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Abstract: Liquefaction of waste lignocellulosic biomass is a viable technology for replacing fossil fuels
and meeting sustainable development goals. In this study, bio-based epoxy resins were prepared from
polyhydric-alcohol-liquefied cotton stalk by glycidyl etherification. The cotton stalk was liquefied in
a polyethylene glycol/glycerol cosolvent under H,SO; catalysis. Epon 828 and cotton-stalk-based
epoxy resins could be cured using methylhexahydrophthalic anhydride as the curing agent, and
the curing process was exothermic. The thermal properties and tensile strength of cured resins
were investigated to examine the effect of adding cotton-stalk-based resin on the performance of the
copolymerized epoxy resin. Further, the liquefied-cotton-stalk-based epoxy resin was blended with
Epon 828 at different ratios (10, 20, and 30 mass%) and cured with a curing agent in the presence
of 2-methylimidazole catalyst. An increase in the peak temperature and a reduction in the heat of
curing and activation energy of the Epon 828 epoxy resin was observed with increasing content of the
cotton-stalk-based epoxy resin. The tensile strength (35.4 MPa) and elastic modulus (1.5 GPa) of the
highly crosslinked cotton-stalk-based epoxy resin were equivalent to those of the petroleum-based
epoxy resin Epon 828.

Keywords: liquefaction; hydroxyl number; cotton-stalk-based epoxy resin; curing thermal properties;
tensile strength

1. Introduction

Biomass is a promising renewable resource, considering the climate change caused
by petroleum consumption and the impending power crisis. Lignocellulosic biomass is
a common term used for all plant-derived organic matter, including crops, forest products,
marine products, and some organic wastes such as municipal solid waste and agricultural
waste [1]. It represents an abundant renewable resource that can be used to produce
energy [2] and valuable chemicals [3,4]. Agricultural wastes are abundant and widely
available. If they are not disposed of or utilized appropriately, they are not only wasted
but are also likely to cause serious environmental pollution. The rational utilization
of agricultural waste resources is conducive to the harmonious development of human
society as well as nature. It can not only decrease agricultural nonpoint source pollution
but also improve rural environmental conditions, improve the quality of life of farmers,
and promote sustainable agricultural development.

Among the various methods of processing biomass resources, liquefaction is a viable
one. Typically, biomass liquefaction is accomplished by the solvolysis of waste lignocellu-
losic biomass. This process involves the cleavage of various chemical bonds in the biomass
using an organic solvent. Different organic solvents such as polyhydric alcohols [5,6]
phenol [7,8], ethylene carbonate [9,10], dioxane [11], ethanol [12], and acetone [13,14] have
been used in wood liquefaction. The wood liquefaction technology essentially involves the
chemical modification of wood by the esterification or etherification of the hydroxyl groups
commonly found in the main components of wood, viz., high-molecular-weight cellulose,

Processes 2021, 9, 1417. https:/ /doi.org/10.3390/pr9081417

https:/ /www.mdpi.com/journal /processes


https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-0421-6899
https://orcid.org/0000-0002-7673-2836
https://doi.org/10.3390/pr9081417
https://doi.org/10.3390/pr9081417
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9081417
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9081417?type=check_update&version=2

Processes 2021, 9, 1417

20f 14

hemicellulose, and lignin. The liquefaction technology could effectively transform waste
biomass into biodegradable resins and could thus solve the problem of waste biomass
disposal and degradability of the resin.

In recent years, liquefaction studies have been mainly focused on the use of phenol and
polyhydric alcohols as solvents. For instance, Kishi and Fujita liquefied wood using phenol
as the solvent and prepared an epoxy resin using the obtained phenol resin as a raw mate-
rial [4,15]. The liquefied bio-based epoxy resin exhibited excellent mechanical properties
fiber-reinforced composite material with good adhesion to matrix resin. However, given
environmental safety considerations, alcohols are better solvents than phenols for wood
liquefaction. Currently, an epoxy resin derived from biomass has attracted much attention
owing to the growing demand for materials derived from renewable resources. With an
epoxy resin having good adhesion and mechanical properties, it is widely used in various
fields, such as an adhesive [16], coatings [17], and the resin matrix composite [18,19].

Cotton is grown on a large scale in China and is the main crop in the Xinjiang Uygur
Autonomous Region. Xinjiang Uygur Autonomous Region is a natural economic zone
dominated by agriculture and animal husbandry, with abundant crops. At present, agri-
cultural wastes are not fully utilized and are often burned for simple disposal, causing
waste of resources and environmental pollution and causing health problems to the farm-
ers and the public. With the background of economic development, a lot of energy and
resources are being consumed. In addition, the increase in the use of fossil resources
and the burndown of agricultural waste have aggravated ecological and environmental
pollution problems [20,21]. Therefore, it is of great significance to study how to increase
the added value of agricultural waste residues and to improve the utilization value of the
entire biomass by improving the performance of environmentally friendly materials [22].
Moreover, our research group has successfully produced biopolyols and polyurethane
foams from liquefied cotton stalk [5]. In the present study, we liquefied cotton stalk using
a polyhydric alcohol as the liquefaction solvent, and then prepared bio-epoxy resins by
polymerizing the liquefied product of the cotton stalk. The effects of the composition of the
liquefaction mixture on the properties of the liquid products and epoxy resins were investi-
gated. Further, factors that affect the liquefaction of cotton stalk, including the reaction time,
temperature, and liquid ratio, were also analyzed. Finally, the liquefied product was used
as the polyol component for preparing an epoxy resin by reacting it with diglyceryl ether
of bisphenol A (Epon 828). In addition, the thermal properties of the resultant resins were
studied by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).

2. Materials and Methods
2.1. Materials

Cotton stalk, a waste lignocellulosic biomass, was collected from Toksun Farm, Xin-
jlang Province, China. All chemicals used in the liquefaction of this wood and the synthesis
of cotton-stalk-based epoxy resins were purchased from commercial sources and used with-
out further purification. Polyethylene glycol (PEG 400), glycerin, and all other chemicals
used in the liquefaction of the cotton stalk, were of reagent grade and used without further
purification. Epichlorohydrin, sodium hydroxide (NaOH), tetrahydrofuran, methanol
(MeOH), and hydrochloric acid (HCI) were supplied by from Wako Pure Chemical Co. Ltd.,
Osaka, Japan. Liquid diglycidylether of bisphenol A (Epon 828) as given in Scheme 1 with
an epoxy equivalent weight of 185-192 eq. g was procured from Fuji Chemical Co. Ltd.,
Osaka, Japan. The resins were cured with a stoichiometric amount of polyamide amine
(PAA; active hydrogen equivalent: 63 g/eq., Fuji Chemical Co. Ltd., Osaka, Japan).
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Scheme 1. Structure of liquid diglycidylether of bisphenol A (Epon 828).

2.2. Preparation of Liquefied Cotton Stalk

The cotton stalk was first dried using a thermal controller at 105 °C for 12 h. Then,
the dried sample (10 g) was mixed with PEG 400 and glycerin used as the liquefaction
reagents at different ratios in the range of 10/0 to 6/4 (w/w%) in a 500 mL three-necked
flask equipped with a stirrer and a reflux condenser [5,23]. The solvent/cotton-stalk ratio
was varied in the range of 3/1 to 5/1 (w/w%), while the catalyst concentration was varied
in the range of 14 (w/w%). Then, it was reacted at different temperatures (130-160 °C) for
different times of 90 min. Mechanism of cellulose degradation and decomposition during
liquefied processes of woody materials shown in Scheme 2 [24,25]. Thereafter, a sample
of the liquefied cotton stalk samples in the flask was collected in a vial, and the residues
were analyzed. The reaction samples were collected in vials after specified durations and
immediately soaked in cold water to terminate the reaction. Then, 20 mL of methanol
was added to each collected sample, and the resulting sample was suction-filtered using
a pump (EVP-1000, KNF, EYELA Co. Ltd., Tokyo, Japan) and PTFE filters (C5, Advavtec).
Subsequently, the filtered residue was dried for 24 h in an oven at 105 °C. Then, the residue
of each sample was weighed to calculate the ratio of the residue using Equation (1).

Ratio of residue = % x 100 @)

where R is the weight ratio (%) of the residue in the sampling vial and R; is the initial
weight ratio (%) of the wood powder sample in the reaction flask.
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Scheme 2. Mechanism of cellulose degradation and decomposition during liquefied processes of
woody materials [24,25].
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2.3. Characterization of Liquefaction Products

The hydroxyl and acid values of liquefied wood are important factors that determine
the properties of the synthetic resin. The acid number and hydroxyl number of the liquefied
cotton stalk were determined as described elsewhere [5]. The amount of acid groups was
estimated by NaOH titration using the JIS-K1557 standard method.

2.4. Preparation of Liquefied Cotton-Stalk-Based Epoxy Resins

Epichlorohydrin was put in a 500 mL three-necked flask in an amount that is 15 times
the molar amount of hydroxyl groups in the liquefied cotton stalk. Liquefied cotton stalk
and epichlorohydrin were placed in a three-necked flask equipped with a stirrer and
a cooler, immersed in a high-temperature water tank preheated to 60 °C, and preheated
for 10 min. Tetrabutylammonium hydrogen sulfate (TBAHS) (5% by volume of liquefied
cotton stalk) and sodium hydroxide (4.5 times the molar ratio of the hydroxyl value of
the liquefied cotton stalk) were slowly added to the mixture under stirring. Then, the
flask was maintained at 60 °C for 4 h. The reaction products were diluted with acetone
and salts produced as byproducts were filtered out using glass-fiber filter paper (Toyo
GA-100: 1 um particle-retainable). The filtrate was transferred to an eggplant-shaped flask
and distilled with a rotary evaporator under heating and reduced pressure at 80 °C to
remove the unreacted epichlorohydrin with acetone to remove the liquefied epoxy resin.
The mechanism is shown in Scheme 3.

R-OH + NaOH — R-O-Na + H,0
R-O-Na +(C,H,),N-HSO, — (C,H,),N*-O-R + Na~HSO,
TBAHS

(C,Ho),N~-O-R- + CH,-CH-CH, — (C,H,),N* CI + R-O-CH,-CH-CH,

N N4

cl 0 0

Na*HSO0, +(C,H,),N*Cl — (C,H,),N"HSO, + NaCl Epoxy
TBAHS

Scheme 3. Reaction routes for glycidyl etherification of alcoholic OH groups using NaOH
and TBAHS.

2.5. Fourier-Transform Infrared (FTIR) Spectroscopy

The functional groups of the liquefied cotton stalk samples were characterized by
FTIR spectroscopy (FT/IR-6100, JASCO Co. Ltd., Tokyo, Japan) as described in a previous
report [5]. The liquefied sample was simply attached to the KBr disc and was placed
in the FTIR instrument for measurement. The infrared spectrum was recorded in the

400-4000 cm ! range by averaging 64 scans at a resolution of 4 cm 1.

2.6. Molecular Weight, Epoxy Equivalent Weight, and Viscosity

The liquefied cotton stalk (10 mg) and resin samples were diluted with 10 mL of
tetrahydrofuran (0.1 w/v%), and the diluted samples were analyzed by gel permeation
chromatography (GPC) using an HPLC pump (Pump PU-2080, JASCO Co. Ltd., Japan),
refractive index detector (RI-2031, JASCO Co. Ltd., Japan) and column thermostat (CO-
2060, JASCO Co. Ltd., Japan). After the column temperature was stabilized over ~30 min,
the pump feed rate was set to 0.5 mL/min and the sample was injected into the injector
with a syringe to begin the analysis.

The epoxy equivalent of the cotton-stalk-based resin was determined according to JIS
K7236 standard. The epoxy resin (0.4-2.3 g) was dissolved in 10-15 mL of chloroform in a
50 mL flask. Then, tetraethylammonium bromide (10 mL) was added, and the resulting
solution was mixed using a magnetic stir bar.
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The viscosities at 25 &= 0.1 °C were measured using a viscometer (SV-10/5V-100). The
vibrating viscometer was calibrated by the tuning-fork vibration method using standard
purified water before PEG 400/ glycerin-based epoxy resin, the cotton-stalk-based resin,
and Epon 828 were measured. For accurate measurement, the samples were allowed to
stand at room temperature for 2 h, and then 10 mL of it was placed in the glass sample
cup (AX-SV-35). Then, the sample was left undisturbed for a certain duration after placing
the sensor plates and temperature sensor to allow the sample temperature (25 °C) to
stabilize [5].

2.7. Preparation of Cured Resins Using the Cotton-Stalk-Based Epoxy Resins

Four different types of cured epoxy resins were prepared using four parts of resin
and one part of a hardener. The cotton-stalk-based epoxy resins were mixed mechanically
at room temperature with Epon 828 at four different weight ratios of 0%, 10%, 20%, and
30% to obtain cured epoxy-based polymers. All the resins mixed at four proportions were
poured into molds and cured at 130 °C for 2 h and then at 150 °C for 2 h [22].

2.8. Tensile Test

The flexural tests of the cured resins were measured on the electronic universal testing
machine at a strain rate of 5 mm/min. Test specimens with a length of 80 mm, width of
10 mm, and thickness of 2 mm were machined from 2 mm thick plaques of cured resins.

2.9. DSC and TGA

The glass transition temperature (T'g) and thermal degradation characteristics of the
cured bio-oil/epoxy resins were analyzed using a differential scanning calorimeter. We
evaluated the thermal stability of the resins by DSC (DSC6200, Seiko Instruments Inc.,
Chiba, Japan). A 3-5 mg sample of cured epoxy resin was weighed on a balance and placed
in an aluminum pan. After changing the temperature from the ambient temperature to
20 °C, the temperature was raised from 25 °C to 200 °C at a heating rate of 5 °C/min.
The analysis was performed using the analysis job Standard Analysis. For polymers, the
glass transition temperature (Tg) is defined as the temperature at which their mechanical
properties change radically from the glass state to a highly elastic state owing to the internal
motion of the polymer chains. The onset of the transition is considered as the Tg.

To evaluate the thermal decomposition characteristics of the cured resins, simul-
taneous TG-DTA analysis was performed using a TG-DTA device (DTG-60 Shimadzu
Corporation). The cured epoxy resins (10 mg) were placed on the Pt cell in the furnace, and
the gas within the device was replaced with the carrier gas (Ar) for 15 min. The resin was
heated from room temperature to 500 °C at a heating rate of 20 °C/min under an Ar flow
rate of 100 mL/min. The weight loss and derivative weight loss (DTG) curves were plotted
and analyzed.

3. Results and Discussion
3.1. Optimization of the Cotton Stalk Liquefaction Process

Liquefaction conditions, such as the reaction temperature, reaction time, PEG 400/ gly-
col mass ratio, and solvent/cotton stalk mass ratio, greatly influence the properties of
liquefied cotton stalk. In order to obtain high-quality biopolyols through the liquefaction
of lignocellulosic biomass, polyols with appropriate molecular weight and hydroxyl num-
ber should be used as the liquefaction solvent [26]. The hydroxyl value of the liquefied
biomass is an important factor in the preparation of epoxy resins. The hydroxyl and acid
values of the cotton stalk were determined using the standard method of esterification with
phthalic anhydride.

3.1.1. Effects of Reaction Parameters on the Hydroxyl Value

Under the reaction temperature 150 °C, reaction time 90 min, and PEG 400/ glycol
mass ratio 8/2, the effects of the weight ratio of the liquefaction solvent to cotton stalk on
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the acid and hydroxyl values of biopolyols are presented in Figure 1a. The acid values of
cotton-stalk-based polyols obtained using liquefaction reagent/cotton stalk weight ratios of
3/1to 6/1 (w/w%) were less than 25 mg KOH/g. The number of carboxylic acid groups in
a chemical substance, such as a fatty acid, or in a combination of compounds is referred to
as the acid value. The hydroxyl value of cotton-stalk-based polyols increased significantly
from 250 to 350 mg KOH/g when the weight ratio of the liquefaction solvent to cotton
stalk was increased from 3/1 to 5/1 (w/w%) and then marginally to 320 mg KOH/g with
a further increase in the weight ratio to 6/1 (w/w%). This result suggests that there was
a slight in the hydroxyl value as the weight ratio was increased. The biomass content in the
liquefaction solvent can substantially affect the properties of biopolyols. The main function
of the liquefaction agent is to dissolve and disperse the liquefied product, inhibit the
recondensation of the product, and reduce the residue rate [5]. The liquefaction agent can
quickly decompose the cotton stalk so that the molecular weight of the liquefied product is
rapidly reduced and stabilized. At the same time, it plays an important role in inhibiting
the recondensation of the intermediate product obtained from the decomposition of the
cotton stalk component.
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Figure 1. Effects of liquefaction conditions on the acidity and hydroxyl number of biopolyols: (a) Solvent/Cotton stalk ratio,
(b) temperature, (c) PEG 400/ glycerin ratio, and (d) catalyst (sulfuric acid) content.

PEG 400/ glycol mass ratio 8/2, reaction time 90 min, liquefaction solvent to cotton
stalk ration 5/1, and the amount of concentrated sulfuric acid of the catalyst is 3% of the
mass of the liquefaction agent. The effect of liquefaction temperature on the liquefaction
effect and the hydroxyl value of the liquefied product is investigated. The results are shown
in Figure 1b. The residue content of liquefied cotton stalk decreased from 30.0 to 13.5%.
The greater the liquefaction reaction temperature, the higher the liquefaction efficiency. The
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hydroxyl number increased from 280.6 to 360.2 mg KOH/g with an increase in the reaction
temperature from 120 to 130 °C. When the reaction temperature is increased to 150 °C, there
is lower residue, and the hydroxyl value of the liquefied product can reach 343 mgKOH/g.
When the reaction temperature was further increased to 160 °C, the residue rate did not
change much, but too high temperature caused side reactions such as condensation and
pyrolysis between the liquefied products, resulting in a decrease in the hydroxyl value of
the liquefied products. A further increase in temperature leads to an obvious increase in the
residue content and a decrease in the hydroxyl number, indicating that the recondensation
of the products occurred during the liquefaction process when the temperature was higher
than 160 °C. Higher temperatures are favorable for the degradation of lignin, cellulose, and
hemicellulose. However, as the temperature increases, the degree of degradation increases,
and the recondensation of the degradation fragments is promoted. A similar phenomenon
was also observed by Liu [11].

PEG 400 and glycerin were used as the liquefaction solvent at different ratios, the
solvent/cotton stalk ratio was 5/1 (w/w%), and the catalyst concentration was 3% (w/w%)
and reacted at 150 °C for 90 min. Figure 1c shows the effect of the PEG 400/ glycerin
mass ratio on the properties of the liquefied product. The lowest hydroxyl number and
highest residue content were obtained when PEG 400 only (without glycerin) was used
as the liquefaction reagent. Among the liquefiers, the residue rate is the lowest when the
PEG400:glycerol mass ratio is 8:2, but the hydroxyl value is the highest when the ratio is
2:8. This is mainly because the liquefaction effect of PEG400 is better, and the liquefaction
effect of glycerol is poor, so when the amount of glycerin is too much, the liquefaction effect
becomes worse, but the addition of glycerol is conducive to the dissolution of cotton stalk
macromolecules and the formation of small molecular hydroxyl compounds. Glycerin
is an excellent proton donor, and it can effectively capture the free radicals produced in
the lignin degradation process. Consequently, it can inhibit the recondensation, facilitate
CO; release and the production of ethylene glycol, and thus promote the liquefaction of
the biomass [16]. Therefore, glycerin was used as the auxiliary liquefaction solvent in this
study. A comprehensive comparison shows that the quality ratio of PEG 400/ glycerin mass
ratio in the liquefaction agent is 8/2.

The liquefaction of biomass needs to be catalyzed by acid or alkali, and the main
components such as lignin and cellulose are carried out through a series of hydrolysis and
solvolysis reactions. The decomposition of lignocellulosic biomass during liquefaction
proceeds mainly via a series of hydrolysis and solvolysis reactions, which can be catalyzed
by acids or bases. Wang and Chen [20] compared the catalytic effects of different acids such
as hydrochloric acid, phosphoric acid, and sulfuric acid in the liquefaction of wheat straw
and found that sulfuric acid exhibits the best catalytic activity, leading to minimum residual
biomass content [26,27]. The effects of sulfuric acid concentration on the acid and hydroxyl
numbers of the biopolyols are given in Figure 1d. The acid number of the biopolyols was
less than 25 mg KOH/g at all acid concentrations ranging from 2 to 4%. Concentrations
ranging from 1 to 3%, with the increase in the amount of catalyst, the hydroxyl value of the
liquefied cotton stalk is gradually increased. When the amount of concentrated sulfuric
acid is 3% of the mass of the liquefaction agent, the hydroxyl value reaches the maximum
value. When the amount is greater than 3%, the residue rate will not decrease much, mainly
because the condensation reaction between the liquefied products occurs under the action
of concentrated sulfuric acid. In addition, when the amount of sulfuric acid is too much,
side reactions such as oxidation and condensation will occur, causing carboxyl groups in
the system and condensation reaction with the hydroxyl groups of the liquefaction agent,
resulting in a decrease in liquefaction efficiency. Therefore, the amount of concentrated
sulfuric acid used in the catalyst is 3% of the quality of the liquefaction agent.

In summary, the effect of different variables on the hydroxyl value of the liquefaction
product is comparable with that of other biomass raw materials on polyol liquefaction. The
optimal liquefaction process for cotton stalk is one in which the mass ratio of cotton stalk
to liquefaction agent is 1:5, the concentration of concentrated sulfuric acid in the catalyst is
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3% of the mass of the liquefaction agent, the PEG/glycerol ratio is 8:2 (w/w percent), the
reaction time is 90 min, and the temperature is 150 °C.

3.1.2. Effects of Reaction Parameters on the Residue Content

In our previous study [5], we investigated the optimal liquefaction conditions for the
liquefaction of cotton stalk by evaluating the residue rate. In the study, to achieve high
liquefaction efficiency and minimize recondensation reactions, the liquefaction of cotton
stalk was performed using a solvent/biomass ratio of 5/1, the sulfuric acid concentration
of 3%, and temperature of 150 °C. However, the effects of different PEG 400/ glycerin
mixed solvents on liquefaction were not evaluated in our previous study. In this study, we
investigated the effect of using a PEG 400/ glycerin blended solvent at different ratios on the
liquefaction of cotton stalks at 90 min of reaction time; the results are indicated in Table 1.
It is evident from the data that, upon mixing 10% glycerin with PEG 400, the amount of
residue decreased from 30.2 to 13.4% for the cotton stalk. However, the addition of greater
than 20% glycerin to PEG 400 was not beneficial, as the residue content increased slightly
in the case of cotton stalk. Based on the results, it can be concluded that the addition of 20%
glycerin to PEG 400 is very effective for decreasing the amount of residue or increasing
the liquefaction yield. To obtain polyols from different biomass feedstocks, binary solvent
mixtures such as polyhydric alcohols of different ratios are generally used. For example,
a PEG/glycerol ratio of 4:1 (w/w%) was used for processing rapeseed, date seed, olive
stone, corncob, and apple pomace, while 9:1 (w/w%) was used for processing wood species
and bagasse and in the enzymatic hydrolysis of lignin [28,29].

Table 1. Effect of reaction conditions on the minimal residue.

Parameter Numerical Value Minimal Residue (%) Reference
130 30.0
° 140 20.2
Temperature (°C) 150 135
160 16.6
1 224
Catalyst content (%) é %gg Wang et al. (2020)
4 12.5
3 324
Solvent/cotton stalk 4 28.3
(w/w%) 5 12.4
6 10.2
10:0 43.1
% PEG 400/ Glycerin 9:1 16.2 .
(w/w%) 82 13.2 This study
7:3 16.8

% Liquefaction temperature, 150 °C; liquefaction time, 90 min; Sulfuric acid 3%; Solvent/cotton stalk, 5/1.

3.1.3. Structural Characteristics of the Liquefied Cotton Stalk and Liquefied
Cotton-Stalk-Based Epoxy Resin

The FTIR absorption spectra of pure PEG 400/ glycerin-based epoxy resin, lique-
fied cotton stalk, liquefied cotton-stalk-based epoxy resin, and Epon 828 are presented in
Figure 2. The liquefied cotton stalk polyol, liquefied cotton-stalk-based epoxy resin, and
pure PEG 400/ glycerin-based epoxy resin samples exhibited broad peaks in the range of
3200 to 3600 cm !, corresponding to the vibrations of aromatic and aliphatic -OH groups
of the PEG/glycerin polyol [30]. The characteristic absorption bands of the liquefied cot-
ton stalk appeared at 2909 cm ! (-CH, asymmetric), 1640 and 1426 cm ™! (C=C aromatic
rings generated by lignin decomposition), 1097 cm~! (C-O stretch in hemicellulose), and
1107 cm~! (C-H stretch in cellulose). After the liquefied cotton stalk was reacted with
epichlorohydrin to form the liquefied cotton-stalk-based epoxy resin, epoxy functional-
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ization was confirmed by the peaks in the range of 906-911 cm~! (due to the asymmetric
bending of the epoxide ring). The peaks observed in the range of 835-845 cm ! are due
to the symmetric bending of the epoxide ring, indicating the presence of the epoxide
functional group. Compared with the spectrum of the liquefied cotton stalk polyol, the
significant difference observed in the spectra of the epoxy resin samples (liquefied cotton-
stalk-based epoxy resin, pure PEG 400/ glycerin-based epoxy resin, and Epon 828) was the
lower -OH stretching band intensity. This is due to the conversion of phenolic hydroxyl
and carboxyl hydroxyl groups to glycidyl functionality. The peak of the aliphatic hydroxyl
groups, however, tends to appear owing to their low reactivity during epoxidation. The
absorption bands at 1330 cm ™! are attributed to in-plane bending vibrations of -CHj. For
epoxy as well as the liquefied cotton-stalk-based epoxy resin sample, and the characteristic
stretching vibration bands of the epoxy linkage, CO-C appeared at 910 cm~!. These peaks
are considered important for resinification; hence, their intensities were compared [19].
The results suggest that the cotton stalk was introduced into the molecular structure of the
epoxy resins.
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Figure 2. FTIR spectra of (a) pure PEG 400/ glycerin-based epoxy resin, (b) liquefied cotton stalk,
(c) liquefied cotton-stalk-based epoxy resin, and (d) commercial epoxy resin.

3.2. Properties of the Liquefied Cotton-Stalk-Based Epoxy Resin

The properties of three epoxy resins, viz., the PEG 400/ glycerin-liquefied cotton-stalk-
based epoxy resin (LCS- based epoxy resin), PEG 400/ glycerin epoxy resin, and Epon
828, are compared in Table 2. The viscosities of the three epoxy resins were measured
using a viscometer at 25 °C. The viscosity of LCS- based epoxy resin was determined to
be 1020 m Pa-s, which was higher than the viscosity of the PEG 400/ glycerin-based epoxy
resin and Epon 828. Data presented in a previous investigation [4] using the various rates
of wood material indicated that increased wood content resulted in a markedly higher
viscosity of liquefied woods. The reason is the increase in the number of liquefied woods
fragments having partially degraded wood components. Their molecular weights were
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determined using GPC. The cotton-stalk-based resin had an average molecular weight
of 726 Da, whereas the PEG 400/ glycerin-based epoxy resin and Epon 828 had average
molecular weights of 690 and 370 Da, respectively. In comparison to the PEG 400/ glycerin-
based epoxy resin, the cotton-stalk-based resin had a reduced molecular weight, suggesting
that the cured resin would function more uniformly. The epoxy equivalent of the cotton-
stalk-based resin was determined to be 250 g/eq using a titration technique based on
the hydroxyl value of liquefied cotton stalk and the epoxy equivalent of liquefied cotton-
stalk-based epoxy resins. The epoxy equivalent of the relevant PEG 400/ glycerin-based
epoxy resin was determined to be 440 g/eq, which was considerably more than the epoxy
equivalent of the LCS-based epoxy resin. The findings above show that the molecules
derived from liquid cotton stalks were chemically united in the produced epoxy resin.

Table 2. Properties of liquefied cotton stalk-based epoxy resins.

Properties of Liquefied Cotton Stalk Properties of Epoxy Resins
Epoxy Resin PEG Hydroxyl Value Viscosity =~ Epoxy Equivalent Molecular  Viscosity
400/glycerin (mg KOH/g) (m Pa-s) Weight (g/eq) Weight (m Pa-s)
LCS-based epoxy resin 8/2 343 1020 250 726 540
PEG 400/glycerin-based 8/2 321 320 440 690 577
epoxy resin
Epon 828 - — — 190 370 12,000

Liquid ratio, 5:1; acid content, 3%; temperature, 150 °C. Syntheses were conducted for 6 h at 4.2 NaOH/hydroxyl value ratios at 60 °C.
Cured with the PAA hardener, at 130 °C for 2 h and then at 150 °C for 2 h.

3.3. Properties of the Cured Liquefied Cotton-Stalk-Based Epoxy Resin

As for their poor mechanical properties, the main defect of bio-based epoxy resins is
that they cannot take the place of petroleum-based epoxy resins, for example, Epon 828.
In the present work, cured epoxy was prepared at a resin/hardener ratio of 4/1. The
resin/PAA hardener mixture was cured at 130 °C for 2 h and then at 150 °C for 2 h. The
hardener, PAA, is an aromatic curing agent that imparts samples with low viscosity and
high strength. Figure 3 compares the room-temperature flexural properties of the cured
liquefied cotton-stalk-based epoxy resin with those of the Epon 828-type resin. The blends
of cotton-stalk-based epoxy resins and the commercial epoxy resin were prepared at three
different cotton-stalk-based epoxy resin weight percentages of 10, 20, and 30%. The tensile
properties of the cured bio-epoxy resin with 20% cotton-stalk-based epoxy component were
comparable to those of commercial products. The cured cotton-stalk-based epoxy resin
exhibited a higher flexural modulus than that of Epon 828. Moreover, the tensile strength
of the liquefied cotton-stalk-based epoxy resins (35.4 MPa) is higher than both liquefied
wood-based epoxy (34 MPa) [23] and epoxidized soybean oil-based epoxy (29 MPa). The
usage of the bio-based epoxy resin as a substitute is because of their worthy property,
namely high stiffness. Compared to epoxidized soybean oil with a long-chain structure,
liquefied bio-based epoxy has better application prospects in the automobile and aerospace
industries [24].

3.4. Thermal Stability of the Epoxy Resins

In this study, DSC heat scanning was conducted to investigate the curing behaviors
of copolymer epoxy resins for a comprehensive understanding of the thermal properties
of these resins. Figure 4 shows the variation in the heat flow of various resins during the
DSC heat scans. All resins exhibited an exothermic peak. The intensity of the exothermic
peak decreased with an increasing amount of the liquefied cotton-stalk-based resin in the
composite, indicating that fewer crosslinking reactions occurred during the curing period.
In particular, when 30% of Epon 828 was replaced with the liquefied cotton-stalk-based
resin, the resulting resin exhibited higher peak temperatures and released less heat during
the curing reaction, indicating lower reactivity. Similar findings were made by Wu and
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Chen [31], who combined liquefied wood and epoxy resin in different weight ratios and
discovered that increasing the quantity of liquefied wood in the mixture shifted the peak
of the curing reaction to a higher temperature but with less heat produced. As discussed
earlier, the epoxy resins copolymerized with liquefied cotton-stalk-based resin had a higher
epoxide equivalent weight (EEW), implying that they had less content of epoxy groups per
unit weight of the resin, possibly resulting in lesser crosslinking reactions. Furthermore,
the long molecular chain of polyethylene glycol present in polyhydric alcohol-liquefied
cotton stalk would also decrease the reactivity of these liquefied bio-based epoxy resins,
leading to higher onset and peak temperatures of the curing reaction.

40
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T
_ T
35 L 1.6
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Figure 3. Tensile strength and modulus of the cured epoxy resins (LCS: liquefied cotton stalk).
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Figure 4. DSC curves of Epon 828 and Epon 828/ cotton stalk-based-epoxy resin blends were obtained
at the heating rate of 10 °C/min.

3.5. Thermal Properties of Cured Liquefied Cotton-Stalk-Based Epoxy Resins

Thermal behavior is a very important property because epoxy resins are one of the
most popular classes of functional polymers in many applications. Many studies [4,32]
have been conducted to enhance the thermal properties of epoxy resins. For instance,
Fujiwara et al. [15] prepared epoxy resins containing different amounts of wood-based
samples and found that the thermal stability decreased with an increase in the amount of
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the wood-based samples. They attributed the results to the number of the material derived
from wood, which is more prone to thermal decomposition. Cellulose, hemicellulose, and
lignin, which are major components of its composition, decompose over temperatures from
160 to 450 °C [22].

In this article, the evaluation of the thermal properties of the resins was performed
using a TG-DTA system. The TGA curves of the liquefied cotton-stalk-based epoxy resin
(Figure 5) revealed three stages of thermal degradation of Epon 828, and the maximum
weight loss of ~90% occurred in the temperature from 270 to 400 °C. Meanwhile, the TGA
curve exhibits four stages of degradation for the liquefied cotton-stalk-based resin/Epon
828 blend. The first step between room temperature and 120 °C is attributed to the
dehydration of the sample [33]. The weight loss was approximately 3-5% during this
dehydration stage and nearly two times as much, 9%, in the second stage between 120 and
230 °C. The weight loss reached 65% at 500 °C. When the temperature was beyond 500 °C,
a negligible loss of 5% occurred. For the epoxy 828, the highest rate of decomposition was
320 °C, which was attributed to the breakdown of epoxy groups. Liu [13] found the clean
epoxy to have the highest degradation at a higher temperature of 358 °C, which is also
comparable with the ones reported in this study.
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Figure 5. Thermogravimetric curves of the cured epoxy resins.

4. Conclusions

Liquefied cotton-stalk-based epoxy resin, a new bio-based epoxy resin, was prepared
from liquefied cotton stalk and epichlorohydrin according to known glycosylation proce-
dures. In addition, the liquefied cotton-stalk-based epoxy resin was blended with Epon
828 epoxy resin in different proportions (i.e., 10, 20, and 30 mass%) and cured with methyl-
hexahydrophthalic anhydride as the curing agent in the presence of 2-methylimidazole
as the catalyst. A tensile strength study showed that the cotton-stalk-based epoxy resin-
modified Epon 828 mix improved its tensile strength from 15.2 to 35.4 MPa. When added
at a concentration of 20%, the cotton stalk epoxy resin significantly enhanced the durabil-
ity of the Epon 828 epoxy network. Additionally, DSC was used to examine the curing
behaviors of Epon 828 and its bio-based mix systems, while TGA was used to determine
their thermal stability. With the addition of the cotton-stalk-based epoxy resin, a rise in the
peak temperature and a decrease in the heat of curing and activation energy of Epon 828
were detected. TGA analysis revealed that the rate of the decomposition of the bio-based
epoxy blend system was marginally higher than that of Epon 828 and occurred at a lower
temperature. The optimal liquefaction process for cotton stalk is one in which the mass
ratio of cotton stalk to liquefaction agent is 1:5, the concentration of concentrated sulfuric
acid in the catalyst is 3% of the mass of the liquefaction agent, the PEG/glycerol ratio is
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8:2 (w/w percent), the reaction time is 90 min, and the temperature is 150 °C. This study
demonstrates the possibility of using polyols derived from liquefied cotton stalk to produce
epoxy resins. For future work, to better understand the liquefaction properties and resin
properties from biomass, we should investigate various types of agricultural residue. In
addition, it is necessary to research the biodegradability of the new cotton stalk-based
epoxy resin. Producing high-value bio-products by using agricultural residues contributes
to establishing a sustainable economy and at the same time has an essential positive effect
on the environment.
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