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ABSTRACT

Potentiometric titration, FTIR spectroscopy, 13C solid-state NMR spectroscopy and chemical
analysis were used to study the gelation of technical lignins (oxidized hydrolysis, kraft, soda
and lignosulfonates) and Pepper lignin in interaction with metal salts (CaCl2, Mg(NO3)2,
FeSO4, Co(NO3)2, Pb(NO3)2, Fe(NO3)3, CuSO4, AgNO3). It has been found that compounds
that are salts of weak base and strong acid possess an ability to gelation; the metal cation
has a standard potential above a certain value, has moderate hydrolysis ability and the cation hydroxide formed in the hydrolysis reaction has a relatively low solubility. At the gel formation, a compounds of the composition R–COO–Mez þ–OOC–R, z ¼ 2, 3 were formed. A
scheme of intermolecular bonds at the point of lignin hydrogel formation was proposed,
according to which, adjacent lignin molecules bound to each other by three types of bonds:
ionic between carboxyl groups of lignin and metal cation, coordination between metal cation and water molecules included in the coordination sphere, and hydrogen bonds, binding
all components of the system into a single whole. Lignin hydrogels have a high sorption
ability with respect to heavy metals such as lead, iron and copper, that, depending on the
content of acid groups in lignin and the molar mass of the sorbate, is approximately
25–50% by weight of lignin. This opens up the possibility of using a new type of lignin
hydrogels for wastewater treatment of chemical plants.

Introduction
When choosing a lignin valorization strategy, two
approaches are possible: processing lignin as a whole or
isolating and using products of its destruction, for
example, monomeric compounds with high added value.
In recent years, lignin valorization through monomeric
compounds has been most actively developed.[1–7]
The traditional approach involves a use of technical
lignins such as kraft lignin and lignosulfonates,
mainly, to obtain dispersing or binding agents.[8] The
potential of hydrolysis lignin, a large-tonnage byproduct of the hydrolysis industry, has not yet been
realized in this direction.[9]
Preparation and use of lignin hydrogels opens up
new possibilities in this direction.[10,11] Hydrogels
are polymer crosslinked three-dimensional structures
with high ability to swell in water, sensitive to
changes in pH, temperature and other factors.
Hydrogels are classified according to various
parameters, such as production method, ionic charge,
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physical properties, biodegradability and some
others.[12] Depending on the nature of interactions,
due to which a three-dimensional network is formed,
hydrogels have been divided into chemical (formed
due to covalent bonds) and physical ones (formed due
to hydrogen bonds, hydrophobic interactions and van
der Waals forces).[11]
Hydrogels, including lignin hydrogels, have selective sorption ability in relation to various classes of
compounds. Therefore, they are used in both in medicine, as a matrix for drug delivery,[13–15] and in water
purification systems.[16–18]
The synthesis of lignin hydrogels is carried out mainly
by polymerization methods. Exemplarily, alkali lignin is
first subjected to acid-catalysed phenolation. Then, phenolated lignin is dissolved in dimethyl sulfoxide (DMSO)
containing calcium chloride. Hydrogen peroxide, isopropylacrylamide and methylenebisacrylamide (crosslinking
agent) were added to the resulting solution and heated
in a water bath for 12 h at 70  C. Then the gel was
mixed with DMSO, left for 5 days, before DMSO was
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replaced by water. After 12 h of residence time the gel
was dried either under vacuum at 40  C for 12 h or using
freeze drying at 50 C for 24 h.[19]
Also methods for producing hydrogels in polymerization reactions of lignin with polyacrylic acid,[17] in the
interaction of lignosulfonate with graphene oxide,[16]
lignosulfonate with bentonite, acrylamide and maleic
anhydride,[20] lignin with ionic liquid[21] were described.
Unfortunately, these methods had the same drawbacks:
multistage, duration and use of toxic reagents.
In this article, we propose a new method for producing lignin hydrogels, characterized in that the
hydrogel is formed in situ upon the interaction of lignin with sorbate. The goal of our work was to study
the physicochemical transformations that occur during
the formation of lignin hydrogels of a new type and
to elucidate their possible structure.

Experimental

method using NaHCO3,[25] the content of phenolic
hydroxyl groups was determined by the aminolysis method.[26]
The method of preparation of hydrogels
A 40 mL solution containing 1 g of lignin and a stoichiometric amount of NaOH, calculated from acidic
groups, was titrated with a 0.1 M titrant solution, for
example Pb(NO3)2, with stirring in a thermostatic cell
equipped with a magnetic stirrer at 20  C. The point of
gel formation was considered the titrant volume corresponding to a sharp increase in the viscosity of the
solution with gel formation. The liquid phase was separated by centrifugation at a speed of 5000 rpm for
30 min, the resulting gel was dried at 101  C to constant
weight (Infrared Moisture Analyzer MA35, Germany)
and ground in a porcelain mortar. There were no lead
ions in the supernatant (test with KCl and KJ).

Lignin samples
Oxidized hydrolysis lignin (OHL) is a technical
hydrolysis lignin oxidized by hydrogen peroxide in an
aqueous solution of sulfuric acid. The oxidation procedure was described in detail in our previous work.[22]
Kraft and soda lignins were isolated from black
liquors of laboratory cooking of spruce wood chips in
accordance with the method of work.[23] All cooks of
spruce chips (37 g of o.d. wood) were carried out in a
series of rotating autoclaves. The temperature was
increased from 80  C to 170  C for 120 min, and temperature was held at 170  C for 60 min. The active
alkali charge for the soda cook was 18% (as Na2O),
for kraft cook, it was 15% (25% sulfidity). Lignin was
isolated by a process of acidification of the black
liquors with diluted sulfuric acid to pH 2.0, followed
by the sample being centrifuged, washed repeatedly
with water and dried by P2O5 in vacuum. The number-average molecular weight of kraft lignin (Mn),
measured by vapor pressure osmometry, was 1587
and for soda lignin it was 1593. The content of phenolic hydroxyl groups in kraft lignin was 3.81 mmol/g
and carboxyl ones 0.81 mmol/g. The total content of
acidic groups in soda lignin was 2.84 mmol/g.
Lignosulfonic acids (LSAs) were obtained from
Syassky PPM. Pepper lignin spruce was isolated
according to the method of work.[24] The method provides for the treatment of the extracted sawdust with
a 9: 1 dioxane: water mixture containing 0.2 M HCl,
refluxing, evaporation of the solution and precipitation of lignin by water. The content of carboxyl
groups was determined by the modified ion-exchange

Substances
0.1 M solutions of the following salts were studied:
CaCl2, Mg(NO3)2, FeSO4, Co(NO3)2, Pb(NO3)2,
Fe(NO3)3, CuSO4, AgNO3, as titrants. All salts were of
analytical grade and used without further purification.
Lead benzoate was obtained by mixing stoichiometric
amounts of sodium salt of benzoic acid and
Pb(NO3)2. The precipitate was washed three times
with ice water on a porous glass filter and dried at
101  C to constant weight. Pb(OH)2 was synthesized
by the same procedure by mixing solutions of
Pb(NO3)2 and NaOH.
Titration curves were obtained by potentiometric titration using a glass electrode and a saturated silver chloride reference electrode. Device: IPL Multitest (Russia).
FTIR-spectroscopy
Spectra of samples were recorded in a form of tablets
(press-fit with KBr). Lignin hydrogel spectra were
recorded using a thin film before drying. Device:
FSM-1201 (Russia).
Solid-State

13

C CP/MAS NMR

Solid-state 13C NMR spectra of 200 mg of samples
were recorded at 25  C using a Bruker Avance III
400 WB spectrometer, equipped with a Bruker H-F/X
4 mm CP/MAS probe head, at 100.64 MHz for 13C
nuclei with TMS as an external reference.
Crosspolarization technique (CP MAS) was applied, at
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Unsubstituted organic acids are weak acids. For
example, pKa of aliphatic acids lies in the range of
3.7–5.1, and for aromatic (benzoic) acids it is 4.17.[28]
Therefore, salts of such acids with strong bases are
hydrolyzed at the anion. Using benzoic acid as an
example, this reaction can be represented as an equation:
C6 H5 COO þNaþ
þ HOHÀC6 H5 COOH þ Naþ þOH

(1)

Therefore, the pH of the OHL solution before titration was 8.82 (Table 1). The titrant, Pb(NO3)2, was a
salt of a weak base and a strong acid. Such salts have
been characterized by cation hydrolysis:
Pb2þ þ2NO3  þ HOHÀPbOHþ þHþ þ2NO3 
Figure 1. Titration curves of sodium salts of OHL (1) and kraft
lignin (2) with a 0.1 M solution of Pb(NO3)2. The concentration
of lignin preparations was 25 g/L.

contact pulse duration of 2 ms, relaxation time 3 s,
with scans number of 12,000 at the MAS rate
of 12.5 kHz.

The pH of the titrant solution before titration was
4.65 (Table 1). In the titration process, two acid–base
systems interacted with the formation of reaction products:
C6H5COOH þ OH þ Hþ À C6H5COOH þ HOH
C6 H5 COOH þ OH þHþ ÀC6 H5 COOH þ HOH
(3)
þ

þ

–

PbOH þH þ2OH ÀPbðOHÞ2 þ HOH

Results and discussion
Titration curves
Studying the sorption properties of lignin, it was found
that upon titration of an alkaline OHL solution with
Pb(NO3)2 solution, after an addition of a certain volume
of titrant, a sharp increase in the viscosity of the system
occurred and a gel was formed (Figure 1, curve 1).
In accordance with the classical ideas of Flory,[27]
gelation occurs in the polymerization of polyfunctional monomers, resulting in the formation of
branched polymers or in the crosslinking of linear
polymer molecules containing active functional
groups. The formation of a gel (gel point) indicates
the formation of a three-dimensional infinite mesh
structure. Obviously, water molecules also participate
in the formation of hydrogels.
The formation of lignin hydrogel, apparently,
occurred as a result of reaction between acidic groups
of OHL and lead ions. The total content of acid
groups in OHL is 4.5 mmol/g (Table 1), with carboxyl
groups (2.5 mmol/g) prevailing among them, and the
rest is phenolic hydroxyl groups. OHL was dissolved
in aqueous alkali with a stoichiometric ratio of the
amount of NaOH to the sum of acid groups (1: 1). In
other words, lignin was in solution in the form of
sodium salt.

(2)

þ



2Na þ2NO3 À 2NaNO3

(4)
(5)

PbðOHÞ2 þ2C6 H5 COOH ¼# PbðC6 H5 COOÞ2 þ2H2 O
(6)
It should be noted that, in equilibrium systems,
reactions proceed predominantly toward the formation of a sparsely soluble compound. As a result of all
these reactions, the pH of the solution decreased and
at the point of gel formation for OHL was 6.1
(Figure 1, curve 1, Table 1).
Another feature of weak acids is their ability to
form buffer mixtures with salts of the strong bases
of these acids, which is reflected in the titration
curves. The maximum buffer capacity of the buffer
mixtures is achieved at pH ¼ pKa acid.[29] As
already noted, OHL contained carboxyl and phenolic hydroxyl groups. In order to identify more
clearly the behavior of these groups under titration
conditions, at the first stage, titration curves of
model compounds containing the following groups,
benzoic acid and phenol, were investigated. The
results are presented in Figure 2.
It can be noted that the titration curves of these
compounds were significantly different from titration
curve of a strong base with a strong acid. These
differences reflect the formation of buffer solutions of
benzoic acid and its sodium salt (Figure 2, curve 2)
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Table 1. Preparation conditions and properties of lignin hydrogels.

Entry
1
2
3
4
5
6
7
8
9
10
11
12
13

Lignin sample
OHL,
Na-salt
Kraft,
Na-salt
Soda,
Na-salt
Pepper lignin,
Na-salt
LSA
LSA,
Na-salt
OHL,
Na-salt
OHL,
Na-salt
OHL,
Na-salt
OHL,
Na-salt
OHL,
Na-salt
OHL,
Na-salt
OHL,
Na-salt

Content acidic
groups,
mmol/g
4.50
4.61
2.84
2.66
2.48
2.48
4.5
4.5
4.5
4.5
4.5
4.5
4.5

Lignin
concentration,
g/L;
(hydromodule)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)
25
(40:1)

Titrant
(concentration,
mol/L);
solution pH
Pb(NO3)2; 0.1;
4.65
Pb(NO3)2; 0.1
4.65
Pb(NO3)2; 0.1
4.65
Pb(NO3)2; 0.1
4.65
Pb(NO3)2; 0.1
4.65
Pb(NO3)2; 0.1
4.65
Fe(NO3)3; 0.1;
1.67
CuSO4; 0.1;
3.91
CaCl2; 0.1;
9.33
Mg(NO3)2; 0.1;
5.94
FeSO4; 0.1;
3.50
Co(NO3)2; 0.1;
5.34
AgNO3; 0.1;
5.69

pH of lignin
stock solution
8.82

pH at the
gel point
6.10

a* at the gel
point, %
33.33

b** at the gel
point, %
49.68

11.04

8.06

32.54

49.68

11.35

7.86

45.77

44.57

11.5

9.56

41.35

34.32

3.7

No gelation

10.5

No gelation

8.2

4.4

31.11

33.32

8.6

5.5

33.33

23.94

8.7

No gelation

8.6

No gelation

8.5

No gelation

8.4

No gelation

8.75

No gelation

a* – The number of acid groups bound at the point of gel formation, % of the content of acid groups in lignin.
b** – The amount of titrant bound at the point of gel formation, % of lignin.

Figure 2. Titration curves of 0.028 M solutions of NaOH (1)
and sodium salts of benzoic acid (2) and phenol (3) with 0.1 M
HNO3 solution.

and phenol and its sodium salt (Figure 2, curve 3)
during the titration. Note that pKa of benzoic acid is
4.17, and that of phenol is 9.98.[28]
In light of these results, it became clear why the
kraft lignin titration curve was so different from the
OHL titration curve (Figure 1). Both of these lignin
preparations contain approximately the same amount

of acid groups (Table 1), however, phenol hydroxyls
(3.81 mmol/g) were predominating in kraft lignin, and
the rest was carboxyl groups.
When titrating the OHL solution with strong acid
(Figure 3, curve 1), the effect of the resulting buffer
mixtures on the titration curve also manifested itself,
as in Figure 2, but it was less pronounced due to
polymer structure of lignin. This effect was almost
imperceptible when titrating OHL solution with
Pb(NO3)2 solution (Figure 3, curve 2), since Pb(NO3)2
hydrolyzed during titration, and therefore, the titration curve reflects pH changes during the interaction
of several acid–base systems.
In addition to OHL and kraft lignin, gelation of soda
lignin and Pepper lignin was studied (Table 1). The
titration curves of these samples are given in the
Supporting Information (Figures S1 and S2).
Comparison of the results of study of various samples
(Table 1) showed that not all acidic groups of lignin
were involved in gelation, but only a part of them
(a ¼ 33–46%). The lower the content of acidic groups
in the sample, the more they were necessary for gel formation. In other words, to reach the point of gel formation, a certain ratio of the amount of titrant to the
number of acidic groups was necessary.
During the titration of lignosulfonic acid (LSA) and
its sodium salt with a solution of Pb(NO3)2, gelation
did not occur (Table 1, Supporting Information
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Figures S3 and S4). LSA is a strong acid, therefore, it
inhibits the hydrolysis of Pb(NO3)2 according to
Equation (2) and pH of the solution changed slightly.
The sodium salt of LSA, being a salt of a strong acid
and a strong base, is completely dissociated in solution. The resulting hydroxide ions caused complete

Figure 3. Curves of titration of a solution of the sodium salt
of OHL with a 0.1 M solution of HNO3 (1) and a 0.1 M solution
of Pb(NO3)2 (2). Lignin concentration was 6.25 g/L.
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hydrolysis of the titrant. Therefore, the curve in
Supporting Information Figure S4 was a typical acid–base titration curve, in contrast to the OHL and kraft
lignin titration curves in Figure 1.
In order to determine the conditions necessary for
formation of lignin hydrogels, in addition to
Pb(NO3)2, salts of other metals were studied (Table
1). Among them, only Fe(NO3)3 and CuSO4 were
found to be capable of gelation (Supporting
Information Figures S5 and S6), while the rest did not
have this ability (Supporting Information Figures
S7–S11). In Table 2, all investigated compounds are
given in accordance with their position in the electrochemical series of metal activity.
Based on the data shown in Table 2, a set of physicochemical properties of metal salts … necessary to
participation in the formation of lignin hydrogels was
compiled. In detail, these compounds need to be salts
of a weak base and strong acid, the metal cation is
required to have a standard potential, u0 ¼ 0.126 V
and higher. It should have moderate hydrolysis ability,
Kh ¼ 2.2–7.7, and the cation hydroxide formed in the
hydrolysis reaction (Equation (4)) has relatively low
solubility, S ¼ 1104 g/100 g in water and below. The
metals capable of hydrogel formation are highlighted
in different color (cf. Table 2). Colums containing

Figure 4. FTIR spectrum of the OHL hydrogel and Pb (NO3)2 before drying.
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Figure 5. FTIR spectrum of the OHL hydrogel and Pb(NO3)2 after drying.

Pb(NO3)2, Fe(NO3)3 and CuSO4 should be highlighted
in a different color
FTIR-spectroscopy
Considering the above-described reactions of the
sodium salt of OHL with Pb(NO3)2 (Equations
(1)–(6)), one may expect the presence of carboxyl
groups bound to Pb2þ and the Pb(OH)2 band in the
resulting hydrogel. The FTIR spectrum of the OHL
gel and Pb(NO3)2 is shown in Figure 4.
The band at 3396 cm1 corresponded to stretching
vibrations of carboxyl groups involved in the formation
of hydrogen bonds, and the band at 2930 cm1 corresponds to stretching vibrations of CH groups.[33] The
band at 1588 cm1 is located in the range of stretching
vibrations
of
the
ionized
carboxyl
group,
1630–1575 cm1.[34] For additional verification, we
recorded the spectra of benzoic acid and lead benzoate
formed according to Equation (6). The spectra are
shown in Supporting Information Figures S12 and S13.
It can be noted that upon the transition from benzoic
acid to lead benzoate, the vibrations of the carboxylate
groups band (1689 cm1) characteristic to aromatic
acids[33] disappeared and a new band appeared at
1590 cm1, i.e., it corresponded to vibrations of ionized
COOH. A new band also appeared at 1384 cm1.
To identify the band at 1384 cm1 in the FTIR
spectrum in Figure 4, Pb(OH)2 was synthesized and
its spectrum was recorded (Supporting Information
Figure S14). The most intense band in this spectrum

was located at 1385 cm1, which was in good agreement with the previously published spectrum of
this compound.[35]
It should be noted that after gel drying, a noticeable decrease in the band width and a slight shift of
the vibration band of the ionized carboxyl group were
observed in the spectrum (Figure 5). That, in our
opinion, reflected partial destruction of hydrogen
bonds due to removal of most of the water.
No noticeable changes in the chemical structure of
OHL upon receipt of the lignin hydrogel were
observed, as evidenced by a comparison of the solid
state spectrum of hydrogel of the sodium salt of OHL
and Pb(NO3)2 (Figure 6) with the spectrum of the
sodium salt of OHL (Supporting Information Figure
S15). The assignment of bands in the solid-phase
spectra was based on the published data.[36]
The mechanism of formation of lignin hydrogels
Metal cations in aqueous solutions are hydrated:
[Me(H2O)n]zþ, where n is a number of coordinated
water molecules.[37] The coordination number of
lead (II) can take values of 1–12, depending on the
nature of ligands included in complex compound.[38] The coordination number of lead cation
in aquacation has not yet been determined exactly,
but it is known for bismuth, which occupies an
adjacent position in the Periodic Table of Elements,
for which n ¼ 9, for Cu2þ and Fe3þ n ¼ 5.[37]
Therefore, the formula of lead benzoate formed by
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Figure 6. Solid state
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C CP/MAS NMR spectrum of OHL hydrogel and Pb(NO3)2.

Figure 7. The proposed scheme of intermolecular bonds in lignin hydrogels.

Equation (6) can be written as:


PbðH2 OÞ9 ðC6 H5 COOÞ2
Lignin is not an individual compound; therefore, it
is not possible to write the exact hydrogel formula of
lead cations and OHL. However, the obtained experimental data allow describing the transformations of
OHL upon interaction with Pb(NO3)2 upon titration.
The fact in itself of the formation of a lignin hydrogel
indicated the formation of an infinite three-dimensional network formed by OHL, Pb2þ and H2O.
At the point of gel formation, 1 g of lignin accounts
for 55 g of water (3 mol). During titration of the
sodium salt of benzoic acid with a solution of
Pb(NO3)2, gelation did not occur. This indicated that
only high molecular weight compounds possess gelling
ability. The number average molecular weight of OHL
is 2000.[22]
The possible nature of the intermolecular bonds at
the point of formation of the lignin hydrogel is illustrated in Figure 7. Adjacent lignin molecules bind to
each other by three types of bonds: ionic between the
carboxyl groups of lignin and lead cations, coordination between lead cations and water molecules in the
coordination sphere, and hydrogen bonds that bind
all components of the system into a single whole.

It can be estimated to what extent a number of
carboxyl groups per lead cation is consistent with the
titration results. As already noted, OHL contains
2.5 mmol/g of such groups. At the point of gel
formation, 15 mL of a 0.1 M solution of Pb(NO3)2
(Figure 1) or 1.5 mmol is consumed. Based on one
carboxyl group, this is 1.5 mmol: 2.5 mmol ¼ 0.6. In
other words,  2 carboxyl groups per 1 lead cation,
which is generally consistent with the scheme in
Figure 7. The total content of acidic groups in kraft
lignin is 4.61 mmol/g. Among them, amount of
carboxyl groups is only 0.8 mmol/g, and the rest are
phenolic hydroxyl groups. This number of carboxyl
groups is not enough to form a hydrogel. In addition,
the titration curve of kraft lignin in Figure 1 was fundamentally different from the OHL titration curve. This
suggested that some part of the phenolic hydroxyl
groups was involved in the formation of hydrogel.
Phenylpropane units (PPU) of lignin differ in the
acidity of OHphen. Figure 8 shows the pKa values of
some model compounds.[39] The bulk of the phenolic
hydroxyl kraft lignin has a pKa of about 10.3 which
corresponds to the pKa of creosol. If the side chain of
the PPU contains conjugated electron-withdrawing
substituents, then pKa decreases significantly,
approaching the level of weak organic acids.
Pyrocatechol units (cf. chemical structure 1 below)
are another contender for the role of a gelling agent in
interaction of lignin with Pb(NO3)2. Their content in
kraft lignin was estimated at 6-9/100 PPU.[40] Like
many phenols, they are able to form colored compounds with metal ions. For example, 4-alkyl pyrocatechol structures have formed intensely colored
complexes with iron ions 1 having an absorption maximum in the region of 550 nm.[41] Pyrocatechol has
been also known to form a compound with lead 2.[42]
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Table 2. Physicochemical properties of the studied salts.
Salt
Cation
u0, V
pK h
Cation hydroxide
S, g/100 g water
a

CaCl2

Mg(NO3)2

FeSO4

Co(NO3)2

Pb(NO3)2

Fe(NO3)3

CuSO4

AgNO3

Ca2þ
–2.866
12.8
Ca(OH)2
8.2110–2

Mg2þ
–2.363
11.4
Mg(OH)2
8.410–4

Fe2þ
–0.440
9.5
Fe(OH)2
1.4410–4

Co2þ
–0.277
9.6
Co(OH)2
6.810–6

Pb2þ
–0.126
7.7
Pb(OH)2
1.210–4

Fe3þ
–0.037
2.2
Fe(OH)3
1.110–36a

Cu2þ
0.337
6.8
Cu(OH)2
1.4710–6

Agþ
0.779
12.0
AgOH
1.5410–3

References
–

[30]
[31]

–

[32]

Solubility equilibrium.

Figure 8. pKa values of model lignin compounds.

It can be assumed that PPU of lignin with a relatively
higher acidity of OHphen and pyrocatechol structural
units make a certain contribution to the formation of
the hydrogel, but this issue requires further study.
Formulas of compounds 1 and 2 are absent in the text.

Conclusion
The problem of biorefining plant materials, including
valorization of lignin, has stimulated research in the field
of new directions for modification and use of technical
lignins. Among them, a special place is occupied by
hydrolytic lignin, formed as a result of acid hydrolysis of
wood, in order to obtain bioethanol. The widespread
development of this technology is hindered by the formation of large quantities of hydrolysis lignin as waste.
One ton of coniferous wood yields 160–175 kg
(45–49 gallons) of ethanol and 350–400 kg of lignin
by-product to be a natural suggestion. In Russia, the
stock of hydrolysis lignin is estimated to be around 95
million tons.[43]
The ability of hydrolysis lignin and other technical
lignins (except LSA), as well as Pepper lignin to form

hydrogels in situ, which was discovered when interacting with a sorbate, has both scientific and applied value.
The spontaneous formation of an infinite three-dimensional network structure due to ionic, coordination and
hydrogen bonds with a metal cation, which has welldefined physicochemical properties, is, in our opinion,
of interest for colloid chemistry and lignin chemistry.
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