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Abstract

Aim of study: The influence of the treatment time (1 hour, 2 hours, and 3 hours) on the deep eutectic
solvent (DES) treatment of Scots pine (Pinus sylvestris L.) wood is investigated in this study.

Area of the study: Determination of DES performance on the Scots pine wood chemical structure.

Material and methods: Choline chloride (ChCI) and lactic acid (LA) mixture with molar ratio of 1:10
(w:w) was used as a DES solvent. Treatments were carried out in an autoclave at 121 °C. The effects of
DES treatment on the properties of wood and lignin samples of Scots pine were determined according to
the relevant standards.

Main results: The delignification ratio, lignin purity, and lignin yield in the 3h-treated sample were
determined to be 79.78%, 86.43%, and 82.48%, respectively. The crystallinity index (Crl) was increased
from 55.87% to 71.58% with 3 h DES treatment. Brunauer-Emmett-Teller (BET) analysis results showed
that the surface area of the sample increased with 3-h DES treatment (from 3.095 m?/g to 3.621 m?/g). The
1-hour DES-treated sample yielded the lightest colored lignin (L*: 71.62).

Research highlights: Treatment time of Scots pine wood during DES treatment has a significant effect
on the wood and lignin properties.
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Muamele Siresinin Etkisi

Oz

Calismanmn amaci: Bu ¢alismada, saricam (Pinus sylvestris L.) odununun derin 6tektik ¢oziicii (DOC)
muamele siiresinin (1 saat, 2 saat ve 3 saat) etkileri arastirilmistir.

Calisma alami: Calisma Tirkiye’deki Bartin ilinde gergeklestirilmistir.

Materyal ve yéntem: DOC (kolin kloriir (ChCl) ve laktik asit (LA)) muameleleri, 121 °C'de bir
otoklavda gerceklestirilmistir. DOC muamelesinin sarigam odununun ve ligninin 6zellikleri {izerine etkileri
ilgili standartlara gore belirlenmistir.

Temel sonuglar: 3 saat muamele edilmig numunede delignifikasyon orani, lignin safligi ve lignin verimi
sirastyla %79,78, %86,43 ve %82,48 olarak belirlenmistir. Ki, 3 saat DOC muamelesi ile %55,87'den
%71,58'e yiikselmistir. 3 saat DOC ile muamele edilmis 6rnegin lignin safligi, lignin verimi ve
delignifikasyon orani sirastyla %86,43, %82,48 ve %79,78 olarak tespit edilmistir. Brunauer-Emmett-
Teller (BET) analiz sonuglari, numunenin yiizey alaninin 3 saatlik DOC muamelesi ile arttigin1 (3,095
m?/g'den 3,621 m%g'ye) gostermistir. 1 saat DOC ile muamele edilmis numune en agik renkli lignini
vermistir (L*: 71,62).

Arastirma vurgulari: Sarigam odununun DOC muamelesi sirasinda muamele siiresi, odun ve lignin
ozellikleri lizerinde 6nemli etkilere sahiptir.

Anahtar Kelimeler: Derin Otektik Céziicii, Lignin, Saricam, Kristallik Indisi, XRD, BET, Biyorafineri

Introduction

Deep eutectic solvents (DES)s, discovered
at the beginning of the century as green
chemicals, consist of two or more chemicals.
They are low-cost, non-toxic, ecologically
friendly, and biodegradable (Zhang et al.,
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2012; New et al., 2022). These benefits make
them potential solvents for the pretreatment or
extraction of biomass (Sumer and Van Lehn,
2022). During the last decade, DESs have
been used widely in biomass treatment (L.i et
al., 2017; Panetal., 2017; Lyu et al., 2018; Xu
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et al., 2018; Kwon et al., 2020) and pulping
(Choi et al., 20164, b; Smink et al., 2019; Cui
et al., 2022; Giilsoy et al., 2022a, b; Giilsoy,
2023).

There are several factors affecting the
performance of DES treatments, such as
treatment  temperature, treatment time,
solid/liquid ratio, DES type and their mole
ratio, etc. Treatment time, ranging from
minutes to hours, is a key factor in the DES
efficiency in biomass pretreatments (Muley et
al., 2019; Maetal., 2021; Mankar et al., 2022;
Pan et al., 2017; Lyu et al., 2018; Liu et al.,
2019a). There is a linear correlation between
treatment time and delignification (Skulcova
etal., 2016; Xu et al., 2020). However, it was
noted that after a certain period, there was an
equilibrium between the biomass and the
solvent (DES) and no further dissolution
occurred. Carbohydrate degradation should be
avoided during the extensive lignin yields.
The cellulose fibers enlarge as the treatment
time increases, and thus solvent penetration
improves (Xu et al., 2020). Time prolongation
is essential since it raises the cost of the
procedure from an industrial standpoint
(Ozturk et al., 2018).

Several authors have investigated the
effect of treatment time on the effectiveness of
biomass DES treatment. According to Pan et
al. (2017), extending the treatment time from
4 hours to 8 hours enhanced the
delignification ratio from 35.71% to 44.74%
in the treatment of rice straw with ChCI and
ureaina 1:2 molar ratio. According to Li et al.
(2017), when willow wood was treated with
ChCI and lactic acid (1:10 mol ratio), the
delignification ratio rose up to 12 hours, and
insignificant  delignification ratios were
achieved when the treatment time was beyond
12 hours. For example, although 12 hours of
treatment results in 91.8% delignification
ratio, increasing time to 42 hours results in
94.2% delignification ratio. After DES
pretreatment  of  ChCl/glycerol  (1:2),
liquid/solid ratio 10, 160 °C, glucose yields
increased by 84% with increased time 2 h, 4
h, and 8 h for corn stover (Xu et al., 2018).
Lyu et al. (2018) studied the effects of
treatment time (6, 9, 12, 18, and 24 h.) on
purity and structural characterization of DES-
lignin samples extracted from willow (Salix
matsudana cv. Zhuliu). Liu et al. (2019a)
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treated wheat straw with DES (triethylbenzyl
ammonium chloride/lactic acid - 1:9 molar
ratio) at a pretreatment temperature of 100 °C
to investigate the effects of different
pretreatment times (2h, 4 h,6 h,8h, 10 h, and
12 h). They found that weight loss, lignin
removal, and xylan removal correlated
positively with treatment time. Fiskari et al.
(2020) discovered that prolonged time from 3
hours to 6 hours in the DES treatment of
mechanical pulps increased the amounts of
lignin removed, but increasing the time to 15
hours decreased the amount of removed
lignin. The re-precipitation of the dissolved
lignin on the fibers caused a reduction in the
delignification ratio after 15 hours of
treatment. In the case of Pinus densiflora
wood treated with DES (ChCI/LA and
ChCl/glycerine), the residual solid waste yield
had a negative correlation with treatment time
(Kwon et al., 2020).

Effect of treatment time on the efficiency
of DES treatment with Scots pine wood has
not previously been evaluated. Scots pine
wood was treated with ChCl and LA (1:10) at
121 °C for varied reaction times (1h, 2h, and
3h). Wood chemical composition, solid
residue yield, delignification ratio, lignin
yield, lignin purity, and lignin color will be
analyzed. X-ray diffraction (XRD) was done
to see the Crl of samples. Additionally, the
surface areas of control and DES-treated
wood samples were determined using BET
analysis.

Materials and Methods
Materials

Scots pine (Pinus sylvestris L.) wood,
obtained from Bartin Province, Tiirkiye, was
used in this study. Samples were grounded
with a Willey Mill and sieved to 60 mesh by
Retsch AS 200 sieve shaker. Choline chloride
(ChCl) CAS: 67-48-1 and lactic acid (LA)
CAS: 79-33-4 were purchased from Sigma
Aldrich.

Preparation of DES

The DES mixture was prepared with a
molar ratio of 1:10 (w:w) of ChCIl and LA.
The mixture was heated at 70 °C with
continuous stirring for 30 minutes until a clear
solution formed. To minimize moisture
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absorption, it was then cooled to room
temperature in a glass desiccator.

Lignin Extraction

The lignin extraction was done in a 500 ml
autoclave bottle using Hirayama HV-110
autoclave. Scots pine wood (dry mass 20.0 g)
was mixed with DES (200.0 g) and heated at
121 °C for various reaction times (1h, 2h, and
3h) (Figure 1). The autoclave bottle was filled
with 200 mL of ethanol at the end of this
procedure. The solid residue was then filtered

through a medium porosity (2 number) Gooch
crucible and washed twice with ethanol before
drying at 103 °C in an oven. To recycle
ethanol, the filtrate was evaporated in a
rotatory evaporator at 45 °C. After that, 500
ml of deionized water was added to the
remaining solution to separate out lignin
(Figure 2). The lignin samples were filtered
using a Whatman No. 42 filter paper and
washed with ethanol/distilled water 1:9 (v/v)
(Figure 3). Finally, the lignin samples were
dried in a freeze-dryer.

Figure 1. DES treatments of Scots pine wood

Figure 2. Lignin precipitation

50



Kastamonu Uni., Orman Fakiiltesi Dergisi, 2024, 24(1): 48-58

Kastamonu Univ., Journal of Forestry Faculty

Giilsoy and Pekgozlii

Fi v 1y
YR T WK

Determination Chemical
Composition

Holocellulose (Wise and Karl, 1962), a-
cellulose (TAPPI T 203), and Klason lignin
(TAPPI T 222) contents of both control and
DES-treated samples were found using
appropriate  references. The ratio of
hemicelluloses was determined by subtracting
the -cellulose ratio from the holocellulose.
After DES treatment, the solid residue yield
was calculated as a percentage of the original
weight.

of  Wood

XRD Analysis

To assess the crystal structure of the
cellulose contained in each sample, XRD was
performed on wood samples using a
multifunction X-ray diffractometer (Rigaku
Smartlab) at 40 kV and 30 mA. The value of
Crl was obtained according to the following
formula (Equation 1) (Segal et al., 1959):

crl (%) = [’20‘;;“’"] £100

: @
L.n denotes the intensity between the 200
and 101 peaks when 20 = 19.2° and reflects
the diffraction intensity of the fiber
amorphous region. Iy denotes the intensity of
the 200 peak when 260 approximates 22.8° and
represents the diffraction intensity of the
crystallization region (French, 2014).

BET Analysis

The surface areas of both the control
(untreated) samples and the 3-h DES-treated
were calculated using the BET technique.
Quantachrome Autosorb-iQ equipment was
used to detect N2 adsorption at 77 K. The

Figure 3. Lignin samples on filter paper
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samples were degassed for 4 hours at a
temperature of 120 °C prior to the adsorption
analysis.

Determination of Lignin Purity, Lignin Yield,
and Delignification Ratio

Lignin purity was calculated as a
percentage of the mass of the extracted lignin
sample using Klason lignin. The lignin yield
was calculated as a percentage of the lignin
content in Scots pine wood based on the
extracted lignin mass.
The following formula (Equation 2) was used
to calculate the delignification ratio (Liu etal.,
2019b):

Delignification ratio (%) = [1 - %:Z] x100 (2)

where mI denotes the dry weight of the
sample used in the DES treatment (g), c/
denotes the Klason lignin ratio of the control
sample (%), m2 denotes the dry weight (g) of
the remaining sample after DES treatment (g),
and ¢2 denotes the Klason lignin ratio of DES-
treated sample (%).

Color of Lignin

The color of lignin samples was evaluated
using a Konica Minolta CM-700d
spectrophotometer and three replicates

according to the CIE Lab system. L* values
are lightness (0: black and 100: white), a*
values are redness (negative values: green and
positive values: red), and b* values are
yellowness (negative values: blue and positive
values: yellow).



Kastamonu Uni., Orman Fakiiltesi Dergisi, 2024, 24(1): 48-58

Kastamonu Univ., Journal of Forestry Faculty

Giilsoy and Pekgozlii

Statistical Analysis

Statistical analysis was done at a 95%
confidence level using analyses of variance
(ANOVAS) and the Duncan test. The distinct
letter lowercase in Figures 4,5,7 and 9 shows
that the difference in the mean values of
attributes across the comparison groups was
statistically significant (P<0.05).

Results and Discussion
Solid Residue Yield

The influence of DES treatment time on
solid residue yield in wood samples is shown
in Figure 4. There is a negative correlation
between solid residue yield and treatment
time. The solid residue yield values were
71.00% after 1 hour, 60.85% after 2 hours,
and 54.70% after 3 hours. The removal of
lignin and hemicelluloses with DES treatment

80 1
70 A
60
50 A
40 A
30 A
20 A
10 A
0

Solid residue yield (%)

may explain this result (Figure 5). At the DES
(triethylbenzyl ~ ammonium  chloride:LA)
treatment of wheat straw, Liu et al. (2019a)
discovered that cellulose-enriched residues
gradually decreased from 66.0% after 2 hours
to 48.7% after 12 hours. Chen et al. (2019)
found that increasing the treatment time (from
3 to 6 hours) in DES (ChCI:LA) treatment of
poplar wood reduced solid residue vyield.
Kwon et al. (2020) reported that the DES
(ChCI:LA, 1:10 mol ratio) treatment of Pinus
densiflora reduced solid residue production
from 70.7% after 2 hours to 56.4% after 12
hours. According to Lu et al. (2022), the
residual solid yield of corn stover treated with
ternary deep eutectic solvent (TDES, ChCl,
formic acid, and maleic acid) reduced with
longer treatment times (1 h, 1.5 h, 2 h, 2.5 h,
and 3 h).

1h

2h 3h

Figure 4. Effect of DES treatment time on solid residue yield in the wood sample

Wood Chemical Composition

Figure 5 depicts the influence of DES
treatment time on the chemical composition of
awood sample. The holocellulose content was
slightly reduced after 1 hour of DES treatment
but increased after extended treatment times
(P<0.05). The holocellulose value in the
control sample was 74.88%, 73.29% after 1 h
of DES treatment, 78.61% after 2 h, and
83.83% after 3 h. The correlation between
DES treatment time and a-cellulose content
was linear (P<0.05). The a-cellulose content
in the control sample was 47.99%, 50.27% in
the 1 h treatment, 56.64% in the 2 h treatment,
and 62.57% in the 3 h treatment. These results
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are due to the removal of lignin and
hemicelluloses by DES treatment (Figure 5).
According to Bai et al. (2022), increased
treatment time results in a more thorough
penetration of DES into the biomass's cell
wall, promoting the dissociation of lignin and
the hydrolysis of hemicellulose. With
increasing treatment time, hemicellulose and

lignin  contents  decreased  (P<0.05).
Hemicellulose and lignin contents were
26.89%, 23.02%, 21.97%, 21.26%, and
24.55%, 21.82%, 17.23%, 9.08% in the

control, 1 h, 2 h, and 3 h DES-treated wood
samples, respectively.
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Figure 5. Effect of DES treatment time on the chemical composition of the wood sample

Xu et al. (2018) found that increasing the
treatment time (2 h, 4h, and 8 h) with
ChCl/glycerol treatment of corn stover
enhanced glucose yields by 84%. According
to Liu et al. (2019a), xylan and lignin removal
rates increased from 43% (2 h) to 78% (12 h)
and 48% (2 h) to 74% (12 h) respectively,
after DES treatment of wheat straw. Chen et
al. (2019) discovered that a 6-hour DES
(ChCI:LA) treatment of poplar wood removed
more hemicelluloses and lignin than a 3-hour
DES treatment. According to Lu et al. (2022),
extending the treatment time from 1 hour to 3
hours raised the delignification ratio of corn
stover in TDES treatment (130 °C) from
60.4% to 79.4%. Positive correlations were
also seen in the DES treatment of rice straw
(Pan et al., 2017) and willow (Li et al., 2017).

XRD Analysis

The determination of Crl level in the
control and pretreated samples can give an
idea for the evaluation of the pretreatment of
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lignocellulosic biomass (Xu et al., 2019). The
elimination of hemicelluloses and lignin, as
well as alterations in the crystalline structure
of cellulose, all have an effect on the Crl (Hou
et al., 2018). In this study, samples treated
with DES had considerably higher Crl values
than that of the control sample, and the Crl
values of samples had a positive correlation
with treatment time (Figure 6, Table 1). This
finding can be explained by removing of
amorphous components (hemicelluloses and
lignin) and a rise in a-cellulose concentration
(Figure 5). The peaks for the Iz and lam are
located at 20 = 22.64°-22.68° and 19.04°-
19.72°, respectively (Table 1). Chen and Wan
(2018) discovered that ChCI:LA treatment
improved the Crl in corn stover (from 43% to
65%), switchgrass (from 54% to 67%), and
miscanthus (from 56% to 68%). Kwon et al.
(2020) discovered that pretreatment with
ChCI-LA raised Crl in red pine sapwood and
heartwood.



Kastamonu Uni., Orman Fakiiltesi Dergisi, 2024, 24(1): 48-58

Kastamonu Univ., Journal of Forestry Faculty

Giilsoy and Pekgozlii

>
)
‘D
c
(<]
)
£ |
|
1 1 l
10 20 30 40
26 (°)
Figure 6. XRD spectra of control and DES-treated wood samples
Table 1. 26, intensity, and Crl values of control and DES-treated wood samples
Sample [P lam Crl (%)
260 (°) Intensity 260 (°) Intensity
Control 22.68 1634 19.60 721 55.87
1h 22.64 1800 19.04 598 66.78
2h 22.68 2164 19.24 625 71.12
3h 22.68 2199 19.72 625 71.58
Lignin  Purity, Lignin Yield, and 40.22%, 64.66%, and 82.48%, respectively.
Delignification Ratio Delignification ratio was 36.90% after 1 hour,

The influence of DES treatment time on
lignin purity, lignin yield, and delignification
ratio can be seen in Figure 7. With increasing
treatment time, lignin purity, lignin yield, and
delignification ratio improved. Lignin purity
was 82.34% after 1 hour, 84.44% after 2
hours, and 86.43% after 3 hours. Lyu et al.
(2018) obtained similar results; the purity of
DES-lignin is favorably associated with
treatment time. While the lignin purity value
was 90.02% after 6 hours of DES treatment, it
increased to 95.40% after 24 hours. The lignin
yield of DES-treated samples after 1 h, 2 h,
and 3 h were
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57.29% after 2 h, and 79.78% after 3 h. Chen
et al. (2019) discovered that extending the
DES treatment period from 3 h to 6 h
enhanced the amount and purity of lignin
recovered from poplar wood. Bai et al. (2022)
noted that delignification ratio at the DES
treatment of poplar wood was 71.5% after 1 h
and 96.3% after 3 h. They also demonstrated
that the lignin yield peaked at 95.2% after 3 h
and subsequently slightly declined with the
extended treatment time. According to Lu et
al. (2022), lignin purity and lignin yield in
TDES treatment of corn stover were favorably
correlated with treatment time.



Kastamonu Uni., Orman Fakiiltesi Dergisi, 2024, 24(1): 48-58

Kastamonu Univ., Journal of Forestry Faculty

Giilsoy and Pekgozlii

100 -
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

%

1h

u Lignin purity (%)

= Lignin yield (%)

2h 3h

Delignification ratio (%)

Figure 7. Effect of DES treatment time on lignin purity, lignin yield, and delignification ratio

BET Analysis

BET measurement is commonly used in
biomass pretreatment studies to look at
lignocellulose's pore structure and surface
area (Gong et al., 2022). A porous, loose
structure frequently has a larger specific
surface area (Ho and Wu, 2020; Tang et al.,
2023). The surface area of the sample
increased with DES treatment. The surface
area values of control and 3-h DES-treated
samples were 3.095 m?/g and 3.621 m?/g,
respectively. This finding is explained by the
elimination of lignin and hemicelluloses from
samples using DES treatment. Ong et al.
(2019) reported that the surface area of oil
palm frond samples increased from 0.3566
m?/g to 0.4215 m?/g with DES (ChCl:Urea)
treatment. In another study, Tang et al. (2023)
noted that surface area values of control and
DES-treated (acetic acid and
cetyltrimethylammonium bromide) samples
of rice hull were 0.85 m?/g and 62.3 m?/g,
respectively.

Optical Properties of Lignin

Figure 8 indicates lignin samples taken
from DES-treated Scots pine wood. Optical
characteristics of lignin samples are shown in

55

Figure 9. The L*, a*, and b* values of lignin
samples decreased as treatment time increased
(P<0.05). The L* values of lignin samples
after 1 hour, 2 hours, and 3 hours of treatment
were 71.62, 59.76, and 55.59, respectively.
The a* values of lignin samples were 7.07
after 1 hour, 6.71 after 2 hours, and 5.49 after
3 hours. The b* values of lignin samples after
1 hour, 2 hours, and 3 hours of treatment were
15.61, 14.27, and 14.04, respectively.
According to Lu et al. (2022), the L* value of
lignin extracted from corn stover after TDES
treatment was adversely correlated with
treatment time. They discovered that the L*
values of lignin samples (TDES treatment
temperature 110 °C) were 62.96, 57.66, and
52.14 for 1 h, 2 h, and 3 h TDES treatment
times, respectively. Wu et al. (2023) recently
investigated the influence of organic solvent
type (methanol, ethanol, and acetone) on
alkali lignin fractionation. They discovered
that alkali lignin (control) has L*, a*, and b*
values of 46.09, 10.27, and 17.84,
respectively. In addition, the lightest colored
lignin (L*: 59.27) was obtained from lignin
fractions extracted with acetone.
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Figure 9. Optical properties of lignin samples
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