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Abstract. In this study, a scientifically grounded approach was developed for obtaining highly functional biosorbents based
on the chemical modification of lignin. The work employed a strategy of activating phenolic, carboxyl, and aliphatic
hydroxyl groups in the lignin macromolecule through the formation of covalent bonds with amine compounds. The kinetic
and thermodynamic characteristics of the modification process were evaluated, and the influence of reaction parameters on
the structural and functional properties of the sorbent was determined. The morphology and functional group composition
of the obtained modified lignin samples were investigated. Sorption experiments were carried out to assess the ability to
chemically bind toxic heavy metal ions such as Zn(II), Cu(II), and Ni(II). The results demonstrate a significant increase in
the sorption capacity, kinetic rate, and regeneration efficiency of the modified lignin. The study proposes new scientific
foundations for the development of environmentally safe, economically feasible, and renewable raw material based sorbents
and offers promising solutions for application in industrial wastewater treatment and gas purification systems.

INTRODUCTION

The environmental challenges of the twenty-first century, including industrial waste generation, contamination of
water bodies with heavy metal ions, and the increasing concentration of carbon dioxide in the atmosphere, pose serious
global challenges to environmental protection and sustainability. Conventional sorbent materials such as activated
carbon, ion-exchange resins, and metal—-organic frameworks often fail to fully meet the requirements of large-scale
and economically viable environmental technologies due to their high cost, complex synthesis routes, and limitations
in regeneration. Therefore, the use of renewable and environmentally benign biomass resources, particularly lignin-
based sorbents, has emerged as a promising direction for the development of next-generation sorbent materials.

Lignin is one of the main components of plant biomass and is characterized by a high degree of aromaticity, a
complex three-dimensional amorphous network structure, and the presence of phenolic hydroxyl, methoxy, carboxyl,
and other functional groups. These functional groups enable chemical complexation, ion exchange, or electrostatic
interactions with heavy metal ions and other pollutants. Nevertheless, natural lignin often exhibits limited adsorption
performance due to its bulky structure, relatively low specific surface area, and restricted porosity. Consequently,
modification and structural optimization are essential for the development of efficient lignin-based sorbents.

In recent years, the sorption properties of lignin have been significantly enhanced through organic modifications
involving amine, carboxyl, or sulfonate groups, inorganic modifications such as metal oxides, magnesium hydroxide,
and magnetic nanoparticles, as well as composite approaches. For example, a recyclable magnetic sorbent was
developed by combining carboxymethylated lignin with Fe304 magnetic nanoparticles. This sorbent demonstrated
high adsorption capacities for heavy metal ions such as Pb(II), Cu(II), and Ni(II), with values of approximately 189.85,
124.43, and 106.97 mg per gram, respectively, while maintaining substantial sorption performance even after six reuse
cycles. In addition, carbon materials derived from lignin have been extensively investigated as promising sorbents for
carbon dioxide capture. In one study, carbon synthesized via chemical activation with ZnCl2 exhibited a CO2
adsorption capacity of 4.45 mmol per gram at 273 K and 100 kPa.

Therefore, lignin-based, particularly modified and carbonized, sorbents possess significant potential as
environmentally friendly, renewable, and economically viable materials for the adsorption of heavy metal ions,

organic pollutants, and gaseous carbon dioxide.
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RESEARCH METHODOLOGY AND TOOLS

Lignin is considered one of the most abundant biopolymers on Earth and represents a valuable raw material that
is often generated as waste. The structure of lignin is composed of three main propylphenol monomer units, and its
chemical modification with amines is regarded as one of the most promising research directions. Although various
methods applied in lignin amination pursue the same general goal of introducing amine functionalities into the lignin
structure, the resulting polymers differ significantly in their structural characteristics. Consequently, a direct and
comprehensive comparison of these materials is practically challenging. The nitrogen content of the modified products
also varies over a wide range, typically from 1 to 6 mmol g'.

In practice, Mannich-type reactions commonly employed for lignin amination often lead to the formation of highly
branched or cross-linked macromolecular structures due to the limited solubility of lignin and restrictions associated
with polyamine formation. This behavior is closely related to the reactivity of nucleophilic amines, resulting in a
mixture of secondary and tertiary amines as well as urea-like nitrogen-containing groups. Such structurally complex
lignin—polyamine systems play an important role in polymer synthesis and in determining their functional properties.

In order to elucidate the potential interactions of AcOZD and mOZ with various reactive sites in lignin, the
amidation process was first evaluated using model compounds. Benzyl alcohol (AIOH), 2-methoxy-4-methylphenol
(PhOH), and benzoic acid (COOH) were selected as model substances representing the corresponding functional
groups of lignin. The amidation reaction was carried out in a DMSO medium, as this solvent effectively dissolves
lignin and exhibits high thermal stability. Potassium carbonate (K.COs) was employed as a catalyst due to its
effectiveness in activating phenolic groups.

The reaction was conducted at 120 °C in the presence of 1.1 equivalents of AcOZD and 0.1 equivalents of K-COs,
and its progress was monitored by '"H NMR spectroscopy using aliquots extracted with ethyl acetate. As expected,
experiments with the phenolic model compound resulted in the formation of a product functionalized with an
acetamide group. During the reaction, AcOZD was also observed to act as an acetylating reagent: initially, acetylated
intermediate products were formed, which gradually disappeared over time, accompanied by an increase in the
intensity of signals characteristic of amide groups. The disappearance of acetate groups suggests their possible
hydrolytic reversal in the DMSO-ds medium, whereas the formation of amide bonds was irreversible and proceeded
with the release of COs: as a result of AcOZD decarboxylation [7-33].

J. _JL
v e
UU_ N

FIGURE 1. '"H NMR spéctra of aliquots withdrawn from the reaction mixture of 2-methoxy-4-methylphenol (PhOH
model) with AcOZD.

In another study, optimal amidation and subsequent hydrolysis conditions were applied to three different types of
lignin: organosolv lignin derived from hardwood (HW-OL, rich in S units), softwood kraft lignin (SW-KL, rich in G
units), and wheat straw soda lignin (WS-SL, containing a high amount of COOH groups). As a result, a total of six
amidated lignin samples and, correspondingly, six aminated lignin samples were obtained using two different reagents
for each lignin type. The reactions proceeded smoothly under stable conditions and were successfully scaled up to 10
g, confirming the universality of the proposed approach.

The mass yield of the process was evaluated as the ratio of the product mass to the initial lignin mass. During the
amidation step, the grafting process led to an increase in mass, and due to high recovery upon precipitation under
acidic conditions, the yield reached up to 130 wt%. In the subsequent hydrolysis step, a yield of approximately 80
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wt% was recorded, indicating effective isolation of the aminated lignins by dialysis. Overall, the two-step process was
completed with an average total yield of about 90 wt%, with the main losses attributed to technological transfer steps.

The degrees of amidation and amination of the lignins were confirmed by *'P NMR spectroscopy and elemental
analysis. Measurements were carried out in a CDCls/pyridine mixture for lignin and amidated lignin samples, and in
a DMF-d, medium for aminated lignins. All lignin types exhibited similar reactivity after amidation and hydrolysis,
with the conversion of phenolic hydroxyl groups being approximately 2—3 mmol g'. The WS-SL lignin showed the
highest conversion, with up to 95% of the initial PhOH groups participating in the reaction. Comparison of the reagents
indicated that mOZ provided a higher conversion of phenolic groups, while partial involvement of AIOH and COOH
groups was consistent with previous results [8].
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FIGURE 2. 31P NMR As can be seen in the figure, the evolution of AIOH, PhOH, and COOH groups during the

amidation—hydrolysis process.

As a logical continuation of the work carried out by previous researchers, in our study we isolated lignin from rice
straw and subjected it to an amination reaction in the presence of melamine and formaldehyde. The extraction of lignin
from rice straw is environmentally beneficial, as rice straw is a waste raw material generated by the paper industry
and agriculture. Lignin was isolated using classical methods, namely the Kraft and Organosolv processes (Figure 3).

Next, to obtain a sorbent from the isolated lignin, we performed its chemical modification. Amination proved to
give excellent results, as lignin itself already exhibits sorption properties, which are further enhanced when enriched
with amine groups.

The modification procedure was carried out as follows: formaldehyde was placed into a heat-resistant flask, and
melamine was gradually added until a uniform mass was obtained. The mixture was stirred at 70 °C using a magnetic
stirrer at a rotation speed of 3000 rpm for one minute. Then, lignin was added to the resulting mixture, and the reaction
was continued for 4 hours under magnetic stirring at 80-90 °C. The final mass was dried in an oven at 50 °C for 24
hours.
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FIGURE 3. Elemental (IQ) analysis of lignin obtained from rice straw.

The resulting sorbent is insoluble in water, exhibits good regeneration properties, and is cheaper and more
environmentally friendly compared to conventional sorbents. The morphology and functional group composition of
the modified lignin samples were studied. Sorption experiments were conducted to evaluate their ability to chemically
bind toxic heavy metal ions such as Zn(II), Cu(Il), and Ni(II).

The results demonstrated a significant increase in the sorption capacity, kinetic rate, and regeneration efficiency
of the modified lignin. This study provides new scientific foundations for the development of environmentally safe,
economically feasible, and renewable raw material-based sorbents and offers promising solutions for industrial
wastewater treatment and gas purification systems.
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