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Cyclic carbonates as green reactants for improving thermoplas-
tic properties of lignocellulosic materials
Rattanpon Tansatien
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
Lignocellulosic materials are attractive raw materials for producing thermoplastics with more sus-
tainable manufacturing. They come from a renewable source that can reduce the dependency on
conventional fossil-based feedstock and has good tensile properties. However, their polymeric chains
have poor mobility because of the multiple hydrogen bonds of their hydroxyl groups, which is an essen-
tial obstacle for thermoplastic processing. To improve their thermoplasticity, their hydroxyl groups can
be converted by chemical modifications that introduce the side groups that can increase the flowability
of their chains. In this study, unbleached softwood kraft pulp was oxyalkylated with cyclic carbonates
(propylene carbonate and ethylene carbonate), acting as a reactant and medium. These two reactants
create low environmental impacts because of their biodegradability and low toxicity. In addition, they
are also safer compounds from their high boiling point, flash point, and vapor pressure. The influence
of temperature, catalysts, and reaction time were investigated. The molecular structures, purity, and
thermal properties of the modified products were also evaluated. The chemical modification with ethy-
lene carbonate provides the highest yields and appears to be the most effective pathway to substitute
hydroxyl groups with the alkyl side chains. In addition, the products from the chemical modifications
with ethylene carbonate have a higher purity and are easier to separate than the products from the
chemical modifications with propylene carbonate. Increasing the temperature and amount of catalyst
promotes the substitutions on the hydroxyl group. Finally, the modified pulp from chemical modifi-
cation with ethylene carbonate at a higher temperature and amount of catalyst has better thermal
properties than the unmodified pulp. The glass-transition temperature (Tg) of the modified pulp can
be detected at approximately 180 °C while the Tg of its raw material is above 220 °C, so the polymeric
chains of modified pulp become more flowable.

Keywords: Lignocellulosic materials, thermoplasticity, oxyalkylation, propylene carbonate, ethylene
carbonate, yields

v





List of Acronyms
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1
Introduction

Softwood pulps are an attractive alternative to raw materials for making thermoplastics due to the
declining availability of fossil fuels and increasing environmental awareness. It is a renewable and
structurally strong biopolymer from biomass. It has better tensile strength and fracture toughness
properties than hardwood pulps[2]. The main process for producing softwood pulps is kraft, called
softwood kraft pulp. Unbleached softwood kraft pulp (USKP) compositions are cellulose, hemicellu-
lose, and lignin. All lignin in USKP can be bleached and removed to produce bleached softwood kraft
pulp (BSKP). The compositions in USKP and BSKP create strong intra- and inter-interactions via
for example hydrogen bonds from their hydroxyl groups, so it lacks flowable properties attributed to
thermoplastics. Melt-flow occurrence of polymer requires a higher temperature than its glass tran-
sition temperatures (Tg), but Tg of unmodified biomass can be over 200 °C[3]. Their temperatures
of melt-flow behavior are usually higher than their decomposition temperatures, so the unmodified
biomass is unusable in conventional and economical thermoplastics processing. Chemical modifica-
tions of the hydroxyl groups within the lignocellulose components can reduce hydrogen bonding and
increase free volume from introduced side groups. As a result, chain mobility and thermoplasticity are
improved[4][5].

Etherification on the hydroxyl groups of lignocellulose compositions by the reaction with alkylene
oxides, especially with propylene oxide (PO), is one of the most well-known chemical modifications[6].
The etherification with propylene oxide has selectivity on the phenolic hydroxyl group of kraft lignin[7]
and offers good thermal properties that are preferable for thermoplastics synthesis. Similarly, the lower
Tg of hemicellulose is the product of the reaction with PO[8]. However, the etherification of PO reaction
on lignin must be performed in a pressurized reactor (10 - 20 bar) and temperature at 150 - 180 °C[9],
while PO has high flammability, vapor pressure, and health hazards. Therefore, other chemicals with
less hazardous properties are conducted to modify lignocellulosic polymers.

The chemical modifications of lignocellulosic polymers in biomass with cyclic carbonates are a promis-
ing pathway to valorize this renewable resource. Cyclic carbonates are interesting reactants in green
chemistry principle because they are low toxicity and vapor pressure, high boiling and flash points,
biodegradability, and high solvency[10]. They etherify with phenolic and aliphatic hydroxyl groups
of lignocellulosic compounds and offer new properties of these biopolymers. Recently, several inves-
tigations about this procedure have been done, including corncob with ethylene carbonate[11], wood
sawdust and peat with ethylene carbonate[12], lignin with propylene carbonate[13], condensed tannins,
organosolv and kraft softwood lignin with vinyl ethylene carbonate[14], and propylene carbonate with
xylan[15][16]. The investigations have indicated that the chemical modification of lignocellulose with
cyclic carbonates can be conducted at temperatures of about 140 - 180 °C under atmospheric pressure.
DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene) and potassium carbonate (K2CO3) are pervasive catalyst.
In addition, cyclic carbonates act as medium and reactant for most systems.
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1. Introduction

The relationship between modified lignocellulosic polymers with cyclic carbonates and their thermal
properties is reported[9]. Soda lignin and condensed tannins are reacted with ethylene carbonate
(EC), propylene carbonate (PC), vinyl ethylene carbonate (VEC), and glycerol carbonate (GC) under
solvent-free conditions, and (K2CO3) is a catalyst for all reactions. Glass transition temperature
(Tg) of modified lignin and tannins were considerably lower when compared to their origins. VEC
offered the lowest Tg of modified lignin and tannins because VEC induced a higher free volume of
modified biopolymers than the other three cyclic carbonates. However, VEC is an expensive compound.
Meanwhile, the modified products from GC have the highest Tg due to introducing new hydrogen
bonds. The modified lignins from EC and PC have a slightly different Tg. They also have the
potential to increase their free volume from chain extension by increasing the reaction time that can
decrease more Tg. EC and PC have different advantages for the chemical modification of softwood
kraft pulp. PC is preferable for process design because it is liquid, while EC is solid (melting point 34
to 37 °C). However, EC is more reactive than PC, which is more beneficial in the chemical reaction
aspect.

This study presents the pathways for modifying the unbleached softwood kraft pulp to have bet-
ter thermal properties for thermoplastic processing by cyclic carbonates (EC and PC) and catalysts
(K2CO3 and DBU). The temperatures, reaction times, and concentration of catalysts that can impact
the properties of products are evaluated to identify the most appropriate pathway in green chemistry
and economic approaches. Modified and dried samples are weighed to estimate the yields of reactions.
The deeper insights regarding their structure and reaction mechanism are characterized by FTIR
spectroscopy while their thermal properties are analyzed by dynamic mechanical analysis (DMA).

1.1 Objectives
This study aims to illustrate a green pathway for modifying the properties of lignocellulosic fibers
in the unbleached softwood kraft pulp (USKP) into preferable thermoplastic materials. The mecha-
nism of reaction and properties of the modified products are analyzed to reach the following objectives:

1) To investigate the effects of parameters of chemical modifications with cyclic carbonates on ligno-
cellulose fibers

2) To optimize the chemical modifications of unbleached softwood kraft pulp with cyclic carbonates

3) To reduce glass transition temperatures (Tg) of lignocellulosic fibers with cyclic carbonates

1.2 FibRe
This work is associated with FibRe, a Vinnova competence center, which is a research consortium
between academia (Chalmers University of Technology and KTH Royal Institute of Technology), in-
dustry, and public organization partners. The vision is a sustainable society where thermoplastic
fossil-based plastics are replaced by lignocellulose-based materials. This thesis is a part of the collab-
oration between Chalmers University of Technology and Tetra Pak.
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2
Background

2.1 Unbleached Softwood Kraft Pulp (USKP)
USKP is lignocellulosic fibers that are produced by kraft cooking of softwood, which is the intermediate
procedure of the kraft pulping process. USKP has a higher tensile index than unbleached hardwood
kraft pulp (UHKP) because of fiber strength and length characteristics[17]. The largest composition
in USKP is cellulose at approximately 65.2-69 % while hemicellulose is about 20-22 % and lignin is
about 8.8-13.8 %[18].

2.1.1 Cellulose
Cellulose is the most abundant natural polymer and the major component of softwood (37-43%)[19].
It is a homopolysaccharide of glucose units linked together by β-(1→ 4) glycosidic bonds. The multiple
hydroxyl groups on the glucose from one chain form strong hydrogen bonds with oxygen atoms on the
same or on another chain. The chains are packed into crystalline fibers referred to as “microfibrils”
that align to form oriented sheets[20]. The fibrils consist of crystalline and amorphous regions. It is
found as the lowest reactive composition in lignocellulosic materials[21], but some chemical reactions
can be done on the amorphous regions[22], glycosidic bonds, and hydroxyl groups.

Figure 2.1: Molecular structure of lignocellulose fibers component.(reproduced from Han Young
Jung[1])

3



2. Background

2.1.2 Hemicellulose
Hemicellulose is a heterogeneous biopolymer composed of several sugars, such as xylose, arabinose,
mannose, glucose, and galactose, that are C5 (pentoses) or C6 (hexoses) sugars[23]. The main hemi-
celluloses in softwood are arabinoglucuronoxylans (5–10%) and galactoglucomannans (20-25%)[24].
Xylans are the backbones of arabinoglucuroxylans and the homopolymer of xylose units linked with β-
(1→ 4)glycosidic bonds while glucuronic and arabinose are substituted side groups. The molar ratio of
arabinose/glucuronic acid/xylose is 1:2:8[25]. The backbones of galactoglucomannans are formed by
β-(1→ 4) glycosidic bonds of glucose and mannose units, while galactose is the side group. Typically,
overall molar ratios of galactose/glucose/mannose in softwoods are 0.5:1:3.5[25]. Hemicellulose is more
reactive and soluble than cellulose. The presence of hemicellulose makes the cell wall of the plant
strengthened by interaction with cellulose[26].

2.1.3 Lignin
Lignin is one of the most abundant natural polymers and consists of an aromantic structure[27]. Lignin
is an important component of the middle lamella in the plant cell wall. The molecular structure of
lignin is a randomly branched polyphenol that is composed of substituted phenyl rings and phenolic
and aliphatic hydroxyl groups with numerous hydrogen bondings between hydroxyl groups and various
ether oxygens and carboxylic acid groups[3][28]. Lignin monomeric composition varies widely among
species. Hardwoods have a mixture of guaiacyl (G) and syringyl (S) units and a minor amount
of p-hydroxyphenyl (H)-units, while softwoods are predominantly composed of (G)-units (around 90
%) with small quantities of p-hydroxyphenyl (H)-units[29]. Softwood lignin has higher cross-linked
than hardwood lignin[30]. The different structures of lignins make (Tg) softwood kraft lignin higher
than hardwood kraft lignin[31]. The appearance of lignin in the pulp contributes to the longitudinal
Young’s modulus of the fiber, so the unbleached pulp has a higher tensile index and superiority for use
as stiffening reinforcement than bleached pulp [32][33].

2.2 Thermoplastics from lignocellulose
Thermoplastics are a class of polymeric materials that can be softened and melted by the application
of heat and solidified after cooling. The general thermoplastic production processes are injection,
molding, extrusion, blow molding, and thermoforming[34]. As a polymer, thermoplastics exhibit the
glass transition temperature (Tg) defined as the temperature at or above which the molecular structure
shows macromolecular mobility[35]. So, thermoplastics must be processed above this temperature.

The lignocellulosic materials are composite materials composed of cellulose, hemicelluloses, and lignin.
The lignin coils hemicelluloses and cellulose and forms a rigid three-dimensional network that affects the
thermoplasticity of the fibers because of the poor mobility of polymer chains[36]. Moreover, cellulose
has massive intramolecular and intermolecular hydrogen bonds that make the wood fibers have melting
points (Tm) and Tg higher than its decomposition temperature[3]. Therefore, unmodified wood fibers
cannot be melt-processed directly through conventional extrusion or molding processing methods[37].

To increase the applications of lignocellulosic materials for thermoplastics, the chemical modifications
of the hydroxyl groups within their components can intervene with hydrogen bonding and introduce
side groups. These chemical reactions benefit their chain mobility and yield more thermoplasticity of
lignocellulosic materials. Biomass from forestry and agricultural residues is etherified on its hydroxyl
groups by propylene oxide (oxypropylation) and converted into viscous polyols that have the potential
to be further processed to polyurethanes[38]. Meanwhile, the mixture of trifluoroacetic acid (TFA) and
propionic anhydride reacts via esterification with hydroxyl groups of the wood and produce a product
that exhibits thermoplasticity and good fluidity[39]. The disadvantages of these two modifications
are the safety and environmental issues of the reactants. PO is an extremely flammable compound
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2. Background

with low vapor pressure and a carcinogenic effect[40]. TFA is a persistent chemical and hazardous to
aquatic life. Meanwhile, propionic anhydride is a toxic, corrosive, flammable, reactive, and unstable
compound that requires special handling conditions[41].

2.3 Cyclic carbonates
Cyclic carbonates are organic compounds with a carbonate ester functional group. They have a great
industrial interest due to their versatility in being used as reagents, solvents, diluents, and monomers
for polymers[42]. The most attractive process for cyclic carbonates is the reaction between carbon
dioxide (CO2) and epoxides. In this process, a greenhouse gas (CO2) is converted into useful chemical
products with 100% atom efficiency as the following reaction(2.1).

R − CHCH2O + CO2 → R − CHCH2O2CO (2.1)

Another advantage of this reaction is thermodynamically favorable as a result of the high free energy
of epoxides, which counterbalances the high thermodynamic stability of CO2. Therefore, this process
corresponds to the context of green chemistry as its atom economy and utilizes a renewable and widely
available feedstock as CO2[43] and becomes one of the most promising routes for carbon capture and
utilization (CCU)[44].

The main drawback of this process is epoxides. The pervasive epoxides for the reaction with CO2 are
propylene oxide (PO) and ethylene oxide (EO), which are extremely flammable, volatile, and produced
from non-renewable petroleum feedstock[43]. The reaction between EO and CO2 produces EC, while
PO reacts with CO2 to form PC. Compared to their raw materials, EC and PC have higher boiling
points and lower vapor pressures. They also have lower flammability from their higher flash points
that are illustrated in table 2.1. Therefore, they are safer chemicals than their raw materials.

Table 2.1: Physical properties of EO, EC, PO, and EC

Chemicals EO EC PO PC
Appearence Colorless gas Colorless solid Colorless liquid Colorless liquid

Melting point (°C) -112.5 34 to 38 -111.9 -48.8
Boiling point (°C) 10 248 34.23 241.6

Vapor pressure 1109.6 0.0098 445 0.045
(mmHg) (20 °C) (25 °C) (20 °C) (25 °C)

Flash point(°C) 20 150 37 132

Additionally, PC is considered a green solvent due to its low viscosity, non-corrosive, colorless, and
odorless solvent[45][46]. In the environmental aspects, PC is biodegradable in air and in water, where
it slowly decomposes to low toxicity products such as propylene glycol and carbon dioxide[47]. EC has
similar properties to PC, but it is a solid at room temperature, so it is less suitable to be used as a
solvent[48].
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2. Background

2.4 Chemical modification of lignocellulose with cyclic carbon-
ates

Cyclic carbonates are advantageous chemicals for the chemical modification of lignocellulosic-derived
feedstock. Liu et al.[49] used EC to serve as both the reagent and the solvent in the chemical reaction
with lignin. The main reaction is oxyalkylation on aliphatic and phenolic hydroxyl groups of its
composition and creates longer side chains that are called grafting. Cellulose and hemicellulose consist
of considerable aliphatic hydroxyl groups in their structure. In the case of lignin, it has both aliphatic
and phenolic hydroxyl groups, but the appeared carboxylic acid in its structure from kraft cooking
can also be alkylated by cyclic carbonates[27][50]. The carboxylic groups have the highest acidity
compared to aliphatic and phenolic hydroxyl groups. Meanwhile, phenolic hydroxyl groups are more
acidic than aliphatic hydroxyl groups because the phenyl ring is an electron-withdrawing group and
increases deprotonation.

Figure 2.2: Molecular structure of EC (Left) and PC (Right)

Cyclic carbonates have two electrophilic sites: one carbonyl carbon atom (C O) and two alkyl carbon
atoms (C C). The alkyl carbon atoms of cyclic carbonate alkylate phenols or carboxylic acids simul-
taneously release CO2 (Scheme a) while carbonyl carbon atom reacts transesterification with aliphatic
hydroxyl groups and forms the carbonate linkages (Scheme b)[27]. Two reactions pathways are illus-
trated in Figure 2.3. The electrophilicity of alkyl carbon atoms depends on the substituted group on
the carbon atom. The methyl ( CH3) group in PC is a stronger electron-donating substituent than
hydrogen ( H) in EC. Consequently, EC has stronger electrophilic sites and becomes more reactive
than PC.

Duval and Avérous[9] verified the reactivity of EC and PC by etherifying soda lignin at the same
temperature(150 °C) under solvent-free conditions with K2CO3 catalyst. They found that EC provided
a higher mass of the final product at a shorter reaction time than PC. Kühnel et al[27] also studied the
degree of substitution (DS) of oxyalkylation of various lignin sources. Their cyclic carbonates were EC,
PC, BC (Butylene Carbonate), and GC (Glycerol Carbonate). Although they raised the temperature
to 170 °C and changed the catalyst to DBU, EC still delivered the highest DS.

Akil et al[15]. studied the reaction between PC in dimethyl sulfoxide (DMSO) and xylan (majority
aliphatic hydroxyl compound) from oat spelt and beech wood. The reaction was operated at 140 °C
and 160 °C with DBU catalyst, while the reaction times were 40, 80, 160, and 240 minutes. They
found that higher temperatures and longer reaction times can increase the amount of substituted
xylans. However, a higher temperature can induce DMSO degradation[51].
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2. Background

Kühnel et al.[13] varied the amount of PC and catalysts for oxyalkylation of lignin. The higher
amount of PC can raise the substituted OH groups, but it can dilute catalyst concentration, slightly
decreasing the DS value. Their investigations also included the comparison between DBU and K2CO3.
DBU contributed higher conversion rates of the hydroxyl groups, longer grafted chains, and diminished
crosslinking reactions, but it is a more harmful chemical for humans and long-term aquatic hazards[52].

Chamú-Muñoz et al.[11] studied chemical modification with EC on corncob that consists of cellulose,
hemicellulose, and lignin. In the liquid phase reaction under ambient pressure, they discovered that
temperature at 190 °C offered the highest gained weight, but extending the reaction time from 80 min
to 120 min does not create significantly gained weight of modified lignocellulose materials.

Figure 2.3: Reaction pathways between cyclic carbonate and functional groups in lignocellulose
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3
Methods

3.1 Raw Materials
Never-dried unbleached softwood kraft pulp was freeze-dried. At laboratory condition, the moisture
content in the pulp is 3.3%, determined by the difference between the weight of the pulp before and
after drying in the oven at 70 °C for 24 h. The temperature and time for drying were verified by
a stable weight of the dried pulp after 20 h, 22 h, and 24 h of drying. 1 g of pulp was identified
components by composition analysis at the Competence Center FibRe. The total lignin was 13%
or 130 mg from TAPPI T222 and TAPPI UM 250. The total monosaccharides were 83.7% (1.1%,
0.8%, 68.1%, 8.1%, and 5.6% for arabinose, galactose, glucose, xylose, and mannose, respectively)
from SCAN CM-71:09. Xylans in softwood are arabinoxylans [24] so 1.1% of arabinose and 8.1% of
xylose were assumed as the component that made the total content of xylans became 92 mg. The
overall molar ratios of galactose/glucose/mannose in galactoglucomannans of softwoods are 0.5:1:3.5
[25]. They are isomers and have the same molecular weight (180 g/mol), so the contents of these three
sugars in galactoglucomannans of the sample are 8 mg, 16 mg, and 56 mg, respectively. Consequently,
665 g of excess glucose was assumed as cellulose, and total hemicelluloses became 172 mg (80 mg of
galactoglucomannans and 92 mg of xylans).

The contents of the reactive groups in cellulose and hemicellulose were estimated as their hydroxyl
groups. The hydroxyl groups of hemicellulose were evaluated based on their composition structures (2
mol OH per mol pentoses and 3 mol OH per mol hexoses). The reactive groups of cellulose were
considered accessible hydroxyl groups, which depend on the origin of the cellulose as well as on what
types of treatments have been applied. The studies about the accessibility of the hydroxyl groups
in USKP are limited, so this study used 11 ×10−3 mol/g accessible OH group content of cellulose
similar as in BSKP [53]. The reactive groups in lignin were analyzed 31P-NMR. As a result, the total
content of the reactive groups was 10.92 ×10−3 mol/g (1.04 ×10−3 mol/g from lignin, 2.56 ×10−3

mol/g from hemicelluloses, and 7.32 ×10−3 mol/g from cellulose). The detail of calculations of total
reactive groups in cellulose and hemicellulose can be seen in the Appendix 1.

3.2 Chemicals
PC (Propylene Carbonate, 4-methyl-1,3-dioxolan-2-one), EC (Ethylene Carbonate, 1,3-Dioxolan-2-
one), DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene), and Potassium Carbonate (K2CO3) were 99% purity
and purchased from Sigma-Aldrich, Germany. PC and EC represent cyclic carbonates in this study.
Acetone (CH3COCH3) was an analytical reagent grade and 99.8% purity from Fisher Scientific, Fin-
land. All chemicals were used without further purification.
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3. Methods

3.3 Chemical Modifications of Unbleached Softwood Kraft Pulp
1 g of freeze dried USKP was pulled into smaller bits with tweezers that were more convenient for
chemical reactions. The minimized size USKP was added to a round-bottom flask that connected to
the condenser and flushed with nitrogen gas to disperse oxygen gas. 50 g of cyclic carbonates and
catalysts were added to react with USKP in the flask. Then, the magnetic static mixer was put in the
mixture. The flask was immersed in a silicone oil bath that was on Heidolph MR Hei-Tec magnetic
stirrer. The target temperatures of the reaction were set and measured by a thermocouple.

The chemical modifications with PC and K2CO3 were used as the fundamental experiments to inves-
tigate the influence of temperature, amount of catalyst, and reaction time. The temperatures for the
chemical reactions were selected at 150 and 180 °C while the amount of catalyst was 0.125 g and 0.625
g. The reaction time was 2 h. The condition that produced the highest weight of modified unbleached
softwood kraft pulps (MUSKP) was done at 1 and 4 h.

The influences of reactant (EC) and catalyst (DBU) were investigated by the chemical reactions at the
same temperatures, amount of catalysts, and reaction times. The consideration of yields and Green
Chemistry were applied in this investigation.

3.4 Modified Unbleached Softwood Kraft Pulp (MUSKP)
Seperarations

After reaching the reaction times, the reaction flask was cooled by distilled water to room temperature.
The samples were collected from a round-bottom flask for vacuum filtration. The filter paper was put
in the Buchner funnel that was installed on the vacuum flask. MUSKP was washed with distilled water,
while the excess cyclic carbonates and soluble compositions were effluent and flowed through the filter
paper. The washing was done until the effluence became colorless and had a pH of 7. The washed
MUSKP was on the filter paper and kept on the watch glass for drying. The drying was operated by
the oven at 70 °C for 24 h. After that, MUSKP was undergone characterization to evaluate the results
of chemical modification with cyclic carbonates.

3.5 Characterization

3.5.1 Yields
The yields of the chemical modification of USKP with cyclic carbonate were calculated from the weights
of MUSKP. The equation was applied from Duval and Avérous[9] and displayed below.

Y ield(%) = 100 × mf

mi(1 + ∆Mgraft[OH + COOH]) (3.1)

mf and mi are the mass of dried MUSKP and USKP, respectively. ∆Mgraft is the molar mass from
the grafted chemical group which EC is 44 g/mol, and PC is 58 g/mol. [OH + COOH] is the total
content of the reactive group in USKP, which is 10.92×10−3 mol/g.
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3. Methods

3.5.2 Attenuated total reflectance-Fourier infrared Spectrometry
(ATR-FTIR)

ATR-FTIR was performed to identify the changes in the chemical structure of USKP and MUSKP
by measuring the aborbance. It is a Perkin Elmer Frontier FT-IR Spectrometer equipped with a
diamond GaldiATR attenuated total reflectance (ATR) from Pike Technologies. The samples were
placed directly on the ATR crystal without further preparation. The spectra were recorded between
4000 and 400 cm−1, with 32 scans being collected with a resolution of 4 cm−1 at intervals of 1 cm−1.
5 samples from each modification were replicated in analysis that generated 5 curves. After that, they
were averaged and baseline subtraction was applied. Lastly, the peak of aromantic stretching (1509
cm−1) that does not change during the chemical reaction was used to normalize the spectra.

3.5.3 Soxhlet Extractions
MUSKP, from the conditions which provided a proper yield of chemical modification with cyclic car-
bonates, was selected to purify with Soxhlet extractions. Acetone was used as a solvent for Soxhlet
extraction of grafted sawdust by EC[12]. It was used to extract other organic compounds and has
preferred properties because not too toxic and difficult to handle[54].

0.5 g of MUSKP was kept in the thimble and placed into an extractor. Acetone was loaded into a
round-bottom flask that was under the extractor and in a water bath that was heated to evaporate
the solvent. The evaporated solvent flowed into a condenser on top of the extractor, condensed into
a liquid, and then flowed down to contact with MUSKP in the thimble. All extractions were run
for 2 h, which resulted in 16 cycles or 8 cycles/h of acetone refluxing rate. This refluxing rate was
applied to remove extractives from a fresh, softwood spruce thermomechanical pulp (TMP) by Soxhlet
extractions[55]. After that, the thimble with MUSKP was taken out from the extractor to the oven
to evaporate an excess solvent at 70 °C for 24 h. Then MUSKP from the extraction was weighed to
identify % extracted yields from the equation 3.2.

%Extracted Y ields = 100 × ma,ext

mb,ext
(3.2)

Where ma,ext and mb,ext represent the weight of MUSKP after and before the extraction, respectively.
The % extracted yields were used to calculate the corrective weight of MUSKP by the equation 3.3

Corrective Weight(g) = %Extracted Y ields × WeightMUSKP

100
(3.3)

MUSKP from the extractions was characterized by ATR-FITR again to examine the chemical compo-
sition and compared to MUSKP before extraction.

3.5.4 Dynamic Mechanical Analysis (DMA)
The viscoelastic properties of USKP and MUSKP were measured on DMA Q800 analyzer. 100 mg
of samples were performed to analyzed with frequency at 1 Hz while heating and cooling rates were
3°C/min between 50 - 240 °C. The graph of relationship between min-max (0-1) normalized modulus
and temperature was displayed. The glass transition temperatures (Tg) of the samples were taken at
the point which the slope changed.
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4
Results and Discussion

4.1 Comparison of the Conditions of Chemical Modifications
of USKP with Cyclic Carbonates

The yields (calculated by equation 3.1 ) of conditions of chemical modifications varied from experiments
1 to 16 are discussed in this section. The parameters are reactants, catalysts, amounts of catalyst,
temperatures, and reaction times. The complete experiments and results are displayed in the table
4.1.

Table 4.1: Condition Parameters and Results of Chemical Modifications

Experi
ments Reactants Catalysts Temperatures

(°C)

Reaction
Times

(h)

MUSKP
Weights

(g)

%Yields

Names Amount(g) Names Amount(g)
1 PC 50 K2CO3 0.125 150 2 0.89 56
2 PC 50 K2CO3 0.125 180 2 1.04 66
3 PC 50 K2CO3 0.625 150 2 0.92 58
4 PC 50 K2CO3 0.625 180 2 1.14 72
5 PC 50 K2CO3 0.625 180 1 1.10 70
6 PC 50 K2CO3 0.625 180 4 2.02 128
7 PC 50 DBU 0.125 150 2 1.01 64
8 PC 50 DBU 0.125 180 2 2.88 182
9 PC 50 DBU 0.625 150 2 1.04 66
10 PC 50 DBU 0.625 180 2 2.50 159
11 EC 50 K2CO3 0.125 150 2 1.27 89
12 EC 50 K2CO3 0.125 180 2 2.34 163
13 EC 50 K2CO3 0.625 180 2 3.06 214
14 EC 50 K2CO3 0.375 180 2 2.78 194
15 EC 50 K2CO3 0.625 180 1 2.53 177
16 EC 50 K2CO3 0.625 180 4 3.15 220
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4. Results and Discussion

Figure 4.1: Brown effluent

All chemical reactions between MUSKP and cyclic carbonates produced the brown effluent that sep-
arated from the MUSKP by washing during the filtration, displayed in figure 4.1. Therefore, we can
interpret that there are decompositions of some components in the pulps, which can be analyzed in
future investigations.

4.1.1 Chemical Modification with PC and K2CO3

To evaluate the influence of temperature and amount of catalyst, experiment 1 (150 °C and 0.125 g of
K2CO3) was defined as the reference condition. Experiment 2 (180 °C and 0.125 g of K2CO3) was used
to consider the influence of temperature, while experiment 3 (150 °C and 0.625 g of K2CO3) was run
to assess the impact of catalyst concentration. The combination of the influence of temperature and
the amount of catalyst is seen in experiment 4 (180 °C and 0.625 g of K2CO3). All four experiments
were done with the same reaction time at 2 h.

It is obvious that temperature increases the weight and yield of MUSKP. At the same amount of
catalyst, the chemical modifications with PC at 180 °C offer higher weight and yield of MUSKP
compared to the operations at 150 °C. The amount of catalyst rises the weight and yield of MUSKP,
but at a lower temperature (150 °C), the higher amount of catalyst produced MUSKP at 0.92 g is a
slightly higher weight than the product from a lower amount of catalyst condition (0.89 g). Thereby,
at 150 °C, the concentration of K2CO3 has a minor effect on the yields of chemical modification of
USKP with PC. Meanwhile, at a higher temperature (180 °C), the higher amount of K2CO3 increases
the weight of MUSKP from 1.04 g to 1.14 g. The lower weight of MUSKP than USKP in experiments
1 and 3, along with the brown effluent from filtration, indicates that both conditions have more
decomposition of lignocellulosic components than oxyalkylation.
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4. Results and Discussion

Since the chemical modification at 180 °C and 0.625 g of K2CO3 produced the highest yield, this
condition was changed the reaction time from 2 h to 1 h (experiment 5) and 4 h (experiment 6). The
weight of MUSKP from 1 h of a chemical reaction is 1.10 g, slightly lower than 2 h (1.14 g). However,
the reaction time at 4 h provides a considerably higher weight of MUSKP at 2.02 g.

4.1.2 Chemical Modification with PC and DBU
The influence of the catalyst was tested by replacing K2CO3 with DBU for the chemical modification
with PC, and the weight of MUSKP was measured. The approach for the experiment is the same
as the chemical modification with PC and K2CO3, and the reaction time is 2 h for all experiments.
Experiment 7 was the basis of chemical modification with PC and DBU. The temperature and amount
of catalyst are low (150 °C and 0.125 g). This condition produced MUSKP at the weight of 1.01 g,
which is a higher weight than MUSKP from the chemical modification with PC and K2CO3 at the
same temperature and amount of catalyst.

The impact of temperature was studied in experiment 8. Increasing the temperature from 150 to 180
°C provides a highly higher weight of MUSKP at 2.88 g. Meanwhile, increasing the amount of DBU
(experiment 9) from 0.125 g to 0.625 g at the temperature of 150 °C offered a product at 1.04 g.
Consequently, the amount of DBU has a minor effect on the chemical modification of USKP with PC
at the temperature of 150 °C which is similar to the chemical modification with PC and K2CO3.

In contrast, the combination of higher temperature and amount of DBU (180 °C and 0.625 g) in
experiment 10 produced MUSKP at 2.5 g, which is lower than MUSKP from experiment 8. It can be
predicted that there are more decompositions from alkaline hydrolysis. At high temperatures, only
dilute basic compounds can stimulate the partial separation of the cellulose fibers from the cell wall[56].
Alkaline hydrolysis can reduce the degree of polymerization and crystallinity while structural linkages
between lignin and carbohydrates are separated[57]. As a result, the weight of the product becomes
lower because of the decomposition of its components.

The separation of MUSKP from the chemical modification with PC and DBU is more difficult than
the chemical modification with PC and K2CO3 because DBU has a lower solubility in water, so it
consumes a higher amount of water for washing.

4.1.3 Chemical Modification with EC and K2CO3

In the aspect of reactants, EC was applied in the investigation to compare with the result from the
chemical modification with PC. K2CO3 was selected to be the catalyst in this chemical modification
because of lower environmental impacts and more convenient separation of the product. The approach
for the experiment is the same as the chemical modification with PC and K2CO3, but the experiment
for investigating the influence of the amount of catalyst at 150 °C was excluded from the study because
it has a minor effect on the weight of MUSKP, which found in the chemical modification with PC and
both two catalysts (K2CO3 and DBU). Experiment 11 was the basis of chemical modification with
EC and K2CO3. The temperature, amount of catalyst, and reaction time are 150 °C, 0.125 g, and
2h, respectively. This condition produced MUSKP at the weight of 1.27 g, which is a higher weight
than MUSKP from the chemical modification with PC and K2CO3, and PC and DBU at the same
temperature, amount of catalyst, and reaction time.

The effect of temperature on the chemical modification with EC is considered in experiment 12 which
the temperature is risen to 180 °C while the amount of K2CO3 and reaction time are constant. The
weight of MUSKP is 2.34 g which is higher than the weight of MUSKP from the chemical modification
with PC and K2CO3 but is lower than the chemical modification with PC and DBU at the same
condition and reaction time.
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4. Results and Discussion

The combination of the influence of the temperature and amount of catalyst was examined in experi-
ment 13. The temperature is 180 °C and the amount of K2CO3 is 0.625 g, while the reaction time is
still constant. The weight of MUSKP is 3.06 which is the highest among the chemical modifications of
USKP with cyclic carbonates at the reaction time of 2 h. Therefore, it is interesting to run the chemical
modification with the intermediate amount of K2CO3 at the temperature of 180 °C (experiment 14)
that produced MUSKP at 2.78 g. The reletionship between the amount K2CO3 weight of MUSKP
from the chemical modifications with PC at 180 °C is displayed in figure 4.2.

As the highest weight of MUSKP is produced from experiment 13, the condition was varied its reaction
time from 2 h to 1 h (experiment 15) and 4 h (experiment 16). The weight of MUSKP from 1 h of
a chemical reaction is 2.53 g which is lower than 2 h. However, the reaction time at 4 h provides a
slightly higher weight of MUSKP at 3.15 g.

Figure 4.2: Relationship between the amount K2CO3 and the weight of MUSKP from the chemical
modifications with EC at 180 °C
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4. Results and Discussion

4.2 Influence of Parameters on Chemical Structure of MUSKP
The parameters of the conditions of chemical modification varied from experiments 1 to 16. The
products of the chemical modifications are MUSKP, and analyzed their chemical structure by ATR-
FTIR. The absorbance at the wavenumber 3550 - 3200, 3000 - 2840, and 1760 - 1740 cm−1 that
represents hydroxyl (O H), alkyl (C H), and carbonyl (C O) groups, respectively. The peaks of
hydroxyl groups indicate the aliphatic and phenolic hydroxyl groups that can create the hydrogen
bonds between the polymeric chains in the samples. In the meantime, the signals of alkyl and carbonyl
groups present the level of substitutions on the original hydroxyl groups in USKP. Therefore, the
samples which are expected to have lower Tg than USKP having better signals of alkyl and carbonyl
groups and lower peaks of hydroxyl groups.

4.2.1 Chemical Structure of MUSKP from Chemical Modifications with
PC and K2CO3

The samples from the chemical modifications with PC and K2CO3 in experiment 1,2,4,5 and 6 were
selected to be analyzed. The curves of absorbance of all MUSKP samples are illustrated in figure 4.3.

Figure 4.3: MUSKP from the chemical modifications with PC and K2CO3, USKP (green), MUSKP
150°C, 0.125 g K2CO3, and 2 h (blue), MUSKP 180°C, 0.125 g K2CO3, and 2 h (red), MUSKP

180°C, 0.625 g K2CO3, and 2 h (purple), MUSKP 180°C, 0.625 g K2CO3, and 1 h (orange), MUSKP
180°C, 0.625 g K2CO3, and 4 h (brown)

From the figure 4.3, the green line represents the curve of USKP that has the strongest signal of the
hydroxyl group (3550 - 3200 cm−1) and, the lowest signal of alkyl (3000 - 2840 cm−1) and carbonyl
(1760 - 1740 cm−1) groups. The chemical modification at 150 °C and 0.125 g of K2CO3 (blue line)
has minor effects on the chemical structure because the signal of the hydroxyl groups is slightly lower
than USKP, while the signal of alkyl and carbonyl groups are very little difference when compared to
the raw material. The signal of alkyl and carbonyl groups is stronger when the chemical modifications
operate at 180 °C and the amount of K2CO3 at 0.625 g (purple line). In this curve, the signal of
hydroxyl groups is considerably lower than USKP. The peaks of alkyl and carbonyl groups increase
when the reaction time is extended to 4 h (brown line). Decreasing reaction time (orange line) to 1 h
and amount of K2CO3 to 0.125 g (red line) is negative to chemical modification. The peaks of alkyl
and carbonyl groups are almost similar to the chemical modification at 150 °C and 0.125 g of K2CO3.
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4. Results and Discussion

4.2.2 Chemical Structure of MUSKP from Chemical Modifications with
PC and DBU

The samples from the chemical modifications with PC and DBU in experiment 8 and 10 were selected
to be analyzed. The curve of the sample from the chemical modifications with PC and K2CO3 at 180
°C and 0.625 g of K2CO3 (experiment 4) is included for comparison. The reaction time of these three
experiment was 2 h. The curves of absorbance of all MUSKP samples are illustrated in figure 4.4 .

Figure 4.4: MUSKP from the chemical modifications with PC and DBU, USKP (green), MUSKP
180°C, 0.625 g K2CO3, and 2 h (blue), MUSKP 180°C, 0.125 g DBU, and 2 h (orange), MUSKP

180°C, 0.625 g DBU, and 2 h (purple)

From figure 4.4, the green line represents the curve of USKP like the previous figure. The peaks of
the hydroxyl groups (3550 - 3200 cm−1) of all three samples are almost similar and lower than the
green line. The signal of alkyl groups of MUSKP from the chemical modification with PC at 180 °C
and 0.125 g of DBU (orange line) is slightly higher than MUSKP from the chemical modification with
PC at 180 °C and 0.625 g of DBU (purple line) but clearly higher than MUSKP from the chemical
modification with PC at 180 °C and 0.625 g of K2CO3 (blue line). The obvious difference of peaks can
be seen in the range of carbonyl groups (1760 - 1740 cm−1), in which the sample from the chemical
modification with PC at 180 °C and 0.125 g (orange line) is clearly higher than purple and blue lines.
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4. Results and Discussion

4.2.3 Chemical Structure of MUSKP from Chemical Modifications with
EC and K2CO3

The samples from the chemical modifications with EC and K2CO3 in experiment 12 and 13 were
selected to be analyzed. The curves of two samples from the chemical modifications with PC and
DBU at 180 °C (experiment 8 and 10) are included for comparison. The reaction time of these four
experiment was 2 h. The curves of absorbance of all MUSKP samples are illustrated in figure 4.5.

Figure 4.5: MUSKP from the chemical modifications with EC and K2CO3, USKP (green), MUSKP
180°C, 0.125 g DBU, and 2 h (purple), MUSKP 180°C, 0.625 g DBU, and 2 h (orange), MUSKP

180°C, 0.125 g K2CO3, and 2 h (blue), MUSKP 180°C, 0.625 g K2CO3, and 2 h (red)

From the figure 4.5, the green line represents the curve of USKP like the previous figure. The chemical
modification with EC at 180 °C and 0.125 g of K2CO3 (blue line) has the peak of hydroxyl groups
(3550 - 3200 cm−1) at different positions from two samples from the chemical modification with PC
and DBU(orange and purple lines). The peaks of the alkyl groups (1760 - 1740 cm−1) are at almost
the same absorbance. The curve of MUSKP from the chemical modification with EC at 180 °C and
0.625 g of K2CO3 (red line) has the same signal of the hydroxyl group as the blue line. However, the
peak of the alkyl groups is obviously higher than the other three lines. It has a different shape from
the orange and purple lines, which are the products of the chemical modification with PC because EC
does not introduce the methyl group ( CH3) to USKP. Therefore, the application of EC with a higher
temperature and amount of K2CO3 is the most efficient condition to introduce the alkyl side groups
to USKP. The process is also more eco-friendly because it does not require DBU, which negatively
impacts the environment.
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4. Results and Discussion

4.3 Corrective Weights of MUSKP
Since the conditions in all experiments were at a high temperature and in presence of Lewis bases.
They are possible for the ring-opening polymerization of a five-membered cyclic monomer, which
is the side reaction of PC and EC[58][59]. The contaminants from the side reaction can cover the
surface of MUSKP and make the weight of MUSKP become wrong. Therefore, the main purpose of
the two previous sections is to identify the conditions that produce MUSKP with the proper weights
and chemical structure. After that, those samples were taken to Soxhlet extractions to evaluate the
corrective weights. From table 4.1, the samples of MUSKP from experiments 4, 6, 8, 10, 12, and
13 were tested for their corrective weights by the Soxhlet extraction because they have appropriate
weights and signals of substituted groups (alkyl and carbonyl groups). USKP was used as the reference
in this investigation, and the results are reported in the table 4.2. The extracted yields are the ratios
between the mass of MUSKP after and before extractions which are calculated from 3.2. After that,
the extracted yields are used to estimate the corrective weight of MUSKP, according to 3.3.

Table 4.2: Condition Parameters and Corrective Weights of the Modified Pulps

Samples Reactants Catalysts Tempera
tures
(°C)

Reaction
Times

(h)

%
Extracted

Yields

Corrective
Weight

(g)
Name Amount(g) Name Amount(g)

USKP - - - - - - 99 0.99
MUSKP PC 50 K2CO3 0.625 180 2 66 0.76
MUSKP PC 50 K2CO3 0.625 180 4 70 1.42
MUSKP PC 50 DBU 0.125 180 2 54 1.54
MUSKP PC 50 DBU 0.625 180 2 66 1.66
MUSKP EC 50 K2CO3 0.125 180 2 105 2.46
MUSKP EC 50 K2CO3 0.625 180 2 104 3.22

The reference sample, USKP, has extracted yields at 99%, so before and after, the extracted sample
has almost the same weight.
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4. Results and Discussion

MUSKP from the chemical modification with PC and K2CO3 at 180 °C with 2 h of reaction time
(experiment 4) has extracted yield at 66% so its corrective weight reduces from 1.14 to 0.76 g. Mean-
while, when the reaction time is extended to 4 h, the extracted yield is 70% that, making the corrective
weight of MUSKP from the chemical modification with PC and K2CO3 at 180 °C with 4 h of reaction
time (experiment 6) to become 1.42 g from its initial weight at 2.02 g. Although increasing reaction
time provides higher extracted yield, the chemical structures of the two samples that are characterized
by ATR-FITR (figure 4.6) are almost similar. The curve of the extracted sample from the chemical
modification at 2 h (red line) and 4 h (orange line) are difficult to distinguish. Both samples also have
similar peaks of hydroxyl groups (3550 - 3200 cm−1), but lower signals of alkyl (3000 - 2840 cm−1) and
carbonyl (1760 - 1740 cm−1) groups compared to their MUSKP before extractions (blue and purple
lines). According to the lower weight of MUSKP and signals of substituted groups (alkyl and carbonyl
groups), it indicates that there are contaminants from the side reaction that consists of alkyl and
carbonyl groups covering the surface of MUSKP. They cause the incorrect weight of MUSKP before
Soxhlet extractions because they cannot be separated by water which is applied in the separation but
can be removed by organic solvents.

Figure 4.6: Soxhlet Extraction of MUSKP from the chemical modifications with PC and K2CO3,
USKP (green), MUSKP 180°C, 0.625 g K2CO3, and 2 h (blue), MUSKP 180°C, 0.625 g K2CO3, and

4 h (purple), Extracted MUSKP 180°C, 0.625 g K2CO3, and 2 h (red), Extracted MUSKP 180°C,
0.625 g K2CO3, and 4 h (orange)
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4. Results and Discussion

The samples of MUSKP from the chemical modification with PC and DBU that are selected to study
by Soxhlet extraction come from the synthesis at 180 °C with 0.125 (experiment 8) and 0.625 g
(experiment 10) of DBU. The reaction time of these two experiment was 2 h. The sample from the
chemical modification with 0.125 g of DBU has an extracted yield at 54% that decreases the weight
of MUSKP from 2.88 to 1.54 g. The sample from the chemical modification with 0.625 g of DBU has
an extracted yield of 66%, higher than the synthesis with 0.125 g of DBU. So, the corrective weight
of MUSKP from this condition is 1.66 g. When we investigated the chemical structure of extracted
MUSKP from chemical modification with PC and DBU with ATR-FTIR, we found almost the same
occurrence as the samples from the chemical modification with PC and K2CO3. From the figure 4.7,
the signals of the hydroxyl groups (3550 - 3200 cm−1) of the extracted samples (purple and blue lines)
are not too much different from MUSKP before extractions (orange and red lines). However, the
difference in the peaks of alkyl (3000 - 2840 cm−1) and carbonyl (1760 - 1740 cm−1) groups are quite
clear. The signals of hydroxyl groups of the extracted samples are lower than the initial MUSKP for
both chemical modifications. In the region of the carbonyl group, two extracted samples have the same
level of absorbance, but signals of the initial MUSKP from the chemical modification with 0.125 g of
DBU (orange and red line) are higher, so this condition generates more side reactions that form more
carbonate compounds and decreases the purity of MUSKP.

Figure 4.7: Soxhlet Extraction of MUSKP from the chemical modifications with PC and DBU,
USKP (green), MUSKP 180°C, 0.125 g DBU, and 2 h (orange), MUSKP 180°C, 0.625 g DBU, and 2
h (red), Extracted MUSKP 180°C, 0.125 g DBU, and 2 h (purple), Extracted MUSKP 180°C, 0.625 g

DBU, and 2 h (blue)
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4. Results and Discussion

The samples of MUSKP from the chemical modification with EC and K2CO3 that are chosen to analyze
by Soxhlet extraction are the products from the synthesis at 180 °C with 0.125 (experiment 12) and
0.625 g (experiment 13) of K2CO3. The reaction time of these two experiment was 2 h. The extracted
yields of the sample from both conditions are a little higher than 100%. Therefore, the corrective
weight of the samples from the chemical modification with 0.125 g of K2CO3 and 0.625 g of K2CO3
become 2.46 and 3.22 g, respectively. The extracted samples have a higher mass than their initial
weight, 2.34 and 3.06 g. When we consider the chemical structure of extracted MUSKP from chemical
modification with EC and K2CO3 with ATR-FTIR, we found different appearances from the chemical
modifications with PC. From figure 4.8, we found that the initial and extracted MUSKP samples from
the chemical modification with 0.125 g of K2CO3 (purple and orange lines) have an almost similar curve
in the region of the hydroxyl (3550 - 3200 cm−1), alkyl (3000 - 2840 cm−1) and carbonyl (1760 - 1740
cm−1) groups. The extracted sample from the chemical modification with 0.625 g of K2CO3 (red line)
have slightly lower signals of alkyl (3000 - 2840 cm−1) and carbonyl (1760 - 1740 cm−1) groups than its
initial sample (blue line). However, the peak of the alkyl group in the extracted MUSKP from 180°C
and 0.625 g of K2CO3 is still higher than the extracted MUSKP from 180°C and 0.125 g of K2CO3. A
higher weight but lower signals of substituted functional groups of the sample are opposite results and
indicate that there are some errors in our method. A repeated experiment should be done to verify the
results. However, when compared to the extracted MUSKP from the chemical modifications with PC
and both catalysts, the peaks of alkyl and carbonyl groups in the extracted MUSKP from the chemical
modifications with EC are significantly closer to the signals of initial MUSKP, so the corrective weights
of MUSKP from the chemical modifications with EC maybe seem more reliable.

Figure 4.8: Soxhlet Extraction of MUSKP from the chemical modifications with EC and K2CO3,
USKP (green), MUSKP 180°C, 0.125 g K2CO3, and 2 h (purple), MUSKP 180°C, 0.625 g K2CO3,
and 2 h (blue), Extracted MUSKP 180°C, 0.125 g K2CO3, and 2 h (orange), Extracted MUSKP

180°C, 0.625 g K2CO3, and 2 h (red)
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4. Results and Discussion

The extracts from Soxhlet extractions of the samples from the chemical modifications with PC and
K2CO3, PC and DBU, and EC and K2CO3 at 180 °C and 0.625 g of catalyst have undergone additional
analysis. The extracts consist of acetone, and the extracted compounds from MUSKP are evaporated
to remove acetone. The residuals from evaporation are illustrated in figure 4.9.

Figure 4.9: Residuals of the extracts after evaporation, USKP (I), MUSKP from PC and K2CO3
(II), MUSKP from PC and DBU (III), and MUSKP from EC and K2CO3 (IV)

From figure 4.9, bottle III, MUSKP from PC and DBU has the highest residual, so the contaminants
from the side reaction at this condition are the most difficult to remove by water. The residual in
bottle II, MUSKP from PC and K2CO3 is the second highest, so we can explain that the chemical
modifications of USKP with PC have side reactions that generate insoluble compounds. In contrast,
bottle IV, MUSKP from EC, and K2CO3 are almost similar to the bottle I, USKP, which have a
little residual. This occurrence can be elucidated in two aspects. Firstly, EC can minimize side
reactions that produce the insoluble contaminants and cover on the surface of MUSKP. Secondly, the
compounds are soluble and washed out by the water during the separation. These two aspects ensure
the advantages of EC over PC in terms of yield and convenience in separation. The side reaction of PC
and EC maybe ring-opening polymerization[58][59], and the products which become the contaminants
are dimers, trimers, and tetramers of cyclic carbonates[12]. The reaction scheme is illustrated in figure
4.10
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4. Results and Discussion

Figure 4.10: Ring-opening polymerization(Side reaction of cyclic carbonates)

R for EC is hydrogen ( H) while R for PC is methyl ( CH3), which makes polymer from the side
reaction have a different solubility. Therefore, it is very interesting to do an additional analysis of the
effluence from the separation of MUSKP that is modified with EC. It can extend understanding of the
chemical reaction between USKP and EC, which will be beneficial for process design.
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4. Results and Discussion

4.4 Dynamic Mechanical Analysis (DMA)
The viscoelasticity of the modified pulp was characterized by DMA, while two samples of unmodified
pulp (USKP) were included to be referenced. The extracted modified pulp for this characterization
was produced from the chemical modification with EC at 180 °C and 0.625 g of K2CO3. This modified
pulp was selected because it has a proper purity and the most different chemical structure from USKP.
The strongest signals of the alkyl and carbonyl groups in this sample indicate that it has the highest
oxyalkylation. The higher degree of oxyalkylation interferes with the hydrogen bonding patterns and
increases the free volume of the polymer with a simultaneous reduction in the Tg[60]. One sample of
MUSKP was characterized at 30 minutes after freeze-drying, while another sample was kept for 24 h
before being analyzed by DMA. The collection of MUSKP is because we would like to estimate the
influence of water as a plasticizer. Water is a ubiquitous plasticizer and is applied to biopolymers such
as proteins and polysaccharides[61]. Generally, water can increase the molecular mobility of organic
materials so Tg becomes lower, but in some cases, it creates the opposite impact[62]. The results are
visualized in figure 4.11

Figure 4.11: Normalized spatially offset storage modulus (E’) versus temperature. The red and
black lines are duplicate measurements of unmodified pulp, the blue line is MUSKP with lower water

content, and the green line is MUSKP with higher water content

From the figure 4.11, the inflection point in the graph of the relationship between storage modulus (E’)
and temperature is expected to be Tg of the polymer[63]. The graphs of USKP (black and red lines)
are similar to unmodified biomass in that Tg is above 220 °C because we cannot see the clear inflection
point. For MUSKP with EC and low water content (blue line), the inflection point is approximately
180 °C and anticipated to be Tg, so oxyalkylation of EC increases the mobility of polymeric chains in
lignocellulosic materials.
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4. Results and Discussion

The presence of water in extracted MUSKP (green line) is obviously beneficial for polymeric chain
mobility. The first inflection point can be detected at about 110 °C, but it is an artifact from water
and disappears when water evaporates. After that, the second inflection point can be identified again
at about 170 °C, which is expected to be Tg of this sample. According to the impact of water on
polymeric chain mobility, the relationship between the water content and viscoelasticity of MUSKP
should be investigated in more detail because it can improve the drying procedure and thermoplastic
processing of MUSKP.
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5
Conclusion

It has been shown that cyclic carbonates are green reagents and solvents for improving the thermo-
plastic properties of lignocellulosic materials. Cyclic carbonates are carbon capture and utilization
products that can reduce CO2 from the atmosphere. They are also safer compounds from their high
flash point and low volatility. The reactions between lignocellulose and cyclic carbonates can be run
under solvent-free conditions and ambient pressure. The desired reaction is oxyalkylation which mod-
ifies the hydroxyl groups of lignocellulose components in USKP. Meanwhile, the decomposition of
lignocellulosic compositions and ring-opening polymerization are side reactions.

The chemical modification of USKP with EC provides the highest yield and appears to be the most
effective pathway to oxyalkylate the hydroxyl groups in USKP. Most of the hydroxyl groups in USKP
are substituted by alkyl side chains by the chemical modification with EC. The chemical reactions are
operated with K2CO3 catalyst, which is inexpensive and has a low environmental impact. In addition,
MUSKP from the chemical modifications with EC have higher purity and are easier to separate than
the products from the chemical modifications with PC because the compounds synthesized by EC’s
side reactions can be removed by water, while the compounds from PC’s side reactions require organic
solvents to isolate from MUSKP. Temperatures and amounts of catalyst can increase the rate of
oxyalkylation on the hydroxyl groups, but the influence of catalyst is more obvious at the higher
temperature.

A proper introduction of alkyl side chains by EC makes MUSKP have better viscoelasticity. The anal-
ysis from DMA reveals that MUSKP from the chemical modification with EC has Tg at approximately
180 °C while the Tg of its raw material is above 220 °C. It is clear that the polymeric chains of MUSKP
have more mobility, which is the result of lower hydrogen bonds between lignocellulosic components.
Furthermore, the presence of water in MUSKP can be a plasticizer that can assist in the thermoplastic
processing of MUSKP.
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6
Future work

The chemical modification of USKP with EC expresses the possibility of producing thermoplastics
from renewable sources. There are two main areas of further investigation to increase this possibility.
Firstly, the effluence from the separation of MUSKP consists of excess EC and compounds from the
side reactions. This study can offer detail about the chemical reactions in this system and how to
recycle the excess EC. Another issue is the relationship between water content and viscoelasticity of
MUSKP because it is essential data for designing the drying procedure and thermoplastic processing
of MUSKP.

27



Acknowledgements
This thesis is part of the ongoing collaboration between the Chalmers University of Technology research
group and Tetra Pak. I would like to express my sincere gratitude to all those who supported me
throughout this thesis.

First and foremost, I am deeply grateful to my supervisors, Åke Henrik-Klemens, Anette Larsson,
and Katarina Jonasson, for their unwavering support and invaluable guidance that broadened my
perspectives during my studies. I would also like to extend special thanks to my examiner, Anette
Larsson, and the operational management group team of FibRE for their valuable insights.

Heartfelt thanks go to the members of the Larsson-Ström-Nypelö group for their continuous support
in both scientific and social aspects. I am especially thankful to Anders Mårtensson, Marina Marinea,
and Mats Hulander for introducing laboratory safety measures and providing guidance on analyzers.

Last but not least, I am deeply grateful to everyone in the Department of Chemistry and Chemical En-
gineering at Chalmers University of Technology for their assistance, encouragement, and the conducive
environment they provided.

Rattanapon Tansatien, Gothenburg, June 2023

28



Bibliography

[1] Jung HY, Lee JS, Han HT, Jung J, Eom K, Lee JT. Lignin-Based Materials for Sustainable
Rechargeable Batteries. Polymers. 2022;14(4):673.

[2] Antonsson S, Mäkelä P, Fellers C, Lindström ME. Comparison of the physical properties of
hardwood and softwood pulps. Nordic Pulp & Paper Research Journal. 2009;24(4):409-14.

[3] Bao L, Zou X, Chi S, Dong S, Lei J, Wang J. Advanced sustainable thermoplastics based
on wood residue using interface nanomodification technique. Advanced Sustainable Systems.
2018;2(7):1800050.

[4] Li J, Baker T, Sacripante GG, Lawton DJ, Marway HS, Zhang H, et al. Solvent-free production
of thermoplastic lignocellulose from wood pulp by reactive extrusion. Carbohydrate Polymers.
2021;270:118361.

[5] Chen Z, Zhang J, Xiao P, Tian W, Zhang J. Novel thermoplastic cellulose esters containing bulky
moieties and soft segments. ACS Sustainable Chemistry & Engineering. 2018;6(4):4931-9.

[6] Laurichesse S, Avérous L. Chemical modification of lignins: Towards biobased polymers. Progress
in polymer science. 2014;39(7):1266-90.

[7] Sadeghifar H, Cui C, Argyropoulos DS. Toward thermoplastic lignin polymers. Part 1. Selec-
tive masking of phenolic hydroxyl groups in kraft lignins via methylation and oxypropylation
chemistries. Industrial & engineering chemistry research. 2012;51(51):16713-20.

[8] Jain RK, Sjöstedt M, Glasser WG. Thermoplastic xylan derivatives with propylene oxide. Cellu-
lose. 2000;7:319-36.

[9] Duval A, Avérous L. Cyclic Carbonates as Safe and Versatile Etherifying Reagents for the Func-
tionalization of Lignins and Tannins. ACS Sustainable Chemistry Engineering. 2017:7334–7343.

[10] Kühnel I, Podschun J, Saake B, Lehnen R. Synthesis of lignin polyols via oxyalkylation with
propylene carbonate. Holzforschung. 2014:531–538.

[11] Chamu-Munoz A, Hernandez-Melendez O, Hernandez-Luna M, Alcaraz-Cienfuegos J, Vivaldo-
Lima E, Barzana E. Ethylene Carbonate used as Reagent and Green Solvent in the Chemical
Modification of Corncob. Macromolecular Materials and Engineering. 2015:810–822.

[12] Hernández-Meléndez O, Peydecastaing J, Bárzana E, Vaca-Garcia C, Hernández-Luna M, Borre-
don ME. Graft polymerization of wood sawdust and peat with ethylene carbonate. A novel method

29



Bibliography

for the preparation of supports with enhanced mechanical properties to be used in biofiltration of
organic vapors. Bioresource Technology. 2009:737–743.

[13] Kühnel I, Saakea B, Lehnen R. Oxyalkylation of lignin with propylene carbonate: Influence of
reaction parameters on the ensuing bio-based polyols. Industrial Crops and Products. 2017:75–83.

[14] Duval A, Averous L. Solvent- and Halogen-Free Modification of Biobased Polyphenols to Intro-
duce Vinyl Groups: Versatile Aromatic Building Blocks for Polymer Synthesis. ChemSusChem.
2017:1813 – 1822.

[15] Akil Y, Lorenz D, Lehnen R, Saake B. Safe and non-toxic hydroxyalkylation of xylan using
propylene carbonate. European Polymer Journal. 2016:1813–1822.

[16] Akil Y, Castellani R, Lehnen R, Budtova T, Saake B. Hydroxyalkylation of xylan using propylene
carbonate: comparison of products from homo- and heterogeneous synthesis by HRMAS NMR
and rheology. Cellulose. 2018:217–231.

[17] Fiserova M, GigaCc J, Balbercak J. Relationship between Fibre Characteristics and Tensile
Strength of Hardwood and Softwood Kraft Pulps. Cellulose Chemistry and Technology. 2010:249-
53.

[18] Liu M, Hoffmann KG, Geiger T, Nyström G. Chapter 10 - Production of microfibrillated cellu-
lose fibers and their application in polymeric composites. Nanotechnology in Paper and Wood
Engineering. 2022:197-229.

[19] Sjöström E, Westermark U. Chemical composition of wood and pulps: basic constituents and
their distribution. Analytical methods in wood chemistry, pulping, and papermaking. 1999:1-19.

[20] Horikawa Y. Structural diversity of natural cellulose and related applications using delignified
wood. Journal of Wood Science. 2022;68(1):1-9.

[21] Gan T, Zhang Y, Chen Y, Hu H, Yang M, Huang Z, et al. Reactivity of main components and
substituent distribution in esterified sugarcane bagasse prepared by effective solid phase reaction.
Carbohydrate polymers. 2018;181:633-41.

[22] Peng BL, Dhar N, Liu H, Tam K. Chemistry and applications of nanocrystalline cellulose and
its derivatives: a nanotechnology perspective. The Canadian journal of chemical engineering.
2011;89(5):1191-206.

[23] Ahmad N, Zakaria MR. Oligosaccharide from hemicellulose. In: Lignocellulose for future bioe-
conomy. Elsevier; 2019. p. 135-52.

[24] Bajpai P. Chapter 2-Wood and Fiber Fundamentals. Biermann’s handbook of pulp and paper.
2018;1:19-74.

[25] Deshavath NN, Veeranki VD, Goud VV. Lignocellulosic feedstocks for the production of
bioethanol: availability, structure, and composition. In: Sustainable bioenergy. Elsevier; 2019. p.
1-19.

[26] Scheller HV, Ulvskov P. Hemicelluloses. Annual review of plant biology. 2010;61:263-89.

[27] Kühnel I, Saake B, Lehnen R. Comparison of different cyclic organic carbonates in the oxyalky-
lation of various types of lignin. Reactive and Functional Polymers. 2017;120:83-91.

30



Bibliography

[28] Achyuthan KE, Achyuthan AM, Adams PD, Dirk SM, Harper JC, Simmons BA, et al. In:
Supramolecular self-assembled chaos: polyphenolic lignin’s barrier to cost-effective lignocellulosic
biofuels. vol. 15. MDPI; 2010. p. 8641-88.

[29] Suota MJ, da Silva TA, Zawadzki SF, Sassaki GL, Hansel FA, Paleologou M, et al. Chemical and
structural characterization of hardwood and softwood LignoForce™ lignins. Industrial Crops and
Products. 2021;173:114138.

[30] Börcsök Z, Pásztory Z. The role of lignin in wood working processes using elevated temperatures:
an abbreviated literature survey. European Journal of Wood and Wood Products. 2021;79:511-26.

[31] Schlee P, Hosseinaei O, O’Keefe CA, Mostazo-López MJ, Cazorla-Amorós D, Herou S, et al. Hard-
wood versus softwood Kraft lignin–precursor-product relationships in the manufacture of porous
carbon nanofibers for supercapacitors. Journal of Materials Chemistry A. 2020;8(44):23543-54.

[32] Neagu RC, Gamstedt EK, Berthold F. Stiffness contribution of various wood fibers to composite
materials. Journal of composite materials. 2006;40(8):663-99.

[33] Dislaire C, Seantier B, Muzy M, Grohens Y. Mechanical and hygroscopic properties of molded
pulp products using different wood-based cellulose fibers. Polymers. 2021;13(19):3225.

[34] Mallick P. Thermoplastics and thermoplastic–matrix composites for lightweight automotive struc-
tures. In: Materials, design and manufacturing for lightweight vehicles. Elsevier; 2021. p. 187-228.

[35] Crawford RJ, Throne JL. Rotational molding technology. William Andrew; 2001.

[36] Chen J, Tang C, Yue Y, Qiao W, Hong J, Kitaoka T, et al. Highly translucent all wood plastics
via heterogeneous esterification in ionic liquid/dimethyl sulfoxide. Industrial Crops and Products.
2017;108:286-94.

[37] Chen J, Chen X, Su M, Ye J, Hong J, Yang Z. Direct production of all-wood plastics by kneading
in ionic liquids/DMSO. Chemical Engineering Journal. 2015;279:136-42.

[38] Aniceto JP, Portugal I, Silva CM. Biomass-based polyols through oxypropylation reaction. Chem-
SusChem. 2012;5(8):1358-68.

[39] Abe M, Enomoto Y, Seki M, Miki T. Esterification of solid wood for plastic forming. BioResources.
2020;15(3):6282-98.

[40] Grana R, Benowitz N, Glantz SA. E-cigarettes: a scientific review. Circulation. 2014;129(19):1972-
86.

[41] Badillo M, Taleb S, Mokabber T, Rieck J, Castanedo R, Torres G, et al.. Low-toxicity chemical
solution deposition of ferroelectric Ca: HfO 2. Royal Society of Chemistry; 2023.

[42] Aresta M, Nocito F, Dibenedetto A. Chapter Two-What Catalysis Can Do for Boosting CO2
Utilization. Advances in Catalysis. 2018;62:49-111.

[43] Milocco F, Chiarioni G, Pescarmona PP. Heterogeneous catalysts for the conversion of CO2 into
cyclic and polymeric carbonates. In: Catalysis for Enabling Carbon Dioxide Utilization. Academic
Press; 2022. p. 151-87.

31



Bibliography

[44] de la Cruz-Martíneza F, Castro-Osmab JA, Lara-Sáncheza A. Catalytic synthesis of bio-sourced
organic carbonates and sustainable hybrid materials from CO2. Catalysis for Enabling Carbon
Dioxide Utilization. 2022:189.

[45] Jessop PG. Searching for green solvents. Green Chemistry. 2011;13(6):1391-8.

[46] Gao F, Bai R, Ferlin F, Vaccaro L, Li M, Gu Y. Replacement strategies for non-green dipolar
aprotic solvents. Green Chemistry. 2020;22(19):6240-57.

[47] Sonnati MO, Amigoni S, de Givenchy EPT, Darmanin T, Choulet O, Guittard F. Glycerol carbon-
ate as a versatile building block for tomorrow: synthesis, reactivity, properties, and applications.
Green Chemistry. 2013;15(2):283-306.

[48] Pescarmona PP. Cyclic carbonates synthesised from CO2: Applications, challenges and recent
research trends. Current Opinion in Green and Sustainable Chemistry. 2021;29:100457.

[49] Liu LY, Cho M, Sathitsuksanoh N, Chowdhury S, Renneckar S. Uniform chemical functional-
ity of technical lignin using ethylene carbonate for hydroxyethylation and subsequent greener
esterification. ACS Sustainable Chemistry & Engineering. 2018;6(9):12251-60.

[50] Tabanelli T, Bonincontro D, Albonetti S, Cavani F. Chapter 7 - Conversion of CO2 to Valuable
Chemicals: Organic Carbonate as Green Candidates for the Replacement of Noxious Reactants.
In: Studies in Surface Science and Catalysis. vol. 178. Elsevier; 2019. p. 125-44.

[51] Rollin P, Soares LK, Barcellos AM, Araujo DR, Lenardão EJ, Jacob RG, et al. Five-membered
cyclic carbonates: Versatility for applications in organic synthesis, pharmaceutical, and materials
sciences. Applied Sciences. 2021;11(11):5024.

[52] Sigmaaldrich. SAFETY DATA SHEET; 2023. Available from: www.sigmaaldrich.com.

[53] Väisänen S, Pönni R, Hämäläinen A, Vuorinen T. Quantification of accessible hydroxyl groups in
cellulosic pulps by dynamic vapor sorption with deuterium exchange. Cellulose. 2018;25:6923-34.

[54] Shah I, Shah MA, Nawaz MA, Pervez S, Noreen N, Vargas-de la Cruz C, et al. Analysis of other
phenolics (capsaicin, gingerol, and alkylresorcinols). 2020:255-71.

[55] Thurbide KB, Hughes DM. A rapid method for determining the extractives content of wood pulp.
Industrial & engineering chemistry research. 2000;39(8):3112-5.

[56] Bandyopadhyay-Ghosh S, Ghosh S, Sain M. The use of biobased nanofibres in composites. In:
Biofiber reinforcements in composite materials. Elsevier; 2015. p. 571-647.

[57] Sun Y, Cheng J. Hydrolysis of lignocellulosic materials for ethanol production: a review. Biore-
source technology. 2002;83(1):1-11.

[58] Storey RF, Hoffman DC. Formation of poly (ethylene ether carbonate) diols: proposed mechanism
and kinetic analysis. Macromolecules. 1992;25(20):5369-82.

[59] Abdul-Karim R, Hameed A, Malik MI. Ring-opening polymerization of propylene carbonate:
Microstructural analysis of the polymer and selectivity of polymerization by 2D-NMR techniques.
European Polymer Journal. 2018;105:95-106.

[60] Cui C, Sadegadvfar H, Sen S, Argyropoulos D S. Toward thermoplastic lignin polymers; Part II:
Thermal and polymer characteristics of kraft lignin and derivatives. BioResources. 2013:864-86.

32

www.sigmaaldrich.com


Bibliography

[61] Matveev YI, Grinberg VY, Tolstoguzov V. The plasticizing effect of water on proteins, polysac-
charides and their mixtures. Glassy state of biopolymers, food and seeds. Food Hydrocolloids.
2000;14(5):425-37.

[62] Ruiz GN, Romanini M, Hauptmann A, Loerting T, Shalaev E, Tamarit JL, et al. Genuine
antiplasticizing effect of water on a glass-former drug. Scientific reports. 2017;7(1):7470.

[63] Abiad MG, Campanella OH, Carvajal MT. Assessment of Thermal Transitions by Dynamic Me-
chanical Analysis (DMA) Using a Novel Disposable Powder Holder. Pharmaceutics. 2010:78–90.

I



A
Appendix 1

A.1 Calculation of Reactive Groups in Cellulose and Hemicel-
lulose

From the composition analysis of 1 g of USKP, the number of polysaccharides is displayed in the table

Components MW(g/mol) % Amount(mg)
Arabinose 150 1.1 11
Galactose 180 0.8 8
Glucose 180 68.1 681
Mannose 180 5.6 56
Xylose 150 8.1 81

Table A.1:
Monosaccharides in USKP

From the molar ratio of galactose/glucose/mannose in galactoglucomannans of softwoods are 0.5:1:3.5
[25], galactoglucomannans of softwoods, 16 mg of glucose is in galactoglucomannans and 665 mg is in
cellulose. It is separated to calculate the reactive groups.

Reactive groups in cellulose:

Reactive groups = 665 mgcellulose × 11 × 10−3 molOH

1 gcellulose
× 1 gcellulose

1000 mgcellulose

= 7.32 × 10−3 mol

(A.1)

Reactive groups in Arabinose:

Reactive groups = 11 mgarabinose × 1 garabinose

1000 mgarabinose
× 1 molarabinose

150 garabinose
× 2 molOH

1 molarabinose

= 0.147 × 10−3 mol

(A.2)
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A. Appendix 1

Reactive groups in Galactose:

Reactive groups = 8 mggalactose × 1 ggalactose

1000 mggalactose
× 1 molgalactose

180 ggalactose
× 3 molOH

1 molgalactose

= 0.133 × 10−3 mol

(A.3)

Reactive groups in Glucose (in galactoglucomannans):

Reactive groups = 16 mgglucose × 1 gglucose

1000 mgglucose
× 1 molglucose

180 gglucose
× 3 molOH

1 molglucose

= 0.267 × 10−3 mol

(A.4)

Reactive groups in Mannose:

Reactive groups = 56 mgmannose × 1 gmannose

1000 mgmannose
× 1 molmannose

180 gmannose
× 3 molOH

1 molmannose

= 0.93 × 10−3 mol

(A.5)

Reactive groups in Xylose:

Reactive groups = 81 mgxylose × 1 gxylose

1000 mgxylose
× 1 molxylose

150 gxylose
× 2 molOH

1 molxylose

= 1.08 × 10−3 mol

(A.6)

The total reactive groups in arabinoxylans are the summation of the reactive groups in arabinose and
xylose, so they are 1.23 ×10−3 mol.

The total reactive groups in galactoglucomannans are the summation of the reactive groups in galac-
tose, glucose, and mannose, so they are 1.33 ×10−3 mol.

Finally, the total reactive groups of hemicelluse are the summation of the reactive groups in arabi-
noxylans and galactoglucomannans, so they are 2.56 ×10−3 mol.
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