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Treatment Effects of Choline Chloride-based Deep
Eutectic Solvent on the Chemical Composition of Red
Pine (Pinus densiflora)
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Effects of deep eutectic solvent (DES) treatment were determined for the
chemical composition of the sapwood and heartwood of red pine (Pinus
densiflora). Two DES systems were made from the mixture of choline chloride
(ChCl) and two different hydrogen bond donors (HBDs), namely, lactic acid (LA)
and glycerin (GLY), with different molar ratios (1:2, 1:6, and 1:10). The vyield of
the solid residue after DES treatment decreased with an increase in the HBD
concentration and treatment time, indicating that the water-soluble fraction was
increased. The amount of solid residue was lower in the DES with LA than in DES
with GLY, and higher in sapwood than in heartwood during both DES treatments.
There was no substantial change in the lignin content of the samples, each being
24.7 to 29.5 wt.%, based on the mass of the treated product. Similar to the yield
of the solid residue, cellulose and hemicellulose content in the treated product
decreased with an increase in the HBD concentration and treatment time, and it
was higher in sapwood than in heartwood. The cellulose crystallinity exhibited a
slight increase with increasing treatment time, but there was no difference among
the treatments using different molar ratios and between sapwood and heartwood.
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INTRODUCTION

In recent years, discovering renewable feedstock to produce fine chemicals,
materials, and fuels has become important due to increasing energy demands and
environmental issues (Hou et al. 2017a; Ho et al. 2019). Lignocellulosic biomass is the
most abundant, low-cost, and renewable biomass that can be utilized for conversion into a
valuable chemical or materials (Isikgor and Becer 2015; Capolupo and Faraco 2016;
Ahorsu et al. 2018; Lee et al. 2019). The biorefinery conversion of lignocellulosic
materials is a developing process for efficient and economically viable utilization as a
pretreatment to obtain high-value products. Solvents for the separation and extraction of
lignocellulosic materials include organic solvents (Espinoza-Acosta et al. 2014; Zhang et
al. 2016). However, many organic solvents have adverse effects on the environment and
the human body (Agbor et al. 2011; Kucharska et al. 2018).

An ionic liquid refers to a substance that exists in a liquid state at room temperature
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and forms ionic bonds. The ionic liquids are considered as being environmentally friendly
or green solvents because they have favorable properties, including high solvent capacity
towards both organic and inorganic materials and negligible vapor pressure, which reduces
the volatile organic compound emission (Zhao 2003; Sirvid et al. 2016). Furthermore, it is
possible to appropriately select cations and anions according to need, as well as control
their characteristics (Sun et al. 2009; Espinoza-Acosta et al. 2014; Han et al. 2017; Merza
et al. 2018). The pretreatment of woody biomass by an ionic liquid increases the
accessibility of enzymes during saccharification by reducing the degree of crystallization
of cellulose and selectively separating the constituents (Sathitsuksanoh et al. 2012; George
et al. 2015; Han et al. 2020).

However, the manufacturing of ionic liquids is cumbersome. They are very
expensive; some ionic liquids are harmful to the human body and can also cause
environmental hazards. Deep eutectic solvents (DESs) have been developed as new
alternative solvents to resolve these problems (Shamsuri and Abdullah 2010; Dai et al.
2013). DESs are of increasing interest in science and industry because they are simple to
use, safe, cost-effective, and do not present problems in purification or disposal (Yadav et
al. 2014). These solvents are generally environmentally friendly, biocompatible
compounds that are composed of a hydrogen bond acceptor (HBA) such as quaternary
ammonium salts and a hydrogen bond donor (HBD) such as amides, carboxylic acids, and
alcohols. When released, they are not environmentally hazardous. Their synthesis is
economically feasible and allows the incorporation of the components of green chemistry
(Malaeke et al. 2018). Typically, deep eutectic solvents consist of large, non-symmetric
ions that have low lattice energy and hence, low melting points. They are usually prepared
by mixing an HBA and HBD at moderate temperatures to form eutectic mixtures.
Hydrogen bonding results in charge delocalization or self-association occurring between
the HBA and HBD, and consequently the melting point of the eutectic mixture is much
lower as compared to the individual compounds (Satlewal et al. 2018). The H bonding is
the key for DESs forming. The H bonding is very unique compared with other bonding
types. H bonding can have different bonding forces and lengths depending on the ambient
conditions for the same component (Kadhom et al. 2017). Choline chloride is the most
commonly used HBA because it is low cost, biodegradable, safe, non-toxic, and extractable
from biomass. And, DESs mixtures formed on the basis of choline chloride tend to be
controlled by the stability of carboxylic acids, amides, or alcohol.

In view this, previous studies for DESs have been focused on the physicochemical
characterization, fractionation efficiency, pre-treatment for nanofibrillation, extraction
bioactive substances, and delignification at constant molar ratios, temperature and time
conditions using DES formed by combining with various HBDs (Sirvid et al. 2015;
Hiltunen et al. 2016; Loow et al. 2018; Ong et al. 2019; Sakti et al. 2019; Smink et al.
2019; Yu et al. 2019). However, the effect of DES pH was not taken into consideration in
most of these reports. On the basis of pH, Skulcova et al. (2018) classified DESs into two
groups, i.e. organic acid as HBD (pH 0 to 3.0), and polyol as HBD (pH 4.0 to 4.5), and
they emphasized the importance of efficient DES application and suggested that the DES
pH value can greatly affect the chemical reaction with the components of biomass. In this
context, in order to take DES pH into account, two representative HBDs, i.e. lactic acid
(LA) for organic acid and glycerol (GLY) for polyol were selected. The main aim of this
study was to investigate the effect of DES treatment time and mole ratio of HBDs with
different pH values on the chemical composition of sapwood and heartwood of the red
pine.
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EXPERIMENTAL

Materials

The red pine was provided by the Research Forest of Kangwon National University
in Korea. The sapwood and heartwood were separated by identifying the color difference
in the cross-sectional disk. The percentage of sapwood and heartwood was 80.5% and
19.5%, respectively. Each sample was cutter-milled to a specific size (40- to 80-mesh). The
milled red pine was extracted with acetone before DES treatment. Choline chloride (ChCl),
LA, and GLY were purchased from Daejung Chemical Co., Ltd., Siheung, Korea. All other
reagents were of analytical grade and used without further purification.

Methods
DES treatment

Two DES systems were prepared using the heating method by mixing ChCl and
two hydrogen bond donors, i.e., LA and GLY, with molar ratios of 1:2, 1:6 and 1:10,
respectively. The two components of each mixture were placed in a round-bottom flask
with magnetic stirring for 10 min at 100 °C until a clear colorless liquid was obtained.
Wood powder (1 g, oven-dry) was added to the DESs (20 g) and heated at 100 °C. The
ratio of the sample and the DESs was 1:20 (w/w). The treatment times were 2 h, 4 h, 6 h,
and 12 h. After the treatment, the sample was filtered. The solid residue was washed using
distilled water/acetone (1:1) two times, washed with water, and dried at 105 °C to obtain
the DES treatment sample.

Chemical composition measurement

The chemical composition of the sample was determined using a scaled-down
version of the Klason protocol of TAPPI T222 om-88 (2011). Briefly, 0.2 g of sample was
prepared at room temperature with 3 mL of 72% H2>SO4 for 2 h. The reaction was diluted
using 112 mL of deionized water. The solution was autoclaved at 121°C for 1 h. The solid
was filtered through a 1G4 glass filter and dried overnight at 105 °C. The acid-insoluble
lignin content was determined by the ratio between the weights of the solid residue and the
initial amount of the sample. The acid soluble lignin was determined using a UV-vis
spectrophotometer (Lamda 35, PerkinElmer, Waltham, MA, USA) at a wavelength of 205
nm.

The sugar analysis of samples was performed using Bio-LC (ICS-3000, Dionex,
Sunnyvale, CA, USA) according to the NREL analytical procedure (Sluiter et al. 2008).
High-performance anion-exchange chromatography (HPAEC) was connected with
electrochemical detection using pulsed amperometry (gold electrode), which was used for
guantitation of neutral sugar. The sample was chromatographed on a CarboPac PA-1
column. The system was operated in isocratic mode at a flow rate of 1.0 mL/min with a
mixture of 250 mM of sodium hydroxide (20%) and deionized water (80%). Five types of
sugars (glucose, xylose, arabinose, galactose, and mannose) were calculated using
Chromeleon software (Version 6.8, Dionex).

Characterization techniques

The X-ray diffraction patterns of the DES treatment sample were recorded with an
X-ray diffractometer (DMAX 2100V, Rigaku, Akishima, Japan) operated at 40 kV and 30
mA. Scattered radiation was detected in the range of 26 = 10 to 35° at a scan rate of 1°/min.
The crystallinity (Crl) was calculated using the peak intensity method,
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Crl (%) = (l200-lam/l200 ) x 100

where Iz is the diffraction intensity of (200) (26 = 22.5°) and lan is the diffraction intensity of the
amorphous region (26 = 18°).

The Fourier transform infrared spectroscopy (FTIR) spectra of the DES-treated
samples were recorded on a Fourier transform infrared instrument (Nicolet 10,
Thermofisher Scientific, Waltham, MA, USA) in the range from 600 to 4000 cm™ with a
resolution of 4 cm™. The attenuated total reflection (ATR) method was used for the
measurement. A total of 32 scans were taken for each sample.

The morphologies of the samples, with or without DES treatment, were examined
by scanning electron microscopy (S-4800, Hitachi, Ltd, Japan) at a 5 kV accelerating
voltage.

RESULTS AND DISCUSSION

Yield of the Solid Residue

The yield of the solid residue after DES treatments is summarized in Table 1. With
increasing molar ratios of ChCl and HBDs, i.e., the amount of LA and GLY in DES, the
yield of solid residue decreased in both sapwood and heartwood, indicating that the water-
soluble fraction was increased. The yield in sapwood was higher than in heartwood. In
DES with LA, the yield was in the range of 56.4 to 79.7% and 50.6 to 73.6% in sapwood
and heartwood, respectively, for all molar ratios. These values were lower than the range
of 83.0 to 92.4% and 79.0 to 87.8% in sapwood and heartwood, respectively, in DES with
GLY.

Table 1. Yield of the Solid Residue Obtained after DES Treatments at 100 °C

Sample DES with LA DES with GLY
(I\)/::Oéahrcrstl'lloBDS and Timé SW (%) HW (%) SW (%) HW (%)
2h 79.7 736 924 87.8
10 4h 75.6 69.7 90.1 84.8
: 6 h 726 66.8 89.7 82.7
12 h 62.7 60.0 84.5 80.5
2h 73.8 68.5 83.5 79.6
16 4h 67.7 61.8 85.2 78.1
: 6 h 62.7 56.8 84.4 74.9
12 h 56.4 51.8 84.6 73.0
2h 70.7 64.9 84.5 80.1
110 4h 67.6 62.3 85.9 80.6
6 h 57.5 55.7 84.8 79.8
12 h 56.4 50.6 83.0 79.0

SW: Sapwood, HW: Heartwood

Chemical Compositions

Table 2 shows the chemical composition of untreated material, i.e. sapwood and
heartwood of red pine. The chemical properties of the sapwood and heartwood of different
wood species have been reviewed by several authors. Generally, sapwood contains more
cellulose than heartwood (Benouadah et al. 2019). For hemicellulose, only small
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differences have been observed between heartwood and sapwood. Concerning lignin, it has
been reported to be present in slightly lesser amounts in heartwood than in sapwood (L. et
al. 2019). The total sugar amount of 72.3% in the sapwood was lower than the 77.5% in
the heartwood. The total lignin content of sapwood was slightly higher than that of
heartwood. In this result, cellulose showed the opposite trend from the previous results, but
hemicellulose and lignin were similar.

Table 2. Chemical Composition of the Raw Material
Composition (%)

Gu | Xyl | Man | Ara | cal | J°@ | AL | asL | Jou
Sugars lignin
SW | 46.5 6.3 13.9 2.0 3.7 72.3 28.7 0.5 29.2

HW | 48.9 8.7 12.4 2.5 4.9 77.5 271 0.5 27.6

SW: Sapwood, HW: Heartwood, Glu: Glucose, Xyl: Xylose, Man: Mannose, Gal: Galactose, AlL:
Acid insoluble lignin, ASL: Acid soluble lignin

Figures 1 and 2 show the changes in the amounts of cellulose (expressed as
glucose), hemicellulose (expressed as the sum of xylose, mannose, arabinose and galactose)
and lignin (expressed as the sum of acid insoluble lignin and acid soluble lignin) in the
treated product by varying the molar ratio of ChCl and HBDs (LA and GLY) and treatment
time. With increasing molar ratio and treatment time, the amount of cellulose and
hemicellulose decreased in both sapwood and heartwood. In particular, the amount of
cellulose (Fig. 1. C) was remarkably decreased by increasing the amount of LA in DES,
exhibiting the minimum value 0f 20.9% in heartwood with a molar ratio of 1:10. This value
was almost half of the cellulose content of 48.9% of the untreated material. The amount of
hemicellulose (Fig. 1.H) was not substantially different in any samples. Hou ef al. (2017b)
reported that treatment using ChCl-based DES with oxalic acid can degrade 95.8% of
hemicellulose at 120 °C for 4 h. Lignin content (Fig. 1. L) was not significantly different
among treated products. Even compared to the lignin content (29.2% and 27.6% in
sapwood and heartwood, respectively) of the untreated product, the range of 24.5 to 26.5%
in the treated product was slightly changed. In a previous study where the lignocellulosic
biomass of rice straw was treated with ChCI-LA DES, the solubility of pure lignin,
cellulose and hemicellulose was found to be selective, and lignin dissolved more (Kumar
et al. 2016). However, in the present study more cellulose and hemicellulose was removed
than lignin, indicating the possible difference in the interaction of DESs with different
biomass materials.

The amount of cellulose and hemicellulose (Fig. 2.C, H) by treatment using DES
with GLY decreased in both sapwood and heartwood with increasing molar ratio and
treatment time. The decrease in cellulose was significant, but the amount of hemicellulose
was not significantly different. Compared with the treatment using DES with LA, the
reduction rate of hemicellulose by treatment using DES with GLY was less. This could
have been caused by the strong acidic properties of LA. The change in the amount of lignin
(Fig. 2. L) was not significant. Alvarez-Vasco et al. (2016), suggested that hardly any
wood components were removed by ChClI-glycerol treated with different temperature. The
results showed that the cellulose and hemicellulose was decreased by increasing the molar
ratio and treatment time.

Overall, the heartwood exhibited a greater decreasing rate than the sapwood. The
choline chloride based acidic solvents contain a high abundance of nonsymmetric chloride
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ions and carboxylic acid molecules, possessing the features of both ionic liquids and
organic solvents. The strong hydrogen bond interactions in cellulose may be weakened
because of competing hydrogen bond formation between the chloride ions in DES and the
hydroxyl groups in carbohydrates, consequently breaking the intramolecular hydrogen
bond network (Liu et al. 2017). In addition to their internal hydrogens bonds, DESs can
also form hydrogen bonds with cellulose and dissolve cellulose. Hence, studying the H
bond type and the ability of H bond formation is crucial for gaining insights into the
dissolution of cellulose. In the ChCl-based DESs, one carbonyl oxygen can form two
hydrogen bonds, and one hydroxyl oxygen can form one hydrogen bond with cellulose.
The ChCI can accept three H* ions. Hence, two hydrogen bonds can be formed between
ChCl and LA. ChCl can form a hydrogen bond with cellulose, and LA molecules can form
4 hydrogen bonds with cellulose, giving a total of five bonds with cellulose. GLY can form
three hydrogen bonds with ChCI and three with cellulose. Therefore, the number of
hydrogen bonds with cellulose was relatively small for ChCI/GLY compared to ChCI/LA,
and hence the dissolution of cellulose is more in LA than GLY (Zhang et al. 2020).
Furthermore, increase in the reaction time and HBD ratio also resulted in the increased
dissolution, in accordance with the literature reports. Chen et al. (2019) reported that under
the same temperature, the solubility of poplar wood meal in the DES showed an upward
trend with the increase of the dissolving time. van Osch et al. (2017) observed that the
dissolvability of the cellulose was increased with increasing HBD ratio. Therefore, the
heartwood with a high cellulose and hemicellulose content was decreased more than
sapwood, and the yield of the heartwood (shown in Table 1) was lower than that of the
sapwood.
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Fig. 1. Chemical compositions(C: Cellulose, H: Hemicellulose, L: Lignin) of the soluble fraction([)
and solid residue (E:Sapwood (SW), B: Heartwood (HW) after DES with LA with different molar
ratios and treatment time at 100 °C
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Fig. 2. Chemical compositions(C: Cellulose, H: Hemicellulose, L: Lignin) of the soluble fraction([)
and solid residue ([A:Sapwood (SW), B: Heartwood (HW) after DES with GLY with different molar
ratios and treatment time at 100 °C

X-ray Diffraction (XRD) of DES-treated and Untreated Samples

Figure 3 shows the XRD patterns of the DES-treated and untreated sapwood. All
samples exhibited the typical diffraction pattern of the cellulose | polymorph, indicating
that the treatment using DES with LA and GLY did not affect the cellulose structure
regardless of the molar ratio and treatment time. The crystallinity values in all samples are
summarized in Table 3.

The crystallinity of the untreated material was 46.2% and 53.8% in sapwood and
heartwood, respectively. The crystallinity values of the treated products using DES with
LA were higher than those using DES with GLY under all treatment conditions. This may
have been caused by the lower yield of the solid residue in the treated product using DES
with LA.

Procentese et al. (2015) reported that the increase in the degree of cellulose
crystallinity after treatment using ChCl-based DES with GLY, urea, and imidazole was
mainly caused by the removal of the amorphous hemicellulose and lignin. However, there
was little difference with various molar ratios and treatment times in all samples. Overall,
the crystallinity of both sapwood and heartwood treated with both DES with LA and GLY
was somewhat higher than that of the untreated material. Relatively, the wood samples
(both sapwood and heartwood) treated by DES with LA were more crystalline than that of
DES with GLY. Moreover, with both types of DESs heartwood appeared less crystalline
than sapwood.

Satlewal et al. (2018) reported that the crystallinity of biomass increased after
treatment of DESs, usually due to the removal of lignin as well as amorphous
hemicellulose. Hence, it can be expected that, compared to the DES with LA, DES with
GLY has the less efficiency of removing amorphous hemicellulose and also, the less
crystallinity of the heartwood is thought to be due to this difference.
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Fig. 3. XRD patterns of the untreated material and DES-treated products with different molar ratios
of ChCl and HBDs for 12 h at 100 °C using red pine sapwood

Table 3. Summary of the Crystallinity of DES-treated Products at 100 °C

Sample DES with LA DES with GLY
of ONCUHBDS and Tifie SW(h) | HW®%) | SW(%) | HW(%)

Untreated material 46.2 48.7 - -
2h 57.3 541 52.5 51.6
1: 4h 58.2 55.7 53.0 52.5
' 6 h 57.7 57.7 53.1 52.9
12 h 59.7 58.5 53.3 53.1
2h 57.9 56.6 51.4 52.2
16 4h 57.4 56.7 50.0 51.3
' 6 h 58.3 56.8 52.5 52.6
12 h 60.9 60.0 51.0 51.6
2h 56.1 54.5 51.4 52.4
110 4h 56.5 54.8 50.5 50.0
6 h 57.7 57.3 50.6 51.0
12 h 57.9 57.3 50.7 50.6

SW: Sapwood, HW: Heartwood

Functional Group Analysis of the DES-treated and Untreated Samples

The FTIR spectra of the untreated and DES-treated sapwood with different molar
ratios of ChCl and LA or GLY are shown in Fig. 4. There was no significant change in any
of the spectra because the DES-treated products contained all components of cellulose,
hemicellulose, and lignin.

The broad absorbance region in the range of 3300 to 3500 cm™! corresponds to the
stretching of hydroxyl groups of cellulose, hemicellulose, and lignin. The absorbance in
the range of 2800 to 2900 cm™ is caused by CH stretching in the crystalline region of
cellulose. The individual band in the region 1800 to 800 cm™ is related to the absorbed O-
H vibration, CH deformation, C-O stretch lignin, and carbohydrates (Gupta et al., 2015).
In particular, the intensity of the peak at 1104 cm™ caused by the vibration of cellulose
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alcohol was very small in the untreated sample, whereas it increased in the DES-treated
products. This result indicated that lignin removal by DES treatment exposed cellulose on
the surface of the DES-treated products.

Untreated material

ChCI/LA(1:2)

N\~ ChCILA(1:6)
_\/_w

ChCI/LA(1:10)

_\_\;‘\fﬁ ChCIIGLY(1:2)

ChCl/GLY(1:6)

_\/‘r_cncuGLYﬁ :10)

Transmittance (%)

/
1104

3500 3000 2500 2000 1500 1000
Wavenumber (cm)

Fig. 4. FT-IR spectra of the untreated material and DES-treated products with different molar
ratios of ChCl and HBDs for 12 h at 100 °C using red pine sapwood

SEM Observation of the DES-treated and Untreated Samples

Figure 5 shows the SEM images of red pine sapwood samples, including untreated
and treated specimens with DES at different HBD ratios for 12 h at 100 °C. The untreated
material (Fig. 5a) displays a rigid and rough surface morphology. By contrast, the surfaces
of the DES treated products (Fig. 5b-g) were broken into separate fibers or fiber bundles
and became smoother in comparison to the untreated material. These results suggest that
DES treatment significantly removed the chemical components of red pine to different
extents. However, there seems to have been little difference according to the molar ratio.

| e a N ) o - " _," = %
- = : 4 3t ¢ AL ) 2 :
J i

Ple

Fig. 5. SEM image illustrating the morphology of the untreated material (a) and DES-treated
products (ChCI/LA 1:2(b), ChCI/LA 1:6(c), ChCI/LA 1:10(d), ChCI/GLY 1:2(e), ChCI/GLY 1:6 (f) and
ChCI/GLY 1:10(g)) with different molar ratios of ChCl and HBDs for 12 h at 100 °C using red pine
sapwood.
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CONCLUSIONS

The effects of various molar ratios and treatment time with different pH DES bufter
systems made from a mixture of choline chloride (ChCl) and two hydrogen bond donors
(HBDs) lactic acid (LA) and glycerin (GLY) on the chemical composition of sapwood and
heartwood of red pine was studied.

1. Deep eutectic solvent (DES) treatment significantly decreased the yield of solid residue
with an increase in the HBD (LA, GLY) molar ratio and treatment time.

2. Chemical composition analysis of residues revealed that the content of total sugars was
gradually decreased as the treatment time and HBD molar ratios were increased, and
were higher in sapwood than in heartwood.

3. ChCI/LA solvent with a low pH value dissolved hemicellulose a lot regardless of the
treatment time and molar ratio, which resulted in high crystallinity. In addition,
heartwood with high cellulose content was more soluble than sapwood, and these
results were greatly affected by treatment time and molar ratio.

4. The pH value of DES in the process of DES treatment based on choline chloride at
100 °C was a key factor affecting the cellulose and hemicellulose solubility of biomass.
Overall, the low pH DES, i.e. ChCl/LA, is promising with the mole ratio of 1:2 and
treatment time of 6 h for the pretreatment of red pine.
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