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ABSTRACT: Natural polymer-based hydrogels hold significant potential for sustainable agriculture by enhancing soil hydration and
enabling the controlled release of nutrients. This study shows an easy synthetic approach to substitute up to 75% of commonly used
polyacrylamide (PAAm) for commercial agro hydrogels by kraft lignin, keeping swelling performance on the same level. A new
semisynthetic hydrogel has been synthesized via cross-linking of kraft lignin produced via the LignoBoost process (LB) with PAAm.
The ratio of LB and PAAm in the hydrogel composition and cross-linking density were optimized to obtain hydrogels with suitable
performance properties. Hydrogel samples were characterized by thermogravimetric analysis, di erential scanning calorimetry, and
Fourier transform infrared (FTIR) spectroscopy to evaluate the main characteristics and suggest possible reaction mechanisms and
by scanning electron microscopy to study features of the hydrogel network. The investigation of functional properties demonstrated
that optimized hydrogel samples with 60% lignin in the composition possess water swelling capacity up to 235 g g~* and can
significantly increase the water retention of the soil when 2.5% hydrogel is added to the substrate. Moreover, obtained lignin-derived
hydrogels have the ability to retain and slow-release urea fertilizer. Thus, lignin-derived urea formulations ensure the sustained
cumulative release of urea within 8 days under laboratory conditions, while unencapsulated urea possesses a cumulative release of
97% within 1 h. Investigation of biodegradation using a soil burial test showed that weight loss ranges from 9.5% to 14.5% after 40
days for di erent hydrogel samples. The proposed method of synthesis of lignin-based hydrogels opens new frontiers in advancing
sustainable agricultural technologies.
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l INTRODUCTION without excess amounts.*> All of these features provided
A global food crisis remains a huge challenge for mankind. sigr_1ificar_1t preservation of soil fertility and ecosystem I_1ea|th
WFP (World Food Program) reports that, in 2023, more than while using hydrogels as a par_t of general farming practl_ces.
300 million people will face acute levels of food insecurity and Up to date, most commercial hydrogels currently available
more than 700 million will su er from chronic hunger. on the market are based on synthetic polymers of
Extreme weather conditions, particularly drought, are one of polyacrylamide, poly(acrylic acid), or sodium and potassium
the three main reasons for promoting food crises and global polyacrylate. Although these synthetic copolymers possess high
hunger. swelling capacities, they also represent a severe risk of
This issue and the continuous growth of Earth’s population environmental contamination.® In terms of sustainability and
enhance a search for new and improved practices for cost e ciency, biomass and biopolymers are the most
sustainable agriculture. This topic is mainly related to e ective promising starting materials for hydrogel production. There-
water management and reasonable utilization of fertilizers for a fore, over the last two decades, extensive e orts have been
high crop yield. _ applied to find promising and sustainable approaches to
In the 1980s, synthetic hydrogels as a class of super- biomass-derived hydrogels. Numerous studies on new hydro-
absorb_ent polymers were proposed for agricultural purpose_s..A gels are based on cellulose,”™® starch,’>™2 alginate,*
cross-linked network of hydrogels showed an excellent ability gelatin,** pectin,'” and chitosan.*1° However, currently,

to absorb high amounts of water with the following prolonged
water desorption. The utilization of hydrogels has exhibited
numerous advantages for enhanced farming practices, in
particular, increased water-holding capacities of soils, allowing
the avoidance of drought stress, increased soil porosity (due to

only one semisynthetic hydrogel is commercially available on
the market, and it is composed of cellulose and anionic
polyacrylate.®® This fact promotes further research in this

the swelling/deswelling cycles of hydrogel particles in the soil), Received: January 24, 2025 Agucuromt
facilitating ventilation and oxygenation to the seed and plant Revised:  May 25, 2025 o
roots," and reduced soil erosion and water runo .> Moreover, Accepted:  May 28, 2025

new hydrogel-based composites for the slow release of Published: June 5, 2025

nutrients were designed for more e cient uptake and reduced
leaching of fertilizers, allowing the utilization of nutrients
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direction and searches for suitable solutions for the topic of
agriculture hydrogels.

One of the most promising candidates as a building block for
various materials is lignin, which is emerging as a crucial
component in sustainable bioeconomy owing to its abundance
in plant cell walls.** Despite its historical role primarily as a
waste byproduct of pulping processes, recent advancements
have unveiled lignin’s potential as a renewable resource for
biofuels, chemicals, and materials.*~*°

The most widespread type of lignin is kraft lignin deriving
from the kraft pulping process, which is the dominant method
for producing pulp from wood for papermaking worldwide.”®?”
This process accounts for a significant portion of global pulp
production, particularly in Nordic regions, where softwood
species such as pine and spruce are abundant, causing the
production of millions of tons of kraft lignin annually. Its
versatile chemical properties and relatively low cost compared
to other types of lignin make it a preferred choice for various
industrial applications beyond papermaking.?”

Zerpa et al.* reported hydrogels based on hardwood kraft
lignin and N-isopropylacrylamide cross-linked by N,N’-
methylenebis(acrylamide) via radical polymerization using
azobis(isobutyronitrile) as an initiator at 65—85 °C. The
obtained hydrogel showed higher thermal stability but a lower
specific surface area and more porous structure than the
synthetic one, which provoked a decreased maximum swelling
capacity of 33 g H,O g™, which is low compared to synthetic
hydrogels. Moreover, the composition of the proposed
hydrogels consists of only 5% lignin and 95% N-isopropyla-
crylamide.

The multistep synthetic approach suggested by El-Zawawy
et al.***! increased the content of lignin in the final hydrogel.
At the first stage, poly(vinyl alcohol) and acrylamide were
grafted to kraft lignin via free emulsion polymerization initiated
by potassium persulfate. Then, grafted lignin and acrylamide
were cross-linked using the redox initiators potassium
persulfate and sodium metabisulfite under an inert atmosphere
at room temperature for 24 h. Despite the complex synthetic
approach, obtained hydrogel samples possess even lower
swelling capacity of 6 g H,0O g%,

Farhat et al.” proposed reactive extrusion for hydrogels
based on kraft lignin and citric acid using sodium
hypophosphite as a catalyst. Hydrogel production was
performed at the residence time in the extruder from 2 to 5
min of recirculation, a screw rotation speed of 120 rpm, and a
temperature of the extruder at 120 °C. The same approach was
used for hydrogels based on starch, hemicellulose, and lignin,
which showed the lowest swelling capacity, up to 4.5 g H,0O

Even though significant advances have been recently made
in the area of design and synthetic approaches for lignin-
derived hydrogels, their commercialization and industrial
production remain challenging due to the high cost of
manufacturing and complex production processes. Thus, it is
crucial to develop green protocols for kraft lignin-based
hydrogels corresponding to sustainability and circular economy
principles.

This work aimed to synthesize a series of lignin-based
hydrogels with di erent compositions and cross-linking
degrees prone to high swelling capacity, water retention, and
the ability to sustain fertilizer release. Therefore, highly
hydrophilic polyacrylamide was used as a copolymer for
composite hydrogels. Afterward, the obtained semisynthetic
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hydrogels were loaded with urea to form fertilizer formulation
for sustained release. The impact of hydrogel composition and
structure on swelling properties, urea release patterns, and
other performance characteristics have been investigated.

I MATERIALS AND METHODS

Materials. Kraft lignin obtained by the Lignoboost process from
softwood (LB395) was supplied by UPM BioPiva, Finland.
Polyacrylamide (average M, of 300 kDa) was obtained from
Sigma-Aldrich and used as received. Formaldehyde (aqueous solution,
37 wt %, biotechnology grade) was obtained from Amresco and used
as received.

Methods. Hydrogel Preparation. Lignin was mixed with
deionized water and 1 M KOH (water:1 M KOH = 2.5:1 v:v) and
stirred for 15 min at 300 rpm to fully dissolve. Then, certain amounts
of polyacrylamide (4:6 w:w of PAAm to lignin) and formaldehyde
(0.042 or 0.062 g g~* of lignin) were added with continuous stirring.
The total concentration of reagents in the reaction mixture was 10 wt
%. After being stirred for another 30 min, the reaction mixture was
maintained at 70 °C for 72 h. Finally, hydrogel samples were freeze-
dried for 24 h. As such, samples LB60/PAAmM40/FA0.042 and LB60/
PAAM40/FA0.062 were synthesized. Dry hydrogel samples were
weighed and subjected to two cycles of swelling and deswelling to
estimate the amount of sol and gel fraction.

Fourier Transform Infrared (FTIR) Spectroscopy. Spectra were
recorded with a Bruker Tensor 27 ATR-FTIR Spectrometer (Bruker)
on dried pellets prepared by pressing the mixture of LB or ground
into powder hydrogel samples (3 mg) and 200 mg of KBr under 8
tons. The FT-IR spectra were recorded using 32 scans between 500
and 4000 cm™* with a resolution of 4 cm™. All samples were freeze-
dried.

Di erential Scanning Calorimetry (DSC). DSC of initial lignin,
polyacrylamide, and hydrogel samples was performed with a DSC 204
F1 instrument (Netzsch-Geratebau GmbH). Each sample (6 to 7 mg)
was weighed into a standard aluminum pan (40 L) and heated under
a nitrogen atmosphere with a flow rate of 15 mL min™%. The sample
was initially heated to 200 °C at a rate of 10 °C min~%. Next, the
sample was cooled to —10 °C at a rate of 30 °C min™?. Finally, the
sample was reheated to 270 °C at a rate of 10 °C min™™. The initial
heating and cooling cycles were carried out to clear the thermal
history of the sample to eliminate the endothermic enthalpy relaxation
that usually a ects the T, determination.** The T, value of each
sample was measured from the last heating cycle.

Thermal Gravimetric Analysis (TGA). TGA of initial kraft lignin,
polyacrylamide, and hydrogel samples was performed on a TGA/
DSC/IR (Mettler Toledo, Columbus, OH, USA) instrument under
the following operational conditions: a heating rate of 10 °C min™%, a
dynamic atmosphere of air or nitrogen (50 mL min™?), a temperature
range of 30—900 °C, and a sample mass of 2.5 mg. The derivate
maximum decomposing rate temperature (DTG,) and the
corresponding weight loss as well as the residual mass were
determined. The measurements were performed in duplicate.

Molecular Weight Analysis of Initial Kraft Lignin. The molecular
weight of acetylated lignin prepared according to the procedure in ref
34 was analyzed using a Hitachi HPLC Chromaster system equipped
with two LC Phenogel columns 50 A and 500 A (5 m, 7.8 x 300
mm each and flow rate of 1 mL min™?) connected in series and with a
UV detector (280 nm). The calibration was performed using
ReadyCal-Kit polystyrene (266, 682, 1250, 2280, 3470, 4920, 9130,
15700, 21500, 28000, 44200, 66000 g mol™?). The values of M, and
M,, were calculated using Clarity Chromatography Software.

1P NMR Analysis of Initial Kraft Lignin. Quantification of lignin
functional group content was Eerformed using the procedure
described by Argyropoulos et al.*® A 3P NMR spectrum of the
phosphorylated sample was recorded using a 400 MHz JEOL solution
NMR spectrometer with a relaxation delay of 10 s and 128 scans.

Functional Properties. Swelling in Deionized Water. About 0.1 g
of washed and freeze-dried hydrogel samples was weighed and
immersed in deionized water for 24 or 48 h. The swelling ratio W (g

https://doi.org/10.1021/acsagscitech.5c00084
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Figure 1. Proposed mechanism for the formation of a hydrogel network based on lignin and linear polyacrylamide.

H,0 g™%) of hydrogel samples was assessed by comparing the weight
of the swollen sample my and the weight of the dried sample mqy
according to the following equation:

we MMy
my

The data was obtained and reported as an average of triplicates.

The swelling kinetics were explored by determining the swelling
ability of 0.1 g freeze-dried hydrogel samples in deionized water at
various immersion intervals, and the swelling ratios at a certain time t
(W,, g H,0O g™1) were determined using eq 1.

The swelling kinetic models were used to investigate the swelling
behavior further. The kinetic data were fitted using the Fickian model
(first kinetic order) (eg 2)*2" and the Shott model (pseudo-second
kinetic order) (eq 3).*

W — ktr

W @)

where Kk is a constant characteristic of the system and n is the di usion
exponent a ected by the water transport mechanism, W, is the
swelling ratio at time point t, and W, is the equilibrium swelling ratio.

L:i+it

W I(in W, (3)

where k;, is the initial swelling rate of the hydrogel and W, is the
theoretical equilibrium swelling ratio.

Water Retention of Hydrogels in Soil. Dried samples (250 mg)
were weighed and added to 10 g of dried soil in a 50 mL beaker. At
the same time, 10 g of dried soil without hydrogel was placed in
another beaker as a control. Then, 20 mL of distilled water was added
to each beaker, and the mixture was weighed. The tests were
conducted using commercial soil intended for home planting (pH

)
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7). The beakers were maintained at ambient temperature and weighed
daily until they reached a constant mass. The water retention Wr (%)
of soil was calculated by eq 4.

m-m

Wr = -100%

*

where m; is the total mass of sand, beaker, and sample after adding
distilled water, m, is the total mass of sand, beaker, and sample after
adding distilled water, m, is the total mass of sand, beaker, and sample
at a certain day of the experiment.

Urea Loading. Dried samples (100 mg) were immersed in a urea
solution in distilled water, with urea concentrations ranging from 10
to 40 wt %. The samples were soaked in this solution for 24 h under
ambient conditions. Afterward, the samples were thoroughly washed
with distilled water and freeze-dried for 24 h. The amount of loaded
urea, W, (g urea g™%), was calculated using eq 5

_m - ny
W my (5)

where m; is a weight of the loaded sample after freeze-drying and my is
an initial weight of the dried hydrogel sample.

Urea Release. The urea concentration was calculated using para-
dimethylamino-benzaldehyde colorimetry. Specifically, 1 mL of the
urea solution was added to the mixture of 1.8 mL of the 3 gL para-
dimethylaminobenzaldehyde solution and 0.065 mL of the 35% HCI.
The solution was shaken three times to make the reaction complete
and even, followed by a 15 min rest before testing using the UV
spectrophotometer at 410 nm wavelength. The UV-absorbance results
were calculated by using the standard curve method. The data was
obtained and reported as an average of triplicates.

Biodegradation Tests. Soil burial tests were performed to evaluate
the biodegradation of lignin-derived hydrogels in soil.>**° The test

https://doi.org/10.1021/acsagscitech.5c00084
ACS Agric. Sci. Technol. 2025, 5, 1362—1372
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Table 1. Content of Functional Groups and Molecular Weight of Raw Lignin Material

Molecular Weight

Content of Functional Groups, mmol g*

PDI
30

Sample
LB395

M,, Da
3700

M,, Da
1200

Phenolic OH
4.03

Carboxyl
0.24

Aliphatic OH Total OH
1.84 5.87

Table 2. Variables and Their Corresponding Values in the Orthogonal Experimental Design for Lignin-Derived Hydrogel

Preparation

No. Sample Name Hydrogel Composition
LB, wt % PAAmM, wt %
1. LB45/PAAM55/FA0.058 45 55
2. LB50/PAAM50/FA0.036 50 50
3. LB50/PAAM50/FA0.071 50 50
4. LB60/PAAMA0/FA0.021 60 40
5. LB60/PAAM40/FA0.042 60 40
6. LB60/PAAMA40/FA0.062 60 40
7. LB70/PAAM30/FA0.021 70 30
8. LB70/PAAM30/FA0.042 70 30
9. LB75/PAAM25/FA0.028 75 25

Formaldehyde,® g g™*

Swelling Degree 48 h, g g™* Gel Fraction, %

0.0572 1738 £ 74 844 + 27
0.0355 2552 + 96 833 +19
00711 1430 £ 6.0 885+ 15
0.0224 450.7 = 185 541+ 22
0.0423 2355 + 103 864 + 26
0.0623 1524 + 6.2 84.0 = 25
0.0212 406.1 + 16.8 624 + 18
0.0425 146.1 £ 538 910+ 14
0.0275 N/A N/A

3Gram of formaldehyde per 1 g of copolymers (lignin and polyacrylamide).

was conducted using commercial soil intended for home planting (pH

7). Briefly, 500 mg of a dried hydrogel sample was placed in plastic
recipients with soil at a burial depth of 5 cm. At di erent time points
(10, 25, 35, 45, and 55 days), the samples were removed from the soil,
rinsed with deionized water, frozen, and lyophilized for 24 h for
further analysis. Biodegradation was evaluated based on mass loss.
The test was performed in triplicate at each time point. The dried
mass of the samples before (W) and after (W,) the degradation test
was recorded for gravimetric assessment and the weight loss (WL) at
a given time was calculated using eq 6.

W - W
W

WL = -100%

©)

Viscoelastic Properties of Lignin-Derived Hydrogels. The
rheological characterization of the hydrogel samples was performed
using a Discovery HR-3 Hybrid instrument (TA Instruments)
equipped with a parallel plate geometry (20 mm diameter). Hydrogels
with a high of 2000 m were loaded onto the Peltier plate; the
geometry was lowered until a constant axial force of 0.2 + 0.1 N was
achieved, ensuring continuous contact between the geometry and the
hydrogel. Samples were allowed to equilibrate for 120 s before the
start of the procedure, and all experiments were performed at 20 °C in
the oscillatory mode. First, an amplitude sweep from 0.01% to 100%
strain at 1 Hz oscillation frequency was conducted to determine the
linear viscoelastic region (LVR) of the sample, where stress and strain
are proportional (Figure 1, SI). A strain of 0.25% was selected to
evaluate the frequency dependence of the dynamic moduli G" and G".
After that, a frequency sweep from 0.01 to 10 Hz at 0.25% strain was
performed, and the frequency dependence of the storage (G") and
loss (G') modulus was evaluated as the indicator of the viscoelastic
response of the lignin-derived hydrogels.

l RESULTS AND DISCUSSION

Di erent types of lignin include various ratios of phenyl-
propane units and, therefore, have di erent molecular masses
and an abundance of functional groups such as methoxy,
hydroxyl, carboxyl, and carbonyl groups. This variability in
structure and functionality is crucial for determining lignin’s
suitability for various applications, including its use as a
renewable resource in biobased materials.

In the current study, a kraft-lignin-derived hydrogel for
agriculture applications was prepared using lignin produced via
the lignoboost process, with characteristics given in Table 1.
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The chosen type of lignin possesses an average level of
polydispersity index, confirming the broad distribution of
molecular weights along with a branched structure of lignin
macromolecules. However, this lignin type has a high content
of functional groups compared to other softwood lignins,****
making it a promising candidate for chemical modifications.

The proposed synthetic approach utilizes formaldehyde as a
cross-linking agent and two components lignin  and poly-
acrylamide to  form a hydrogel network. It consists of several
reactions co-occurring in the reaction mixture (Figure 1). Both
lignin and polyacrylamide can react with formaldehyde in
alkaline media. In the case of polyacrylamide, the reaction may
occur on each amide group of the polyacrylamide chain,****
giving poly(N-methylol acrylamide) (reaction 3, Figure 1). In
contrast, as a polyphenolic compound, lignin can react with
formaldehyde only in ortho and para positions™ to hydroxyl
groups (reaction 1, Figure 1). Other functional groups often
block these positions. Moreover, lignin has a highly branched
network based on substituted phenolic rings, causing addi-
tional steric hindrance. These two obstacles suggest that the
formation of methylated lignin in this system is less favorable
than the formation of poly(N-methylol acrylamide). However,
lignin is partially cross-linked according to reaction 2 (Figure
1) when formaldehyde forms cross-linking points between
lignin macromolecules. Another route for methylated lignin is
the interaction with the amide group of polyacrylamide
(reaction 5, Figure 1), forming a covalent bond between
lignin and polyacrylamide macromolecules.

The formation of methylol groups in the polyacrylamide
chain (reaction 3, Figure 1) is reversible as the oxygen atom of
the methylol group has high nucleophilicity and induces a
displacement reaction releasing formaldehyde.”® Thus, poly-
acrylamide cross-linking (reaction 4, Figure 1) occurs via an
interaction between the methylol groups and the intact amide
groups or the amide groups produced in the displacement
process. Finally, methylol groups of polyacrylamide interact
with lignin aromatic rings to form cross-linking bridges and, as
a result, cross-linked hydrogel networks were formed.

According to the discussion above, we suggest that the
dominant reactions in this system are (i) the cross-linking of
polyacrylamide according to reaction 4, Figure 1 and (ii) the

https://doi.org/10.1021/acsagscitech.5c00084
ACS Agric. Sci. Technol. 2025, 5, 1362—1372
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Figure 2. (a) Photographs of raw lignin, dried and swollen lignin-based hydrogels; (b) FTIR spectra of intact lignin LB and LB60/PAAM40/
FA0.042 hydrogel; TG (c) and DTG (d) curves of intact lignin LB, PAAm, and lignin-derived hydrogel LB60/PAAmM40/FA0.042; (e) DSC
thermograms of the intact lignin, lignin-derived hydrogels LB50/PAAmM50/FAQ.071 and LB60/PAAmM40/FAQ.042, cross-linked PAAM.

cross-linking of polyacrylamide with lignin according to
reaction 5, Figure 1.

The orthogonal plan was built to investigate the optimal
lignin:PAAm ratio and the amount of cross-linking agent to
obtain an optimal number of cross-linking points. Table 2
presents the applied ratio for the synthesis of hydrogel samples.
The content of LB and PAA and the amount of formaldehyde
added were determined as three experimental factors of
orthogonal tests, and each factor had three levels. Two factors
were chosen to evaluate the e ciency of the process: (i) the
swelling degree indicating the perspective of the obtained
material for agriculture purposes and (ii) the gel fraction
content revealing the reaction conditions with the highest
e ciency for raw material utilization.

The orthogonal design led to the optimized combinations
(samples LB60/PAAmM40/FA0.062 and LB60/PAAmM40/
FA0.042) through 9 experiments (Figure 2a).

Sample 7 (Table 2) has the highest swelling degree and only
30% of synthetic PAAm in the hydrogel composition, which
makes it a valuable candidate as a sustainable value-added
material. However, this hydrogel sample has a low content of
gel fraction (62.4%) and loses its integrity at high values of
swelling degree. Sample 8, with the same copolymer
composition but a two times higher amount of added cross-
linking agent, possesses an acceptable level of gel fraction
(83.3%) and remains self-standing gel at equilibrium swelling
degree after 48 h. However, this sample has significantly
decreased swelling capacity compared to sample 7 (146.1 g g~*
vs 406.1 g g71).

Samples 2 and 3, with equal amounts of lignin and PAAm,
have a similar correlation between the amount of formaldehyde
added to the system and hydrogel properties, confirming the
crucial e ect of cross-linking density on swelling capacity and
gel fraction. Samples with 60% lignin and 40% PAAm (nos. 4—
6) possess the aforementioned patterns. Thus, the low cross-
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linking density of sample 4 provides high swelling capacity but
is not enough to grant a proper level of mechanical properties
after significant swelling. On the contrary, sample 5, with a
higher content of cross-linking points, remains self-standing
hydrogel at equilibrium swelling degree and has suitable
swelling capacity (2355 g g!) and gel fraction content
(86.4%). It is worth mentioning that sample 8, with a similar
amount of formaldehyde per 1 g of initial copolymer but a 10%
higher content of lignin in the hydrogel composition compared
to sample 5, has alike gel fraction content but significantly
decreased swelling capacity, indicating a strong impact of lignin
fragments on the ability of the hydrogel network to di use and
retain water molecules. Hence, samples 5 and 6, LB60/
PAAmM40/FA0.042 and LB60/PAAmM40/FA0.062, were se-
lected for the following investigations as candidates with the
highest content of lignin and acceptable performance
characteristics.

FTIR studies aimed to evaluate which functional groups
participate in forming the covalent hydrogel network. The
spectra of LB and LB60/PAAmMA40/FA0.042 hydrogel are
presented in Figure 2b.

A broad band centered at around 3400 cm™ is assigned to
the hydroxyl stretching of phenolic and aliphatic moieties of
lignin. A new peak at 3199 cm™ appearing in this area on the
spectra of LB60/PAAM40/FA0.042 hydrogel can be attributed
to the symmetric stretching of the amide bond of
polyacrylamide.*” Characteristic bands at 2936 cm™' and
2842 cm™! arise from C—H stretching of the methoxyl group
conjugated with aromatic rings and methyl and methylene
groups of the lignin side chains. The shoulder at 2850 cm™
appearing at the hydrogel spectrum is attributed to the —N—
CH,— bonds from the cross-linking bridges.*®

The characteristic bands of aromatic ring vibration are
observed at 1596 cm™, 1512 cm™, and 1425 cm™.***" These
peaks are partially decreased or vanished in the spectrum of the

https://doi.org/10.1021/acsagscitech.5c00084
ACS Agric. Sci. Technol. 2025, 5, 1362—1372



ACS Agricultural Science & Technology

pubs.acs.org/acsagscitech

Figure 3. SEM images of the freeze-dried hydrogels (a) LB60/PAAmM40/FA0.062 and (b) LB60/PAAmM40/FA0.042; (c) enlarged SEM image of
LB60/PAAM40/FA0.062; (d) distribution of pore size for LB60/PAAM40/FA0.042; (e) summarized data on average pore size and porosity.

LB60/PAAM40/FA0.042 hydrogel, confirming the involve-
ment of the aromatic skeleton in a condensation reaction.
Moreover, aromatic C—H out-of-plane deformation vibrations
observed at 817 cm™* and 855 cm™ in the LB spectrum almost
vanish in the hydrogel spectrum, suggesting modification in
position 5 of the guaiacyl units. These findings are consistent
with the reaction mechanism proposed in Figure 1.
Furthermore, the band at 1700 cm™ assigned to carbonyl
stretching of carboxyl groups or ketones in lignins is absent in
the hydrogel spectrum, indicating their participation in the
cross-linking reaction. The FTIR spectrum of the hydrogel
LB60/PAAM40/FA0.042 contains new peaks that arise in this
region. In particular, the bands at 1670 cm™ and 1607 cm™
belong to carbonyl stretching vibration (amide I) and NH
bending (amide II), confirming the incorporation of
polyacrylamide chains into the hydrogel network.**?

To investigate the thermal decomposition of the hydrogel
components and the resulting material, thermogravimetric
analysis was performed. Figure 2c,d presents TGA and DTG
curves for lignin, linear polyacrylamide, and obtained hydrogel
LB60/PAAMA0/FAQ.042. After the initial moisture loss, the
intact lignin has one major DTG peak at 382 °C when primary
lignin pyrolysis occurs, including processes of lignin
fragmentation and release of monomeric phenols. The thermal
decomposition profile of polyacrylamide has three steps of
weight loss. Below 200 °C, evaporation of adsorbed water
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occurs. The second stage starts at 210 °C and continues to 335
°C with a DTG peak at 277 °C and weight loss of 22.3%
caused by the release of ammonia, water, and minor quantities
of CO, due to the irreversible intra- and intermolecular
imidization reactions at the amide group.®® The third stage
ranges from 345 to 450 °C with a DTG peak at 395 °C. It
includes imide decomposition and degradation of the
polymeric backbone at higher temperatures resulting in weight
loss of 40.1% at this stage and overall residual mass of 12.0%
after 800 °C.

The decomposition curve of the obtained hydrogel contains
a peak of water evaporation, followed by a DTG peak at 250
°C attributed to the initial decomposition of polyacrylamide.
The third peak starts at 250 °C and continues to 550 °C with a
DTG peak at 342 °C and can be assigned to both
decomposition of polyacrylamide and lignin pyrolysis. The
residual mass of the hydrogel sample after 800 °C is 41.2%.
Thus, obtained lignin-derived hydrogels showed higher
thermal stability than cross-linked PAAm-based hydrogels.>*>°

The thermal behavior of the lignin-based hydrogels was also
evaluated by employing DSC analysis (Figure 2e). The glass
transition of lignin is not a formal phase transition; therefore,
one can observe a slight change in the DSC heating curve
rather than a sharp peak.>® Thus, a slight change in the DSC
curve of intact lignin at 146.6 °C is determined as T, The
melting point of lignin in the studied temperature range was

https://doi.org/10.1021/acsagscitech.5c00084
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Figure 4. Absorption capacity plots (a) and swelling kinetic fitting curves (b) in deionized water for the first 7 h of incubation.

Table 3. Kinetic Parameters for First-Order and Pseudo-Second-Order Swelling

Kinetic Model Fitting

Pseudo-Second-Order

First-Order
Sample name n k
1 LB60/PAAM40/FA0.062 0.7454 —2.186
2 LB60/PAAMA40/FA0.042 0.7744 —2.173

R T k R W, g9~
0.988 0.00595 1.3301 0.997 168.1
0.993 0.00404 11271 0.990 2475

Figure 5. (a) Water content of the soil mixed with lignin-derived hydrogels; (b) urea release curves in static water of LB60/PAAM40/FA0.062 and
LB60/PAAM40/FA0.042 hydrogels; (c) total released urea per 1 g of loaded and dried LB60/PAAmM40/FA0.062 hydrogel; (d) weight loss of
hydrogel samples during incubation in soil for 40 days; (e) linear extrapolation of biodegradation experimental data for 200 days; (f) curves of
storage modulus (G") and loss modulus (G") at the strain of 0.25% LB60/PAAmM40/FA0.062 and LB60/PAAMA40/FA0.042 hydrogels.

not observed. The DSC profile of PAAm cross-linked in the
same conditions as the investigated hydrogels has two major
regions. The first one that covers temperatures from 190 to
235 °C is attributed to the glass transition of nonstructured
PAAm (sol fraction). The second stage has a sharp peak at
255.3 °C and can be assigned to the glass transition of cross-
linked PAAm, which is in agreement with the reported
data.57'58

For copolymer hydrogels, glass transition temperature is a
criterion to determine their miscibility. Hydrogels possessing
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immiscibility have a broadening of the transition or even two
separate peaks for the hydrogel components. Miscible hydrogel
systems have a single transition DSC profile. In the case of the
obtained hydrogels, DSC curves have one endothermic
reaction attributed to glass transition with T, = 246.9 °C for
LB60/PAAMA40/FA0.042 and T, = 250.7 °C for LB50/
PAAmM50/FA0.071, confirming the mechanism of hydrogel
network formation proposed in Figure 1.

The morphology of the lignin-based hydrogel is shown in
Figure 3. Although the pore distribution for LB60/PAAM40/

https://doi.org/10.1021/acsagscitech.5c00084
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FAO0.062 (Figure 3a) is uneven and the average pore diameter
porous structure is only 54 m, these pores have a tunable
nature (Figure 3c) and provide channels for water transport.
The SEM image of LB60/PAAM40/FAQ.042 (Figure 3b)
illustrates a wide-ranging porous structure with more uniform
pore distribution compared with LB60/PAAM40/FA0.062 and
narrow distribution of pore size ranging from 34 to 44 m
(Figure 3d). The total porosity of this sample at the given SEM
image is 25.1%, making it a promising material for water
retention.

The capacity of hydrogel materials for water uptake is one of
the most crucial characteristics, in particular for agriculture
applications. Exposure to an aqueous medium promotes the
formation of hydrogen bonds between functional groups in the
hydrogel structure and water molecules, ensuring water
penetration into the hydrogel network and causing swelling.
To gain a greater understanding of the correlation between
hydrogel composition and structure and swelling behavior,
equilibrium water uptake and swelling kinetics were studied.
Thus, the water absorption of obtained hydrogels reached an
equilibrium state within 48 h.

For the swelling characterization, in particular, to determine
the nature of water’s di usion into the hydrogel network, the
fitting of swelling initial stages to one of the equations
describing swelling order was performed. Figure 4a presents
the swelling rate for the first 7 h.

Hydrogel systems conform to the Fickian di usion
mechanism (the first kinetic order) when at initial stages
(W/W, < 60%) of the di usion constant (eq 2), n < 0.5. The
data presented (column 3 in Table 3 and Figure S1) reveal that
di usion constant n for studied hydrogel samples lies outside
the normal range for the Fickian model, suggesting that in this
case the swelling mechanism is not governed exclusively by the
di usion through the porous structure. On the other hand, the
plot of experimental data as the curves of the reciprocal of
average swelling T/W, versus time (Figure 4b) gave straight
lines with good linear correlation coe cients (column 8, Table
3), suggesting that the swelling process for both hydrogel
samples follows a pseudo-second-order swelling kinetic model
(Schott Model) and is controlled by the relaxation of
polymeric chains in the hydrogel network.

Kinetic parameters k;; and W, were calculated based on the
slope and intercept values of the fitted curves. The values of
W, (Table 3, column 9), which are theoretically maximal
swelling capacities, correspond to the experimental values of
the equilibrium swelling ratio given in Table 2.

Thus, the swelling patterns of lignin-derived hydrogels
correspond to the reported data on cellulose-based hydro-
gels®®*° proposed for agricultural applications, suggesting that
the obtained hydrogels possess swelling kinetics that meet the
requirements for agricultural soil conditioners.

The ability of the obtained hydrogels to retain moisture in
the soil compared to the soil sample without hydrogel is
presented in Figure 5a. On the first days of incubation, all
samples showed similar moisture content loss, i.e., 66% of
initial water content for soil without hydrogels and 72% for soil
samples containing 2.5 wt % of LB60/PAAmM40/FA0.062 and
LB60/PAAMA40/FA0.042 hydrogels on day 3. On day 7, the
soil without hydrogel conditioner contained approximately
14% of initial moisture, while hydrogels LB60/PAAM40/
FA0.062 and LB60/PAAmM40/FA0.042 increased water
retention of soil samples to 25% and 34% correspondingly
on the same day. The water content of soil samples without
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hydrogel completely vaporized after day 9, while soil samples
containing hydrogels still had 12% moisture for LB60/
PAAM40/FA0.062 and 21% for LB60/PAAMA40/FAQ.042.
Complete drying of hydrogel-containing soil samples was
observed on day 12 for LB60/PAAM40/FA0.062 and day 16
for LB60/PAAM40/FA0.042, confirming the ability of the
obtained lignin-derived hydrogels to enhance soil water
retention to avoid drought stress for seeds and crops.

Urea is one of the most widely used solid nitrogen fertilizers;
therefore, it was chosen to investigate the potential of the
obtained lignin-derived materials as controlled-release for-
mulations for agricultural fertilizers. Standard (unencapsu-
lated) urea cumulative release in distilled water reaches 97%
within 1 h.®-6?

Release patterns of urea from the urea-loaded hydrogels with
the same composition (60 wt % of lignin and 40 wt % of PAA)
but di erent cross-linking degrees in static water are presented
in Figure 5b. The hydrogel with lower cross-linking density
LB60/PAAM40/FA0.042 has quite a rapid release profile with
50% urea release on the first day and prolonged release
reaching 88% on day 7.

Adversely, a hydrogel with a higher cross-linking density
LB60/PAAM40/FA0.062 has a more pronounced profile of
urea slow release. The initial stage covers the first 3 days of
incubation with 25% of urea released on the first day and 32%
on the third day, apparently due to the dynamic exchange of
free water.®® After this, more rapid urea release is observed
(days 4—8) with 79% urea cumulative release on day 8
followed by a plateau at about 82%. The urea-releasing profile
with three stages with di erent rates has been reported for
other biopolymer-based hydrogel systems.®*

Thus, hydrogel LB60/PAAMA40/FA0.042 with a higher
swelling capacity and porosity possesses a higher rate of urea
release. Higher swelling promotes the di usion of water
molecules into the hydrogel network, followed by partial
breaks of hydrogen bonds between lignin macromolecules and
urea. This results in the accelerated di usion of urea molecules
from the hydrogel network into the releasing medium. In
contrast, the hydrogel LB60/PAAM40/FA0.062 possesses a
more sustained profile for urea release provided by decreased
water absorption capacity. This correlation allows one to
control parameters of urea slow-release formulations based on
the lignin-derived hydrogels via the change in the water
swelling capacity and the porosity structure easily adjustable by
the number of cross-linking points.

Figure 5¢ shows the total amount of released urea. Thus, 1 ¢
of loaded with urea and dried LB60/PAAmMA40/FA0.062
hydrogel may release up to 2.7 g of urea on the first day and
gradually up to 8.4 g of urea within 10 days. These amounts
cover urea demand for agriculture fields®® and can be easily
controlled at the stage of hydrogel swelling in urea solution.

Furthermore, the presented data on cumulative urea release
refer to the deionized water as a model medium. According to
the comparative studies,®® the urea release rate into the soil is
significantly slower than in water, suggesting that obtained
hydrogels will possess prolonged release in natural conditions.

Among other biopolymers such as cellulose, starch, alginate,
pectin, etc., lignin is the most promising raw material for
hydrogel production as it has the lowest rate of biodegradation
in s0il.°" As reported previously, lignin degrades in nature
mainly due to oxidative enzymes produced by white-rot fungi.
This, in turn, leads to depolymerization and aromatic ring
cleavage of lignins.® However, this process is slow and

https://doi.org/10.1021/acsagscitech.5c00084
ACS Agric. Sci. Technol. 2025, 5, 1362—1372



ACS Agricultural Science & Technology

pubs.acs.org/acsagscitech

depends greatly on the lignin origin and incubation medium.®°
Polyacrylamide also possesses significant resistance to micro-
bial degradation but other degradation pathways, including
mechanical, thermal, chemical, and photolytic (photocatalytic)
may occur in soil and lead to the formation of hazardous
compounds such as acrylamide or PAAm oligomers provoking
serious environmental risks.”” Therefore, the utilization of
semisynthetic hydrogels with the lowest content of PAAm is
considered to be an e ective strategy for sustainable
agriculture.

The weight loss of lignin-derived hydrogels LB60/PAAM40/
FA0.042 and LB60/PAAM40/FA0.062 during incubation in
soil for 40 days is presented in Figure 5d. After 40 days of
incubation, there was a 9.5% weight loss for the LB60/
PAAmMA40/FA0.062 hydrogels and a 14.4% weight loss for the
LB60/PAAM40/FA0.042 hydrogels. As the biodegradation
test was carried out within a short period, linear extrapolation
given in Figure 5e gives a rough prediction of the weight loss of
hydrogels over a longer period. Thus, after 6 months, an
estimated mass of LB60/PAAM40/FA0.042 hydrogel will be
29% of the initial weight, and for LB60/PAAmM40/FA0.062, it
will be 53%.

The comparison of FTIR spectra of the hydrogel before and
after incubation in soil (Figure S2) confirms the oxidative
mechanism of lignin-derived hydrogel degradations. One can
observe slightly increased intensity of peaks at 1268 cm™
(C O stretching in guaiacyl unit), 1218 cm™ (C—C, C-0,
and CO stretching), 1140 cm™ (C O stretching), and
1030 cm™! (C—O stretching), indicating the formation of
carboxylic groups or other oxidized moieties.

The mechanical strength of lignin-derived hydrogels was
assessed by employing storage modulus G” and loss modulus
G" as a quantitative expression of the viscoelastic and
rheological properties of the hydrogels. First, the stress
sweep was performed at a fixed frequency of 1.0 Hz to
determine the linear viscoelastic region of each hydrogel
sample (Figure S3). Then, the dependence of dynamic moduli
on the radial frequency was investigated, as shown in Figure 5f.
It illustrates a typical picture of a well-developed elastic
polymer network with storage modulus significantly exceeding
loss modulus values. Thus, the storage modulus for LB60/
PAAM40/FA0.042 makes 2500 Pa while sample LB60/
PAAmM40/FAQ0.062 with a higher cross-linking density showed
a value of 3500 Pa.

In conclusion, chemically cross-linked hydrogels based on
lignin and polyacrylamide were successfully prepared in this
work. The proposed synthetic approach utilizes formaldehyde
as a cross-linker and allows the adjustment of hydrogel
performance characteristics in a wide range due to the change
of hydrogel composition and cross-linking density. Hydrogel
samples containing 60% lignin and 40% polyacrylamide
showed an equilibrium swelling capacity of 235 g g™ and
150 g g~* depending on the cross-linking density. The results
of the water retention test confirmed that 2.5% of the lignin-
derived hydrogels ensures 10% to 19% higher moisture content
in the soil after 8 days in conditions simulating drought stress
compared to the substrate without hydrogel conditioner.
Moreover, synthesized hydrogels are promising for fertilizer
formulations with the ability to sustain the release of fertilizers.
Thus, hydrogels (60% lignin and 40% polyacrylamide)
previously loaded with urea release 81—89% of fertilizer within
7—8 days under laboratory conditions. Meanwhile, the
cumulative release of unencapsulated urea reaches 97% within
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1 h. Finally, the biodegradation rate in soil resulted in 10—15%
weight loss after 40 days. Linear extrapolation of experimental
data revealed that, after 200 days of incubation in soil, lignin-
derived hydrogels would have from 45% to 70% weight loss
depending on the cross-linking density.

Therefore, lignin-based hydrogels can potentially be used as
soil conditioners and fertilizer formulations in agriculture, and
the proposed synthetic approach can be utilized to e ectively
tailor the hydrogel properties.
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