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Abstract

Hydrolysis lignin is formed as a by-product of cellulose production and has
limited industrial application. The ability of hydrolysis lignin to absorb and retain
some water is an important aspect for the study of its properties and modification
methods. The processes of water sorption by hydrolysis lignin were studied
with solid-state NMR spectroscopy. The samples were humidified in desiccators
containing different saturated salts solutions with different relative air humidity
above them. The sorption capacity of the samples was determined by water sorbed
from the air, and it was found that lignin absorbs the amount of water equal to 40%
of sample weight at a maximum relative humidity of the air. The cross-polarization
(CP) and magic angle spinning (MAS) methods were used to register solid-state
NMR spectra. Using the "H-NMR spectra, it was found that the hydrolysis lignin
is hydrated in the whole volume, and the water penetrates into the deep layers of
polymer, however, the distribution of water at the likely sorption sites is uneven. It
was obtained with the use of *C-NMR spectroscopy that hydrolysis lignin hydrates
in both hydrophilic and hydrophobic regions of the macromolecule, and the bulk
of sorbed water (~64%) concentrates around the hydroxyl and methoxyl groups of

lignin and polysaccharide residues.

1. Introduction

Lignin is the second most abundant biopolymer
in nature (after cellulose) and is a complex mixture
of macromolecules based on phenylpropane struc-
tural units [1]. It can be considered as the most
important renewable source of valuable aromatic
compounds for chemical synthesis and raw mate-
rial for the production of fuels, sorbents, and vari-
ous composite materials. Despite this, the industry
uses only a minor part of lignin, which is formed
as a by-product of acid hydrolysis of plant feed-
stock with the production of bioethanol [2]. This is
largely due to a lack of knowledge about the struc-
ture, properties, and reactivity of hydrolysis lignin
(HL), which is a highly condensed polymer and, as
a result, insoluble in organic solvents and alkalis.

The ability of HL to absorb and retain some wa-
ter is an important aspect of the study of its prop-
erties and for the development of its modification
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methods. Water diffusing into a polymer can change
its physical state (plasticization) and, under certain
conditions, cause hydrolysis of the ether bonds be-
tween the structural units of macromolecules, which
affects the mechanical and chemical properties of
the materials obtained on the basis of HL. The study
of the water sorption processes in lignin and, in par-
ticular, the identification of priority sorption centers
in macromolecules is an urgent task.

The solution to this problem is possible with the
use of nuclear magnetic resonance spectroscopy
(NMR), which is one of the most informative meth-
od for studying the lignin structure and functional
composition [3—7]. This method is highly accurate
and reliable, however, studies of hydrolysis lignin
are difficult, because hydrolysis lignin is insolu-
ble in the deuterated solvents. The solution to the
problem is the use of solid-state NMR spectrosco-
py [8, 9] using cross-polarization and rotation at
a magic angle (Magic Angle Spinning, MAS) to
increase the signal-to-noise ratio and improve the
spectral resolution [10].
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Solid-state NMR spectroscopy is successfully
used to analyze the state and dynamics of water
molecules in natural and synthetic objects. With
its help, the existence of several forms of water in
polymers (free, bound, non-freezing, etc.) was es-
tablished [11, 12]. The basis of this approach is the
ability of water molecules to exchange protons at
moisture saturation, leading to a change in the po-
sition of the signals of the "TH-NMR spectra, which
depends on the composition and mobility of proton
complexes [12, 13]. The shape and width of the
spectral bands are also associated with the mobil-
ity of nuclei, an increase in which leads to a nar-
rowing of the corresponding peaks in the spectra,
which allows conclusions to be drawn about the
mobility of functional groups and the polymer ma-
trix of various compounds. Examples of using this
method to study the hydration mechanism of such
polymers like polyvinyl alcohol [13], sulfonated
polyetherketones [14], perfluorinated polymers
like Nafion™ and Flemion™ [14—16], polybenzim-
idazoles [17, 18], etc. are known in the literature.

The purpose of this research is to study the pro-
cesses of water sorption by hydrolytic lignin by
solid-state NMR spectroscopy.

2. Experimental part

As a research object, softwood hydrolysis lig-
nin was used, obtained at the Kirov Biochemical
Plant (Kirov, Russia) and containing 65.2% lignin
(according to Klason), 14.3% of extractive sub-
stances and 12.5% of residual polysaccharides, the
ash content was 7.6%. A detailed description of the
structural units of macromolecules of this lignin
after alkaline solvolysis is presented in [19].

2.1. Reagents and materials

Chemically pure calcium chloride, sodium bro-
mide, sodium chloride (Vekton, St. Petersburg,
Russia) and chemically pure sodium hydrogen
phosphate (Neva-reaktiv, St. Petersburg, Russia)
were used to create the required moisture levels.
Deionized water from the Milli-Q system (Milli-
pore, France) was used for the preparation of solu-
tions.

2.2. Sample preparation
The sample of lignin is thoroughly crushed in

an agate mortar and dried in a vacuum oven at
60 °C to constant weight. It was observed in pre-

liminary experiments that raising the temperature
to 90 °C did not lead to an additional loss of sam-
ple weight. Higher temperatures were not used
for drying due to the possibility of undesirable
changes in the structure of the biopolymer. Five
weighed dry lignin samples ~ 50 mg each) were
placed into desiccators with saturated salt solutions
to maintain a fixed relative air humidity (RH) [20]:
Na,HPO, (RH = 95%), NaCl (RH = 75%), NaBr
(RH = 58%), CaCl, (RH = 32%). Pure deionized
water was used to create a relative humidity of
100%, and initial lignin dehydrated in the oven
was used as an absolutely dry sample (RH = 0%).

Samples of hydrated lignin with the deter-
mined water content were obtained by keeping the
samples in desiccators at the room temperature
(20£2 °C) until the reach of constant weight
(for several days). The amount of moisture ab-
sorbed by lignin was determined by the gravimet-
ric method.

2.3. Registration of NMR spectra

The '"H and C NMR spectra were registered with
NMR spectrometer Bruker AVANCE 111 600 MHz
(Germany). Samples with determined water content
were placed in a ceramic rotor with an outer diam-
eter of 3.2 mm. Magic angle spinning (MAS) with
a frequency of 7 kHz was used in order to improve
the resolution of spectra. Preliminary registration
of the test spectrum with MAS frequency equal to
10 kHz showed that the increase of MAS frequen-
cy does not affect the spectrum.

'"H-NMR spectra were registered using a stan-
dard one-pulse sequence. To improve the signal-
to-noise ratio and reduce the acquisition time of the
BC-NMR spectra, we used the cross-polarization
combined with magic angle spinning (CP/MAS).
The parameters of the experiments are represented
in Table 1.

Table 1
Parameters of solid-state NMR experiments

Parameter "H-NMR BC-NMR
Pulse width, ps 2.5 2000
Acquisition time, s 0.043 0.022
Delay, s 3 5
Spectral width, ppm 20 300
Number of scans 4 4096
MAS rate, kHz 7 7
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Fig. 1. Partial deconvolution of *C-NMR spectrum of
hydrolysis lignin sample prepared at RH = 100%.

2.4. Spectra processing

Solid-state NMR spectra were processed in
standard NMR spectrometer software “TopSpin”
(Bruker, Germany). Spectra were deconvoluted
(Fig. 1), i.e., the chemical shift, intensity, width
and shape of the spectral line were picked for the
selected signals. The parameters were changing
until the spectral line calculated by the program
coincided as much as possible with the contour of
the recorded signal.

3. Results and discussion
3.1. '"H NMR spectra of lignin

The most intense signal in the 'H-NMR spec-
tra of the studied lignin samples is observed in the

region of 5-10 ppm (Fig. 2). The chemical shift,
width, and relative intensity of the selected signal

Fig. 2. '"H-NMR spectra of the hydrolysis lignin samples
prepared at RH: 1 — 0%; 2 — 32%; 3 — 58%; 4 — 75%j;
5—95%; 6 — 100%.

Table 2
Sorption capacity of lignin samples in relation
to water sorbed from air

RH, % 100 95 75 58 32
rslf‘gmplewe‘ght’ 49.56 5037 50.05 49.93 50.30
Absorbed water 1o 7 594 740 527 371
weight, mg
Sorption capacity

of 1 mg of lignin, 0.397 0.316 0.148 0.106 0.0074
mg

vary with the moisture content of the sample. The
set of signals is observed between 2 and 4 ppm,
their chemical shift also slightly varies depending
on the moisture content of the sample.

It is known that the chemical shift of water pro-
tons is about 4.7 ppm [21], and the one for isolat-
ed proton is about 12—15 ppm [12]. The 'H-NMR
signal is the weighted average sum of all protons
signals of the sample due to fast proton exchange.
The position of the "H-NMR signal is determined
by the sorption capacity of the polymer relative to
the water sorbed from the air at a determined rela-
tive humidity. The values of the sorption capacity
are presented in Table 2.

The width of the NMR signal Av,, is determined
by the transverse relaxation time T, and is related
to it by

1
Ay ~——

7T,

therefore, a decrease of the signal width indicates
the increase in the mobility of a corresponding
group of atoms, and vice versa [22].

The dependences of the width and chemical
shift of the most intense 'H-NMR signal on mois-
ture content are presented in Fig. 3.

According to Fig. 3a, the proton mobility in-
creases with increasing moisture content, abruptly
increasing at high values of relative humidity (95
and 100%). The change in mobility with an increase
of moisture content can be explained by the expan-
sion of free space between the polymer chains of
lignin during swelling, and the abrupt increase in
mobility at high relative humidity can be interpret-
ed as the water penetration into deeper structures of
the natural polymer, which are inaccessible at low
moisture contents. The assumption is confirmed by
a sharp increase in the sorption capacity of the sam-
ples at high moisture contents (Table 2).
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Fig. 3. The dependencies of width (a) and chemical shift

(b) of the most intensive peak in 'H-NMR spectrum on
water content.

The components of the considered 'H-NMR
signal in an absolutely dry sample are mostly sig-
nals of hydroxyl and carboxyl protons [23], which
explains the position of the signal in the region of
~9 ppm. (Fig. 3b). A significant decrease in the
chemical shift of the 'TH-NMR signal with increas-
ing moisture content shows the appearance of par-
tially bound and free water in the sample, which
is involved in proton exchange. At high moisture
contents (corresponding to RH = 95% and RH =
100%), an increase in chemical shift is observed,
which can also be explained by the fact that under
these conditions water penetrates into the deep lay-
ers of natural polymer particles, with the result that
the proportion of bound water slightly increases.
The reason for this process may be the competition
between physical and chemical sorption.

We can conclude that the entire sample volume
is hydrated during moisture saturation, and the ma-
jority of protons are involved in exchange process-
es due to one powerful signal is observed in the
"H-NMR spectra of hydrolysis lignin, which is the

weighted average sum of the signals of most pro-
tons. Naturally, with increasing moisture content,
the rate of proton exchange increases, according
to the dependence of the signal width on moisture
content (Fig. 3a). Because of this, the mechanism
of hydration and, particularly the distribution of
water sorption sites in the lignin seems to be in-
teresting.

3.2. BC-NMR spectra of lignin

After registration of the *C NMR spectra (Fig.
4) of the samples, it was observed that the structure
of the obtained spectra is similar to the structure of
the *C NMR spectra presented in [24]. Thus, con-
sidering the content of residual polysaccharides in
the samples, it can be assumed that they play a sig-
nificant role in the processes of water sorption.

Figure 5 shows the structure of a cellulose unit
as a polysaccharide, predominantly present in the
technical lignin. With the further assignment of
spectrum bands, the presence of polysaccharides
was taken into account.

Despite the complex composition of the sam-
ple, in the *C-NMR spectra, it is possible to trace
the dependence of the parameters of some signals
on the moisture content. When the relative humid-
ity changes, the chemical shifts of the C-NMR
signals remain almost constant, but the resolution
of the spectra improves as the moisture content in-
creases, which means that the width of the signals
changes. Thus, the mobility of groups of atoms
corresponding to the selected signals also changes.
Figure 6 shows the dependence of the linewidth of
some “C-NMR signals on the moisture content of

the samples.
i
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Fig. 4. BC-NMR spectra of the hydrolysis lignin samples
prepared at RH: 1 — 0%; 2 — 32%; 3 — 58%; 4 — 75%;
5 —95%; 6 — 100%.
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Fig. 5. Structure of the cellulose monomer.

Based on the tables of chemical shifts [23] and
assignment of spectrum bands [24], it was estab-
lished that the observed signals correspond to the
following atomic groups:

I) protonated carbon in the aromatic ring and the
C-1 atom (Fig. 5) in the cellulose unit (imposition
of signals with a chemical shift of ~ 106.7 ppm in
the spectrum of *C-NMR);

1) *C-NMR spectrum signals in the region of
76.7 ppm and ~ 73.9 ppm presumably correspond
to C-2, C-3 and C-5 atoms in the cellulose unit
(Fig. 5), as well as to carbon atoms in the aliphatic
chains of lignin associated with hydroxyl groups;

IIT) chemical shift signal ~ 66.6 ppm in the
BC-NMR spectrum is assumed to correspond to
the C-6 atom in the cellulose unit (Fig. 5);

IV) methoxyl groups on the aromatic ring (a sig-
nal with a chemical shift of 63.5 ppm);

V) methoxyl groups CH3 —O— in aliphatic chains
of lignin (a signal with chemical shift 58.3 ppm).

VI) signal in the region of ~31.8 ppm presum-
ably corresponds to the methyl acetate group in
hemicellulose residues.

The presence of all these fragments in the struc-
ture of lignin is confirmed by literature data [1, 2,
24].

The correspondence of signals I and IV to the
designated groups is indirectly confirmed by an
analysis of the dependence of the band widths on
moisture content (Fig. 6). With a moisture content
of the sample corresponding to a relative humidi-
ty of 75%, groups I and IV reach the maximum of
their mobility, which indicates the formation of a
hydration shell around the entire aromatic group.
In this case, the width of the band corresponding
to the methoxyl group changes monotonically until
the specified moisture content is reached, and the
change in the width of the signal corresponding
to the carbon atom in the aromatic ring is abrupt.
Consequently, the methoxyl group is first hydrat-
ed, and then the entire aromatic ring, which is con-
sistent with known information about the structure
of lignin. It can be assumed that the width of the

band corresponding to the C-1 atom (Fig. 5) chang-
es similarly to the band width of the carbon atoms
of the aromatic ring since the width of their sum
monotonously decreases with increasing moisture
content. An increase in the mobility of the C-1 atom
may be due to the formation of a hydrogen bond
between the water molecule and the oxygen atom.

The decrease in the width of peaks II, depend-
ing on the moisture content, is probably due to the
formation of hydrogen bonds between water mol-
ecules and hydroxyl groups, which leads to an in-
crease in their mobility (Fig. 6). This assumption
may explain the absence of limit value of mobility
even with the maximum possible moisture satura-
tion of the sample (corresponding to RH = 100%).

The correspondence of signal III to carbon at-
oms C-6 is confirmed by the smallest initial peak
width and the dynamics of its change depending
on moisture content. A monotonous increase in the
mobility of the group over the entire range of mois-
ture content may be associated with hydration of
the terminal hydroxyl group (Fig. 6).

The nature of the change in the peak width of
the signal V indicates that the mobility of the cor-
responding groups almost does not change with
an increase in moisture content, which is probably
due to steric hindrance.

The width of the signal corresponding to group
VI increases with increasing moisture content,
which may be due to the dimerization of carboxyl
groups and the formation of hydrogen bonds that
limit the movement of the terminal methyl groups.
This assumption is indirectly confirmed by the fact
that the peak width of the signal corresponding to
carboxyl groups (~ 175 ppm) does not change with
increasing moisture content.

Avyp Hz

900

800

700

Fig. 6. The dependencies of band widths in the *C-NMR
spectra on relative humidity with chemical shifts
106.7 ppm (°), 76.7 ppm (A), 73.9 ppm (X), 66.6 ppm
(*), 63.5 ppm (m), 58.3 ppm (+), 31.8 ppm (e).
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Table 3
Av,,, (Hz) band widths in the *C-NMR spectra of hydrolyzed lignin with different moisture content (RH)

Groups  -CH-(aryl.), C-2,C-3,C-5, C-2,C-3,C-5, C-6 -OCH3 (aryl.) -OCH3 CH3COO-
C-1 C-OH (aliph.)  C-OH (aliph.)  (6=66.6  (6=63.5 ppm) (aliph.) (hemicell.)
RH,% (0=106.7 ppm) (6=76.75 ppm)  (6=73.9 ppm) ppm) (6=58.3 ppm) (6=31.8 ppm)
0 589.8 845.3 872.0 372.0 807.2 427.7 525.4
100 366.5 516.7 482.2 250.7 353.5 423.8 599.1
Width change
o 1.609 1.636 1.808 1.484 2.283 1.009 0.877
multiplicity

Table 3 shows the relative changes in the peak
width of the selected signals when the moisture
content varies from 0 to 100%.

Based on the relative changes in the peak width
of the selected signals, we can conclude that the
sample fragments are not uniformly hydrated,
and some groups absorb water more actively than
others. To obtain, in the first approximation, a
semi-quantitative picture of the distribution of wa-
ter in a sample, it is possible to consider only those
signals whose width decreases with increasing
sample moisture content.

Assuming that all sorbed water accumulates
around these functional groups, it is possible to
calculate the relative shares of the total amount
of water per type of group. For this, the relative
changes in the peak widths were normalized to the
smallest value, the results were summed to give the
total number of parts by weight of sorbed water.
Then, the proportion of water molecules per group
type was determined. The results of the calcula-
tions are presented in Table 4.

According to calculations, the largest amount of
water is accumulated around the methoxyl and hy-
droxyl groups of lignin and polysaccharides. Since
the mobility of atoms that are not associated with
these groups also increases with increasing moisture

content, it is assumed that hydrophobic fragments
of macromolecules are hydrated to a certain extent.

4. Conclusion

We proposed the approach to the study of wa-
ter binding by hydrolysis lignin, based on the use
of solid-state NMR spectroscopy. It has been es-
tablished that technical hydrolysis lignin can sorb
up to 40% of water by mass from the gas phase.
Hydration of high-molecular compound proceeds
through both the hydrophilic and hydrophobic re-
gions of the macromolecules, with the bulk of the
adsorbed water (~ 64%) associated with the hy-
droxyl and methoxyl groups of lignin and polysac-
charide residues.
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Table 4
Mass fractions of water sorbed by various functional groups of hydrolysis lignin macromolecules

Groups -CH-(aryl.), C-1 C-2, C-3, C-5, C-2, C-3,C-5, C-6 -OCH3 (aryl.)
(6 =106.7 ppm) C-OH (aliph.) C-OH (aliph.) (0 =66.6 ppm) (6 =63.5 ppm)
(6=76.75ppm)  (6=73.9 ppm)

Width change 1.609 1.636 1.808 1.484 2283
multiplicity
Amount of 1.08 1.10 1.22 1.00 1.51
weight parts
Water mass 18.24 18.55 20.50 16.82 25.89

fraction, %
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