content in the hydrogel system is usually above 80%, the volume
difference of shrinking through oven-drying is about the same as the volume of the
lost water component.48 It is theoretically impossible to simultaneously control the
shrinkage of the hydrogel from a three-dimensional direction while still maintaining a
low-porous structure. For film materials, it should be controlled as much as possible in
the vertical dimension so that the shrinkage on the plane of the film is minimized,
rather than uncontrolled oven-drying which agglomeration happens in all three
dimensions.
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1.5.3 Modification of regenerated cellulose gel system
In order to control the shrinkage of cellulose composites in the oven-drying process, it
is first necessary to consider reducing the spontaneous bonding between the unbond
hydroxyl groups on cellulose and the hydroxyl groups on adjacent chains during the
material dehydration process which makes the cellulose spatial network undergo a
"tightening" stress. Studies have shown that the hydrogen bond energy in cellulose
networks is as high as 25.0 kJ·mol-1 and the hydrogen bond energy in pure water is
only 18.0-21.0 kJ·mol-1. Hence, strong hydrogen bonding can make the cellulose
molecular chains tightly aggregate. This is also the reason why cellulose does not
dissolve directly in water.156
A strategy to achieve controllable regenerated cellulose and cellulose/composite
materials is to modify the surface or the whole of the material to enhance the
properties of the material. The main modification routes for cellulose-based materials
are to replace or graft the hydroxyl groups on glucopyranose rings. In section 1.1.5
several modification ideas for cellulose-based materials have been introduced. In
order to reduce the surface and internal hydrogen-bonding strength of the overall
material, we introduce the modification method of acetylation.
Acetylation, where hydroxyl groups of cellulose are partly or whole replaced by less
hydrophilic acetyl groups. At the same time, the hydrogen bonding structure inside
the cellulose network was changed.157 On the glucopyranose units of the cellulose
molecule, three positions, C2, C3, and C6, are connected to the hydroxyl group and
form a complex hydrogen bond network with adjacent chains (Figure 1.17 a). Studies
have shown that grafting substituents at the C3 position can significantly reduce the
robustness of the hydrogen-bonding network, and that the esterification reactivity of
cellulose hydroxyl is non-uniform, decreasing in the order C6> C2> C3.156, 158 The
degree of substitution (DS) is an important parameter describing the degree of
cellulose acetylation. It represents the average number of substituted hydroxyl groups
per glucopyranose unit, with values from 0 to 3 (e.g. from cellulose DS = 0; to
cellulose triacetate DS = 3.00).157 For Acetate derivatives of cellulose to be soluble in
water, the DS must be greater than 0.4, and the DS value at C3 must be higher than
the critical value estimated at 0.2.156
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Figure 1.17(a) Molecular arrangement and hydrogen-bonding network connection of
cellulose; (b) molecular arrangement of cellulose triacetate.
From the spatial array of fully acetylated cellulose triacetate (Figure 1.17b), it can be
seen that because the hydroxyl group is completely esterified with acetyl, there is no
hydrogen-bonding network in the polymer, and water molecules can enter the
molecule to achieve solubility. Moreover, the O3 at the C3 position forms hydrogen
bonds through connection with O1 and O‘5 at C‘6 (in adjacent chains). The degree of
substitution of the hydroxyl group at this position can greatly reduce the interchain
strength in the cellulose network and increase the interchain distance of the cellulose
molecules.158 Therefore, acetylated surface modification of hydrogels is a feasible
method to reduce the self-shrinkage of the material due to hydrogen-bonding relinking
during the dehydration stage of materials production.
The acetylation reaction of cellulose is an esterification reaction at the hydroxyl
groups on cellulose, which is also a nucleophilic substitution reaction. In the selection
of the acetylation process for surface modification, reagents to perform under
relatively mild acetylation reaction conditions are required in order to ensure that deep
acetylation throughout the gels does not occur. This would lead to overall decompose
of the material, leading to the hydrolysis and collapse of the subsequent process.
Acetic anhydride and acetyl chloride are commonly used in the laboratory
acetylation.
Acetic anhydride is a commonly used acetylation reagent. The acetylation is
performed under acidic conditions or using iodine as an activation catalyst (Figure
1.18). Ifuku et al. elaborated a process for acetylation using acetic anhydride. The
experiment uses toluene as a solvent, perchloric acid and acetic acid provide an
acidic environment, and acetic anhydride is used as the acetylation reagent to react at
room temperature. The sample must be dehydrated with acetone before acetylation,
to ensure that no residual water is present in the gel that will competitively react with
acetic anhydride. The DS of the product after reaction for 20 minutes was about
1.8.159
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Figure 1.18 Mechanism of acetylation of cellulose and acetate anhydride in acidic
environment.160
Acetyl chloride is also a highly effective acetylation reagent (Figure 1.19). A
Friedel-Crafts acylation reagent is often composed of acetyl chloride and aluminum
chloride (as a catalyst).161 As with the procedure using acetic anhydride, before
acetylation, it is necessary to ensure that the cellulose gel is dehydrated. When acetyl
chloride is used for acetylation, chloride anions will be released. Hydrochloric acid
generated in the presence of water will promote the cellulose hydrolysis process and
reduce the overall strength of the material.162 Heinze et al. reported a method for
acetylation using acetyl chloride directly in the cellulose dissolving system: firstly
dissolved the cellulose in the DMAc/LiCl system, followed by cooling in an ice bath
and addition of acetyl chloride to achieve acetylation. The sample was washed with
ethanol and the product had a DS value of 2.96, which was close to completely
acetylation.163
No matter which reagents are used in the acetylation reaction, three points need to be
paid attention to: i.) The hydrogel sample needs to be dehydrated first, and the
contained water will react with the acid anhydride to consume the acetylation reagent;
ii.) Before adding the acetylation reagent the system needs to be cooled with an ice
bath, the reaction is an exothermic reaction, reduce the temperature to control
reaction rates; iii.) The reaction time needs to be controled to avoid excess over
acetylation.

Figure 1.19 Two stage mechanism of acetylation of cellulose using acetyl chloride
and aluminum chloride.164
42

1.5.4 Morphological control by co-solvent replacement
Co-solvent replacement refers to the process of immersing regenerated materials
through a series of continuous solvent components to gradually replace the water in
the hydrogel network with a solvent component with a lower hydrogen-bonding
strength. This progressively to reduces the hydrogen-bonding density in the hydrogel
network and has the objective of inhibiting materials shrinkage by inducing, in this
case, cellulose strand to strand hydrogen-bonding to reinforce the porous
suprastrucutre as the cellulose strand to solvent hydrogen bonding is reduced. The
selection of solvent components of the co-solvent replacement system follows the
principle of sequentially decreasing the hydrogen-bonding capacity of the solvents so
that cellulose-cellulose hydrogen bonding is promoted over cellulose-solvent
hydrogen-bonding and increasing lipophilicity. Water has two donor and two acceptor
sites, capable of forming complex hydrogen-bonding networks in cellulose hydrogel
systems and other hydrogel systems.165 Methanol, ethanol, and n-butanol have only
one donor site and two acceptor sites, and the hydroxyl group is affected by the size
of the attached alkyl group, the hydrogen-bonding ability decreases as the length of
the alkyl group increases.165 The final solvent replacement target is a solvent
component with very low hydrogen-bonding acidity. For example, acetonitrile only has
two hydrogen bond acceptor sites, and toluene does not have donor sites and cannot
form solvent-solvent hydrogen bonds.
Through the co-solvent replacement process, the goal is to weaken the overall
hydrogen bonding strength in the gel network before entering the drying process, in
order to reduce the internal stress of the material due to the loss of water components
and re-bond of cellulose hydrogen-bonding network. The treatment process is that the
hydrogel is sequentially treated with methanol, ethanol, and n-butanol to replace the
water component in the gel network. At this time, the processed gel is called alcogel
(alcohol-gel).Next, the alcogel is immersed in acetonitrile with poor hydrogen-bonding
ability or toluene which is inert with hydrogen bonding, and the resulting gel becomes
a functional gel. The obtained functional gel enters the drying process stage.
In the research of Yagyu et al., cellulose nanopaper has been prepared from swollen
cellulose pulp, and co-solvent replacement treatment was performed after acetylation
in the order of water, methanol, ethanol, toluene, or isopropanol, successfully
retaining the cast shape of the initial cellulose nanopaper.54 Mussana et al., took a
frozen cellulose-DMSO/IL system and regenerated with water, followed by co-solvent
replacement first with ethanol in the order of ethanol concentrations from 10% to
absolute, and then finally with tert-butanol to obtain obtained aerogels with high
porosity.53
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1.5.5 Ionic Liquid Solvent Recovery
All the cellulose regeneration approaches rely on addition of antisolvents and this is
most commonly water, although other antisolvents including alcohols have been
investigated. In all cases, to recover and regenerate the dissolving solution these
antisolvents need to be subsequently removed.
One of the great advantages of using HBA-ILs as cellulose solvents is that the ionic
liquid has a negligible vapor pressure, which means that the volatile components can
be easily separated from the IL using the vapor pressure difference.166It should be
noted that because HBA-ILs are hydrogen bond acceptors, they can be miscible with
water. In addition to avoiding insoluble impurities remaining in the system during
regeneration, it is also necessary to reduce the residual water content as much as
possible to avoid affecting the performance of regenerated ionic liquids.167
Distillation under reduced pressure is the most commonly used process for separating
liquid volatile components from IL vacuum distillation by rotary evaporator is usually
used as the final step for separation of volatile products from ILs. In addition, thin film
evaporators have also been used to recover IL by distillation.168-170 The working
principle of a rotary evaporator is reducing the pressure above a bulk liquid thus
lowering the boiling points of each component in the liquid mixture. Compared to
standard distillation glassware, the heating surface in a rotary evaporator is enlarged
due to a thin film of hot solvent formed by the centrifugal and friction forces between
the wall of the flask and the liquid sample.
In practice, the first stage for recovering and drying an ionic liquid from the
regenerated solvent/antisolvent mixtures of IL and water is to evaporate the water,
either using atmospheric distillation or, most effectively, under reduced pressure using
a rotary evaporator. Taking the recovery of [DBU][OAc] as an example, in the study of
Parviainen et al., using a rotary evaporator under 1-3 mbar to remove trace water
from [DBU][OAc] (water-IL system after regenerating cellulose) at 60 °C for 2 hours,
The average recovery was 95.6 wt%.171 However, Zhou et al. pointed out that batch
distillation tends to require long residence times during which hydrolysis of ILs can
occur. These hydrolysates would reduce the performance of regenerated ILs when
reused for dissolution.168 Therefore, in the recovery of ILs, it should be ensured that
water-IL system after regeneration enters the recovery process as soon as possible,
removing most of the water at first, and then use a rotary steamer to remove trace
water to reduce its degree of hydrolysis.
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1.6 Introduction to experimental
This section describes the subsequent series of processing of cellulose after it is
dissolved into HBA-IL dissolution system to achieve morphological control of
regenerated cellulose composites. The processing mainly includes: regeneration and
shape fixing of cellulose, drying of composites, modification and solvent treatment to
control material shrinkage, and recovery of HBA-ILs.

1.6.1 Ionic liquids preparation and selection
In the initial stage of the project, it was first necessary to conduct raw material
preparation and research on a variety of feasible IL-cellulose dissolution systems,
comprehensively screen for optimal capability, reaction time, regeneration speed,
morphology of regenerated sample, etc. A number of ionic liquid solvents and
regeneration approaches were examined in order to identify the best options from
among the variety of potential systems. For the selection of HBA-ILs as solvents in the
dissolution system, some successfully reported dissolution systems have been
introduced in Section 1.3.3. and from these, a range of IL solvents were identified for
testing and evaluation in this work:
Basic imidazolium ILs: [Bmim]Cl, [Emim]Cl, and [Bmim][OAc].
Hydroxyalkyl imidazolium ILs: [Hemim]Cl.
Microwave-assisted imidazolium dialkyl-phosphate ILs: prepared by microwave
reaction using N-alkylimidazole and trialkyl phosphate as raw materials (see in
Section 1.3.3, Table 1.6). Including: [Mmim][DMP], [Emim][DMP], [Bmim][DMP], and
[Bmim][DBP].
DBU cation ILs: [DBU][OAc].
The ILs selected are all selected from the group of ‗good‘ cellulose solvents containing
basic anions and allow changes in anion (chloride, bromide, acetate,
dimethylphosphate) and changes in cation (imidazolium to DBU) to be examined. In
order to compare the performance of ILs-cellulose dissolution system, a non-ionic
liquid dissolution system urea/NaOH/water was used as a control.
After all HBA-ILs were prepared and obtained, they needed to be further selected.
From subsequent experiments, the viscosity, dissolubility, dissolution rate (time),
regeneration rate, colour and tightness of the regenerated hydrogel can be
summarized and the goal of the experiment was to select a HBA-IL that had a medium
viscosity at working temperature, a higher dissolubility, and a faster
dissolution/regeneration rate, and the regenerated hydrogel was compact and
color-free.
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◆ Innovation in this project
Based on the microwave-assisted synthesis of imidazolium dialkyl-phosphate ILs, the
microwave reactors used in the existing literature were mostly open reaction system
microwave reactors or ordinary microwave ovens.71, 172 The microwave-assisted
reaction to prepare ILs was characterized by the rapid progress of the reaction under
constant microwave power, compared with conventional heating synthesis method
which greatly shortened the reaction time to reach the same conversion rate. 173 For
our laboratory microwave reactor Monowave400 reactor (Anton Paar, Austria), since
the reaction vessel used in this reactor was a closed pressure tube, when heating
under fullpower, rather than temperature control, the raw materials would gasify due
to the rapid rise in temperature, which would cause the pressure in the reaction vessel
to rise rapidly and continuously, causing safety risks. Therefore, setting a continuous
constant power condition would make the pressure in the reactor too high and cause
the reaction program to stop.
To solve this problem, a new set of microwave-assisted reaction procedures was
developed to adapt to the operating conditions of this reactor. The core idea was to
change the continuous microwave-assisted reaction to the interval
microwave-assisted reaction under the premise of ensuring the constant microwave
-assisted power. In the microwave heating gap, left a time gap to reduce the pressure
in the reaction vessel. At the same time, because the microwave heating bought a
certain temperature and pressure environment to the reaction system, the reaction
system could rely on the temperature and pressure provided by the system to remain
the reaction proceed in the heating gap.
The detailed setting of the new procedure is deacribed in Section 2.1.2, constant
power with multiple times heating was used in the procedure setting which ensured
the reaction proceed quickly in selected temperature ranges and moderate pressure
conditions.

1.6.2 Initial screening of regeneration and drying
procedures
Regeneration and drying are the key steps to convert cellulose from the amorphous
state dissolved in ILs to the gel state and dry solid state. The difference between
processing methods of regeneration and drying also determined the shape and
internal structure of the final cellulose product. Therefore, before the cellulose dope
entered regeneration and drying steps, it was necessary to define the shape and
structure of the final target samples, and impose control processes in these two steps.
In Sections 1.5.1 and 1.5.2 approaches to control sample forms that can be achieved
by cellulose regeneration and drying and several possible applications from the
literature were introduced. Taking these as references, the first experiments
undertaken were to study the influence of various treatment processes on the final
shape and structure of cellulose (Table 1.9).
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The morphology of various different forms of dried cellulose composites prepared was
noted, including data of the morphological shrinkage caused by the regeneration and
drying of cellulose. These observations then guided the next step of the experimental
design for morphological control.
Table 1.9 Pre-experimental designs of cellulose composites
(regn. in water bath)
Freeze-drying
Oven-drying
In room temp.

Extrusion

Beaker-fixed

Coating

Cellulose wires

Cellulose aerogels

Cellulose films

×
○
×

○
○
○

×
○
○

1.6.3 Morphology control design for regeneration and
drying
In the introduction and preliminary experiments of Section 1.5.2 and 1.6.2, the
methods of cellulose regeneration from ionic liquid/cellulose solutions and the
subsequent drying treatments removing the IL and antisolvents lead to a range of bulk
structural morphologies.. Therefore, in this project, in the cellulose composite films
prepared, the cellulose is used as the structural component. If feasible morphological
control on the film plane of the composite films is to be implemented, this means to
control the film plane to avoid liquid loss and shrinkage formed from the periphery of
the material to the center. The volume loss caused by the removal of the liquid
component of the hydrogel is unavoidable and irreversible, to maintain its
two-dimensional plane morphology, the following conditions need to be met:
Controlling volume shrinkage (caused by liquid components loss) mostly occurred
in the vertical direction of the film plane. Controlling the liquid components in the
hydrogel to be uniformly and continuously removed from the upper and lower surfaces
of the film, if the rate of removal of liquid components in each area of the film is not
consistent, the film area with fast liquid removal rate will be the first to occur larger
volume shrinkage and form a liquid content gradient difference with the film area with
slow liquid removal rate. At that time, the liquid components would also move to drier
area due to gradient difference, the uneven drying time of each area caused irregular
shrinkage of the entire film plane.
Controlling cellulose structure shrinkage by reducing the intra- and intermolecular
hydrogen-bonding contents of the cellulose framework and the hydrogen-bonding
strength in the entire hydrogel film. The controlling points and process of this part
would be described in detail in 1.6.4.
◆ Innovation in this project
In this project, two mold systems (Figure 1.20) were designed to control the shape of
cellulose hydrogel during regeneration and drying.
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Because cellulose hydrogel films prepared by coating produce large shrinkage during
the oven drying process, which is due to the high water content (usually > 80 wt%)
after regeneration of the hydrogel. Fracture of films also readily occurred during
regeneration and transfer, and there was no more vertical margin for film vertical
compression to control shrinkage during drying. Inspired by the regular regeneration
of cellulose dope in a beaker when immersed in water, this project used acrylic
materials to design a regeneration mold in which the cellulose dope was uniformly
transferred into the regeneration cavity, and an upper cover sheet used to evenly
apply pressure to flatten the cellulose dope in the mold and discharge air. The whole
mold is placed in distilled water for cellulose regeneration, producing uniform square
cellulose hydrogel film with 1 mm thickness (mold tolerance 0.2 mm). The cellulose
hydrogel film obtained in this way had a certain thickness. Water permeates through
the gaps of the mold, and enables controlled regeneration of the cellulose hydrogel
films from the upper and lower surfaces of the film to the center. The initial thickness
of the hydrogel film also provided enough vertical margins for vertical compression
during the drying process to offset the volume shrinkage caused by the removal of
liquid components

Fig. 1.20 Design of acrylic mold for regeneration and diatomite drying system
Next, in the drying process, in order to ensure the regular shape of the film, a
‗sandwich‘ structure was designed to fix the film structure — a double flats structure
was used above and below the film to fix the film structure. However, ordinary rigid flat
boards such as steel and glass boards do not have liquid absorption or drainage
properties, and the liquid components cannot be removed evenly through the contact
surface of the boards, causing irregular shrinkage of the film after drying. To address
this, diatomite (or named as diatomaceous earth) boards were used as the material
for the double flats structure. Diatomite has excellent absorption power because of its
macroporous structure, and can absorb up to 4 times its weight of water.174, 175
Diatomite is used as an absorbent for fluids such as water, alcohol, and organic
solvents (refer to Figure 1.21 for liquid absorption ability).175 The strong liquid
absorption of diatomite provided the liquid transfer channels on the contact surface of
the film, so that the liquid components can be quickly transferred to the diatomite
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cavity and removed with the oven temperature heating, and the liquid transfer in every
film area can be regarded as uniform in the vertical direction perpendicular to the
plane of the film. On top of the ‗sandwich‘ system, an additional 15 kg was needed to
provide down pressure for the film structure to ensure that the hydrogel film was
compressed in the vertical direction while the liquid component is removed. 15 kg
addition weight provided a down pressure of 0.03 MPa on the contact surface of the
hydrogel, while providing a certain tension on the surface of the film to prevent it from
shrinking toward the center. Using these two mold systems, physical control of the
volume shrinkage caused by the removal of liquid components from the hydrogel films
and enabling robust materials to be generated.

Fig. 1.21 Timeline demonstration of liquid absorption and transfer of diatomite

1.6.4 Modification for cellulose hydrogen-bonding
Following Section 1.6.3, hydrogen-bonding structure modification and control of
cellulose is a key step in controlling cellulose structure shrinkage. As described in
Section 1.5, the intra- and intermolecular hydrogen-bonding network structure of
native cellulose is lost as the polymer chains are dissolved in the IL. On regeneration,
a new hydrogen-bonding network is formed consisting of cellulose-cellulose and
cellulose-solvent hydrogen-bonds in the hydrogel. On drying and dehydration of the
hydrogel form (which contains typically a 1:4 mass ratio of cellulose to solvent) the
loss of cellulose-solvent hydrogen bonds and formation of porous voids leads to
internal stress in the cellulose skeleton, causing the cellulose composites shrinkage
after drying. This project designed a two-step modification method aimed at reducing
the number of hydrogen bonds in cellulose as a strategy to reduce these stresses
during drying:
Acetylation, a chemical modification method to replace part of the hydroxyl groups
on the cellulose chain, by reducing the density of structural hydroxyl groups to reduce
the hydrogen-bonding density in the system.
Co-solvent replacement (CSR), a physical modification method by gradually
replacing the liquid components in the hydrogel from a strong hydrogen bond
acceptor solvent to a weak hydrogen bond acceptor solvent, the overall
hydrogen-bonding strength of the gel internal structure was reduced before drying.
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The hydrogen bonds between cellulose hydroxyl and solvent was changed from a
strong hydrogen bond to a weak hydrogen bond, and the strength of the hydrogen
bond between the liquid components was as low as possible, to reducing the
shrinkage stress generated inside the gel during drying.
◆ Innovation in this project
In this project, acetyl chloride combined with aluminum trichloride was selected as the
acetylation reagent. In the pre-experimental verification, it was found that using acetic
anhydride as the acetylation reagent, over acetylation occurred and is induced
cellulose re-swelling in the acidic environment and a reduction on the overall strength
of the hydrogel film that caused structural breakage and excessive peeling of
cellulose acetate. After redesign, acetyl chloride was selected as the acetylation
reagent to ensure milder acetylation modification of the cellulose films.
The CSR steps reported in the literature follow the sequence of water → methanol
→ ethanol → n-butanol (isopropanol) → toluene.54, 165 Using toluene as the final
replacement solvent can ensure that the hydrogen bond strength of the solvent part of
the gel system can be reduced to negligible, but it was found in this study that due to
hydrogel films regenerated by the mold have a certain thickness, the functional-gel
became brittle after using toluene as the final CSR solvent, and the liquid component
quickly evaporated after gel leaving the solvent bath. After the redesign, acetonitrile
was used as the final replacement solvent for CSR. Acetonitrile is a more polar
solvent than toluene and can formed weak OH…NC hydrogen bonds with cellulose
hydroxyl groups, and hydrogen bonds were not formed between acetonitrile
molecules. This was an ideal CSR final replacement solvent model. Preliminary
verification showed that the functional-gel obtained by using acetonitrile as the final
replacement solvent would not harden and could better achieve the purpose of
morphology control.

1.6.5 Recovery of HBA-ILs
The recovery of HBA-ILs refers to the rotary evaporation method mentioned in 1.5.5,
and the recovered HBA-ILs can be used for cellulose dissolution after vacuum
removal of water. It was mentioned in the Introduction that water can be used as the
anti-solvent of the cellulose-IL mixed system. Therefore, in the recovered IL, it is
necessary to consider reducing the water content in a reasonable range. The
presence of small (<1 wt%) of water in the ionic liquids used for dissolving cellulose is
not important, as shown in the literature on dissolution.167, 176 Although the rate of
dissolution may be slowed slightly. Much larger volumes of water (>15wt%) are
required to generate the antisolvent to regenerate cellulose. Therefore, it is best to
control the water content of the IL (both recovered and first-used）used as a cellulose
solvent below 1 wt%.
These lower (1 wt%) levels of water can be readily achieved through laboratory drying
under reduced pressure. As an additional point, cellulose typically contains 10-15 wt%
water, unless oven dried and used in the dried state. In a 20 wt% cellulose in IL
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solution, the water content introduced from cellulose is comparable to, or can even
exceed, that in a slightly wet ionic liquid.
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2. Experimental
2.1 Synthesis of ionic liquids
2.1.1 Basic imidazolium ionic liquids
i). 1-Butyl-3-methylimidazolium chloride ([Bmim]Cl)
1-Methylimidazole (48.5 g, 51 ml, 0.6 mol, 1 eq., 99%, Sigma-Aldrich) and
1-chlorobutane (55.8 g, 62.7 ml, 0.6 mol, 1 eq., >99%, Acros Organics) were
combined in a 500 ml round bottom flask and approximately 50 ml of toluene (>99.7%,
Sigma-Aldrich, co.,) was added as a solvent. The reaction mixture was then equipped
with a magnetic stirring bar and bulb condenser (single wall type). and heated, with
stirring, at 110 °C for 24 h in an oil bath to allow the reaction to proceed to completion.
After cooling to room temperature, the flask was placed in a freezer at ca. -20 °C for
24 h. After freezing, the top toluene phase was decanted, acetonitrile (30 ml,
Sigma-Aldrich) was added to the solid product and warmed to 70 °C on an oil bath for
0.5 h until all the solid was dissolved. The 1-butyl-3-methylimidazolium chloride
solution was recrystallized after addition of ethyl acetate (>99.5%, Sigma-Aldrich) and
ether (>99.5%, Sigma-Aldrich) and placing in a freezer. The slightly yellow crystalline
solid was isolated and residual solvent removed using a rotary evaporator to give
[Bmim]Cl in approximately 80% yield.

Fig. 2.1 The synthetic pathway to 1-butyl-3-methylimidazolium chloride.
ii). 1-Butyl-3-methylimidazolium acetate ([Bmim][OAc])
[Bmim]Cl (18 g, 0.1 mol) and potassium acetate (10 g, 0.102 mol, ≥99%,
Sigma-Aldrich) were separately dissolved in 30 ml and 50 ml methanol (HPLC, Fisher
Chemical) respectively, and the potassium acetate solution was slowly added to the
[Bmim]Cl solution, and the combined mixture heated with stirring at 60 °C for 3 h
forming a white powdery solid precipitate and a clear liquid upper phase. The
mixture was filtered, the white precipitate (KCl) was discarded, and the solvent
removed from the filtrate by rotary evaporation. A small amount of KCl precipitate was
observed in the distilled oily liquid, to which was added a small amount of acetonitrile
(30 ml), filtered, and the solvents removed. After repeating, the product, [Bmim][OAc],
was obtained as a slightly yellow oily liquid in approximately 73% yield. Chloride
contents ≤0.40% (halogen analysis by ASEP, Queen‘s University Belfast).
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Fig. 2.2 The synthetic pathway to 1-butyl-3-methylimidazolium acetate.
iii). 1-(2-Hydroxylethyl)-3-methylimidazolium chloride ([Hemim]Cl)177
1-Chloroethanol (78 g/65 ml, 1 mol, Lancaster Synthesis) and 1-Methylimidazole (66
g, 64 ml, 0.8 mol) were added to a round bottom flask in salt-ice bath (~-5°C). A reflux
condenser was fitted to the flask, the ice-salt bath was removed and the reaction
mixture heated at 80 °C with stirring for 24 h. Two phases formed, and the top phase
containing unreacted starting material, was decanted and diethyl ether (50 ml, GC,
Sigma-Aldrich) was added with thorough mixing. The diethyl ether phase was then
decanted followed by addition of fresh solvent and this step was repeated twice. The
bottom phase was collected, and the solvent removed with heating under reduced
pressure at 80°C. The product was obtained as a yellow liquid which solidified on
cooling in approximately 79% yield.

Fig. 2.3 The synthetic pathway to 1-(2-hydroxylethyl)-3-methylimidazolium chloride.

2.1.2 Imidazolium dialkyl-phosphate ionic liquids
An innovative preparation method for ionic liquids incorporating dialkyl-phosphate
anions by alkylation with trimethyl-phosphate using microwave synthesis in a
Monowave400 reactor (Anton Paar, Austria) was used. Constant power with multiple
heating pulses was used in the program setting (Table 2.1) which ensures that the
reaction proceeds quickly in selected temperature ranges and moderate pressure
conditions, with significantly reduced reaction time compared to traditional methods.
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Table 2.1 Microwave reactor program setting for synthesis of
imidazolium dialkyl-phosphate ionic liquids
Step

1
2
3
4
5
6

Program

Constant power
Cool down
Constant power
Cool down
Constant power
Cool down

Temp.

Time

Power

Cooling
Fan

°C

s

W

Stirring
speed
rpm.

150
35
150
35
150
40

10
10
10
-

800
0
800
0
800
0

600
600
600
600
600
600

ON

i). 1,3-Dimethylimidazolium dimethyl-phosphate ([Mmim][DMP])
Trimethyl phosphate (11.2 g, 10 ml, 0.08 mol, 0.8 eq., 97%, Sigma-Aldrich) and
1-methylimidazole (9.3 g, 9 ml, 0.1 mol, 1 eq.) were added into a G30 microwave vial
(reaction container of Monowave 400, Anton Paar, Austria) with a small magnetic
stirring bar, sealed the container with a silicone cap, placed in the Monowave 400
microwave reactor and reacted using the program shown in Table 2.1. When the
reaction program was complete, the cooled crude liquid product was transferred to a
50 ml flask washed with diethyl ether (3 times) and then dried by stirring under
vacuum for 2 d. The product was obtained as a yellow liquid which solidified on
cooling in approximately 93% yield, reaction parameter figure shown in Figure 2.4.

Fig. 2.4 The microwave assisted reaction pathway of 1,3-dimethylimidazolium
dimethyl-phosphate and reaction parameter figure. The program shows full power
microwave pulses at four minute intervals with the resultant change in reaction
temperature after each pulse.
ii). 1-Ethyl-3-methylimidazolium dimethyl-phosphate ([Emim][DMP])
Trimethyl phosphate (9.2 g, 11 ml, 0.065 mol, 0.7 eq.) and 1-ethylimidazole (9 g, 9 ml,
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0.09 mol, 1 eq., 99%, Sigma-Aldrich) were added into a G30 microwave vial with a
small magnetic stirring bar, sealed the container with a silicone cap, placed in the
Monowave 400 microwave reactor and reacted using the same program. When the
reaction program was complete, the cooled crude liquid product was transferred to a
50 ml flask washed with diethyl ether (3 times) and then dried by stirring under
vacuum for 2 d. The product was obtained as a slightly yellow liquid in approximately
99% yield, reaction parameter figure shown in Figure 2.5.

Fig. 2.5 The microwave assisted reaction pathway of 1-ethyl-3-methylimidazolium
dimethyl-phosphate and reaction parameter figure.
iii). 1-iso-Butyl-3-methylimidazolium diisobutyl-phosphate ([Bmim][DBP])
Tri-iso-butyl phosphate (13.5 g, 14 ml, 0.05 mol, 1 eq., GC, Fluka) and
1-methylimidazole (3.9 g, 4 ml, 0.05 mol, 1 eq.) were added into a G30 microwave vial
with a small magnetic stirring bar, sealed the container with a silicone cap, placed in
the Monowave 400 microwave reactor and reacted using the same program. When
the reaction program was complete, stood for three hours then started the program
again to ensure that the reaction was fully complete. Transferred to a 50 ml flask
washed with diethyl ether (3 times) and then dried by stirring under vacuum for 2 d.
The product was obtained as a slightly yellow liquid in approximately 78% yield,
reaction parameter figure shown in Figure 2.6.
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*1st reaction graph

*2nd reaction graph
Fig. 2.6 The microwave assisted reaction pathway of 1-iso-butyl-3-methylimidazolium
diisobutyl-phosphate and reaction parameter figure.
iv). 1-Butyl-3-methylimidazolium dimethyl-phosphate ([Bmim][DMP])
1-Butylimidazole (GC, Sigma-Aldrich) and trimethyl phosphate were combined and
heated using the same microwave reaction profile as described above for other
imidazolium alkylphosphates. However, no changes in the liquid phase were
observed after heating the mixture and no changes in temperature peaks under the
same microwave 10s treatment were observed as shown in figure 2.7.
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Fig. 2.7 Reaction parameter figure: no changes in temperature peaks under the same
microwave 10s treatment. Prove that almost no reaction or only a very small amount
of reaction occurs.

2.1.3 1,8-Diazabicyclo[5.4.0]undec-7-en-8-ium acetate
[DBU][OAc] can be synthesized in room temperature. 1,8-Diazabicyclo[5.4.0]undec7-ene (2 g, 0.013 mol, 1 eq., 97%, Lancaster Synthesis) was added to a 50 ml
two-necked flask placed in a salt-ice bath (~ -5 °C). Acetic acid (0.8 g, 0.013 mol, 1
eq., 99-100%, Riedel-de Haën) was then added dropwise at the low temperature with
thorough mixing. After dropwise addition, the salt-ice bath was removed and the
reaction mixture was sealed and stirred at room temperature for 24 h. The oily liquid
was dried under vacuum at 60°C for 24 h to afford desired ionic liquid as slight yellow,
viscous liquid.

Fig. 2.8 The synthetic pathway in room temperature of [DBU][OAc]

2.2 Synthesis of graphene oxide
Graphene oxide was synthesized using Hummer‘s method by a two-step process:
First, production of pre-oxidation graphite powder followed by medium-low
temperature ultrasound assisted oxidation to graphene oxide.44, 127 For the initial
preparation of pre-oxidation graphite, concentrated sulfuric acid (97 %, 15 ml,
Sigma-Aldrich co.,), phosphorus pentoxide (5.0 g, Fluka), and potassium persulfate
(5.0 g) were added to a two-necked flask with a magnetic stirring bar in sequence, the
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flask was placed in room temperature oil bath and the stirring speed was set to 350
rpm. On heating slowly to 80 °C, the system is homogenized and then graphite
powder (10 g, 1-2 Micron, Sigma-Aldrich) was added in several portions. After heating
for 6 h, the reaction mixture was allowed to cool to room temperature overnight, and
then filtered. The filter cake was washed repeatedly with distilled water until neutral,
and then placed in an oven at 60 °C to dry.
For the second stage, ultrasound assisted oxidation. Sulfuric acid (97 %, 23 ml) was
added to a clean two-necked flask (500 ml) with a magnetic stirring bar. The reaction
vessel was cooled and the temperature maintained at <4 °C using a salt-ice bath and
the pre-oxidation graphite powder (1.0 g) and sodium nitrate (0.5 g, Sigma-Aldrich)
were added with stirring to ensure complete dispersion. The flask was transferred to
an ultrasonic bath containing water-ice to maintain the temperature lower than 4 °C
and sonicated for 1 h. When the treatment finished, the reaction flask was transferred
to a general ice-water bath, and potassium permanganate (3.0 g, Hopkin & Williams)
was slowly added with stirring at 200 rpm, ensuring that the temperature remained
lower than 8 °C. After addition, the reaction mixture was stirred for 2 h, then sonicated
in a medium-temperature ultrasonic bath for 30 min. Cold distilled water (ca. 100 ml)
was then added, and the mixture heated to ~95 °C for 30 min, while maintaining
moderate mechanical agitation followed by addition of deionized water (60 ml) to stop
the reaction and hydrogen peroxide (30 vol%, 25 ml, Sigma-Aldrich). After 15 minutes,
hydrochloric acid (10 vol%, 40 ml, prepared from 36.5-38% Hydrochloric acid soln.,
Sigma-Aldrich) was added and the reaction mixture was filtered, washing with
deionized water. The neutralized graphene oxide was dispersed in water, exfoliated
for 40 min by ultrasonic vibration, decanted by bulk water and dried completely in the
oven at 50 °C to obtained graphene oxide powder 1.32 g (Figure 2.9).

Fig. 2.9 The pre-oxidation graphite powder and medium-low temperature ultrasonic
assisted oxidation pathway synthesis of graphene oxide (GO) powder.
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2.3 Dissolution and regeneration of cellulose composites
2.3.1 Dissolution of cellulose in ionic liquids
This section tests the effectiveness of different hydrogen bond accepter ionic liquids
as solvents for cellulose. The ionic liquids selected for this experiment are: 1-ethyl3-methylimidazolium chloride ([Emim]Cl, prepared by QUILL, Queen‘s University
Belfast), 1-butyl-3-methylimidazolium chloride ([Bmim]Cl), 1-butyl-3-methylimidazolium acetate ([Bmim][OAc]), 1-(2-hydroxylethyl)-3-methylimidazolium
chloride ([Hemim]Cl), 1,3-dimethylimidazolium dimethyl-phosphate ([Mmim][DMP]),
1-ethyl-3-methylimidazolium dimethyl-phosphate ([Emim][DMP]), and 1-iso-butyl-3methylimidazolium diisobutyl-phosphate ([Bmim][DBP]) prepared by the pathways
shown above.
Cellulose was dissolved in the ionic liquids by heating and stirring, a representative
description is described below: microcrystalline cellulose (>99.4%, Blackburn
Distributions Ltd,) was used as a cellulose source, the desired amount of cellulose (1,
5, and 10 wt% based on IL solvent mass) was weighed and added to a flask with a
magnetic stirring bar. [Emim]Cl (20 g, water content <1%) was quickly added into the
flask, which was sealed, placed in an oil bath (80-100 °C) and stirred at 100-120 rpm.
The mixture was observed, and if the cellulose is agglomerated, with manual stirring
to promote uniform dissolution of cellulose. The dissolution time, color, viscosity
state, etc. when the cellulose is completely dissolved or the dissolved state is no
longer changed was recorded. These results are described in section 3.2.
As a control for dissolving cellulose in ionic liquids, the non-IL dissolution of cellulose
by a conventional solvent system was tested. Formulation urea/sodium
hydroxide/water (urea, NaOH from Sigma-Aldrich) cellulose solvent was placed in a
flask immersed in a salt-ice bath and the temperature maintained at a constant
-12 °C.99 Cellulose (1 wt% based on solvent mass) was added, and stirred until
dissolved.

2.3.2 Synthesis of cellulose/GO composites
i). Regenerated cellulose hydrogel
Homogeneously dissolved cellulose-ionic liquid solutions were poured into a 10 ml
beaker (or a shaped container), and then immersed in a large beaker filled with
distilled water. When the hydrogel regeneration was complete, the hydrogel was
detached from the 10 ml beaker/container and the beaker removed and the water
replaced (2-3 times) in the large beaker to removal all ionic liquid from the hydrogel.
Colorless regenerated cellulose hydrogels were obtained as monoliths (Figure 2.10 b).
Samples were named rCH [*ILs name].
ii). Regenerated cellulose/GO hydrogel
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The desired amount of graphene oxide (1, 5, and 10 wt% to cellulose) was weighed
and added to a flask containing the IL. After initial dispersion in an oil bath at 85-95 °C,
the IL/GO mixture was sonicated in a hot water ultrasonic bath for 30 minutes to
promote dispersion of agglomerated GO. Microcrystalline cellulose powder was then
added and stirred to effect initial mixing of all the components. The mixture was then
heated until the cellulose was dissolved and GO dispersed in IL. The homogenized
cellulose/GO/ionic liquid mixture was the placed in an ultrasonic bath at ~70 °C for
45 min to fully disperse GO, then replaced back to the oil bath for 15 minutes before
regenerating composites following the same operation as described above.
Regenerated cellulose hydrogel composite monoliths are shown in Figure 2.10.

Fig. 2.10 Cellulose composites hydrogels: a.) 5%GO-cellulose hydrogel regenerated
from [Bmim]Cl. b.) Pure-cellulose hydrogel regenerated from [Emim]Cl.
iii). Oven-dried aerogels and freeze-dried aerogels
Oven-dried aerogels were prepared by heating hydrogel samples at 50 °C in an oven
for 24 h. Oven-dried cellulose/GO aerogels obtained showed significant shrinkage
and volume reduction compared to the starting hydrogels.
iv). Free-dried aerogels
To prepare freeze-dried aerogels, the hydrogel sample was placed in a Petri dish
and frozen by addition of a small amount of liquid nitrogen. The sample was then
dried in a freeze dryer for more than 12 h to obtain freeze-dried aerogels (Figure
2.12 a, b). The obtained aerogel retained a cylindrical shape and presented a
sponge-like porous structure.
v). Cellulose/GO composites film and wire
Cellulose/GO composite films were prepared by casting using an RK K Control Coater
(RK PRINT Coat Ltd.) coating machine. A uniformly dissolved cellulose-IL solution
was poured onto a PET sheet fixed on the coating machine and coated uniformly
using 5# rod. The sheet with the coated polymer film was then immersed in distilled
water as antisolvent to regenerate a cellulose film and extract and replace the IL. The
distilled water wash was replaced 3 times to ensure the IL has been completely
displaced. The regenerated film was dried at 50 °C to obtain a cellulose/GO
composites film.
To prepare cellulose/GO composite wires or threads, homogeneous cellulose-based
IL solutions were placed in a 20 ml syringe, then slowly and evenly the solution was
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extruded into a 250 ml round bottom flask containing distilled water and stirred in the
speed of 200 rpm by a magnetic stirring bar. The regenerated hydrogel cellulose
composite wires were washed by replacing the distilled water 2-3 times to completely
displace the ionic liquid and then dried in an oven at 50 °C to produce cellulose/GO
composites wire. (Figure 2.11)

Fig. 2.11 Brief description of the cellulose/GO composites synthetic pathway through
dissolution and regeneration

2.3.3 Solvent regeneration of ionic liquids
[Emim][DMP] ionic liquid solvent was recovered and regenerated after use by
collection of all the distilled water fractions after regeneration and washing of the
cellulose composites. The aqueous [Emim][DMP] solution was filtered to remove any
small particles of regenerated hydrogel and then the water was evaporated at 90 °C.
The residual ionic liquid was washed with acetonitrile, ethyl acetate, and ether in
sequence, removing residual solvent and drying by rotary evaporation. [Emim][DMP]
was recovered as a light brown liquid in approximately 81% yield. Recycling of other
ionic liquids was achieved using the same process.

2.4 Composite modification and co-solvent replacement
2.4.1 Graphene oxide reduction
An ascorbic acid solution (0.1 mol·L-1) was prepare from ascorbic acid (≥99.7%
L(+)-Ascorbic acid, Xilong Scientific) in distlled water. Samples of cellulose/GO
composite hydrogel (prepared by section 2.3.2 i and ii) were immersed in about 50 ml
of the ascorbic acid solution in a clean beaker ultrasonic treated for 30 min and left
overnight. The composites were then washed, replacing the ascorbic acid solution by
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distilled water until the pH of the liquid phase was neutral. Reduced Graphene oxide
(rGO) cellulose composites with different structural forms could be obtained by initially
using the preparation routes described in section 2.3.2 iii, iv, and v, and then
subjecting the composite to ascorbic acid reduction conditions.

2.4.2 Hydrogel system co-solvent replacement
Co-solvent replacement is used to replace the water molecule skeleton attached to
the swollen cellulose in the hydrogel with an organic or non-polar solvent to explore
whether this is a feasible solution to address the problem of cellulose hydrogel
shrinkage as the water molecules are removed. Co-solvent replacement was
examined by first displacing water by linear alkyl alcohol from short to long (increasing
organic character), and finally replacing these co-solvents with hydrophobic toluene.
The undried hydrogels, obtained in section 2.3.2, were immersed it in a beaker
containing 50 ml of methanol to displace water. Samples were immersed, sonicated
for 30 min., and then left to equilibrate for 24 h. To continuously displace polar
solvents from the hydrogels with increasingly non-polar, lipophilic solvents,
water-displaced methanol-gels were contacted, in a step-by-step processes with (i)
ethanol (Industrial denatured alcohol 99%) and then (ii) tert-butanol (≥99.5%,
Sigma-Aldrich) and the gels processed in the previous step is treated the same in the
newly replaced solvent system. The term alcogel was used to describe these
alcohol-containing cellulose gels. After tert-butanol treatment, the last step was to
treat the alcogel with hydrophobic solvent toluene by sonication and immersion. After
removing the surface volatile solvent, the sample was placed in an oven (50 °C) to dry.
An example of oven dried co-solvent replaced cellulose is shown in Figure 2.12 (c).

Fig. 2.12 Modified Cellulose composites Aerogels: a.) Freeze-dried 5% reduced
GO-Cellulose aerogel regenerated from [Bmim]Cl. b.) Freeze-dried pure-cellulose
aerogel regenerated from [Emim]Cl. c.) Oven-dried co-solvent replacement cellulose
aerogel regenerated from [Emim][DMP].
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2.4.3 Acetylation of cellulose composites
In order to ensure that the acetylation reaction is carried out under anhydrous
conditions, cellulose hydrogel samples were first dehydrated by exchanging water
with acetone by soaking over 24 h. The cellulose sample was then placed in a
conical flask containing a mixture of acetic acid (40 ml), toluene (30 ml) and
chloroform (20 ml). The acetylation reagent and catalyst was prepared by dissolving
anhydrous aluminium chloride (1g, 0.0075 mol) in acetyl chloride (98%, Sigma-Aldrich,
10 ml, 11 g, 0.14 mol) in a sealed container to give a transparent solution. The
dehydrated cellulose monolith sample (7 cm × 3.5 cm) was placed in the organic
solvent mixture in the conical flask equipped with a dropping funnel and condensor,
and cooled to 0 °C wih an ice-salt bath. The experimental setup for the acetylation is
shown in Figure 2.13. The acetylation mixture (acetyl chloride/aluminium chloride)
was transfered to the dropping funnel and added dropwide over 3 h with stirring.
Distilled water (50 ml) was then added with caution to quench the reaction. The
partially acetylated cellulose film was removed from the reaction mixture and then
rinsed thoroughly with distilled water to remove acid and organic solvents.

Fig. 2.13 Acetylation reaction experimental glassware and mixed acetyl
chloride/aluminum trichloride acetylation reagent

2.5 Synthesis of surface modified rGO-Cellulose
composite films
A IL/cellulose/GO dope was prepared, as described in section 2.3.2ii, with a cellulose
content of 10 wt%. An acrylic mold with an internal size of 70 × 70 mm and a depth of
1 mm was constructed from 2 mm (tolerance 0.2 mm) flat acrylic sheet and equipped
with an 80 × 80 × 3 mm acrylic upper sheet as a cover as shown in figure 2.14. The
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liquid IL/cellulose/GO mixture was poured into the acrylic mold, and was warmed with
a heat gun to allow it to flow, completely coating the mold and enabling any air
bubbles to dissipate. The upper cover sheet was placed on the mold and fixed, and
then the template was immersed in distilled water. After desolvation and regeneration,
the GO/cellulose hydrogel film separated from the mold and was used for GO
reduction according to the method described in section 2.4.1. The 70 × 70 mm
monolith hydrogel film was divided into two parts (35 × 70 mm) and surface acetylated
using acetyl chloride as the acetylation reagent according to the protocol described in
section 2.4.3. After washing off the organic solvent and acid, the sample was
immersed in water for 12 h, followed by co-solvent replacement (section 2.4.2) to
reduce the hydrogen-bonding capacity of the incorporated solvent through the
sequence water to methanol, ethanol, n-butanol, then finally to acetonitrile. After the
co-solvent replacement is completed, the sample was placed between diatomaceous
earth plates and compressed with a weight of 10 kg placed on the top surface and
dried in a vacuum oven at 80 °C for 12 h. The diatomaceous earth plates function to
clamp the cellulose sample while allowing solvent to diffuse and be removed through
the porous plates. Modified rGO-cellulose nano-films with rGO contents 0, 1, 5, and
10 wt% marked as PUCF, RGCF-1, RGCF-5, and RGCF-10 (Table 2.2) were obtained
following this procedure.
Table 2.2 Cellulose composite film samples prepared in this project
Sample
PUCF
RGCF-1
RGCF-5
RGCF-10

rGO contents
%
0
1
5
10

Acetylation

Co-solvent
replacement

○

○ – AC

×
○
×
×
○

×
×
○ – TL
○ – AC
○ – AC

Drying method

Oven dried

Control variable sample

RGCF-NM
RGCF-SA
RGCF-TL
RGCF-AC
RGCF-RT

5

Oven dried

Room temp.*

AC: Used acetonitrile in the final replacement; TL: Used Toluene in the final replacement.
*: Dried under room temperature and without additional downforce.

A control samples (5 wt% rGO content) were prepared in the same manner. One, with
no cellulosic surface modification was designated RGCF-NM, a second in which the
sample was only modified by single acetylation without co-solvent replacement was
designated RGCF-SA. The samples were only modified by single co-solvent
replacement with final replacement solvent were toluene and acetonitrile marked as
RGCF-TL and RGCF-AC. The sample was dried in room temperature marked as
RGCF-RT (Table 2.2).
From these samples, the impact of different degrees of co-solvent replacement,
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drying and physical templating, and surface hydrophobicity modification through
acetylation on the stability and natural shrinkage of monolithic cast cellulosic
hydrogels can be examined.

Fig. 2.14 Acrylic mold for composites film regeneration
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3. Results
3.1 Synthesis of ionic liquids
The structure and purity of the synthesized ionic liquids was assessed using proton
nuclear magnetic resonance (1H-NMR) spectroscopy using a BRUKER UltraShield™
300 (Bruker Inc., USA) spectrometer. 1H NMR frequency is 300 MHz, and all samples
were dissolved in chloroform-d (CDCl3) (except for [Hemim]Cl in 3.1.5 were dissolved
in D2O). Data were processed using MestReNova. All the ionic liquids prepared are
known materials and the appearances of the samples prepared and used in this work
were consistent with those described in the literature and with representative standard
samples from the QUILL Research Centre. Water content of the ionic liquids was not
measured explicitly (for example, using Karl Fisher titration) but were estimated to be
low (<1 %) on the basis of 1H NMR spectroscopy did not probe the water peak (H2O or
HDO peak occurs in ~1.5 δ/ppm in CDCl3) and, as discussed previously, the presence
of such small water contents does not impact on the ability of these ionic liquids to act
as cellulose solvents.178
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3.1.1 1,3-Dimethylimidazolium dimethyl-phosphate

1,3-Dimethylimidazolium dimethyl-phosphate

Fig. 3.1 1H-NMR of 1,3-dimethylimidazolium dimethyl-phosphate
[Mmim][DMP]. 1H-NMR: (300 MHz, CDCl3, δ/ppm): 10.41 (1H, s, —NCHN—), 7.59
(2H, s, (—NCH—)2), 4.03 (6H, s, (—NCH3)2), 3.58 (6H, d, —OCH3).
Impurity peaks from solvent appear in following locations: 2.75 (s) & 2.16 (d).178
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3.1.2 1-Ethyl-3-methylimidazolium dimethyl-phosphate

1-Ethyl-3-methylimidazolium dimethyl-phosphate

Fig. 3.2 1H-NMR of 1-ethyl-3-methylimidazolium dimethyl-phosphate
[Emim][DMP]. 1H-NMR: (300 MHz, CDCl3, δ/ppm): 10.29 (1H, s, —NCHN—), 7.63
(1H, s, —NCH—), 7.59 (1H, s, —NCH—), 4.36 (2H, q, J=7 Hz, —NCH2—), 4.05 (3H,
s, —NCH3), 3.58 (6H, d, (—OCH3)2), 1.54 (3H, t, J=7 Hz, —NCH2CH3).
Impurity peaks from solvent appear in following locations: 4.72 (s), 2.75 (s), 2.18 (s), &
1.23 (t).178
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3.1.3

1-iso-Butyl-3-methylimidazolium

diisobutyl-

phosphate

1-iso-Butyl-3-methylimidazolium diisobutyl-phosphate

Fig. 3.3 1H-NMR of 1-iso-butyl-3-methylimidazolium diisobutyl-phosphate
[Bmim][DBP]. 1H-NMR: (300 MHz, CDCl3, δ/ppm): 10.70 (1H, s, —NCHN—), 7.52 (1H,
d, J=9 Hz, —NCH—), 7.35 (1H, s, —NCH—), 4.29 (2H, t, J=7 Hz, —NCHCH2—), 4.06
(3H, s, —NCH3), 3.85 (3H, t, J=7 Hz, —NCHCH3), 3.48 (1H, q, J=7 Hz, —NCH—),
1.85 (2H, q, J=7 Hz, —OCH—), 1.58 (4H, q, J=7 Hz, —NCHCH2—), 1.38 (6H, d, J=7
Hz, —OCHCH3), 0.92 (9H, m, J=7 Hz, —OCHCH2CH3 and —OCHCH2CH3).
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3.1.4 1,8-Diazabicyclo[5.4.0]undec-7-en-8-ium acetate

[DBU][OAc]

Fig. 3.4 1H-NMR of 1,8-diazabicyclo[5.4.0]undec-7-en-8-ium acetate.
[DBU][OAc]. 1H-NMR: (300 MHz, CDCl3, δ/ppm): 7.36 (1H, s, —C=NH), 3.46-3.43 (6H,
m, 2-H 11-H 6-H, —NCH2—), 2.89(2H, s, 6-H —N=CHCH2—), 2.06-1.99 (4H, m, 3-H
5-H, —CH2—), 1.76 (4H, s, 4-H 10-H, —CH2—), 1.66 (3H, s, CH3).
Impurity peaks from solvent appear in following locations: 2.17 (s).
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3.1.5 1-(2-Hydroxylethyl)-3-methylimidazolium chloride

1-(2-Hydroxylethyl)-3-methylimidazolium chloride

Fig. 3.5 1H-NMR of 1-(2-hydroxylethyl)-3-methylimidazolium chloride.
[Hemim]Cl. 1H-NMR: (300 MHz, D2O, δ/ppm): 8.64 (1H, s, —NCHN—), 7.40 (1H, s,
—NCH—), 7.34 (1H, s, —NCH—), 4.69 (3H, s, —OH(D)—), 4.20 (2H, s, —NCH2—),
3.82 (2H, s, —NCHCH2—), 3.79 (3H, s, —NCH3).
Peaks result reference source: Chaker et al., 2016.179
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3.2 Solubility of cellulose in ILs and characterization of
pre-formulated composites
3.2.1 Screen of cellulose solubility in ILs
Table 3.1 The solubility of ILs to dissolve cellulose.
solvent &
△ Temp. /°C

MCC mass fraction
*If it can be dissolved - Time it took

Observed
viscosity

Result

Mid viscosity
& low viscosity
under vacuum
High viscosity
& mid viscosity
under vacuum
High viscosity
& mid viscosity
under vacuum
Mid viscosity

High solubility

Low viscosity
Viscosity
increases
significantly
with wt%↑
Ibid.
barely flow at
10.0 wt%

High solubility
Excellent;
performance at
a small wt% of
cellulose
Excellent;
performance at
a moderate wt%
of cellulose
Cannot dissolve
Excellent;
but
viscosity is too
high
Good but harsh
temp condition

If it cannot - ×

1.0wt%

5.0wt%

10.0wt%

[Emim]Cl
90 °C

≤0.5 h

≤12 h

~30 h

[Bmim]Cl
90 °C

≤2 h

≤ 30 h

~40-48 h

[Bmim]Cl
100 °C

≤1 h

≤ 24 h

~30-40 h

[Bmim]OAc
90 °C
[Hemim]Cl
[Mmim][DMP]
90 °C

≤1 h

≤12 h

~24 h

≤ 0.5 h
≤ 10min

≤1h
≤ 24 h

~4 h

[Emim][DMP]
90 °C

≤ 20 min

≤ 10 h

~30 h

[Bmim][DBP]
[DBU]OAc

×

×

×

≤15 min
≤ 0.5 h

Urea/NaOH/w. ≤2 h
-12 °C
v

v

≤1h
≤3h
n.t

v

×

<2h
~6h
n.t

v

High viscosity

Watery liquid
viscosity ↑

High solubility;
but the rate is
slightly slower
High solubility;
faster dissolution
rate
High solubility

: operation under vacuum.

This test aims to determine the solubility of hydrogen-bond acceptor ionic liquids for
microcrystalline cellulose (MCC) selected in this project, by observing and recording the
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cellulose dissolution process of different mass fractions, the parameters such as dissolution
time, solubility and viscosity were analyzed. The experimental process follows section 2.3.1.
Results are shown in

table 3.1 and are consistent with the literature.

In 2012 Cruz et al

ranked common IL cellulose solvents in order of rate of dissolution. They reported that with
1-butyl-3-methylimidazolium cations, ionic liquids with acetate anions dissolved cellulose most
-

-

- 180

rapidly, with the order [OAc] > Cl > [DMP] .

Similarly, looking at changes in the alkyl-chain

substituent length on the cations, the rate of cellulose dissolution decreases as the alkyl
+

+

+

groups were increased in length, with [Emim] > [Bmim] > [Hmim] (hexylmethylimidazolium) >
+

[Omim] (octylmethylimidazolium).

This decrease in the rate of dissolution, yet the retention

of ability to dissolve at least 10 wt% cellulose in the range of ILs studied is also consistent with
the seminal paper on cellulose dissolution in ionic liquids where the range of initial ionic liquid
solvents was scoped.
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3.2.2 Characterization of pre-prepared composites
a. Fourier-transform infrared spectroscopy (FT-IR)
Infrared spectra of samples were recorded using a Perkin Elmer Spectrum Two FT-IR
instrument in 450–4000 cm−1 range. Samples were ground into fine powder form and
blended with KBr and pressed in a mold (8 MPa) to make a tablet for data
measurement.

Fig. 3.6 FT-IR spectra of regeneration cellulose aerogel (rCA) from [Bmim]Cl and
[Mmim][DMP], graphene oxide powder, and 5%GO-CA composites.
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Both cellulose and GO samples reveal wide characteristic absorption peaks between
3200 and 3400 cm−1 region that represent the strong stretching forces between -O-H
chains in the polymeric compounds as shown in the IR spectra in Figure 3.6 for the
regenerated cellulose aerogels obtained from [Bmim]Cl and [Mmim][DMP] and GO
and a 5%GO-CA composite. Due to the loading of a large number of
oxygen-containing groups, graphene oxide also has a large absorption peak in this
wavelength, but the absorption intensity is not as high as that of regenerated cellulose
aerogel. It can be observed that there is a superposition effect on the wavelength of
-O-H for GO-cellulose composite here. The wavelength at 1635 cm−1 of spectra
represents a typical vibration peak that occurs due to the presence of absorbed water.
The bands observable around at 2910 cm−1 signal the presence of C-H bond
stretching modes characteristic of the carbohydrate backbone of cellulose whereas
other peaks at 1367 cm−1, 1180 cm−1 and 1040 cm−1 represented the symmetric,
anti-symmetric stretching vibration of -C-O-C- bond and strong -C-O stretching in
cellulose in the fingerprint region of the spectra.49 Since there are also a large number
of -C-O-C- bond structures in GO, these also give rise to characteristic bands in the
range of 1025 to 1125 cm-1, which help to characterize the degree of oxidation and
oxidation group structure of graphene oxide. And the absorption peak of
5%GO-cellulose composite material also overlaps in this interval.

CA-FD: freeze-dried cellulose aerogel;

Fig. 3.7 FT-IR spectra of cellulose composite characterization difference between
drying methods and modification: 5% GO-cellulose aerogel (OD), 5% GO-cellulose
aerogel (FD), and 5% rGO-cellulose aerogel (FD); OD oven-dried, FD freeze-dried.
The IR spectra shown in Figure 3.7 show the effects of different drying methods
74

(comparing oven drying and freeze drying) on the fingerprint characteristic region of
cellulose for GO-cellulose composites and also the comparison between freeze dried
GO and rGO-cellulose composites.
The vibrational spectra of the three samples are very similar, indicating first that
cellulose has not undergone degradation either through the changes in drying
protocols or by introduction of graphene oxide in its oxidized or reduced forms.
Comparing the GO-cellulose composites that were oven-dried and freeze-dried, there
is a significant absorption peak enhancement occurred at 1800 and 1165 cm−1 in the
freeze-dried samples. These bands correspond to strengthening of the -C=O and
-C-O-C- stretching vibrations and indicate that after lyophilization, there is marked
suppression of cellulose intramolecular hydrogen bonding.181 This supports the
observation and approach of using freeze drying to inhibit shrinkage of the cellulose
composite materials, due to reduction in the extent of intramolecular hydrogen
bonding between cellulose chains which would be maximized when the materials
shrink on drying and loss of water.
Comparing the freeze-dried cellulose composites containing GO and rGO in Figure
3.7, on modification through the GO reduction stp, vibrational bands at 1780 and 1685
cm−1 are significantly enhanced in intensity. This signals correspond to stretching
vibrations of the aromatic -C=O and π-bonds -C=C- of reduced graphene oxide.182
This demonstrates that the oxygen-containing groups in the graphene oxide such as
-OH have been reduced efficiently.
b. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of samples was performed using a TGA Q5000 (TA
Instruments) thermogravimetric analyser and was performed under a nitrogen
atmosphere with a flow rate of 25.0 ml min-1, heating samples at 10 °C min-1.
All TGA curves in Figure 3.8 show an initial downward trend in the beginning of the
heating profile over the temperature range ambient to <100 °C. This can be
attributed to evaporation of moisture from the cellulosic structure that had not been
completely removed completely during the evaporation/drying procedures or, more
likely, water readsorbed into the pore structure of the aerogel from the environment..
Subsequent to this, it can be observed that the samples begin to thermally
decompose at around 250 °C, through thermal decomposition of the cellulose
component, and due to the different drying methods, the lyophilized material enters
the decomposition process earlier due to its larger material surface area and tends to
be finished at about 340 °C. Cellulose structure consisted of branches that were easy
to remove and degraded at low temperature producing carbon monoxide, carbon
dioxide, and some other hydrocarbons. Overall, the weight loss rate of the material by
ca. 350 °C is about 70-80% of the total mass and does not appear to be enhanced or
inhibited by the presence of GO or rCO with the thermogravimetric curves of all
sample materials are basically the same, it is proved that the skeleton structure of the
composite is cellulose.
Thermal decomposition in an anaerobic nitrogen atmosphere leads to formation of
carbonaceous chars due to the oxygen deficit in the molecules, and this can account
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for the residual ca. 20% mass remaining after analysis.

CA-FD: freeze-dried cellulose aerogel;
5% rGO-CA-FD: 5%rGO doped freeze-dried cellulose aerogel.
5% rGO-CA-OD: 5%rGO doped oven-dried cellulose aerogel.
5% GO-CA-FD: 5%GO doped oven-dried cellulose aerogel.

Fig. 3.8 Thermogravimetric analysis of cellulose composite samples.
c. X-ray diffraction (XRD)
X-ray scattering from cellulose composite samples were recorded using a Perkin
Elmer X'Pert³Powder diffractometer. Data was collected to examine and compare the
composition of the synthetic materials prepared here with results previously published
in the existing literature for regenerated cellulosic materials where a change from the
characteristic diffraction pattern of crystalline Type 1 cellulose cellulose (typically with
signals at 2θ = 15.7°, 22.6°, and 35.19°corresponding to the lattice planes 110, 200
and 004) changes to a broader single peak for regenerated amorphous Type 2
cellulose around 16 - 24°(Figure 3.9).183, 184
The graphene oxide powder was prepared according to the method in the
experimental section 2.2. The XRD pattern for GO shows two diffraction peaks appear
at 2θ = 12.3°and 42.6°, corresponding to d values of 7.68 Å and 2.12 Å respectively,
the 42.6 degrees covers through the Bragg equation (λ=2dsin(θ)) into a distance of
about 3 Angstrom (π – π layer spacing). Comparing this with the literature, it can be
seen that this is consistent with data for other graphene oxide samples.185, 186 The
product can be proved to be graphene oxide with good degree of oxidation as evident
from the (0 0 1) peak position at 7.19 Å which is significantly expanded compared to
graphite (3.36 Å) due to the introduction of bulk oxygen-containing functional groups.
76

The total trend of the crystal obtained was matched with the simulated curve, perhaps
due to possible programming problems, the overall left end of a set of curves in this
experiment is shifted upwards, but the peak situation is consistent.
In the cellulose composites shown in Figure 3.9, the characteristic broad peak
consistent with formation of a regenerated Type 2 amorphous cellulose structure is
indicated by the peaks around 20°. It was confirmed by the same diffraction results
that the diffraction peak here is a characteristic peak of cellulose.187 And it can be
observed that in the 5% GO-CA-FD sample, there is a weak peak at 2θ = 35°, which is
presumed to be caused by GO in the material.
In the modified sample-reduced graphene oxide cellulose aerogel, the same
characteristic peak at 2θ = 20.8 degrees for type II cellulose is evident, but the peak
intensity is significantly lower than that of the unmodified and pure cellulose aerogel
that the coherent structure and correlation between polymer stands in the composite
is reduced and the loss of sharp GO/rGO peaks demonstrates that the garphene
derivatives present are well dispersed.

CA-FD: freeze-dried cellulose aerogel;
5% GO-CA-FD: 5%GO doped freeze-dried cellulose aerogel;
5% rGO-CA-FD: 5%rGO doped freeze-dried cellulose aerogel.

Fig. 3.9 X-ray diffraction graph of graphene oxide, cellulose aerogel
and composites aerogel samples.
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d. Scanning electron microscope micrographs (SEM)
Images of the cellulose composites were taken to examine the surface structure
characteristics using field emission scanning electron microscopy (SEM, FEI Quanta
400 Thermal FE Environment scanning electron microscopy) with an operating
voltage at 10-20 kV. SEM configuration parameters used are as shown in the figure
3.10, due to the poor conductivity of cellulose, a thin gold layer was coated on the
surface of samples in order to obtain a high sharpness sample photo images.

Fig. 3.10 SEM micrographs of a) regenerated cellulose wire; b) surface of 5%
GO-cellulose film; c) surface of freeze-dried pure cellulose aerogel; d) sheets
structure of freeze-dried 5% rGO-cellulose aerogel; e) f) graphene and pore structure
of freeze-dried 5% rGO-cellulose aerogel.
More details of composites morphological can be demonstrated by SEM. When the
cellulose composite loses moisture in the structure, the transition from hydrogel to
aerogel is accompanied by significant spatial structure changes, and the composite
samples obtained by natural dehydration (oven-dried) and lyophilization can observe
obvious structural differences under SEM. In regenerated cellulose wire (Fig.3.10 a)
hydrogel wire loses moisture evenly and shrinks toward the center, and the structure
presents a smooth cylindrical outer surface and an overall homogeneous
appearance.102 The same shrinkage situation can be observed in the oven-dried
5%GO-cellulose film sample as well (Fig.3.10 b). However, the spatial structure of the
film does not support the uniform shrinkage of the hydrogel toward the center, so a
flat-'shrinkage fracture'-flat surface structure can be observed in the micrograph. This
can also be seen as a result of the reassociation of hydrogen bonding and change of
surface tension in the cellulose molecule structure.
However, in freeze-dried cellulose/graphene aerogel composites, the swollen
moisture associated with the cellulose was separated from the hydrogel network by
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freezing firstly (Fig.3.10 c). The material shrinkage is replaced by the uniform pore
structure brought about by the phase shift of the water in freeze-drying, forming a
remarkable aerogel space network skeleton. Moreover, due to the top-to-bottom
permeation of water, cellulose formed a vertical spatial structure in three dimensions
(3D) space during regeneration. After the hydrogel was freeze-dried, a 3D tubular
structure is formed in the longitudinal direction of the material, and an obvious
three-dimensional layer structure can be observed under SEM (Fig.3.10 d).
Observation of graphene morphology in rGO/cellulose aerogel by SEM (Fig.3.10 e, f),
In the micrograph, rGO sheets with agglomeration phenomenon can be observed,
which may be caused by the spatial structure locking due to hydrogel regeneration
was undergone first, resulting in the agglomeration maintaining during the GO
reduction. Recombination of cellulose around rGO demonstrates that the doping of
rGO can change the mechanical properties of the material.49
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3.3 Characterization of rGO-cellulose composites
As reference on Table2.2, all sample names show as below and explain their specific
meaning at the beginning of this section.
PUCF: pure partially acetylated cellulose film.
RGCF-1: 1% rGO doped partially acetylated cellulose film.
RGCF-5: 5% rGO doped partially acetylated cellulose film.
RGCF-10: 10% rGO doped partially acetylated cellulose film.
RGCF-NM: 5% rGO doped cellulose film, none modification (acetylation and CSR).
RGCF-SA: 5% rGO doped partially acetylated cellulose film, modified with single
acetylation process, none CSR step.
RGCF-TL: 5% rGO doped cellulose film, modified with signle CSR step and toluene
as final replaced solvent, none acetylation process.
RGCF-AC: 5% rGO doped cellulose film, modified with signle CSR step and
acetonitrile as final replaced solvent, none acetylation process.
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3.3.1 Composite materials characterization
a. Fourier-transform infrared spectroscopy (FT-IR)
Infrared spectra of film samples were recorded across the range 650 – 4000 cm−1
range using a ATR-FTIR (Cary 630 FTIR Spectrometer, Agilent Technologies, Inc.).
The film samples were cut into round slices with a diameter of about 2 mm and
pressed directly onto the probe for analysis.

Fig. 3.11 FT-IR spectra of acetylated cellulose and rGO-cellulose film samples
showing the clear presence of a carbonyl-stretch (1735 cm-1) associated with
acetylation of the sample surfaces.
Since the film samples do not need to be mixed with KBr and compressed into tablets
to directly perform spectral testing, film samples were tested with an FT-IR instrument
different from the pre-prepared samples used. Figure 3.11 shows the FT-IR spectra of
part acetylated cellulose films (CF) with rGO doped. Compared with the unacetylated
cellulose samples, the peak intensity of the strong -OH bond absorption peak in the
3350-3450 cm-1 interval is significantly attenuated. Due to the role of acetylation, the
hydroxyl groups on the cellulose chain are partially replaced, making the intensity of
the peak reduced. This transition is a sign of the conversion of cellulose to cellulose
acetate (CA). The -CH intensity peak at 2900 cm-1 bands still exists but the intensity
decreases. The strong bands at 1025 cm-1 are attributed to -C-O-C- in junction
between anhydroglucose units.
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The fingerprint region of CA shows in the characteristic peaks of the three bands of
1735 cm-1, 1375 cm-1, and 1225 cm-1 corresponding to -C=O, -C-O and -CH3 in the
acetyl group. Combined with the attenuation of the -OH peak at 3340 cm-1, these
indicate that the cellulose material is partly acetylated, and the -OH strength peak
(absorbed water) at the 1635 cm-1 bands in the FT-IR spectrum of pre-prepared
cellulose composites (shown in Figure 3.7) has also occurred to a large degree of
attenuation.188 Due to the small amount of rGO doping, the characteristic -C=O bond
vibrations overlap within 1600 cm-1 bands (Figure 3.11), it can be seen from the
spectra of the four samples that, under the same acetylation operation process and
time, the processed samples have remarkably consistent characteristic peaks
indicating a constant, partial degree of acetylation of the surfaces generating less
hydrophilic materials.
b. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of the materials was done using a TGA Q5000, TA
Instruments Co., thermogravimetric analyser under a nitrogen atmosphere (flow 25 ml
min-1) with a heating rate of 10 °C min-1.

Fig. 3.12 Thermogravimetric analysis: derivative of weight loss from acetylated
cellulose and acetylated rGO-cellulose film samples showing similar decomposition
(mass loss) profiles with a single event between 250 - 400 °C
In Figure 3.13, the TGA curve shows that when the temperature is raised to 100°C all
four samples first weight loss about 3 wt% of water content. The mass loss due to
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water is smaller than might be acepteded for a pure regenerated cellulose sample due
to the acetylation, which reduced the surface hydrophobicity and the low pore
structure of all the films. For the partially-acetylated cellulose, the main component of
the film material begined to thermally decompose at about 250 °C and finishes at
about 400 °C. The curve showed that the four film samples doped with different rGO
ratios had basically the same thermal decomposition profiles as the acetylated
cellulose. Comparing the derivative weight curves (figure 3.12) of the composites, the
profiles are coincident in the low temperature region (25 °C - 100 °C) and the
post-decomposition regions (400 °C - 600 °C) and the maximum of the derivative
weight rate occurs between 250 °C - 260 °C, showing that the acetylated cellulose
was deconstructed in this temperature range, the hydrogen and oxygen contents in
the structure are removed by small molecular hydrocarbon components formed with
the carbon atoms.

Fig. 3.13 Thermogravimetric analysis: weight reduction ratio of acetylated cellulose
and acetylated rGO-cellulose film samples.
The doped rGO component generally does not show a complete decomposition
curve, with a residual mass of <20 wt% at 600 °C.189 This can be accounted for by (i)
the presence of stable rGO in the composite and also formation of some
carbonaceous char residue from decomposition of the acetylated cellulose.
Combining the evidence from FT-IR spectroscopy and the main decomposition
profiles from TGA, there is evidence for the formation of low porosity acetylated
cellulose from the presence of acetyl stretching bands in the IR spectrum combined
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with the low residual water mass loss upto 100 °C in the TGA. Final, residual masses
after TGA showed <20% residual mass immediately after the main decomposition
event and then further decomposition to 600 °C. The differences in residual mass
reflect the different doping ratios of rGO, the weight loss of the undoped rGO film
sample is about 95 wt%, the weight loss of the 10% rGO doped film sample is about
90 wt%, and the weight loss ratio of the remaining samples is somewhere in between.
c. X-ray diffraction (XRD)
X-ray crystallography of samples were recorded through X-ray diffraction instrument
(X'Pert³Powder, Perkin Elmer Co., Ltd., UK). Film samples was directly cut into a 5
mm diameter round size that fits the base mold, put into the test mold and kept the
test surface flat. In order to eliminate the background diffraction effect of the base
mold, a background diffraction curve was measured additionally and subtracted from
the sample data. Comprehensive analysis of diffraction curves was made by compring
the results self-consistently and through reference to relevant literature on rGO and
cellulose acetate XRD spectra.

Fig. 3.14 X-ray diffraction spectra of acetylated cellulose and rGO-cellulose film
samples.
Because the crystalline form of cellulose will be converted from cellulose I to cellulose
II during the regeneration process, the XRD spectra of cellulose II is characterized by
the main peak at ~20°that can be split into two peaks. After cellulose II acetylation,
such a spectra feature is also retained.190, 191 In the sample without rGO doping
(PUCF), three diffraction peaks appeared at 2θ = 11.0°, 20.8° and 22.5°, which are
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characteristic peaks of the peaks present in the structures of cellulose (type II) and
cellulose acetate suggesting formation of a partially acetylated composite. . Other
researchers have reported that the XRD spectra of rGO shows a characteristic peak
around 2θ = 22°, the diffraction range of its characteristic peak coincides with the
characteristic peak of cellulose 2θ = 21°.192 After doping with rGO, all three film
samples showed two diffraction peaks at 2θ = 11.0°and 20.8°, but the most distinct
(crystalline) cellulose peak at 2θ = 22.5° disappeared. This peak is associated with
the (2 0 0) scattering plane of microcrystalline cellulose and the loss of this signal is
associated with packing disruption by the dispersed doped rGO and rGOduring the
regeneration process, the X-ray diffraction peaks of cellulose acetate and rGO to be
superimposed in a single peak state at about 2θ = 21°.193 The spectrum showed that
the peak of rGO doped acetylated cellulose films at θ = 21°is sharper, demonstrating
the improvement of crystallization of film material by doped rGO.
d. Raman spectroscopy
The optical signal of Raman spectroscopy was recorded by the Raman spectrometer
(RamanStation 400F, Perkin Elmer Co., Ltd., UK). The tested wavenumber range was
100 - 3400 cm-1 and the sampling option was singlepoint scan.

Fig. 3.15 Raman spectra of acetylated cellulose and rGO-cellulose film samples.
Raman spectroscopy can more clearly reflect the spectroscopy characteristics of the
composite of acetylated cellulose and rGO, the characteristics of rGO are more
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obviously displayed when compared to the background curve of acetylated cellulose,
which provides support for the in-depth study of material properties.194 In the Raman
spectrum of the composite material in Figure 3.15, it can be seen that after doping
with rGO, obvious signals at 1310, 1600 and 2650 cm-1 become apparent in the
Raman spectra. The characteristic peaks of graphene-like 2D materials (including
graphene, GO, and rGO) can be divided into three peaks: G band, D band and 2D (G')
band.195 The G band peak appeared in 1600 cm-1 bands after rGO doped, this peak is
the main characteristic peak of graphene, which is caused by the in-plane vibration of
sp2 arranged carbon atoms. The D band peak is located near 1310 cm-1 bands, this
peak is the disordered vibration peak of graphene, which is caused by the lattice
vibration leaving the center of the Brillouin zone and is used to characterize the
structural defects or edges in the graphene unit.195, 196 Due to the oxidation-reduction
process of rGO, the defects in 2D surface and edge of rGO are significantly increased
compared to the exfoliated graphene, the intensity of the D band peak in the Raman
spectrum is higher than that of the G band peak. With the increase of the amount of
doped rGO, G band peak and D band peak showed the characteristic of
synchronously widening peak intensity rise in the spectrum. The 2D band peak of
graphene under the background curve of acetylated cellulose in 2600 cm-1 bands is a
two-phonon resonance second-order Raman peak, which is used to characterize the
interlayer stacking method of carbon atoms in graphene samples.196 The rGO
obtained through the process of ultrasonic re-dispersion and reduction may result in
the uneven number of rGO layers in the composites, and the background scattering of
acetylated cellulose in this region makes the 2D band peak of the rGO is not
prominent.
The acetylated cellulose treated by co-solvent replacement and acetonitrile showed a
relative consistency across the Raman spectra of the four samples, and there were
two obvious fingerprint regions, respectively in the low wavenumber region of 200 500 cm-1 and the high wavenumber region of 3000 - 3500 cm-1 showed that the
acetylated cellulose as the material substrate has the consistent characterization after
the same functional treatment.

3.3.2 Composites surface and mechanical properties
a. Water contact angle (WCA)
One of the key features of the work to undertake surface acetylation of the cellulose
composite materials was to modify surface activity, and the change from a fully
hydroxylated (cellulose) surface to one that is acetylated with replacement of
hydroyl-sites by esters will make the cellulose surfaces more hydrophobic.
In terms of for forming and controlling how the cellulose/(r)GO composite strucutres
evolve through the drying processes described (including response to solvent
substitution), the change in potential surface hydrophobicity was anticipated to act as
a modifier for both wettibility and water diffusion though the materials.
Wettibility was examined through water contact angle analysis using a OCA 25
(DataPhysics Instruments, Germany), contact angle system equipped with a digital
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camera (TOSHIBA TELI CCD Camera, Tokyo Electronic Industry Co., Ltd., Japan) to
collect contact angle images. Composite film samples were placed on the instrument
sample stage and a drop of water was contacted at ten randomly selected sites on
each composite film sample. Contact angle measurement at each side of the droplets
was determined by analysis using SCA 20 (DataPhysics Instruments GmbH,
Germany) data processing software and the angle data were recorded and processed
for analysis.
In addition to testing the final four samples of this project (PUCF, RGCF-1, RGCF-5,
and RGCF-10), in order to explore the effect and improvement of the acetylation and
CSR process on the hydrophilic properties of the material surface, the 5%rGO-doped
with single acetylation sample RGCF-SA and with single co-solvent replacement
sample RGCF-AC (acetonitrile as final replacement solvent) were selected for testing.
The angle data of each group of samples was recorded in Table 3.2, and the average
contact angles of the left and right sides were calculated separately. To better
compare the uniformity of the hydrophilic/hydrophobic properties of on material
surface, the standard deviation (Equation 3) of the water contact angle on each side
was calculated, represented the dispersion of the contact angle on each side.

SD(X) = √

2
∑𝑁
𝑖=1(𝑥𝑖 −𝑥̅ )

𝑁
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(3)

Table 3.2 Water contact angle data of composites film samples.
Sample

CA / °
1
2
3
4
5
6
7
8
9
10
Avg.
SD(X)

PUCF

Left
53.5
56.3
57.4
50.6
53.7
51.1
52.2
50.5
59.8
58.8
54.4
3.3

Sample

CA / °
1
2
3
4
5
6
7
8
9
10
Avg.
SD(X)

RGCF-1

Right
52.4
55.2
56.0
53.2
52.3
50.7
51.3
58.0
59.2
59.4
54.8
3.1

RGCF-10

Left
54.0
60.9
64.0
69.3
53.6
73.3
59.2
64.0
65.7
60.2
62.4
5.9

RGCF-5

Right
54.5
61.9
63.0
72.3
53.9
73.0
60.1
64.2
64.8
65.0
63.3
6.0

RGCF-SA

Left
50.3
52.0
56.6
55.4
54.5
55.2
62.8
63.9
50.0
55.9
55.7
4.4

Right
49.5
49.0
56.0
54.1
58.2
55.5
63.7
62.7
52.0
58.4
55.9
4.7

RGCF-AC

Left
50.5
47.1
51.0
42.9
42.2
51.3
48.7
49.2
44.3
49.1
47.6

Right
48.3
51.0
52.6
48.4
43.9
51.2
45.4
46.4
41.9
46.7
47.6

Left
48.5
52.0
44.5
46.3
47.0
57.7
49.0
74.5
60.1
55.8
53.5

Right
39.9
54.2
48.0
41.5
46.2
52.3
55.1
68.5
57.2
61.7
52.5

Left
29.3
32.4
52.8
46.5
39.4
25.0
40.1
37.9
53.4
83.7
44.5

Right
29.3
27.8
55.6
53.4
34.1
25.0
39.0
43.5
55.4
89.9
45.3

3.2

3.2

8.5

8.4

15.9

18.5
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Fig. 3.16 Improvement Change in water contact angle at composite film surfaces
showing the effects of different modification processes.
The introduction described the use of co-solvent replacement process to reduce the
internal stress of composites, and the displacement of hydroxyl groups on cellulose by
acetylation to reduce the hydrogen-bonding density in composites. These
performance improvements in addition to bringing changes in the appearance of
samples were more directly reflected on improvements of the surface
hydrophilic/hydrophobic properties of the material. With the same 5 wt% rGO doping,
we observed that the composite film RGCF-AC (Figure 3.16), which has only been
processed by a single CSR step, has inconsistent hydrophilic/hydrophobic properties
across its surface. The maximum difference in WCA of the sample reached 58.7°(L)
and 64.9°(R), and the dispersion presented in standard deviation was 15.9 (L) and
18.5 (R), indicating that while the shrinkage of composites film after CSR process had
been controlled and was moderately reduced, the surface properties of the material
were not uniform, with some areas showing greater hydrophilicity, and others showing
more marked hydrophobicity. Compared with RGCF-AC, the single acetylation
sample RGCF-SA had an overall improved hydrophobic performance, and the
average water contact angle was increased because the hydrophilic hydroxyl groups
on the cellulose are partially replaced by acetyl groups with relatively poor hydrophilic
properties. After acetylation, the shrinkage during solvent loss of the material had
improved, but some situation due to uneven stresses such as cracks and excessive
shrinkage would still occur on the horizontal surface of the film material. When
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composite films were co-treated with acetylation-CSR, the hydrophilic/hydrophobic
performance of the material surface became more uniform. On sample RGCF-5
(midified by both acetylation and co-solvent replacement), the maximum angle
difference in the sample was only 13.9°(L) and 14.7°(R), and the standard deviations
on both sides were within 5.0. The dispersion of angle data was smaller, indicating
that the hydrophobic properties of the film at each sampling site are basically the
same. At the same time, the average water contact angle of both sides was
increased compared with RGCF-SA, showed the hydrophobic performance of the
material was further improved. After the acetylation-CSR modification, the shrinkage
of the film material can be controlled, and the film edges were neat, and the internal
stress and surface properties had both been promoted.

Fig. 3.17 Effect of rGO doping on water contact angle of composite films.
After discussing the effect of the modification process on the hydrophilic/hydrophobic
properties of the composite film surface, the effect of the doping different amount of
rGO on the surface properties of the film material is summarized from Figure 3.17.
First, the four composite film samples were prepared using the same processing
method. Each film (PUCF, RGCF-1, RGCF-5, andRGCF-10) was modified by cutting
and had neat edges, and shrinkage of the material was successfully controlled during
water replacement and took place in the vertical direction of films. The WCA
measurement of all samples showed that the surfaces of the films doped with different
contents of rGO all had a certain degree of hydrophobic performance and the
performance in each site of the films surface was more consistent, the WCA
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dispersion of all samples was below 6.0, and film surfaces did not observe the
excessively hydrophilic/hydrophobic area. We observed that the average WCA on
both sides of the acetylated cellulose film without rGO doping is about 55.6°. After
doping with 1 wt% rGO, the average water contact angle of the sample reached the
maximum (approximately average 63° on both side) and hydrophobic performance
presented the best, and then the average water contact angle and the hydrophobic
performance of samples decreased with the increase of the amount of rGO doping. As
the percent of rGO in the composite was increased further, the WCA of film samples
gradually decreased, the average WCA on both sides of the film sample doped with
10 wt% rGO RGCF-10 was lower than that of the film sample without rGO doped
PUCF, the hydrophobic property of the material was the lowest among the four film
samples. When composite film doped with a small amount of rGO, the surface tension
of the mixed flat surface composed of acetylated cellulose and rGO was further
reduced, showing an increase in the hydrophobic properties of the sample. Increasing
the rGO content may lead to greater coverage of rGO sheets on the surface of the film
which is likely to enhance the surface roughness. It was observed that addition of rGO
beyond the initial 1 wt% which increased hydrophobicity, lead to a progressive
decrease in WCA reflecting a reducing in hydrophobic properties. From the
experimental results, the composite film sample RGCF-1 doped with 1 wt% rGO had
the best hydrophobic properties.
b. Dynamic mechanical thermal analysis (DMTA)
The robustmess, and promotion of modular strength in the prepared composites was
tested through dynamic mechanical thermal analysis using a Perkin Elmer DMA 8000
(Perkin Elmer, UK) for dynamic testing. Measurments were conducted using the
temperature/time scan mode with the samples placed in a heating hood. Samples
were cut into small pieces of about 5 × 15 mm, the thickness was measured with a
digital spiral micrometer, and measured with single cantilever bending as the
deformation mode wth a fixed pitch of the sample of 10 mm. Samples were heated
from ambient (25 °C) to 250 °C at 2 °C min-1. .
The DMTA test mainly studied the dynamic mechanical properties of the four
composite film samples PUCF, RGCF-1, RGCF-5, and RGCF-10, and simultaneously
tested the unmodified composite film sample RGCF-NM (with 5% rGO doped), to
make a comparison of mechanical properties before and after modification.
Table 3.3 DMTA test: average thickness and glass transition temperature (Tg) of
composite film samples
Sample
Avg. THK / mm
Tgt (tan δ) / °C
Tgl (loss modulus) / °C

PUCF
0.135
233.5
214.3

RGCF-1
0.176
227.5
213.5

RGCF-5
0.350
225.3
199.5

RGCF-10
0.300
232.2
218.0

RGCF-NM
0.220
n.e.
n.e.

Avg. THK = average thickness; Tg = glass transition temperature (t represents determined by tan δ curves and l
represents determined by loss modulus curves); n.e. = Tg does not exist.

91

DMTA mainly examines the material strength performance of composite films from
room temperature through to its softening temperature. The main content of
composites was partially acetylated cellulose, while the main content of sample
RGCF-NM was cellulose. The existing literature showed that cellulose materials do
not have a softening temperature Tg, and decompose at about 300 °C. The softening
temperature Tg of cellulose diacetate (CDA) is 200 – 230 °C, and the softening
temperature Tg of cellulose triacetate (CTA) is 170 – 190 °C. The melting range of
CDA and CTA 260 – 310 °C.197-199

Fig. 3.18 Storage modulus curves of acetylated cellulose-rGO composite films and
non-modified cellulose-rGO composite film.
From the storage modulus (Figure 3.18) curves, we can see the difference of initial
modulus of the different composite films. The initial modulus of the film with partially
acetylated cellulose as the main content was inversely proportional to the doping
amount of rGO, with a decrease in strength upon doping with rGO. Because the
composites contained agglomerated rGO particles which was not completely
dispersed and a small part of large particles of reduced graphite oxide, with the higher
doping ratio of rGO, these parts could, at a macroscopic level disrupt the formation of
a homogeneous polymer continuum after regeneration leading to critical stress points
at which the composite causing the decrease of initial modulus.
Through the process of partial acetylation in the hydrogel state then CSR and drying,
the initial modulus of the acetylated cellulose material can be significantly improved.
In contrast, the research by Charvet et al. and Battirola et al. also mentioned two
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series of film material with cellulose acetate as the main body, which were prepared
by extrusion and coating respectively, the storage modulus at 50 °C of the composite
films under these two research were only 3 × 109 Pa and 2.8 × 109 Pa.200, 201 The
undoped rGO sample PUCF in this experiment has the largest initial storage modulus
at 50 °C , about 2.0 × 1010 Pa. The storage modulus strength was about 7 times
higher than the comparison samples mentioned above. The enhancement of the
storage modulus of composites may be due to the crystallization of the composite in
the state of cellulose hydrogel. The structural characteristics of the hydrogen-bonding
network made the connection between the molecular chains closer. After acetylation,
modification, and drying the crystalline characteristics can be retention, and storage
modulus increased. The initial storage modulus of RGCF-1, RGCF-5, and RGCF-10
had also reached 1.1 × 1010 Pa, 1.0 × 1010 Pa, and 4.9 × 109 Pa. Compared with
cellulose acetate materials prepared by traditional extrusion and coating, the storage
modulus of PUCF/RGCF series at room temperature all had improved. As an
experimental control, the initial storage modulus of the unmodified 5% rGO-doped film
sample RGCF-NM was about 5.6 × 109 Pa, which proved that the crystal space
structure crystallized in the hydrogel state did have a higher storage modulus. the
initial storage modulus of RGCF-5 with the same rGO doping amount was about twice
of RGCF-NM, indicating that acetylation and CSR treatment could also further
improve the storage modulus of the composites.
From the storage modulus curve, the storage modulus of the four acetylated samples
all begin to decrease with the increase of temperature until near the glass transition
temperature Tg. The storage modulus of the cellulose based sample RGCF-NM was
not sensitive to the temperature increasing at the front stage, then decreased when
the temperature raise above 180 °C.
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Fig. 3.19 Loss modulus curves of acetylated cellulose-rGO composite films and
non-modified cellulose-rGO composite film.
Loss modulus curves were derived by fitting to the data points shown in Figure 3.19.
The loss modules curve reflects the loss in storage modulus as a function of unit
temperature rise. First of all, it can be seen that the degree of dispersion of the scatter
points corresponding to different sample curves is very different. This was inversely
proportional to the thickness of film samples, The loss modulus data points of the
thinnest PUCF sample (average thickness showed in Table 3.3) showed the largest
dispersion, while the thicker RGCF-10 and RGCF-10 data points had a better fit.
When the film material was thinner, the synergistic feedback of each point on the film
to the sinusoidal force is more inconsistent, resulting in a discrete distribution of the
recorded data points and a greater range of variation in the data. In contrast, for the
thicker samples, the data is more consistent with less deviation from the fitting curve.
Secondly, when the degree of compression is applied to films during drying, the final
film thickness of the sample containing a greater proportion of rGO doping was also
thicker. The reason might be the same as the decrease in storage modulus, because
agglomerated rGO and large particles of reduced graphite oxide were present in the
film, together with the cellulose molecular chains coated around them, the composite
film was suppressed from compression in the vertical direction, making the overall film
thickness greater.
On the loss modulus curve, it can be observed that in the interval of 80 – 180 °C, the
acetylated films were in a stable modulus loss interval, the storage modulus gradually
decreased. After that, there would be a peak on the loss modulus curve, which can be
94

regarded as the glass transition temperature of the composite measured by the loss
modulus, denoted as Tgl. The Tgl of PUCF, RGCF-1, RGCF-5, and RGCF-10 were
marked at 214.3 °C, 213.5 °C, 199.5 °C, and 218.0 °C (Table 3.3). After Tgl, the loss
modulus of composite decreased rapidly, indicating that the mechanical properties of
this composite had gradually shifted from the brittle zone to the softening zone. It is
worth noting that the Tgl of RGCF-5 appeared at 199.5°C, which was about 15 °C
earlier than the Tgl of three other samples (around 215 °C). However, the loss
modulus curve of the cellulose based sample RGCF-NM did not show a Tgl peak. The
result is the film does not have the Tgl, which is consistent with the conclusion that the
Tg of cellulose does not exist in the literature.198

Fig. 3.20 DMTA Tan δ curves of acetylated cellulose-rGO composite films and
non-modified cellulose-rGO composite film.
Tan δ curves (Figure 3.20) more intuitively reflected the sensitivity of the composite
material to temperature, which can be regarded as the ratio of the viscous portion to
the elastic portion of the composites. If there was a peak point in Tan δ curves, the
viscoelastic ratio of the composite material appears at a maximum value at this point.
The decay rate of the composite material decreases significantly after this point as the
elastic portion of the composite material had completed the transformation from the
glass state to the rubbery state. This maximum can be identified as the glass
transition temperature determined by Tan δ, denoted as Tgt (Table 3.3). The Tgt of the
four acetylated cellulose-based film samples PUCF, RGCF-1, RGCF-5, and RGCF-10
in this experiment were respectively 233.5 °C, 227.5 °C, 225.3 °C, and 232.2 °C. The
Tgt and Tgl measured in the DMTA test are both within the Tg temperature range 200 –
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230 °C of cellulose diacetate. Although this experiment did not perform a degree of
substitution (DS) test on composites, the softening temperature measured by DMTA
can infer that the DS of the acetylated cellulose of the main content of the composite
material should be closer to CDA. It can be concluded that the doping of rGO will not
affect the Tgt value of acetylated cellulose.
This indicates that incorporation of rGO does not affect the chain-end movement of
acetylated cellulose. A likely explanation is that the combined acetylation of cellulose
and GO reduction greatly reduce the hydrogen-bonding density in the polymer
network, and the hydro/oxygen groups on GO had been reduced and replaced, the
force between the acetylated cellulose molecules and rGO sheets almost
disappeared after drying, therefore rGO does not restrict the chain-end movement of
acetylated cellulose near the Tg, such that the Tgt of samples with different rGO
doping amount is decoupled from the rGO content. The cellulose-based sample
RGCF-NM also did not show a Tgt value in the Tan δ curve, as the same showed in
the loss modulus curve of RGCF-NM, there was no Tg in the cellulose-based
composite.
It can be clearly observed that at the Tgt, the Tan δ value of the RGCF-5 sample was
about 0.4, which was much higher than the value of the other three samples at this
point. The Tan δ peak curve of RGCF-5 showed that the RGCF-5 composite had the
highest sensitivity to temperature, the difference between Tgt and Tgl of RGCF-5 film
reached 25.8 °C, which was the largest difference among all acetylated film samples.
The Tan δ curve trends of PUCF and RGCF-1 were basically the same, and the Tan δ
value of RGCF-10 at Tgt was slightly larger than the previous two samples.
In summary, the doping of rGO into the cellulose composites at low levels appears to
would affect the initial storage modulus strength of composites, with reinforcement of
the modulus apparent, but does not have a significant impact on the Tg of acetylated
fiber substrates, indicating that there was almost no weak bond (such as hydrogen
bond) between the two phases in the composite. PUCF showed the best initial
storage modulus strength and RGCF-5 showed the most temperature-sensitive
characteristics. The DS of acetylated cellulose can be considered to be around 2, and
the comprehensive modification process improved the mechanical modulus of
composites.

3.3.3 Composites exterior and microscopy analysis
a. Optical microscope (OM) observation of composite hydrogels
Microscopic sample images were observed by optical microscope, equipped with SLR
camera (Olympus BX50 Microscopic system and E series SLR camera, Olympus
Corp., Japan) to obtain microscopic photos.
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Fig. 3.21 Samples appearance of non-modified rGO doped cellulose hydrogel films:
a) RFCF-1 hydrogel film and b) RGCF-5 hydrogel film, regeneration from water bath.
One of the key observations that can be made from the regenerated composite
hydrogel samples is that there significant directional growth patterns can be seek in
the monolithic composites. These resemble facets of crystallization and as such,
contrast with the typical amorphous hydrogel form of cellulose typically obtained by
regeneration.
From the image of the RGCF hydrogel samples (Figure 3.21), it can be clearly seen
that the cellulose hydrogel (including non-rGO doped sample) was not in the disorder
gel network state of the general hydrogel during the regeneration-coagulation process.
Observed from the morphology of 7 × 7 cm regenerated hydrogel films, the hydrogel
film was composed of several cross-linked cellulose hydrogel polygonal units. The
cellulose hydrogel in each unit spontaneously assembled into many gel bundles. The
bundles start to grow from the growth center (also can be called the 'core') among a
radial shape up to the edge of the unit, cross-linked with the cellulose gel bundles of
other units. The directional coagulation phenomenon of cellulose hydrogel was also
observed by the longitudinal honeycomb cellulose skeleton arrangement in the
cellulose freeze-dried aerogel prepared in Section 2.4.2 and the introduction in
Section 1.5.2.122
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Fig. 3.22 c) Surface and d) edge microscopic images of d) cellulose hydrogel film
samples; and b) light dispersion phenomenon observed by hydrogel under the beam.
It was also observed that in different batches and different rGO doped cellulose
hydrogel film samples, there was significant differences in the size of the coagulation
unit, which might be due to the amount of dope added in the mold and the content of
rGO (not yet reduced at this time) and the press of the fixed mold was different, similar
to the crystal crystallization process, due to a difference in the penetration rate of
water and more solid phase of rGO exists in the cellulose dope system, which made
the hydrogel film generate more 'cores' per unit area. The optical appearance
characteristic of the directional hydrogel bundles enveloping water and rGO made the
radial coagulation state can be observed by the naked eye, but this characteristic
disappeared when sample was dried (in Section 3.3.3 b).
Cut the small piece of hydrogel sample and observed its surface under an optical
microscope (Figure 3.22 c), it could be clearly seen that the gel bundles were
regularly and evenly arranged in the growth unit under optical magnification. Gel
bundles had a cross-linked region between two growth area edges. The gel-HB
network composed of cellulose and water connected several units to make into a
whole, ensuring that the structure of the hydrogel film as a whole material was without
strength defects. In addition to the regular arrangement of hydrogel bundles in the
growth unit, we also observed that there were some irregularly regenerated hydrogel
particles on the surface area. These hydrogel particles may be because part of
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cellulose dope did not participate in the regular arrangement when regenerated in the
mold and cellulose molecules were separated out to the surface then regeneration
during the water-IL exchange process. The micrograph showed that the hydrogel
particles on the surface would not insert or affect the arrangement of the cellulose
hydrogel bundles, which proved that the regeneration process of the hydrogel film
was regular and orderly. From the edge photos of the hydrogel film (Figure 3.22 b),
the regular arrangement of the hydrogel bundles can also be observed. And no tear
parallel to the direction of the hydrogel bundle growing was observed at the edge,
indicating that the arrangement and connection between the growth directions of the
hydrogel bundle had structure strength.
In the structure of the hydrogel, some larger size agglomerated graphene particles
can be observed. This was because in the cellulose dissolving process,
water-dispersed GO and other materials with better dispersibility cannot be used
because of the addition of water would directly regenerate cellulose. The ultrasonic
process after adding powdered solid GO could not completely break-up GO
aggregates leading to the presence of undispersed rGO in the material. As discussed
in the DMTA results, the presence of these agglomerated rGO may cause the overall
modulus strength of the material to be decreased. At the same time, it can be
observed that there were some thin layers of rGO in the material, but the smaller
particle of rGO needed to be observed through a scanning electron microscope.
Observing a small piece of hydrogel under the light beam (Figure 3.22 b), it can be
seen that when the light beam was perpendicular to the two-dimensional growth
direction of the hydrogel bundle, it can be observed that the beam has a dispersion
phenomenon. The regular growth of gel bundles makes the light refractive index
uniformly inside the gel bundles produced prism effect proved that the hydrogel
bundles arranged along the growth direction were uniform and orderly.
It should be noted that these patterns and observations of birefringence under
polarising microscopy are consistent with organisation and structure, however XRD
results do not show strong diffraction suggesting that this reflects long-range
macroscopic layering of polymers strands templated by the rGO present in
composites rather than any evidence of low, atomic scale crystallinity.
b. Appearance of composite films and scanning electron microscope (SEM)
images
Since a key point of this project is to reduce the shrinkage and achieve shape control
of the cellulose composite materials when drying from the hydrogel state, in addition
to the various characterization tests of the final composite materials, the direct
appearance characteristics of the composite material reflect the result of shape
control. Since the hydrogel films were all regenerated by the fixed-size mold, the initial
surface area of the hydrogel film was 7 × 7 cm, and then films were evenly divided into
two slices of 7 × 3.5 cm, to specifically quantify the degree of surface area shrinkage
of composite films, here introduced the concept of shrinkage rate of film area
(Equation 4):
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shrinkage rate % = 100 % −

𝑆dry film
𝑆hydrogel film

(4)

First observed and compared three film appearances processed by the single
acetylation (RGCF-SA) and the single co-solvent replacement (RGCF-AC, final
solvent as acetonitrile and RGCF-TL, final solvent as toluene). It can be seen (Figure
3.23) that the samples of the control group cannot maintain the original shape before
drying, and the shrinkage phenomenon on the film plane was obvious. Due to
irregular shapes, the surface area of the sample film was converted into the actual
area in cm-1 through the Adobe Photoshop cc® selected area pixel statistics, the area
of hydrogel films was calculated as 7 cm × 3.5 cm.

Fig. 3.23 Composite film appearances of control group: RGCF-SA, RGCF-AC, and
RGCF-TL
On the whole observation, single acetylation or single co-solvent replacement cannot
well achieve the shape control of composite films. The final morphology of the three
samples was irregular, and the shrinkage rate of film area all were above 60%
(RGCF-SA ~60 %, RGCF-AC ~67 %, and RGCF-TL ~72 %). From the appearance
and shrinkage of the samples, the shrinkage of RGCF-SA was the lowest among the
three, but the surface was not flat, and there were obvious bumps and agglomerations
on RGCF-SA surface, and the film body also cracked during drying. After drying, the
shrinkage of RGCF-AC and RGCF-TL all were relatively large, and the film surface
area shrinked to less than 1/3 of that in the hydrogel state. The morphology of
RGCF-TL remained the worst, with severe shrinkage on all four edges. It can be
observed that after co-solvent replacement process, the film surface was relatively flat
and smooth, the overall thickness was reduced, but part of the white cellulose on the
film surface of RGCF-AC and RGCF-TL had separated out from the cellulose-rGO
system.
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The morphological result of RGCF-SA showed acetylation can reduce the
hydrogen-bonding density (mainly cellulose-cellulose) in the original cellulose
composites, which can decrease the shrinkage rate of film composites, but the
uneven surface and film body cracking indicated that the acetylation cannot improve
the internal stress structure. The morphological results of RGCF-AC and RGCF-TL
showed that co-solvent replacement had little positive effect on reducing shrinkage
rate. The film plane shrunk more seriously, but the CSR process made the shape of
film composites more compact and surface more smooth, indicating that when the
water contents in the hydrogel was sequentially replaced by other solvents with low
hydrogen-bonding strength, the uneven internal stress (mainly cellulose-solvent
-cellulose) in the gel state had been improved.

Fig. 3.24 Composite film appearances after acetylation and co-solvent replacement
(CSR) process: a) PUCF, b) RGCF-1, c) RGCF-5, and d) RGCF-10.
Final acetylated composite films modified by acetylation and co-solvent replacement
basically achieved the project goal of realizing film morphology control after drying.
The sample image (Figure 3.24) of composites films showed that the sample shape of
the four films basically maintained the same long rectangular shape as before drying,
except for a small amount of shrinkage and bubble holes caused by uneven cellulose
dope filling and incomplete exhaust, the thickness and surface of composite films had
reached a uniform and flat state. The shrinkage rates of the four sample composite
films were about 15 % (PUCF 15.1 %, RGCF-1 13.8 %, RGCF-5 15.5 %, and
RGCF-10 16.9 %). Compared with the single modification process, the shrinkage rate
of the sample was greatly reduced, which proved that the two-step modification can
successfully achieve the morphological control of the sample films. Compared with
the films of control group, the surface texture of the final composite films was closer to
the sample films modificated by single CSR process, but none white acetylated
cellulose separate-out was observed on the surface, and the shrinkage around bubble
holes on sample surface has been obvious narrowed.
By comparison, it can be seen that after the common modification of acetylation and
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co-solvent replacement, the internal stress in the structure of cellulose hydrogel had
been significantly reduced, so that a feasible solution was found to control the
shrinkage of hydrogel films in the drying process mainly in the vertical direction.

Fig. 3.25 SEM micrographs of surface and edge of RGCF-10
Due to the poor light transmittance of rGO-doped film samples, observed the surface
details of the film samples by a field emission scanning electron microscope scanning
electron microscopy (SEM, FEI Quanta 400 Thermal FE Environment scanning
electron microscopy) with an operating voltage at 10-20 kV, the SEM configuration
parameters used are as shown in the figure, a thin gold layer were coated on the
surface.
The RGCF-10 film surface under the microscope (Figure 3.25) was similar to the
surface photo of Figure 3.10 b, but the flatness was better. The dried sample can no
longer observe the directional gel bundle details shown in the OM image (Figure 3.22)
in the hydrogel state. It showed that after the solvent component was removed after
drying, the acetylated cellulose molecular chains were compressed and arranged into
a unified film structure, and there were no pores or cracks that may be caused by the
removal of the liquid phase component can be observed, which was consistent with
the low porosity expectation of the hydrogel drying in the oven. It can be figured out
that the irregular hydrogel bundles on the surface which was observed in in Figure
3.22 c of the hydrogel were retained on the surface after drying, but it would not affect
the flat structure of the surface. It can be observed that there was a small amount of
rGO wrinkled structure on the surface, but most of the details of the rGO structure
coated with acetylated cellulose cannot be clearly obtained from the SEM micrograph.
On the whole, the film surface of RGCF-10 was smooth and with no porosity, and
there was no local fracture or wrinkle caused by uneven internal stress of the
composite. In the details of the edges of the film, it can be seen that the film stacking
structure with directionality and lamination properties can be observed at the broken,
and it was also a dense and non-porous structure. After drying, the internal acetylated
cellulose skeleton characteristics of the composites were retained, and the down
pressure given during the drying process allowed the liquid phase components to be
102

discharged, while the solid components of the composites are compressed in the
vertical direction to maintain the surface structure were not to be shrunken.
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4. Conclusion
This project is carried out under the premise of Environmental-friendly polymer
chemistry as the general background. After discussing the industrial application and
prospects of natural polymer-cellulose, the hydrogen bond acceptor ionic liquids
(HBA-ILs) was selected as cellulose good solvent to carry out the research on the
preparation of composites from cellulose. At the same time, graphene is used as the
doped object to study the performance improvement of cellulose-graphene
composites. In the research process of the subject, a key issue emerged-cellulose
hydrogel will occur serious irregular shrinkage during the transition from loss of water
to composites. In order to make the final composite material achieve a controllable
shape, the project cited the modification methods (acetylation and co-solvent
replacement) successfully applied in some projects and improved them to be applied
in the project. And developed the method of compression to restrict shrinkage vectors
and allow cellulose forms to be cast to finally achieve the goal of shap control. It can
be summarized in the following aspects:
a. Demonstration of a systematically feasible experimental program – use
HBA-ILs as a solvent to dissolve amorphous cellulose, dope and disperse the
prepared GO (commercialized GO can be used as a raw material in the future),
using water as the antisolvent to regenerate dope, an integrated cellulose-GO
hydrogel system can be obtained. After in-situ reduction, dehydration, acetylation,
co-solvent replacement, drying under compression control, a graphene doped
partially acetylated cellulose film with controllable morphology is finally
obtained.
b. Methods to incorporate GO and rGO into cellulosic polymer composites –
After GO doping to the cellulose-ILs system and regenerated, GO can be
successfully added and dispersed into the composite system, and there is almost
no loss of GO raw materials in the process. The feasibility of passing in situ
reduction of GO to rGO in the hydrogel composites system was verified.
c. Modify the surface of cellulose through acetylation and reduce its internal
stress through co-solvent replacement (CSR) step, indicate its appearance
and mechanical properties after drying are improved. Controllable performance
improvement helps to explore more innovative applications of cellulosic materials
in industry.
d. Using compression to restrict shrinkage vectors and allow cellulose forms
to be cast, the unique method developed in this project for controlling
morphological shrinkage in the drying step provides a new control-step solution for
the future use of ILs to dissolve-regenerate-drying to prepare cellulosic
composites.
In
practical
applications,
in
addition
to
the
coating-regeneration-drying process, it is indeed possible to obtain the film
material through cast-regeneration-and then compress the material longitudinally
during the drying process.
e. Mechanical performance conclusion from characterization of the different
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materials, especially the demonstration that addition of GO/rGO can lead to
stronger, more flexible composites. The improvement of the mechanical properties
of materials gives more reasonable options in the direction of application, for
example, the development of brittle materials to flexible cellulose materials. Finally
because of the doping of graphene, the feasibility of the most
flexible-environmentally friendly-supercapacitor can be explored.
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