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Abstract

This study investigated the use of deep eutectic solvents (DESs) to improve the accelerated weathering performance of
Scots pine (Pinus sylvestris L.) wood. In addition to being natural and easily obtained, the simple preparation of these
solvents via heating and mixing has led to their use in a pretreatment process. The DES solutions were prepared by mixing,
in different molar ratios, oxalic acid (OA) and acetic acid (AA) as hydrogen bond donors (HBDs) and choline chloride
(ChCl) and betaine (BT) as hydrogen bond acceptors (HBAs). In this study, the novel DESs were prepared and charac-
terized. Scots pine wood samples prepared in dimensions of 15 (radial) x 75 (tangential) x 150 (longitudinal) mm were
treated with the DES solutions at 150 °C for 2 h. The weathering effects on the surface characteristics and morphology of
the samples were examined by means of Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), and measurement of color, gloss, and surface roughness. Weathering was carried out via cycles of 8-h UV-light
irradiation and 15-min water spraying followed by 3.45-h conditioning in an accelerated weathering test cycle chamber.
According to the FTIR results, the lignin ratio decreased significantly in the wood samples subjected to 2-h pretreatment
at 150 °C. The results showed that the greatest color change occurred on the surfaces of the control samples, whereas the
least color change was observed up to 168 h on the OA-BT samples. The glossiness values increased with the first 168 h
of weathering. Thereafter, the gloss values of the samples treated with OA-BT and OA-ChCl remained stable. The surface
roughness and degradation of surface components rose with the increase in the weathering exposure period. In accordance
with the color and surface roughness measurements, the FTIR spectra proved that for all specimens, lignin continued to
degrade on the exposed surfaces throughout 168 h of accelerating weathering.

1 Introduction

Wood, as a renewable lignocellulosic material, is the most
suitable material for building construction due to its high
strength in proportion to its weight and because of its low
processing costs. Lignocellulosic resources, which are rich
in cellulose, hemicellulose, and lignin, are the most widely
distributed and abundant renewable resources on earth (Sin-
clair et al. 2018). The major chemical component of a living
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tree is water; however, on a dry-weight basis, all wood cell
walls consist mainly of sugar-based polymers (carbohy-
drates, 65-75%) that are combined with lignin (18-35%)
(Rowell et al. 2005).

Lignin is a renewable and sustainable aromatic feed-
stock material, corresponding to ~30 wt% of the organic
carbon in the biosphere (Boerjan et al. 2003). Lignin is
present in the cell walls of lignocellulosic materials as a
hydrophobic structural component and plays an important
role in the strengthening and impermeabilization of the veg-
etable tissues (Faruk and Sain 2015). Wood has the high-
est proportion of lignin (~15-30 wt%) compared to other
material types (Upton and Kasko 2016), for example, corn
cobs and rice straw contain 3—-25% lignin by weight (Smo-
larski 2012). Lignin content varies among species as well
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as within species. For example, it can range from 25% by
weight for Pinus monticola to up to 30% for Pinus palustris
(Mahmood et al. 2018), whereas the species Pinus sylvestris
contains 19.8% lignin by weight (Cox et al. 2001). When
wood is exposed to the outdoor environment, a complex
combination of chemical, mechanical, and energy factors
causes weathering (Fengel and Wegener 2011). Exposure
of wood to UV-light is known to be mainly responsible for
the degradation and discoloration of wood surfaces in natu-
ral weathering (Miiller et al. 2003). Lignin is composed of
phenylpropane units and is the main UV-light-absorbing
component in wood (20-30%). Most free radicals are pro-
duced in the phenolic lignin groups, which are then eas-
ily converted into quinonoid structures. It has also been
observed that the carbon-carbon bonds adjacent to the
a-carbonyl groups in lignin undergo photodegradation via
the Norrish Type I reaction (Hon and Shiraishi 2001). The
gradual destruction of lignin aromaticity and the formation
of carbonyl structures are well-known changes caused by
weathering conditions. The increase in the cellulose content
of a weathered wood surface was reported to result from
the degradation and dissolution of lignin, and vanillin and
vanillic acid were found to form as the main components in
the degradation of the lignin (Holmbom et al. 1992).

If a safe, low-tech method could be discovered for
separating lignin and converting it to another bio product,
the increased density of the holocellulose and remaining
products could be utilized. After decomposition, lignin
could then be converted into valuable fuels and chemicals
using existing technology. On the other hand, wood with a
reduced lignin ratio but rich in cellulose and hemicellulose
is thought to exhibit increased surface resistance against UV
rays.

As sustainable alternatives to ionic liquids, deep eutectic
solvents (DESs) derived from natural and renewable com-
ponents are promising as solvents for delignification, with
high yields of 58-78% (Alvarez-Vasco et al. 2016). Com-
pared to the traditional alkaline methods, DES pretreatments
have resulted in a greater enhancement of digestibility,
lower energy consumption, and simpler lignin purification.
These solvents are environmentally friendly, easy to pre-
pare, biodegradable and biocompatible, and employ simpler
purification and solvent recovery procedures (Gunny et al.
2015). A DES is a eutectic mixture consisting of a hydrogen
bond acceptor (HBA) with a hydrogen bond donor (HBD).
Choline chloride is a common salt used as the main ingredi-
ent in a wide range of available DESs (Abbott et al. 2003;
Perez-Sanchez et al. 2013). In addition, betaine also is a
cheap natural resource (Perez-Sanchez et al. 2013) that is
biodegradable, non-toxic, and can be extracted from sugar
beets (Yang et al. 2015). Thus, betaine-based DESs have
extensive application possibilities.
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The solubility of lignin in DES mixtures provides a new
alternative for biomass pretreatment under mild condi-
tions. Recent studies focused on DESs have provided a new
perspective on their potential application to lignin extrac-
tion (Alvarez-Vasco et al. 2016; Morais et al. 2020; Li et
al. 2021). Studies have demonstrated that DES may have
a unique potential to dissolve lignin from plant materials
(Francisco et al. 2012; Liu et al. 2012). Studies using var-
ied ratios of HBD (choline chloride and betaine) and HBA
(oxalic acid and lactic acid) in DES mixtures have shown
that they have a significant effect on lignin solubility at dif-
ferent temperatures (Francisco et al. 2012; Alvarez-Vasco
et al. 2016; Zhang et al. 2016; Lynam et al. 2017; Tian et
al. 2017). In a recent study by Zhang et al. (2016), three
kinds of deep DESs, including monocarboxylic acid/choline
chloride, dicarboxylic acid/choline chloride, and polyalco-
hol/ choline chloride, were easily prepared and used in the
pretreatment of corncobs. The acid amount, acid strength,
and the nature of the HBAs exerted great influence on the
pretreatment results. Maximum delignification of 98.5%
was observed with ChCl/oxalic acid (Zhang et al. 2016). A
DES composed of oxalic acid (dihydrate) was used in lignin
extraction from wood biomass with high efficiency (90%)
by heating at 110 °C for 9 h (Liu et al. 2017). In another
study conducted by Alvarez-Vasco et al. (2016), the del-
ignification efficiency for poplar (hardwood) and Douglas
fir (softwood) species was compared. By applying choline
chloride-lactic acid DESs at 145 °C for 6 h, 78% of the lig-
nin was removed from the poplar and 58% from the Doug-
las fir (Alvarez-Vasco et al. 2016). Most of the research
conducted with DESs is aimed at using them to transform
lignocellulosic materials into more valuable products. Stud-
ies using wood have concentrated on lignin solubilization
and wood delignification, enzymatic hydrolysis and lignin
valorization, and solubilizing cellulose and hemicellulose
(Alvarez-Vasco et al. 2016; Lynam et al. 2017; Malaeke et
al. 2018; Kim et al. 2018).

Although DESs have been employed in biomass fraction-
ation, to the best of the authors’ knowledge, pretreatment
of Scots pine (Pinus sylvestris) wood for lignin extraction
using acidic DESs has not been previously reported. In this
work, two acids (oxalic acid and acetic acid) were used as
HBDs, and choline chloride and betaine as HBAs. The goal
of'this research was to investigate the feasibility of this novel
approach via accelerated weathering of the wood. In addi-
tion to being natural and easily obtained, the simple prepa-
ration of DESs via heating and mixing led to their use in the
pretreatment process. Color, brightness, and surface rough-
ness measurements and Fourier transform infrared (FTIR)
analyses were performed on the samples before and after the
pretreatment process, and the changes were examined. In
addition, the accelerated weathering effect was investigated
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Table 1 DES hydrogen bond donors (HBDs), hydrogen bond acceptors (HBAs), molar ratios, temperatures, and physicochemical property param-

eters

DESs combination HBA HBD Molar ratio Temperature Density (g/cm?) Viscosity (Pa.s)
Q) 25°C 150 °C
AA-ChCl Acetic acid ChCl 2:1 70 1.21 0.045 0.004
AA-BT Betaine 1:1 70 1.24 0.320 0.010
OA-ChCl Oxalic acid ChCl 1:1.5 90 1.29 0.120 0.006
OA-BT Betaine 2:1 60 1.31 0.895 0.025
gen Bond Accep Hydrogen Bond Donor Deep Eutectic Solvent the respective molar ratios (Table 1). The mixtures were
Oo(;;, ° - OO b stirred with a magnetic stirrer in a water bath at different
°8, ,Oo . 9 > " of " temperature and atmospheric pressure to improve dissolu-
-~ an 4 ’cm.m : tion (Table 1). All mixtures resulted in clear and homoge-
neous solutions, and no precipitation was observed after
? cooling to room temperature, as previously reported for
°0‘ o Ooco ChCl-based DESs using different acids (Craveiro et al.

BT-AA

Fig. 1 Synthesis of DESs

by exposing test and control samples to accelerated outdoor
conditions according to ASTM G154 (2006) standard for
100, 250, 500, and 1000 h.

2 Materials and methods
2.1 Material

The pine (Pinus sylvestris L.) wood was selected from
boards cut entirely from sapwood, and specimens (density
0.42 g/cm®) were prepared in dimensions of 15 (radial, R) x
75 (tangential, T) x 150 (longitudinal, L) mm for the weath-
ering tests.

Choline chloride (ChCl) (99%, 139.62 g/mol, Acros),
betaine anhydrous (BT) (98%, abcr), oxalic acid (OA)
(126.07 g/mol, Merck), and acetic acid (AA) (60.05 g/mol,
Merck) were used as received. The chemical structure of the
DES components is shown in Figure S1 in Supplementary
Information.

2.2 DESs preparation

Several DESs were prepared by combining OA and AA with
ChCl and BT. The components were weighed according to

2016; Fernandes et al. 2021). The acids and the molar ratios
used to prepare the DESs are given in Table 1. Deep eutectic
solvents (DESs) are chemical mixtures of two components
or more, consisting of a hydrogen bond donor (HBD) and
a hydrogen bond acceptor (HBA), in solid or liquid form,
that are capable of combining via a hydrogen bond (Fig. 1).
Images of the DESs are given in Figure S2 in Supplemen-
tary Information.

2.3 DES characterization

The viscosities of all DESs were measured using a HAAKE
MARS III rheometer (Thermo Fisher Scientific) with cone/
plate geometry (35 mm, 1 °, 0.052-mm gap) at different
temperatures ranging from 25 to 150 °C. The densities of
the four DES solutions were calculated by measuring the
mass of a given volume.

2.4 DES pretreatment of wood

Each 150x 75 x 15-mm wood sample was placed in a sepa-
rate beaker containing 50 g DES and kept at 155 °C for 2 h.
No mixing was applied during this process. At the end of the
2-h pretreatment period, the samples were washed with eth-
anol / water (15 mL, 1:1 molar ratio) to ensure that the DES
was completely removed from the samples. This process
was repeated three times and the samples were dried under
vacuum. The control samples (untreated) were subjected to
the same thermal stress, i.e., they were kept at 150 °C for
2 h.

2.5 Weathering test
To simulate outdoor conditions in the laboratory, the test
and control samples were processed on the QUV acceler-

ated weathering tester by applying UV-light for 8 h, fol-
lowed by a water spray for 15 min (ASTM G154 2006). The
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average UV-light intensity in the test device was 340 nm
and the temperature was adjusted to 45 °C. Four test and
control groups were selected for each variation, and the
wood surface changes in color, brightness, and roughness
of the samples were examined and FTIR analyses were per-
formed after 6, 12, 24, 48, 168, 336, 500, and 1000 h.

2.5.1 Color, gloss, roughness, and surface composition
measurements

Prior to the weathering test, color measurements were per-
formed on the control and test samples using the Konica
Minolta CD-600 spectrophotometer. The color measure-
ment analysis was carried out in accordance with the ISO
7724-1:1984 standard. Color measurements were taken
from three different points (Fig. S3) on the prepared sam-
ples, and these were averaged. Four samples were used for
each variation.

Gloss measurements of the wood surfaces were taken
using the Konica Minolta gloss meter with a 60 ° measuring
angle. The test device may be connected to a light source in
parallel or in proximity to the light control test area, and the
lens consists of a receiver containing a photocell receiver
window. Gloss measurements were taken from three differ-
ent points (Fig. S3 in Supplementary Information) on the
prepared samples and averaged.

The surface quality measurements were performed using
a MicroProf® FRT instrument (Fries Research & Technol-
ogy GmbH, Bergisch Gladbach, Germany). The range of
roughness parameters was calculated by the device, which
included the arithmetic mean deviation of the assessed pro-
file R,. All the parameters were measured in 2D profile and
three measurements were taken from the surface at each
direction, i.e., one parallel-to-the-grain (number 1) and one
perpendicular-to-the-grain (number 2), as shown in Figure
S3. An evaluation length of 16 mm, a sampling length of
2.5 mm, and a measuring resolution of 5 um were used with
the scanning speed of 750 um/s. A Gaussian filter was auto-
matically applied to all roughness data.

Prior to the outdoor environment testing of the samples,
chemical analyses were performed via a Shimadzu Fourier-
transform infrared (FTIR) spectrometer. Using the Pike
ATR Diamond/ZnSe accessory compatible with the Shi-
madzu model, solid measurements were taken from the
surface without causing any damage to the samples. The
spectra of the samples were obtained at a wavelength of
700—1800 cm™! by performing 30 scans at a resolution of
4 cm™!. The measured points were marked, and all testing
periods were measured from the same points.

@ Springer

3 Results and discussion
3.1 Physicochemical properties of DES

The physicochemical properties of DES, i.e., density and
viscosity, were tested, and the results are given in Table 1.
The DES density values ranged from 1.21 to 1.31 g/cm?,
with those of the DESs prepared using betaine being higher.

The performance of DESs as extraction solvents largely
depends on their ability to interact with the desired com-
pound, and these interactions are affected not only by the
chemical structure of the solvents, but also by their viscosity
(Xu et al. 2020; Fernandes et al. 2021). Solvent viscosity
has a direct effect on the mass transfer phenomenon, and
therefore, high-viscosity solvents can hinder extraction effi-
ciency (Dai et al. 2015). Some DESs have been reported to
be highly viscous because of their strong hydrogen bond-
ing networks that limit their ability to act as an extraction
medium (Yang et al. 2015; Ghaedi et al. 2017). The tem-
perature dependence of the viscosity of the DESs used in
this study was evaluated at 25 and 150 °C, as reported in
Table 1. As expected, the viscosity decreased slightly with
the rise in temperature. At high temperatures, molecular
bonds are formed and kinetic energy increases (Sarmad et
al. 2017). At 25 °C, the betaine-based DESs were highly
viscous, with viscosity values of 0.320 (AA-BT) and
0.895 Pa.s (OA-BT), compared to the ChCl-based DESs,
with values ranging from 0.045 (AA-ChCI) to 0.120 Pa.s
(OA-ChCl). Moreover, according to the results, the viscos-
ity values of the acetic acid-based DESs were lower than
those of the oxalic acid-based DESs. The carboxylic acid
group present in acids can cause extra hydrogen bonding
(Sarmad et al. 2017; El Achkar et al. 2019), which may have
been responsible for the slightly superior viscosity values
observed in the oxalic acid-based DESs. The viscosity val-
ues at the pretreatment temperature (i.e., 150 °C) exhibited
more subtle differences compared to those at 25 °C.

3.2 Surface properties of DES-treated wood

The FTIR analysis of the test and control samples was car-
ried out in the range of 1800 — 700 cm™'. The assignments of
the 14 characteristic peaks are listed in Table 2 (Colom et al.
2003; Dordevic et al. 2012; Cogulet et al. 2016; Fernandes
etal. 2021). The FTIR analysis results of the samples treated
with DESs are shown in Fig. 2.

Although it is hard to make comparisons with the signal
of the C=0 at 1728 cm™!, a slight increase was seen for all
modifications, which is logical by reason of the added C=0
of the acids. According to the FTIR spectra of the controls
and samples treated with DESs prepared with AA, the peak
intensity increased for the 1728 cm™! band, which belongs
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Table 2 Characteristic IR absorption spectra bands in wood

Band  Wavenumber Compound or chemical group

1 1728 C =0 stretch of acetyl or carboxylic
acid in hemicellulose

2 1610 Aromatic skeletal vibrations plus C=0
stretch

3 1510-1504 Aromatic skeletal vibration in lignin

1470 -1455 CH, of pyran ring symmetric scissor-

ing; OH plane deformation vibra-
tion, antisymmetric and symmetric
vCOO - vibrations

5 1365 C-H deformation in cellulose and
hemicellulose

6 1315-1311 C-H vibration in cellulose

1265 C-O stretch lignin ring in guaiacyl units

8 1155 C-O-C asymmetric bridge in cellulose
and hemicellulose

9 1100 Aromatic skeletal vibration and C-O
stretch

10 1049 C-O vibration in cellulose and
hemicellulose

11 1028 C-O vibration in cellulose and
hemicellulose

12 950-930 -HC =CH- out of plane deformation
(trans)

13 864 C-H deformation in cellulose

14 779 Cellulose

to the carbonyl and acetyl groups. However, a decrease
was observed in the samples treated with DESs prepared
with OA. The intensity of the other bands at the 1610 cm™!
region increased after DES pretreatment, except for AA-BT.
The DES pretreatment of cellulose and hemicelluloses

resulted in the formation of aldehyde and ketone groups on
carbon atoms C2 and C3, which may have contributed to an
increase in absorbance at the wavenumbers of 1610 cm™". It
has also been reported that the formation of chromophoric
carbonyl groups increases the intensity of the C=0 band at
1630 cm™! (Cogulet et al. 2016). This peak is also associ-
ated with the unbound C =C and water band. The intensity
of absorption at 1615 cm™! indicates paired a-C=0 bonds
with para-hydroxyphenyl groups. In this case, the water-
absorbing H-O-H tension vibration in the carbohydrates was
thought to increase after pretreatment. With the deformation
of the H-O-H bond, the water absorption increased due to
the increases in the hydroxyl group. Similar results have
been found in many studies (Evans and Chowdhury 2010;
Forsthuber et al. 2013; Saha et al. 2013). The 1510-1504
and 1265 cm™! bands associated with lignin decreased after
DES pretreatment.

The peak of the aromatic cellulose rings at
1470-1455 cm™! shows C=C and CH, vibrations. This
peak also shows the change in the crystalline and amor-
phous structure of the cellulose. Compared to the amorphous
region, the crystalline region of the cellulose increased after
the pretreatment with ChCl-based DESs. Other bands at
1365, 1315-1311, 1155, 1100, 1049, 1028, 950-930, 864,
and 779 cm™! are mainly associated with carbohydrates.
These bands increased significantly after DES treatment,
especially at 1470 — 1455, 1315-1311, and 950 -930 cm™ .
The increase in these bands was due to the structure of AA
and OA. When the spectra of the control wood and the DES-
treated samples were compared, supplementary bands were

11
10
12
AA-ChCL
3 8 5 14
2 6
; 7
T 5
AA-BT
* N/
OA-ChCL
\/\/“\/ /
A ,/4\/\_/
___,_/v%\,/ ’ -
d OA-BT
/ Control
N~
/\/\/ \.«—'\/
_’/_\/——._\’ N\
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700

Wavenumber (cm™)

Fig.2 FTIR-ATR spectra of Scots pine (control) and DES-treated wood
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noted in the DES-treated wood. This could be attributed to
the nature of the chemical interaction between the studied
DESs and the wood.

Table 3 indicates the color changes (AL*, Aa*, Ab*,
AE¥*), gloss (60 °) and surface roughness (Ra) values along
with the SD. The values in Table 3 were measured on the
wood surfaces after DES pretreatment. The points where the
measurements were taken are shown in Fig. 2.

Negative and positive values showed a tendency of the
wood surface to become greenish and reddish for Aa*, and
bluish and yellowish for Ab*, respectively (Hunter 2008).
Except for the OA-ChCI pretreatment, the other DES pre-
treatments caused the surfaces to redden and become yel-
lowish. The negative lightness stability (AL*) indicated a
tendency of the wood surface to become darker, with maxi-
mum darkening observed on the OA-ChCl-treated wood
surface. Color change is also correlated to carbonyl forma-
tion as well as lignin degradation (Pandey 2005). The FTIR
peaks at 1504 cm™! (lignin degradation) and 1728 cm™ ' (car-
bonyl group formation) were linearly correlated with AE* in
studies by Miiller et al. (2003) and Yildiz et al. (2013).

The brightness values of the DESs-treated Scots pine
wood samples were seen to increase in the AA-treated
samples, whereas they decreased in the OA-modified sam-
ples. With lignin degradation, the rising cellulose ratio on
the wood surfaces increased the brightness of the samples.
The lowest brightness value (2.0) was obtained in samples
modified with OA-ChCl. When the total color change was
examined, the highest color change was observed in this
group (OA-ChCl). Photographic images of the DES-treated
wood are presented in Figure S4 in Supplementary Informa-
tion, which show that high erosion (Ra of 8.68) occurred on
the surfaces of the samples after DES pretreatment. Thus,
the wood fibers were separated from the wood surface and
the light applied during the brightness measurement was
refracted and reflected, causing the brightness value to
decrease.

The surface roughness (Ra) values of the DES-treated
samples are given in Table 3. After DES pretreatment, the
parallel-to-the-grain roughness of all samples increased.
However, this increase was not significant for DES solu-
tions prepared with ChCl, whereas significant increases
were observed for solutions prepared with BT. This was
likely due to changes of surface composition caused by

micro cracks after DES pretreatment with BT. Another rea-
son for rougher surfaces could have been that with DES,
some wood surface components, primarily hemicelluloses
and lignin, were leached from solvent controls.

3.3 Surface properties of weathered wood

Weathering initiates a wide variety of chemical changes in
the wood surface. With the weathering process, lignin and
hemicellulose, which are the main components of wood,
are significantly affected. The change in wood components
caused by weathering was determined by ATR-FTIR analy-
sis. Figure 3 shows the Scots pine (control) and Figs. 4, 5, 6
and 7 the DES-treated test samples. The carbonyl and acetyl
groups in hemicellulose at the 1730 cm™! peak decreased in
all variations. This peak disappeared after 500 h. This can be
explained by the degradation of the acetyl groups and leach-
ing of the degraded carbonyl groups from the water during
accelerated weathering (Arpaci et al. 2021). Another band,
1615 cm™!, which emerged after the DES pretreatment pro-
cess, increased significantly in the OA-treated samples in
parallel with the increase in the weathering time, whereas
the band decreased in the AA-treated samples. The forma-
tion of chromophoric carbonyl groups caused the C=0
band to increase.

The most sensitive wood constituent is lignin, which can
be studied via a reference peak at 1504-1510 cm™! (lignin
band). The lignin peak decreased over time in the control
samples. After 500 h of weathering, it had completely disap-
peared. Ultra-violet radiation leads to lignin decomposition
(photolysis) and consequently, to delamination of surface
fibers. In particular, the chromophoric groups of lignin are
strong UV absorbers that are responsible for yellowing of
the surface. The most pronounced reduction in intensity was
evident for band 1510 cm™! and is related to the degradation
of lignin caused by UV radiation. Other researchers have
reported similar findings for laboratory experiments after
observing a decrease in peaks assigned to lignin over the
irradiation time span (Timar et al. 2016; Sandak et al. 2021).
Lignin and extractives are considered to be absorbers of UV
radiation; therefore, these components suffered major deg-
radation (Timar et al. 2016; Sandak et al. 2021). A reduction
was also observed in the DES-treated variations. The mini-
mum decrease was in the AA-BT samples.

Table 3 Color changes, gloss, and surface roughness values of control and DES-treated samples

Color changes Gloss (60°) Surface roughness (Ra)
AL* Aa* Ab* AE*

Control - - - - 2.7 (0.04) 7.12 (0.40)

AA-ChCl -17.56 (1.23) 5.51(0.55) 3.09 (0.09) 18.74 (0.90) 3.0 (0.10) 7.82(1.39)

AA-BT -15.98 (1.45) 5.61(0.43) 2.48 (0.34) 17.19 (2.31) 2.9 (0.94) 10.05 (1.45)

OA-ChCl -41.19 (3.98) 0.86 (0.02) -12.16 (1.11) 43.11 (3.45) 2.0 (0.06) 8.68 (1.07)

OA-BT -11.79 (0.79) 4.32(0.97) 1.75 (0.07) 12.72 (1.27) 2.2 (0.50) 10.63 (1.10)
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Fig.3 FTIR-ATR spectra of Scots pine wood (control) corresponding to different exposure periods of 0—1000 h

The peak at 1315—-1313 cm™! was attributed to the CH,
functional group of cellulose crystallinities (Colom and
Carrillo 2002). This peak increased significantly after DES
pretreatment. Peak values continued to increase after weath-
ering. The increase was limited in the control and samples
treated with DES solutions prepared with AA. However,
significant increases were observed in samples treated with
DES solutions prepared with OA. This result was due to the
reduction in the amorphous zones of the cellulose, which
led to the increase in the crystal content (Can et al. 2019).

Carbohydratepeaks,suchas1155,1100,1049 - 1026cm™ !
which are mostly found in cellulose, increased in all varia-
tions. The intensity of the 950 —930 cm™! region increased
after DES pretreatment. The intensity of this band decreased
with the weathering. Moreover, this band decreased after
168 h for the OA-ChCl-treated samples. For the samples
modified with OA-ChCl and OA-BT, the peak related to cel-
lulose at about 779715 cm™! significantly increased with
the longer weathering exposure.

A semi-quantitative method was used to analyze the
hemicellulose/cellulose intensity ratio (11730/11154), C=0
stretching conjugated to the aromatic ring (11615), degrada-
tion of lignin (I1504/11365), lignin/cellulose intensity ratio
(I1504/11154), and crystallinity index (I1313/11335) during
weathering, as shown in Table 4. The hemicellulose/cel-
lulose intensity ratio (I11730/11154) declined with increas-
ing weathering duration. The intensity increased slightly in
the first 48 h for the control and OA-BT-modified wood,

and in the first 12 h, for samples modified with AA-ChCl
and AA-BT. The creation of aldehyde and ketone groups
has been reported to be the cause (Arpaci et al. 2021). The
C=0 stretching conjugated to the aromatic ring (I11615)
was increased. The carbonyl contribution rose from 0.035
to 0.042 after 168 h for the control. After 12 h of weathering
time, this ratio decreased for the control samples, whereas
increases were observed in those treated with the DES solu-
tion variations. This new carbonyl structure was associated
with the new color. The color results supported this situa-
tion (Fig. 8). Table 4 indicated the ratio 11504/11365 as a
function of weathering time. This parameter decreased from
0.780 to 0.455 for the control samples. This value decreased
in parallel with the increase in weathering time in the DES-
modified samples. A reduction of 115.74% was observed in
the samples exposed to AA-ChCl and 66.33% in the sam-
ples exposed to AA-BT (Table 4). Similar results for pine
and spruce were reported in the literature (Pandey 2005;
Cogulet et al. 2016)

The lignin/cellulose intensity ratio (I11504/11154) value
significantly decreased for the AA-ChCl and AA-BT modi-
fied wood. This value showed a decrease in all variations
with increased weathering time. Although a 57% reduction
was observed in the control samples after 500 h, a 67.97%
reduction was obtained in the AA-ChCl-modified samples.
This situation proved that lignin degradation had not been
completed after 1000 h of accelerated weathering. These
reductions in all variations demonstrated that the lignin on
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the wood surfaces was significantly reduced by the weather-
ing process. An increase in the 11318/11335 ratio implied
an increase in crystallinity (Table 4). The crystallinity index
increased from 1.069 to 1.105 for the control and from
1.135 to 2.237 for the OA-ChCl samples. Similarly, an
increase of 78.39% was observed in the OA-BT-modified
samples (Table 4). This finding is compatible with the litera-
ture (Colom et al. 2003; Miiller et al. 2003). The increased
crystallinity declined in some cases. Cellulose, even when
crystallized, can be depolymerized under long weathering
time

The macroscopic evaluation after weathering of the wood
is shown in Figure S4. The Scots pine, whose natural color
is yellow, had turned brown with the weathering time. The
color turned gray after 500 h of weathering. This change
was more pronounced in the test samples.

The color changes (AL*, Aa*, Ab*, and AE*) in the
weathered samples for parallel-to-the-grain (I) are shown in
Fig. 8, gloss changes in Fig. 9, and surface roughness (Ra)
in Fig. 10.

Anegative lightness stability (AL*) indicates the tendency
of a wood surface to become darker. The AL* decreased
from —5.70 to -17.21 and then increased to -13.05 for the
control samples. It was a different case for the test samples.
Although a negative AL* was observed in the initial period
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of the weathering process, after 48 h, a significant increase
was seen for the AA-based DES samples. The AL* values
of the test samples tended to decrease up to 168-336 h of
weathering for the OA-based DES-treated wood, but after-
wards, they tended to increase. The degradation of lignin
dominated the surface color change process at first, result-
ing in the whitening of the wood samples. The darkening of
the wood with increasing time might have been due to exis-
tences of micro cracks and the migration of surface wood
components. After that, with increasing time, the extrac-
tives volatilized or degraded. Therefore, the wood surface
became white again. In the last stage of weathering, the AL*
values were influenced by the complex process of lignin and
extractive degradations, which can lead to the instability of
AL* values (Arpaci et al. 2021).

The redness/greenness values for the weathered samples
are shown in Fig. 8. The redness index (+Aax) of the control
and test samples showed an increasing trend up to 168 h
of weathering, but then began to decrease significantly, evi-
dently in parallel with the increase in the weathering period.
At the end of the test, all test samples showed a greenness
index, and the control samples showed a redness index. The
Aa* increased from 0.34 to 5.76 after 168 h of weathering
time. Except for the OA-ChCl-treated wood, the yellow-
ness index (+Ab*) of the control and test samples exhibited
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an increasing trend during the 48 h of weathering. How-
ever, thereafter, it began to decrease significantly, evidently
in parallel with the increase in the weathering period. At
the end of the test, all test samples exhibited a blueness
index (-Ab*). Photo-yellowing was correlated very well

1610 1315

1728 [/ ||\
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1155

with lignin degradation. The absorption between 1600 and
1690 cm™! showed the formation of conjugated carbonyl
bands in the quinone range, which is associated with the
decay of aromatic structures and the formation of conju-
gated carbonyl groups (Arpaci et al. 2021).
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The total color change (AE+*) gradually increased in par-
allel with the weathering period up to 168 h of weather-
ing time. In general, the color change of the samples was
found to be greater during the initial period of accelerated
weathering, probably as a result of the instigation of lignin
photo-degradation, and afterwards, the color continued to
change, but at a slower rate. In addition, according to the
FTIR results, it seems that the lignin peaks disappeared after
48-168 h of weathering. The decrease or disappearance of
lignin peak values in the wood samples indicated the rea-
son that the color change had remained stable or decreased.
These DESs can be easily recycled and reused several times
without compromising extraction performance or original-
ity. A number of literature studies have been published on
this subject (Li et al. 2018; Tang and Row 2020; Wang et
al. 2020).

Wood gloss change was not affected as much by weather-
ing conditions as were changes in color and roughness. In
the study, the gloss change of the control samples increased
in parallel with the increase in weathering time. Similar
results were also found in the case of samples treated with
DESs prepared with AA. However, in the samples treated
with DESs prepared with OA, the gloss changes decreased
after 48 h for BT and after 168 h for ChCl. In the accelerated
weathering test, the minimum gloss change was obtained in
the OA-BT treated samples and the maximum gloss change
in the AA-ChCl treated samples. It was observed that the
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gloss values of the wood samples treated with OA-BT and
OA-ChCl remained stable after 168 h of weathering.
Changes in brightness and color occur as a result of expo-
sure of wood to external weather conditions for a short time.
In some wood species such as redwood, Scots pine, and fir,
the brightness significantly decreases in the first months.
However, it was observed that the brightness values of sam-
ples that remained in outdoor weather conditions for a period
of six months had increased again. When western red cedar
specimens were exposed to external weather conditions,
their brightness values increased in the first six months,
but decreased in the following months (Feist 1990a). Sev-
eral studies have reported that as a result of the exposure
of wood samples to water and UV rays, the brightness val-
ues decreased in the initial time periods and then increased
with increased passing of time. A possible explanation for
this is that in the early stages of the photodegradation pro-
cess, the dark surfaces formed by the breakdown of lignin
reduces the brightness values, and with the progress of time,
these lignin components become separated from the wood
by the effect of water. The decrease in the ratio of lignin on
the wood surface causes the cellulose content to increase.
Cellulose, which has a white, bright structure, increases the
brightness values of wood surfaces (Hon and Feist 1986;
Feist 1990b; Ormondroyd et al. 2015). In their study, Hon
and Feist (1986) exposed white oak, red oak, poplar, and
sweetgum wood to accelerated outdoor tests and natural
outdoor tests. Regardless of the exposure conditions, the
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Table 4 Hemicellulose/cellulose intensity (11730/11154), C=O stretching aromatic ring (11615), degradation of lignin (11504/11365), lignin/cel-
lulose intensity ratio (11504/11155), and crystallinity index (11313/11335) of the weathered samples

Testtime (h)  11730/11154 11615 11504/11365 11504/11155 11313/

11335

Control 0 0.388 0.035 0.780 0.551 1.069
12 0.487 0.042 0.695 0.469 1.101

48 0.511 0.022 0.725 0.503 1.083

168 0.362 0.037 0.456 0.306 1.099

500 0.258 0.034 0.359 0.235 1.125

1000 0.258 0.031 0.455 0.289 1.105

OA-ChCltreated 0 0.457 0.099 0.697 0.535 1.135
12 0.358 0.125 0.618 0.448 1.420

48 0377 0.082 0.710 0.501 1.325

168 0.300 0.159 0.582 0.418 1.444

500 0.271 0.111 0.458 0.347 1.947

1000 0.286 0.103 0.479 0.374 2237

OA-BT treated 0 0.463 0.085 0.662 0.479 1.546
12 0.599 0.123 0.583 0.398 1.540

48 0.523 0.074 0.688 0.465 1.618

168 0.413 0217 0.513 0.363 1.964

500 0.320 0.192 0.581 0.453 2.922

1000 0.303 0.211 0.582 0.462 2.758

AA-ChCl treated 0 0.455 0.100 0.699 0.533 1.155
12 0.513 0.062 0.602 0.435 1.196

48 0.426 0.036 0.555 0.394 1.109

168 0.284 0.042 0.322 0.212 1.131

500 0.188 0.054 0.285 0.176 1.142

1000 0.222 0.035 0.324 0.198 1.188

AA-BT treated 0 0.405 0.031 0.672 0.484 1.107
12 0.466 0.062 0.602 0.411 1.185

48 0.392 0.028 0.636 0.412 1.102

168 0.344 0.025 0.567 0.355 1.122

500 0.225 0.032 0.404 0.252 1.213

1000 0.242 0.066 0.404 0.263 1.246

color and brightness values of all wood samples decreased.
As a result of the photodegradation of the wood, the chro-
mophoric structures in the emerging lignin absorbed light.
During the brightness measurement, the light falling on the
sample surface was absorbed by the lignin and caused the
measured value to be low.

Change in roughness was characterized in terms of aver-
age surface roughness (Ra), as presented in Fig. 10. The
wood surface became rougher after 1000 h of accelerated
weathering. The roughness increased in parallel with the
accelerated weathering time for the control samples. After
1000 h of weathering, the roughness values of the control
samples increased by 88.88% compared to their initial val-
ues. The samples modified with OA-ChCI showed a reduc-
tion in roughness up to 48 h, and all other test samples up
to 500 h, i.e., the roughness values of the samples treated
with DESs decreased up to 500 h weathering except for
the OA-ChCl samples. Significant increases were observed
in the roughness values of the test samples after 500 h of
weathering. The roughness value decreased by -35.35% for

AA-ChCl, -29.63% for AA-BT, and —15.16% for OA-BT
after 500 h of weathering; however, this value increased by
34.78%, 26.74%, and 19.73% after 1000 h, respectively.
The increase in wood surface roughness was attributed to
the degradation of wood polymers (especially lignin) and
the removal of degraded compounds from the wood via
the leaching with water (Feist 1982; Behbood and Saei
2015). This finding was also supported by the FTIR analy-
sis results. In previous studies, it was stated that the rough-
ness values of samples had increased with the weathering
process (Nzokou et al. 2011; Behbood and Saei 2015). The
highest mean value of Ra* after weathering was observed
for the control (Ra=15.50 um), whereas the lowest was for
the AA-ChCl-treated wood (Ra=9.19 um). The most inter-
esting finding from this study was that the roughness values
of the test samples decreased with weathering up to 500 h.
The varied behavior of the control and test samples for the
first 500 h of the weathering period resulted from the differ-
ent chemical structures of the samples. Examination of the
FTIR results showed that the chemical structure of the test
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Fig.8 Color changes due to accelerated weathering. Variation of CIELAB parameters AL*, Aa*, Ab*, and AE* on the surface of Scots pine wood

at different accelerated weathering times

samples treated with DESs differed from those of the control
samples. New peak (1615, 1313, 1100, 950 cm’l) values
were formed in the wood samples after DES pretreatment.
Control and test samples having different chemical struc-
tures were expected to exhibit different behaviors against
weathering. In the literature studies, it has been stated that
the roughness behavior in wood species differs depending
on the different chemical contents (Temiz 2005; Tolvaj et al.
2014; Tomak et al. 2018).

4 Conclusion

Several acidic DESs were prepared and characterized for
their physicochemical properties. Scots pine wood samples
were treated on the surface with acidic DESs that included
acetic acid-choline chloride (AA-ChCl), acetic acid-betaine
(AA-BT), oxalic acid-choline chloride (OA-ChCl), and
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oxalic acid-betaine (OA-BT). The experimental results
for the physicochemical parameters showed that the four
DESs had low density and good viscosity. The Scots pine
wood samples were treated with the DES solutions at
150 °C. According to the FTIR results, chemical changes
at 1504 cm™! (lignin degradation) and 1728 cm™! (carbonyl
group formation) on the DES-treated sample surfaces led
to color changes in the wood. The color maintenance of
wood treated with the DESs after accelerated weathering
for 168 h demonstrated the potential of the tested DESs as
useful “green” alternatives to traditional toxic UV stabiliz-
ers. Considering the favorable “green” features of this new
solvent treatment and its remarkable extraction capacity
and selectivity for lignin (even after recycling), this process
could prove to be highly attractive for future large-scale
applications.
Authorship contribution statement.
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