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Abstract
The composition and physicochemical characteristics of polysaccharides extracted from spent liquors of catalytic and non-
catalytic delignification of larch wood in the acetic acid-hydrogen peroxide medium were studied. The following were used 
as catalysts: (NH4)6Mo7O24, MnSO4, TiO2, and ZnSO4. The structure of polysaccharides was identified by FTIR and NMR 
spectroscopy. Their composition was established using gas chromatography, and the physicochemical characteristics were 
studied using gel permeation chromatography, scanning electron microscopy, thermogravimetric analysis, gas adsorption, 
and elemental analysis. It was shown that in the process of oxidative delignification, a significant amount of hemicelluloses 
and arabinogalactan passes into the spent liquor. The yield of polysaccharides was up to 16.9 wt%. Polysaccharides had a 
weight-average molecular weight of up to 22.9 kDa and a narrow molecular weight distribution.
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1  Introduction

Hemicelluloses are polysaccharides in a plant cell wall that 
represent the most widespread, after cellulose, renewable 
plant polymers in the lignocellulosic materials. They are 
a type of heteropolysaccharides with a complex structure, 
which can contain glucose, xylose, mannose, galactose, ara-
binose, rhamnose, and glucuronic and galacturonic acids in 
different amounts, depending on a source. The dominant 
coniferous wood hemicelluloses are partially acetylated 
galactoglucomannans and glucomannans (up to 20‒25% of 
the wood weight) [1] and arabinoglucuronoxylans (5‒10% 
of the wood weight) [2]. Larch wood contains arabinoga-
lactan in a fraction of 5‒25% of the wood weight, depending 
on larch species [3].

The recent investigations showed the benefits of poly-
meric hemicelluloses and their potential for use in vari-
ous fields. According to the data on the modification of 
hemicelluloses, these polymers can be used in production 
of new industrial materials, e.g., biomedical hydrogels 
[4] and biodegradable food wrap [5]. The unique colloi-
dal properties of the galactoglucomannan extracted from 
spruce wood can be used in the development of functional 
nano- or microstructures separately or in combination with 
other components [6]. The spruce hemicelluloses have 
prospects for application such as partial substituents of 
synthetic polylactide in 3D printing [7] and for the treat-
ment of chronic prostatic inflammation [8]. Deloule et al. 
[9] demonstrated the importance of softwood hemicel-
luloses as a potential source of prebiotics. Gautam et al. 
[10] used the hemicellulose extracted from pine needles 
as an effective adsorbent for removal of malachite green 
from wastewater. Mikkonen et al. [11] reported on new 
promising engineering emulsion systems for alkyd paints 
stabilized by the hemicelluloses extracted from birch and 
spruce.

In recent years, the extraction of hemicelluloses from wood 
raw materials has been studied intensively. Hemicelluloses 
were isolated by the hot-water extraction [12, 13], hot pres-
surized water pretreatment [14], alkaline hydrogen peroxide 
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pretreatment [15], microwave-assisted extraction under atmos-
pheric pressure [16, 17], and steam explosion extraction [18].

Currently, new methods of cellulose production are being 
developed, which is based on the peroxide delignification 
of wood in organic solvents, e.g., acetic and formic acids, 
and in the presence of various catalysts [19–21]. The treat-
ment of wood with organic solvents as delignification media 
allows the lignocellulosic materials to be fractionated to 
produce lignin, cellulose, and hemicelluloses, thereby pro-
viding an excellent approach in terms of biomass use. The 
spent liquors consisting of soluble hemicelluloses and lignin 
depolymerization products do not contain toxic chlorine- 
and sulfur-containing compounds. Easy solvent recovery and 
environmental friendliness are important features of such 
processes [22].

A mixture of acetic acid and hydrogen peroxide is con-
sidered to be very effective in cleaving the aromatic rings of 
lignin and is also an environmentally friendly solvent [23]. 
Pretreatment with acetic acid with hydrogen peroxide is an 
effective approach to selectively remove lignin from bio-
mass while retaining most of the carbohydrates [24, 25]. In 
addition, the presence of catalysts based on variable valence 
metals intensifies the delignification process due to the for-
mation of peroxo complexes, which are strong oxidants and 
carry out the destruction of lignin [26, 27].

Studies [20, 21] were devoted to the oxidative catalytic 
delignification of various timber species in the hydrogen per-
oxide-acetic acid–water medium in the presence of the solid 
TiO2 catalyst and the soluble MnSO4 one. The study [19] 
compared the catalytic properties of the soluble (CuSO4, 
ZnSO4, MnSO4, FeSO4, and (NH4)6Mo7O24) and solid 
(TiO2, KN-30, and C-FeZSM-5 zeolites) catalysts for del-
ignification of wood including the same solvent. The main 
attention in these works was paid to the yield and composi-
tion of solid cellulosic products.

This study aimed to examine the composition, structure, 
and physicochemical characteristics of the polysaccharides 
extracted from the spent liquor of catalytic and noncatalytic 
acetic acid-peroxide delignification of larch wood.

2 � Experimental

2.1 � Raw materials

The raw material used was sawdust (a fraction of 2.0–5.0 mm) 
of the Siberian larch (Larix Sibirica) grown in the Krasnoyarsk 
Territory. The sawdust chemical composition was determined 
using conventional wood chemistry analytical methods [28]. 
The main larch wood components (wt%) were cellulose 
(41.2 ± 0.8), lignin (28.1 ± 0.6), polysaccharides, hydrolysable 
with 2% hydrochloric acid (26.4 ± 0.5), extractive substances 
(2.8 ± 0.0), and ash (0.8 ± 0.0).

A scheme of the oxidative catalytic fractionation of larch 
wood in the acetic acid-hydrogen peroxide medium with the 
formation of cellulose and polysaccharides is shown in Fig. 1.

2.2 � Larch wood delignification

The shredded larch wood was delignified in a 250-mL glass 
reactor equipped with a stirrer and a reflux condenser. The 
delignification solution consisted of glacial acetic acid (30 
wt%), hydrogen peroxide (6 wt%), and distilled water. The 
liquid wood ratio (LWR) was 15. In this study, we used 
four catalysts ((NH4)6Mo7O24, MnSO4, TiO2, and ZnSO4), 
which demonstrate the high delignification efficiency, in a 
fraction of 1% of the wood weight. The delignification was 
performed for 4 h at temperatures of 90 °C and 100 °C under 
constant stirring. After completion of the delignification pro-
cess, a solid residue (the cellulosic product) was separated 
from the spent liquor by filtration with a Buchner funnel, 
washing until neutral pH, and drying to the air-dry state.

2.3 � Extraction of polysaccharides

The spent liquor (liquor 1 in Fig. 1) was concentrated on a 
rotary evaporator. Then, hot (about 60 °C) water was added 
at a volumetric ratio of 1:1 and driven off in a rotary evapo-
rator. This procedure was performed twice to remove ace-
tic acid. Polysaccharides were precipitated with a fivefold 
volume of ethanol (96% wt.) under slow stirring and then 
held for 12 h at a temperature of 4 °C. The obtained white 
curdled precipitate of polysaccharides was separated from 
the lignin depolymerization products (liquor 2 in Fig. 1) by 
filtration with a Buchner funnel, washed with ethanol, fro-
zen, and dried in an Iney-6 freeze dryer. The yield of poly-
saccharides was determined in relation to the initial wood 
weight. The measurements were carried out in triplicate. 
Polysaccharides, obtained at a delignification temperature of 
100 °C, were analyzed by Fourier-transform infrared (FTIR) 
and nuclear magnetic resonance (NMR) spectroscopy, gas 
chromatography (GC), gel permeation chromatography 
(GPC), scanning electron microscopy (SEM), and thermo-
gravimetric analysis (TGA). The elemental composition and 
textural characteristics were examined.

2.4 � Monosaccharide composition 
of polysaccharides

To determine the monosaccharide composition, the polysac-
charides were hydrolyzed by the HCl solution (2%) for 3 h. 
The individual composition and monosaccharide content in 
the hydrolysates were determined on a VARIAN-450 GC gas 
chromatograph equipped with a flame ionization detector on 
a VF-624 ms capillary column with a length of 30 m and 
an inner diameter of 0.32 mm. A hydrolysate sample was 
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pre-derivatized by the technique described in Ruiz-Matute 
et al. [29] with the formation of trimethylsilyl derivatives. 
The silylating reagent was a mixture of trimethylchlorosilane 
and hexamethyldisilazane in pyridine and sorbitol was used 
as an internal standard (IS). Standards for the analysis of 
the hydrolysates were glucose, arabinose, galactose, sorbitol, 
mannose, and xylose (Panreac, Germany).

2.5 � Gel permeation chromatography

The weight-average molecular weight (Mw), number-aver-
age molecular weight (Mn), and polydispersity (PDI) of the 
polysaccharide samples were determined by GPC using an 
Agilent 1260 Infinity II Multi-Detector GPC/SEC System 
chromatograph with a refractive detector. The separation 
was made on two Agilent PL aquagel-OH columns using 
the solution of 0.2MNaNO3 + 0.01 M NaH2 PO4 in water 
(a pH of 7) as a mobile phase. The column was calibrated 
using the polyethylene glycol standards (Agilent, US). The 
eluent flow rate was 1 mL/min and the sample volume was 

100 μL. Before the analysis, the samples were dissolved 
in the mobile phase (~ 5 mg/mL) and filtered through a 
0.45-μm Agilent PES membrane filter (Millipore). The 
data collection and processing were performed using the 
Agilent GPC/SEC MDS software.

2.6 � FTIR and NMR analysis of polysaccharides

The IR spectra were recorded on a Shimadzu IRTracer-100 
FTIR spectrometer (Japan). Specimens for recording the 
IR absorption spectra were pressed in tablets containing 
3 mg of the sample in a potassium bromide matrix. The 
NMR analysis (heteronuclear single quantum coherence 
(HSQC) spectroscopy) of polysaccharides was made on 
a Bruker Avance III 600 spectrometer (Germany). Before 
the analysis, the sample was completely dissolved in the 
DMSO-d6 solvent and placed into a 5-mm NMR tube at 
room temperature.

2.7 � Elemental analysis

The elemental analysis of the polysaccharides isolated from 
the spent liquors of the catalytic and noncatalytic larch wood 
delignification was made on a Vario El Cube ELEMENTAR 
CHNSO analyzer (Germany).

2.8 � Thermogravimetric analysis

The thermogravimetric analysis was made on a NETZSCH 
STA 449 F1 Jupiter simultaneous thermal analysis instru-
ment (Germany). The polysaccharide samples were analyzed 
in argon at a heating rate of 10 °C · min‒1, temperatures from 
30 to 900 °C, and protective and blowout gas flow rates of 20 
and 50 mL ∙ min‒1, respectively. The Al2O3 cylindrical cru-
cible with a perforated cover was used and a reference was 
the empty corundum crucible with a cover. The instrument 
was calibrated according to the specification using reference 
substances supplied with the instrument. The mass of the 
samples for analysis was determined on a Sartorius BP121S 
analytical lab scale digital balance. The measurement results 
were processed using the NETZSCH. Proteus Thermal Anal-
ysis.5.1.0 software supplied with the instrument.

2.9 � Analysis of the pore volume and surface area

The textural characteristics of polysaccharides were obtained 
using the nitrogen adsorption and desorption isotherms 
measured on a Micromeritics ASAP 2020 automatic adsorp-
tion analyzer (US) at 77 K under relative pressures of P/
P0 = 5 ∙ 10–6‒0.998. Before the adsorption measurements, 

Fig. 1   Fractionation of larch wood in the acetic acid-hydrogen perox-
ide medium
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the samples were degassed in vacuum for 12 h at 90 °C. The 
parameters used to identify the porous structure of the sam-
ples were specific surface area SBET and average pore size 
Dpore [30]. The total pore volume Vtot calculated by a single-
point technique from the volume of nitrogen adsorbed under 
a relative pressure of P/P0 ≥ 0.98. The micropore volume 
Vmicro was calculated by the t-plot method [31].

2.10 � Scanning electron microscopy

The morphology of the polysaccharide samples was iden-
tified on a Hitachi S5500 scanning electron microscope 
(Japan) with a cold tungsten cathode equipped with a Hitachi 
BF/DF DUO-STEM STEM detector at a variable electron 
collection angle, an accelerating voltage of 30 kV, and a 
spatial resolution of 0.4 nm in secondary-electron imaging.

3 � Results and discussion

3.1 � Delignification and yield of polysaccharides

The polysaccharides were extracted from the spent liquors 
of the catalytic and noncatalytic larch wood delignification 
after the cellulose isolation. The conditions for delignifica-
tion were chosen on the basis of earlier study [19], where 
it was shown that, at a temperature of 100 °C, a hydrogen 
peroxide content of 6 wt%, an acetic acid of 30 wt%, and 
a LWR of 15, the deepest delignification of wood occurs, 
which ensures a residual lignin content below 1% in the cel-
lulose product. In this case, water-soluble low-molecular-
weight lignin degradation products, as well as polysaccha-
rides, pass into the solution. The dissolved polysaccharides 
were isolated from the spent liquor by ethanol precipitation. 

The yields of polysaccharides extracted from the spent liq-
uors of the oxidative catalytic and noncatalytic larch wood 
delignification are given in Table 1.

As shown in Table 1, the polysaccharide yield at a process 
temperature of 90 °C is lower than that at 100 °C. This is due 
to the fact that at 100 °C the process of wood delignification 
is more complete [19, 20] and, therefore, a greater amount 
of structural polysaccharides passes into liquor 1. The use of 
the (NH4)6Mo7O24 and MnSO4 catalysts ensures a fairly high 
yield of polysaccharides already at 90 °C. The TiO2 catalyst 
works much more efficiently at 100 °C than at 90 °C. When 
the ZnSO4 catalyst is used, the polysaccharide yield is at the 
lowest, which is apparently related to the strong destructive 
effect of this catalyst on polysaccharides.

3.2 � Carbohydrate composition of polysaccharide 
mixture

The carbohydrate composition of the polysaccharides 
obtained by the oxidative catalytic and noncatalytic delig-
nification of larch wood is illustrated in Fig. 2.

According to the literature data, the mannose:galactose:glucose 
ratio in galactoglucomannan of conifers is 3:1:1 and the 
galactose:arabinose ratio in arabinogalactan of larch wood is 6:1 
[2, 3]. The high galactose and mannose contents in the samples 
show that galactoglucomannan and arabinogalactan are the 
predominant polysaccharides isolated from spent liquor. The 
presence of xylose is indicative of the presence of small amounts 
of arabinoglucuronoxylan, which is also a typical representative 
of softwood hemicelluloses. We see that the polysaccharides we 
have isolated are a mixture of structural wood polysaccharides 
(hemicelluloses) and arabinogalactan, which is an extractive 
polysaccharide. The lower galactose and arabinose contents in 
the polysaccharide mixture obtained with ZnSO4 suggest that this 
catalyst apparently degrades arabinogalactan stronger.

Table 1   Yields of polysaccharides from the spent liquors of larch 
wood delignification at process temperatures of 90 °C and 100 °C

a Relative to the initial air-dry larch wood
b The polysaccharides obtained by noncatalytic delignification
c The polysaccharides obtained in the presence of the (NH4)6Mo7O24 
catalyst
d The polysaccharides obtained in the presence of the MnSO4 catalyst
e The polysaccharides obtained in the presence of the TiO2 catalyst
f The polysaccharides obtained in the presence of the ZnSO4 catalyst

Samples Polysaccharides yield (wt%)a

90 °C 100 °C

PSnocat
b 12.6 ± 0.3 15.2 ± 0.5

PSMo
c 15.6 ± 0.5 16.9 ± 0.5

PSMn
d 15.2 ± 0.5 16.5 ± 0.5

PSTi
e 13.4 ± 0.4 15.8 ± 0.5

PSZn
f 13.9 ± 0.4 14.2 ± 0.4

Fig. 2   Monosaccharide composition of the polysaccharides extracted 
from the spent liquor of the oxidative catalytic and noncatalytic delig-
nification of larch wood (% relative to the total monosaccharide con-
tent)
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3.3 � FTIR and NMR spectroscopy of polysaccharides

The FTIR spectra of the samples contain all bands char-
acteristic of heteropolysaccharides (Fig.  3), which are 
described in detail in [18, 32–35]. The absorption bands 
at 3433 and 2924 cm‒1 refer to the O‒H and C‒H stretch-
ing, respectively. The bands at 1377 and 1245 cm‒1 cor-
respond to the O‒H and C‒O bending in polysaccharides. 
The band at 893 cm‒1 corresponds to the vibrations of the 
C1 atom and four surrounding atoms, which is typical of the 
β-glycosidic bonds between sugar molecules. It can be seen 
that all the polysaccharide samples are acetylated, which is 
reflected in the three acetyl ether bands at 1736 cm‒1 (ester 
C = O), 1377 cm−1 (–C–CH3), and 1245 cm–1(–C–O–, the 
stretching band). The band at 1635 cm‒1 corresponds to 
the absorbed water bending. The band at 1075 cm‒1 corre-
sponds to stretching of the C‒O bond in the HC‒OH group 
of the pyranose ring. The polysaccharide samples are free 
of residual lignin since the spectra do not include the lignin 
absorption band at 1520 cm‒1.

The HSQC NMR study allowed us to identify and 
compare the polysaccharide structures (Fig.  4). The 
HSQC spectra contain typical light circles expected 
for polysaccharide fragments; the cross-peak signals 
were assigned according to reliable works [36–38]. The 
spectral region δC/δH 55–82/2.9–3.9 contains the signals 
characteristic of C2, C3, and C4 mannose, galactose, 
glucose, xylose, and arabinose atoms. The spectral region 
δC/δH 61–63/3.15–3.9 contains the signals from C5 and 
C6 carbohydrate atoms. The H1/C1 cross peaks assigned 
to the mannose, glucose, galactose, and xylose molecules 
were observed at 4.75/99.0, 4.55/101.0, 4.29/103.0, and 
4.16/103.1 ppm, respectively.

The two peaks at δC/ δH 71.3/5.38 and 73.0/4.75 ppm 
in the spectra indicate that the hydroxyl groups on 
carbon 2 and 3 of mannose links are partially acetylated 
in all the samples. Such an acetylation type is typical of 
native hemicelluloses of coniferous wood. The spectrum 
of the sample obtained with the MnSO4 catalyst includes 
no signals of carbon atoms associated with the acetyl 
groups and C1 carbohydrate atoms. This is apparently 
due to the fact that manganese forms complexes with 
polysaccharides, which leads to the paramagnetic 
broadening of the NMR signals and complicates 
their observation. Such complexes were described for 
arabinogalactan in Mercê et al. [39].

3.4 � Molecular weight distribution

To illustrate the degree of depolymerization of the 
polysaccharides at the catalytic and noncatalytic 
delignification of larch wood, the molecular weights 
were determined by GPC using a refractive detector. The 
obtained weight- and number-average molecular weights 
of the polysaccharide samples and the polydispersity 
indices are given in Table 2.

According to the literature data, the weight-average 
molar weight Mw of native acetylated galactoglucomannan 
can lie between 20 and 50  kDa [1, 3] and for 
arabinogalactan, between 20 and 100 kDa [3]. Chadni 
et al. [16] studied the hemicelluloses isolated from spruce 
sawdust in a neutral medium at 100  °C for 1  h with 
presoaking and reported an Mn value of 20.730 kDa, an 
Mw value of 37.870 kDa, and a PDI of 1.82 for them. 
In the study [18], the same research team examined the 
effect of steam explosion conditions on the extraction of 
hemicelluloses from spruce sawdust,the weight-average 
molecular weight Mw of hemicelluloses obtained in a 
neutral medium was found to be 9‒27 kDa and the PDI 
value was 2.3‒2.6. The work [40] studied the high-
temperature extraction of galactoglucomannan from pine 
wood. Mw at optimum extraction parameters of 7 kDa at 
170° and an extraction time of 20 min.

Treatment with an organic acid in an oxidizing environ-
ment in the presence of various catalysts results in leads 
to partial destruction of the macromolecular structure of 
polysaccharides, which is associated with the rupture of 
glycosidic bonds between polysaccharide molecules. This 
is especially the case for the polysaccharides obtained 
with the soluble catalysts (NH4)6Mo7O24, MnSO4, and 
ZnSO4. The number-average molecular weights Mn 
of the obtained polysaccharides range from 11.985 to 
14.150 kDa and the weight-average molecular weights 
Mw from 1.584 to 22.946  kDa. The low (1.31‒1.65) 
polydispersity indices indicate that the isolated polysac-
charides are uniform in the molecular weight. Molecular 

Fig. 3   FTIR spectra of the polysaccharides obtained by the oxidative 
catalytic and noncatalytic delignification of larch wood
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weight distribution curves of larch wood polysaccharides 
obtained by catalytic and noncatalytic delignification are 
shown in Fig. 5.

3.5 � Elemental composition

The elemental composition of the polysaccharides isolated 
from the spent liquors of the catalytic and noncatalytic 
delignification of larch wood is given in Table 3. The 

polysaccharides isolated from the spent liquors of the 
noncatalytic delignification and in the presence of the 

Fig. 4   HSQC NMR spectra of 
the polysaccharides obtained 
by the oxidative catalytic and 
noncatalytic delignification of 
larch wood

Table 2   Number-average (Mn) and weight-average (Mw) molecular 
weights and polydispersity indices (PDI) of the polysaccharide sam-
ples

Samples Mn, kDa Mw, kDa PDI

PSno cat 13.896 22.946 1.65
PSMo 11.985 16.584 1.38
PSMn 12.939 16.952 1.31
PSTi 14.150 18.846 1.33
PSZn 13.080 17.551 1.34

Fig. 5   Molecular weight distribution curves of the polysaccharides 
obtained by the oxidative catalytic and noncatalytic delignification of 
larch wood
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solid TiO2 catalyst have the high H/C and O/C atomic 
ratios (Table 3). This points out that the destruction of 
the polysaccharide macromolecular structure occurs 
mainly via detaching the side chains with the acetylation 
of the end groups [41]. When the soluble (NH4)6Mo7O24, 
MnSO4, and ZnSO4 catalysts are used, the glycosidic 
bonds between the main polysaccharides chain links 
appear to be depolymerized, which is consistent with their 
lower molecular weights (Table 2).

3.6 � Thermal analysis of polysaccharides

The thermal properties of the polysaccharide samples were 
studied by TGA. Figure 6 presents the derivative thermo-
gravimetric (DTG) and thermogravimetric (TG) curves for 
the polysaccharides isolated from the spent liquors.

The polysaccharides extracted from larch wood are 
resistant to the heat up to ~ 200  °C and, upon further 
heating, begin destructing at an increasing rate. The 
thermal decomposition of the polysaccharide samples 
can be divided into three phases. In the first phase, the 
weight loss observed up to 100 °C is caused by evapora-
tion of adsorbed water. In the second phase, the intense 
decomposition of the polysaccharides occurs, which 
begins at ~ 200 °C for all the samples. As the temperature 
increases above 200 °C, the thermal destruction reactions 

with hemolytic opening of the glycosidic and C‒C bonds 
in the monosaccharide links already occur [42]. In the 
investigated polysaccharide samples, the most rapid weight 
loss was observed at 280‒313 °C. The intense decomposi-
tion ends at a temperature of ~ 390 °C for the four samples 
and 420 °C for the sample obtained with ZnSO4. In the last 
phase, when the temperature exceeds 390 °C, the weight 
loss is insignificant and the removal of volatiles occurs 
until the temperature reaches 899.8 °C. Table 4 gives the 
data of the main stages of decomposition of the polysac-
charides extracted from the spent liquor of the catalytic 
and noncatalytic larch wood delignification.

The presented results show that polysaccharides 
obtained with TiO2 and without catalyst have higher ther-
mal stability. The lowest thermal stability is observed in 
the samples obtained with (NH4)6Mo7O24 and ZnSO4.

3.7 � Pore volume and surface area

Specific surface area SBET, pore size distribution, and total 
pore volume are important indicators for further modifica-
tion of polysaccharides and creation of composites.

The data given in Table 5 show that the textural charac-
teristics of the polysaccharides extracted from the spent liq-
uors of the catalytic and noncatalytic delignification of larch 
wood are very close. All samples contain a small amount 
of micropores. The lowest surface area is observed for the 
PSZn sample, which is consistent with the analysis of the 
monosaccharide composition of this sample (see 3.2). The 
analysis showed that the PSZn sample contained less arabi-
nogalactan, which is a more branched polysaccharide than 
galactoglucomannan.

3.8 � Scanning electron microscopy

Polysaccharides extracted from spent liquors of oxidative 
catalytic and noncatalytic larch wood delignification were 
also studied by the SEM method. SEM images (Fig. S2) 

Table 3   Carbon, hydrogen, and oxygen contents in the polysaccha-
ride samples and H/C and O/C atomic ratios

a Calculated from the difference, 100% ‒C,% ‒H,% ‒Ad(ash)

Samples C, % H, % Oa, % H/C O/C

PSno cat 48.3 6.5 45.2 1.61 0.70
PSMo 55.7 6.0 38.3 1.28 0.52
PSMn 64.4 6.4 29.2 1.19 0.34
PSTi 42.2 6.4 51.4 1.83 0.91
PSZn 67.4 6.4 26.2 1.13 0.29

Fig. 6   DTG and TG curves of 
the polysaccharides extracted 
from the spent liquor of the 
catalytic and noncatalytic larch 
wood delignification
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show irregular coral formations that are hierarchical and 
indicate a highly branched amorphous polysaccharide 
structure.

The obtained polysaccharides can be used for the synthe-
sis of sulfated derivatives that have anticoagulant properties 
and other types of biological activity [43]. Glucomannans 
can be candidates for use as potential therapeutic agents for 
the treatment of a number of physiological disorders [44], 
and they are widely used in the food industry [45]. It is also 
noted that heteropolysaccharides consisting of glucose, 
galactose, mannose, arabinose, rhamnose, xylose, and other 
monosaccharides have anticancer activity [46, 47].

4 � Conclusions

Polysaccharides isolated from the spent liquors of catalytic 
and noncatalytic larch wood delignification are a mixture of 
structural polysaccharides and arabinogalactan. The poly-
saccharide yield ranges from 12.6 to 16.9 wt%, depend-
ing on the process temperature and the catalyst used. The 
catalyst used affects the molecular weight, elemental and 

monosaccharide composition, and textural and thermal prop-
erties of polysaccharides.

PSMn has the highest content of galactose and arabinose 
and the lowest content of mannose; PSZn has the highest 
content of mannose and glucose and the lowest content 
of galactose. The structure of polysaccharides was identi-
fied by FTIR and NMR spectroscopy. FTIR spectroscopy 
showed the absence of absorption bands of phenylpropane 
units, which indicates that the polysaccharide samples do 
not contain residual lignin. DTG analysis shows that PSTi 
and PSno cat have higher thermal stability, while PSMo and 
PSZn show lower thermal stability. PSTi and PSno cat have a 
weight-average molecular weight Mw of 18.80 and 22.9 kDa 
and a polydispersity index of 1.33 and 1.65, respectively. 
PSMo, PSMn, and PSZn have lower molecular weights Mw 
16.5–17.5 kDa and polydispersity index 1.31–1.38. The spe-
cific surface area SBET for PSno cat, PSMo, PSMn, and PSTi was 
20.3–32.0 m2/g, and for PSZn − 4.1 m2/g, which is associated 
with the lowest content of arabinogalactan.

These polysaccharides can be used to create bioactive 
composites, multicomponent coatings, and fillers for the 
food and pharmaceutical industries.
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