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From Lignocellulosic Nanofibres Isolated Using Ternary Deep
Eutectic Solvents to Composite Hydrogels for Efficient
Tetracycline Removal
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ABSTRACT: The removal of residual antibiotics, such as tetracycline (TC), from the environment is an important global grand chal-
lenge to combat an ever-increasing prevalence of antimicrobial resistance (AMR). Herein, a novel ternary deep eutectic solvent (DES)
comprising choline chloride (ChCl), y-valerolactone (GVL), and maleic acid (MA) was used to produce lignocellulosic nanofibers
(LCNFs) from sunflower stalks, which, when combined with sodium alginate (SA) and polyacrylamide (PAM), afforded hydrogels
for the efficient removal of TC. The ternary ChCl/MA/GVL DES was highly effective for lignin removal (delignification efficiency,
91.70%). The physical properties of the LCNFs could be tailored with respect to temperature, i.e., with increasing temperature, the
lignin content ranged from 4.90 to 25.90%, the crystallinity index (CrI) ranged from 31.85 to 45.66%, and size dispersity ranged from
11.47 to 31.29 nm. The incorporation of obtained LCNF into PAM/SA hydrogels significantly enhanced their adsorption perfor-
mance (92.3 vs 72.96%) for TC. Kinetic adsorption experiments revealed that chemical adsorption was the main mechanism domi-
nating TC removal, and the pseudo-second-order model (Q, = 79.24 mg-g™') was considerably closer to the experimental result
(Q. = 69.71 mg-g"). The interactions between the adsorbent and the adsorbate were investigated using the Langmuir and
Freundlich models. The Langmuir model exhibited higher R* values (0.981, 0.986, and 0.989) in comparison with the Freundlich
model (0.937, 0.948, and 0.953), suggesting that TC adsorption occurs via a monolayer process, with adsorption sites evenly distrib-
uted on the surface of hydrogels. The Freundlich constants were approximately 2.3, demonstrating the thermodynamic favorability of
the adsorption process. The incorporation of LCNFs enhanced the removal rate of TC to a maximum of 92.3%, and the hydrogel still
maintains relatively high adsorption capacity (49.87 mg-g™') and removal rate (62.34%) for TC after four cycles. These findings dem-
onstrate a practical approach to employing LCNFs for removing tetracycline antibiotics from water, thus contributing to the fight
against AMR.

KEYWORDS: lignocellulosic nanofibers, deep eutectic solvents, tetracycline removal, isotherm models

1. INTRODUCTION jeopardizes human health but also exacerbates antibiotic resis-
tance within aquatic bacterial populations.® Consequently, glob-
ally concerted efforts are aimed at the elimination of tetracycline
from water environments.’

Combating antimicrobial resistance (AMR) caused by the over-
use and poor management of antibacterial agents is recognized
as a grand global challenge due to its adverse effects on public
health, biodiversity, and Sustainable Development Goals
(SDGs)."” The increasing incidence of zoonotic diseases
recently has led to a surge in pharmaceutical use, raising signif-
icant concerns regarding the ecological safety of water
resources.” ™ Tetracycline, a commonly used antibiotic, poses
potential risks to the environment and human health because
of its significant bioaccumulation potential, persistence, and
resistance to biodegradation.”” This situation not only
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Various methods, including advanced oxidation processes,'’
membrane separation,'' "> photocatalytic degradation,'*~*¢
and adsorption techniques,'”™'” have been employed to address
tetracycline pollution. Among these, adsorption is particularly
attractive owing to its low cost, ease of operation, and feasibility
of regeneration.”” Sodium alginate (SA) and polyacrylamide
(PAM) hydrogels are promising natural adsorbents, character-
ized by their nontoxicity, biodegradability, and low cost.*"**
Nevertheless, the cross-linking of these two polymers led to
reduced exposure of active sites (e.g, carboxylic acid groups)
and a low specific surface area, which inhibits their further utili-
zation.”® Therefore, by integrating other substances into a base
materials matrix, the fabrication of composite materials has
attracted widespread interest from researchers due to their
cost-effectiveness and greater adsorption efficiency.”*

Among various additives, lignocellulosic nanofibers (LCNFs)
extracted from lignocellulose biomass exhibit promising poten-
tial because of their unique nanostructure (high surface area
and superior mechanical properties) and environmentally
friendly characteristics (biodegradability and renewability).>®
Compared with pure cellulose, LCNFs retain a certain amount
of lignin, which is rich in phenolic hydroxyl, aliphatic hydroxyl,
methoxy, aromatic, and carboxyl groups. These functionalities
provide abundant potential binding sites for TC and promote
adsorption through electrostatic interactions, ion exchange,
hydrogen bonding, and n—7 interaction effects. In addition,
the hydrophobic aromatic structures of lignin alleviate the self-
aggregation of cellulose nanofibrils induced by intermolecular
hydrogen bonding, leading to a more porous network structure
and greater exposure of active adsorption sites. The introduc-
tion of LCNF:s as a reinforcing agent not only facilitates the for-
mation of robust physical entanglements and networks within
composite materials but also enhances the hydrogel’s adsorp-
tion capacity.”®*” Despite the advancements of LCNFs as
potential composites, the recalcitrance of lignocellulose within
the complex, cross-linked structure continues to severely limit
its extraction and downstream valorization.”®*’

Deep eutectic solvent (DES) systems are considered a promising
pretreatment method for lignocellulose owing to their facile prepa-
ration, nonvolatility, low cost, and recyclability.>*=* Previous stud-
ies have demonstrated that DES systems can effectively disrupt
lignin—carbohydrate complexes and facilitate the preparation of
LCNFs, such as choline chloride/acetic acid,** choline chloride/
formic acid,* choline chloride/urea,** choline chloride/glyoxylic
acid,® choline chloride/urea lactic acid,>***” and choline chloride/
urea/toluenesulfonic acid.*® However, binary DES systems con-
tinue to face key challenges, including high viscosity and undesir-
able condensation under acidic conditions, which impede mass
transfer and structural degradation, thereby hindering downstream
valorization.” Recent efforts have focused on incorporating a third
component to improve mass transfer, mitigate undesirable side
reactions during pretreatment, and enhance overall output.*** y-
Valerolactone (GVL) is a green solvent known for its excellent sol-
vation properties and stability.*>** The incorporation of GVL into
DES effectively reduces viscosity, stabilizes reactive intermediates
(such as benzylic carbocations), and inhibits condensation reac-
tions.* For instance, Cheng et al. highlighted the effectiveness of
the DES/GVL solvent for delignification (88.61%) and xylan
removal (98.67%), while also preserving the structure of the recov-
ered lignin.* Morais et al. observed that the incorporation of GVL
in DES contributed to improved yields (89.5%) for furfural produc-
tion from xylan. Yao et al. achieved both high lignin extraction

efficiency (71.35% from poplar) and cellulose retention (92.87%)
using the ChCl/S-sulfosalicylic acid/GVL system.*® Yu et al. further
demonstrated the efficacy of ChCl/LA/GVL in removing lignin
from tobacco stems.*” However, extensive research of DES/GVL
has focused on furfural production and delignification; the role of
DES/GVL systems in delignification performance and the struc-
tural characteristics of the resultant LCNFs have not been thor-
oughly explored. Furthermore, the influence of DES composition
on the surface chemistry and microstructure of LCNFs, as well as
its effect on antibiotic adsorption mechanisms, remains unexplored.
Herein, maleic acid (MA), a biomass-derived organic acid,
which can efficiently separate lignin with lower condensation,*®
was selected to form a novel ternary choline chloride/maleic
acid/y-valerolactone DES system to prepare LCNFs from sun-
flower stalks, a renewable resource. The LCNFs are then com-
pounded with SA and PAM to fabricate a high-performance
hydrogel adsorbent for TC adsorption from wastewater. The
structural, morphological, and physicochemical characteristics
of hydrogels are systematically characterized, and the adsorption
performance towards tetracycline is investigated in detail.
According to our current knowledge, related studies remain lim-
ited; the present work thereby provides a sustainable strategy for
the utilization of lignocellulosic feedstocks, as well as for devel-
oping a promising bio-based adsorbent for water remediation.

2. MATERIALS AND METHODS
2.1. Chemicals

All chemicals and solvents (maleic acid, choline chloride, GVL, sodium
alginate, acrylamide, ammonium persulfate (APS), N, N-methylenebi-
sacrylamide (MBA), aluminum chloride hexahydrate, ethanol, and tet-
racycline) used were of reagent grade and purchased from Macklin
(China). Deionized water was utilized in all experiments.

2.2. Synthesis of Ternary DES

Prior to synthesis, choline chloride was dried in vacuum (80 °C for
6 h) to remove moisture and then stored. The DES was obtained
through mixing ChCl, GVL and MA in a round-bottom flask
(250 mL) with a molar ratio of 1.1:1:1 immersed in a 90 °C oil heating
bath and then stirred (S00 rpm) until a transparent solution was
obtained. The solutions were then cooled to ambient temperature.

2.3. Preparation of LCNFs

Sunflower cornstalks were collected in Tianjin, China, and dried at
100 °C overnight. The stalks were milled and sieved using a 60-mesh
screen and then boiled with ethanol for 4 h to remove the organic com-
pounds. The extracted material was then dried and stored in airtight
containers. Based on previous preliminary experiments, 2.5 g powders
were added to 50 mL DES and then stirred in a flask at temperatures
ranging from 100 to 160 °C for S h. The mixtures were then cooled
and separated by vacuum filtration. The collected solid residues were
washed with hot water and ethanol until neutral pH was achieved to
minimize the presence of residual DES components and soluble by-
products and subjected to vacuum filtration and homogenized
(20,000 rpm, S min) for subsequent characterization. All samples were
labeled as CMG100, CMG120, CMG140, and CMG160, correspond-
ing to the temperatures used. The solid recovery, delignification effi-
ciency, and xylan removal were calculated according to egs. 1-3,
respectively.

sample after pretreatment
P P x 100%

Solid recovery (%) = torial
raw materi

(1)
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Delignification efficiency =

% of lignin (raw material) — % of lignin (sample after pretreatment
g g P P X 100%
o

% of lignin (raw material)

@

Xylan removal (%)=

% of xylan (raw material) — % of xylan (sample after pretreatment) % 100%

% of xylan (raw material)

©)

2.4. Structural Analysis of LCNFs

The chemical and structural composition of the sunflower stalks and
resultant LCNFs were analyzed based on National Renewable Energy
Laboratory methods. Fourier transform infrared (FT-IR) spectra of
LCNFs were acquired with Nicolet iSTMS (Thermo Scientific,
Waltham, MA, USA) ranging from 500 to 4000 cm™ . X-ray diffractom-
etry (XRD) was conducted on an Ultima-185 diffractometer (Rigaku,
Tokyo, Japan) Solid-state '*C cross-polarization magic-angle spinning
NMR spectra were collected using a Bruker Avance NEO 400WB spec-
trometer (Bruker, Germany). Thermal decomposition property was
analyzed using a TG 209F3 Tarsus thermogravimetric analyzer
(Netzsch, Selb, Germany). The crystallinity index (Crl) was deter-
mined by integrating the areas corresponding to the amorphous (80—
86 ppm) and crystalline (86-92 ppm) regions, according to eq 4.*

Ago_
Crl= 89-92ppm (4)
A86—92ppm + A80—86ppm

Morphology and particle size distributions were obtained using a
MIRA LMS field-emission scanning electron microscope (SEM,
TESCAN, Czech Republic) and JEM-F200 (TEM, JEOL Japan). A
Nanobrook Omni analyzer (Brookhaven Instruments, USA) was used
to obtain zeta potential values of LCNFs. All experiments were per-
formed three times to ensure accuracy. Detailed information is shown
in EST 1.1.

2.5. Synthesis and Characterization of the PAM/SA/LCNF
Hydrogel

Precisely 0.1 g of CMG140 was dissolved in 500 mL of water and then
subjected to ultrasonication (15 min) to prepare a 0.2% (w/v) aqueous
solution. SA (0.5 g) was added to the dispersion at 40 °C for 30 min
until complete dissolution. Subsequently, 3 g of acrylamide (AM)
was introduced and stirred for another 40 min. Then, 0.06 g of APS
(initiator) and 0.02 g of MBA (cross-linker) were added and stirred
for 30 min to facilitate complete cross-linking. The solution was ultra-
sonicated for 10 min to remove bubbles and transferred into a 1% aque-
ous aluminum chloride solution for curing to obtain the hydrogel,
denoted as PAM/SA/LCNF (ESI Figure S1). The PAM/SA/LCNF
hydrogel was freeze-dried for subsequent batch adsorption experi-
ments. As a control, the PAM/SA hydrogel without LCNF was pre-
pared using the same procedure. When used for adsorbing TC,
1S mg of adsorbent was introduced into 20 mL of TC solution
(60 mg-L™") and stirred for 12 h.

2.6. Batch Adsorption Experiment

The experiments involved the following: (1) Adsorption isotherm
study: Initial TC concentrations were varied from 60 to 180 mg-L™",
and the adsorption temperature was set at 25, 35, and 45 °C.
(2) Effect of dosage: The dosage of hydrogel ranged from S to
25 mg, with the temperature maintained at 25 °C. (3) Effect of time:
The time ranged from 0 to 1440 min. (4) Effect of concentration:
The initial TC concentrations were set at 60, 80, 100, 120, 140, 160,
and 180 mg-L ™", respectively. (5) Effect of temperature: The tempera-
tures were set at 25, 30, 35, 40, and 45 °C. (6) Adsorption kinetics
investigation: The concentration was 60 mg~L71, with adsorption times

of 10, 60, 120, 180, 240, 300, 360, and 420 min. (7) Reusability and
reproducibility of the hydrogel: Following the adsorption process, the
adsorbed hydrogel was collected and subjected to desorption by sepa-
rately adding it to ethanol and 0.1 mol-L™" NaOH desorption solu-
tions. The hydrogel was washed with deionized water to reach
neutrality. Subsequently, re-adsorption experiments were employed
under identical conditions to explore the performance changes of
materials after multiple adsorption—desorption cycles.

The concentrations of TC were determined with a UV-2600 spectro-
photometer (Shimadzu, Japan) at 357 nm. The removal efficiency
(R, %) and adsorption performance at time (Q, mg-g ) were based
on eqs 5 and 6, respectively:

R= (GC) x 100% (%)
R ©

where C, and C, represent the initial and remaining concentrations of
TC during adsorption, respectively. V represents the TC solution vol-
ume (mL), and m is the mass of the adsorbent (mg).

2.7. Model Fitting

The pseudo-first-order and pseudo-second-order kinetic models were
studied to explore the adsorption mechanisms of TC, as described by
eqs 7 and 8:

In(Q.—Q) =In Q—kit (7)
t 1 t
2 ket ®

where ¢ represents the adsorption time, k; denotes the rate constant of
the pseudo-first-order kinetic model (min™"), and k, indicates the rate
constant of the pseudo-second-order kinetic model (g-mg_l-min_l). Q.
represents the adsorption performance at equilibrium (mg-g™").

Langmuir and Freundlich were also used to fit the adsorption iso-
therms based on eqs 9 and 10:

1 _ 1 + 1 )
Q CQuKL Qn
1
InQ.=-InC.+1n Kg (10)
n

where K, and K; denote the Langmuir constant (L-mg™') and the
Freundlich constant [(mg-g™) (L-mg™)], respectively. Q,, denotes
the maximum adsorption capacity at equilibrium. n denotes the adsorp-
tion intensity.

3. RESULTS AND DISCUSSION
3.1. Delignification Efficiencies and Compositions

The extraction efficiency and chemical compositions of the
samples are summarized in Figure la,b. The results highlight
the effectiveness of the ChCI/MA/GVL ternary DES for
delignification: untreated sunflower stalks contain 35.32% cellu-
lose, 10.36% hemicellulose, and 25.9% lignin, which is consis-
tent with the literature.’® During the ternary DES
pretreatment, the efficient release of H* from DES facilitates
the cleavage of p—O—4 ether linkages and hydrogen bonds
within lignin—carbohydrate complexes (LCCs), thereby pro-
moting the effective fractionation of the components (i.e.,

https://doi.org/10.1021/acssusresmgt.6c00244
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Figure 1. (a) Compositions of raw materials and samples treated with various temperatures. (b). Solid recovery, hemicellulose (xylan) removal, and

delignification efficiency.

lignin, cellulose, and hemicellulose),*" and the content of lignin
and hemicellulose in the sunflower stalks exhibits a declining
trend, decreasing from 25.9 to 4.90% and from 10.36 to
2.58%, respectively. As the processing temperature increases,
cellulose content rises from 35.32 to 77.55% due to the diminu-
tion of lignin and hemicellulose. Specifically, high temperatures
enhance proton reactivity, thus promoting the crack of f—O—4
bonds of lignin and disrupting the hydrogen/ether bonds
between polysaccharides and lignin. This depolymerization
was further evidenced by GPC analysis of the dissolved lignin
obtained from various temperatures. (ESI Table S1), which
showed a decrease in the average molecular weight (3184—
2458 g'mol ™). Meanwhile, the reduced viscosity of the ternary
DES at elevated temperatures improves molecular contact
between the lignocellulosic matrix and the ternary DES, thereby
enhancing permeability and lignin extraction efliciency. The
sample treated at 160 °C achieved the highest lignin removal
rate of 91.70%, which is higher than the delignification rate
(31.47 to 62.03%) of the maleic acid/choline chloride/ethylene
glycol ternary DES system from Han’s report, demonstrating
the efficiency of the ChCl/MA/GVL ternary DES system.**
Pretreatment temperature is an important factor affecting lignin
extraction by DES. However, the delignification efficiencies at
140 and 160 °C are comparable (89.63 vs 91.70%), indicating
that further increasing the temperature did not significantly
enhance lignin removal. This suggests that excessively high tem-
peratures are not necessarily required during the pretreatment
process. Particularly in practical industrial applications, lower-
temperature operation is advantageous not only for reducing
energy consumption but also for improving process safety.
Consequently, 140 °C is identified as the optimal temperature
for ChCI/MA/GVL ternary DES pretreatment, achieving
75.80% hemicellulose removal and 89.63% lignin removal.
The solid recovery of the samples obtained from various tem-
peratures are presented in Figure 1b. A negative correlation is
observed between the temperature (100160 °C) and the yield,
which range from 60.44 to 43.60%, suggesting that the removal
efficiency of lignin and hemicellulose was significantly improved
at higher DES temperatures. Overall, as temperature is widely
recognized as one of the most critical factors governing DES
delignification efficiency and the subsequent fibrillation perfor-
mance of LCNFs, based on preliminary exploratory experi-
ments and the scope of this study, it was selected as the main
variable to investigate its effect on biomass fractionation and

to demonstrate the feasibility of the DES/GV ternary DES
system for efficient LCNF preparation. Other operational
parameters, including treatment time, DES composition,
biomass-to-solvent ratio, and solid loading, were not investi-
gated in this study; however, they also play important roles in
biomass fractionation. Therefore, multivariate optimization will
be an important topic in our future work.

3.1.1. FT-IR Analysis. FT-IR was performed to detect the
functional group changes during DES processing (Figure 2a).
The absorption bands observed at 3326 cm™ are consistent
with O-H stretching vibrations, and their intensity increases
with higher processing temperatures. This observation indicates
that DES processing facilitates the exposure of hydroxyl groups
in cellulose, likely owing to the breaking of hydrogen bond and
the removal of lignin and hemicellulose. The C—H vibration at
approximately 2881 cm™ is attributed to the alkyl chains of cel-
lulose/hemicellulose. The signals at 1724 cm ! are the carbonyl
vibrations from esters, suggesting the possible occurrence of
esterification reactions between the carboxylic acid groups in
the DES and the hydroxyl groups of cellulose during the pre-
treatment process.> The bands at 1605 and 1514 cm™ are
associated with the C=C stretching vibrations, which is due to
the presence of lignin.>* These two bands exhibit a decrease
in intensity with increasing temperature, implying the progres-
sive removal of lignin from the cellulose matrix during DES pre-
treatment. The absorption peak at 1244 cm™" is only observed
in untreated biomass and gradually disappears with increasing
temperature, likely associated with the cleavage of ester linkages
between lignin and hemicellulose®. The peaks at 1033 cm™" are
related to the stretching vibrations of C—-O—C bonds in cellu-
lose rings. The absorption peaks near 897 cm™' refer to the
asymmetric out-of-plane stretching caused by the B-glycosidic
bonds between glucose units, which confirms that the cellulose
structure remains intact. According to the FT-IR analysis, no
significant evidence of residual DES-derived compounds was
observed in the obtained LCNFs, and the slight enhancement
in the intensity of these peaks suggests a purer cellulose spec-
trum after ternary DES treatment. Overall, the disappearance
of bands corresponding to noncellulosic components proves
the capability of DES treatment, and cellulose became the dom-
inant remaining component.

3.1.2. NMR. To further investigate the chemical structure
changes of LCNFs following treatment with various tempera-
tures, stacked 13C CPMAS spectra were employed and shown
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Figure 2. (a) FT-IR profiles, (b) "*C NMR spectra, and (c) XRD pattern of samples obtained from various temperatures. (d) TEM images and fibril
dimension distributions of LCNFs obtained from CMG100, CMG120, CMG140 and CMG160. (e) TGA thermograms and (f) DTG profiles.

in Figure 2b. The resonances at approximately 175 ppm corre-
spond to the carbonyl and carboxylic groups in hemicelluloses
present in the sunflower stalk plant cell wall, while the signals
at 153 and 135 ppm are indicative of carbonyl/carboxylic
groups and oxygenated aromatic carbons in lignin, respec-
tively.>® The peaks at 55.86 ppm originate from the methoxy
groups of lignin, and the signals at 21.3 ppm are attributed to
the acetyl group of hemicellulose. After treatment, the disap-
pearance of these peaks with respect to increasing temperatures
indicates the successful removal of lignin and hemicellulose, fur-
ther corroborating the FT-IR results. Notably, the samples
exhibit characteristic cellulose carbons (C, to C,) ranging from
110 to 60 ppm.>” With increasing pretreatment temperature,
the increased intensity of C, carbons suggests a higher cellulose
content in the residual samples. Additionally, the changes of cel-
lulose structure are further observed: the ratio of amorphous
carbons of cellulose at C, and C, (83 and 62 ppm) starts to
reduce, while the ratio of crystalline carbons at C, and C (88
and 64 ppm) begins to increase. This indicates that the amor-
phous cellulose was also removed during the treatment process,
alongside lignin and hemicellulose,”® corroborating the results
obtained from X-ray diffraction. The Crl of raw materials and
LCNFs were calculated as 31.85, 39.68, 44.25, 44.64, and
45.66% as the treatment temperature increased, owing to the

removal of disordered lignin and polysaccharide. In summary,
ternary DES treatment effectively separates lignin and hemicel-
lulose, allowing cellulose to remain intact while increasing its
crystalline character.>”

3.1.3. X-ray Powder Diffraction. XRD was employed to
evaluate the crystalline structure of the samples, with patterns
displayed in Figure 2¢c. Characteristic peaks for crystalline cellu-
lose were observed at 20 values of 16.4°, 22.2°, and 34.5°, cor-
responding to the Miller indices (110), (200), and (004)
crystallographic planes, respectively.®” This indicates that cellu-
lose I is the predominant crystalline form in the samples, and as
the temperature of DES treatment increases from 100 to 160 °C,
the peaks at 16.4°, 22.2°, and 34.5° become more pronounced,
suggesting the gradual dissolution of amorphous cellulose and
hemicellulose, along with lignin, thereby an enhancement in
the crystallinity of the samples is observed (the crystallinity
index ranging from 39.68 to 45.66%, as calculated by '*C
NMR spectra). These results demonstrate that the Crl of the
samples is positively associated with temperature, and higher
DES pretreatment temperatures can effectively enhance proton
reactivity and promote the selective cleavage of covalent
linkages and hydrogen-bonding networks between the lig-
nin—polysaccharide complex, thus altering the crystallinity of
cellulose without disrupting its crystal structure.
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3.1.4. Morphology of LCNFs. The morphology of
LCNFs and their fibril dimensions were defined by TEM and
shown in Figure 2d. All samples present nanoscale dimensions
with good dispersibility, suggesting successful DES and homog-
enization pretreatment for noncellulosic removal and nanofiber
production from biomass. Additionally, the hydrogen bond
linkages within the cellulose structure were also disrupted, lead-
ing to the cracking of the structures into fine nanofibers. All
samples exhibit a decreasing trend in average widths of nanofi-
brils from 31.29 to 11.47 nm as the reaction temperature
increased from 100 to 160 °C, likely owing to the diminution
of intermolecular hydrogen bonds, and the viscosity of the
DES reduces at higher temperatures, facilitating the diffusion
of molecules into the lignocellulosic structure and allowing
them to compete for hydrogen bonds. This leads to a higher
degree of cellulose depolymerization and reduced diameters of
LCNFs.* Irregularly sized dark particles observed in the images
are likely residual lignin that was not entirely removed during
treatment.®' Overall, the LCNFs demonstrated good dispersi-
bility with small diameters, which is favorable for further valori-
zation, especially for reinforcing agents.

3.1.5. Zeta Potential. To access the colloidal stability of
nanoparticle suspensions, the zeta potential of the LCNFs were
analyzed and shown in Table 1. The abundance of hydroxyl
groups on LCNFs results in a negative zeta potential value in
aqueous suspensions, with surface charge falling from —19.71
to —27.49 mV as temperatures increase from 100 to 160 °C,
suggesting the good stability of LCNF suspensions prepared
through DES pretreatment. Notably, higher temperatures facil-
itate the exposure of more hydroxyl and carboxyl groups, con-
sistently leading to a more negative zeta potential, which
enhances the stability of the LCNF system. This also aligns with
the intensity of FT-IR spectra (O—H and carbonyl vibrations at
3326 and 1724 cm™, respectively), demonstrating the effective
regulation of temperature on the colloidal behavior of LCNFs.

3.1.6. Thermal Stability Analysis of
LCNFs. Thermogravimetric (TG) and derivative thermogravi-
metric (DTG) analyses of raw biomass and LCNFs are per-
formed and illustrated in Figure 2ef The raw materials
exhibit a higher residue content than LCNFs (approximately
18.09% compared to 1.17%), likely due to the removal of lignin
and inorganic minerals (e.g., potassium, phosphorus, aluminum,
and iron) during DES treatment.®> Notably, the extremely low
residual content of samples confirms the high delignification
efficiency in the DES/GVL system. Three primary degradation
stages are observed from the DTG: (1) The weight loss (6—
10 wt %) observed between 30 and 120 °C is attributed to vol-
atile compounds and moisture. (2) The most obvious mass loss
(approximately 85%) occurs in the second stage between 180
and 420 °C, mainly owing to polysaccharide (e.g, hemicellulose
and cellulose) degradation. Notably, a small peak (ranging from
250 to 280 °C) associated with hemicellulose at the front shoul-
der of the main peaks begins to diminish. This suggests the

Table 1. Zeta Potential of LCNFs (mV) Obtained from
Various Temperatures

Temperature (°C) Zeta potential (mV)

100 -19.71 + 0.79
120 —22.47 + 0.06
140 —-23.69 + 1.58
160 -27.49 + 0.57

gradual removal of hemicellulose with increasing processing
temperature, consistent with changes in chemical composition.
Additionally, the main peaks ranging from 300 to 400 °C are
associated with cellulose, and the decomposition temperature
shifts to the right with increasing pretreatment temperature,
likely due to the removal of noncrystalline cellulose, resulting in
highly compact crystalline LCNFs and enhancing their thermal
stability,*> as confirmed by NMR results. However, the raw sam-
ple exhibits the highest decomposition temperature (356 °C)
compared to the samples treated with DES, likely owing to the
cracking of hydrogen bond network of cellulose during DES
treatment, thereby reducing its thermal stability. (3) The third
stage, occurring after 400 °C, is attributed to the degradation
and carbonization of lignin,** with no obvious bands observed
after treatment, indicating the high delignification efficiency of
the novel ternary DES/GVL solvents.

3.2. Hydrogel Composite

3.2.1. FT-IR Spectra. The FT-IR spectra of SA, PAM,
LCNF, and hydrogel composite are presented in Figure 3a,b.
SA exhibit similar chemical structures to cellulose: the absor-
bance band at 3259 cm™" represents the O—H stretching vibra-
tion, and C—O vibrations are observed at 1593, 1405, and
1025 cm™, respectively. For AM, the bands at 3329 and
3163 cm ™! are related to the symmetric and asymmetric N-H
vibrations, respectively. The band of the C=O0 stretching vibration
is detected at 1658 cm™, while the signal at 1604 cm ™ is due to
the C=C double bond stretching vibrations. Additionally, the
band at 1419 cm™ corresponds to the C-N stretching vibrations
of the amide group.”® Detailed characterization of LCNFs is
provided in section 3.1.1. When compared to the individual
material, the N—H stretching vibration absorption in both
PAM/SA and PAM/SA/LCNEF hydrogels becomes significantly
broader, indicating enhanced intermolecular hydrogen bonding
between the constituent materials. The disappearance of C=C
functional group at 1604 cm™" in the synthesized hydrogels con-
firms the successful polymerization of AM to form PAM.
Notably, the C-O symmetric vibration signals shift from
1593 cm™ in SA and 1639 cm™ in LCNF to 1610 cm™ in both
PAM/SA and PAM/SA/LCNF hydrogels, suggesting that the
presence of AI** jons in the composite hydrogels induces a
more compact structure.®®

3.2.2. XRD Analysis. The XRD patterns of LCNF,
PAM/SA, and PAM/SA/LCNF hydrogels are depicted in
Figure 3c. Detailed characterization of LCNFs is provided pre-
viously in section 3.1.3. The PAM/SA/LCNF hydrogel exhibits
a broad peak around 25.7° indicative of an amorphous struc-
ture dominating the hydrogel matrix. A small peak at 22.4° in
the PAM/SA/LCNF hydrogel corresponds to a characteristic
peak of LCNFs, confirming successful compounding of
PAM/SA and LCNF through hydrogen bonding and physical
entanglement. Compared to the PAM/SA composite, the
PAM/SA/LCNF composite demonstrates relatively stronger
diffraction intensity, which may be attributed to the cross-
linking between LCNF and PAM/SA, thereby enhancing crys-
tallinity within the hydrogel.®’

3.2.3. SEM Analysis of Hydrogels. The microstructural
features of the hydrogel composites were systematically ana-
lyzed by SEM, which are shown in Figure 3d,e. Both hydrogels
exhibit typical 3D hierarchical porous structures; this character-
istic represents the typical networked porous structure of
hydrogel materials. Notably, the PAM/SA/LCNF hydrogels
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Figure 3. (a) FT-IR and (b) expanded FT-IR spectra of hydrogels. (c) XRD diffractograms of hydrogels. (d) TEM images of PAM/SA and
(e) PAM/SA/LCNF hydrogels. Appearance of the PAM/SA/LCNF hydrogel (f) before and (g) after adsorption.

display a denser interpenetrating network structure, attributed
to the incorporation of LCNF, which forms a tightly connected
and irregular pore network with PAM/SA through strong
hydrogen bonding, thereby enhancing intermolecular interac-
tions. This porous network structure provides favorable condi-
tions for subsequent tetracycline adsorption (Figure 3fg).
3.2.4. Univariate Adsorption Assays. The determina-
tion of optimal adsorbent dosage is a critical parameter in
wastewater treatment processes, as it significantly influences
pollutant removal efficiency while controlling treatment costs.
As shown in Figure 4a, increasing the hydrogel adsorbent dos-
age (5-25 mg) rapidly enhances the removal efficiency of tetra-
cycline (TC) from 59.0S to 90.99%. This improvement is owing
to the increased adsorption area and active sites, which promote
pollutant adsorption. However, a decrease in adsorption capac-
ity per unit mass is observed from 141.70 to 43.68 mg-g" with
increasing adsorbent amount, which may be due to the available
active sites being effectively utilized at lower adsorbent dosages,
resulting in a higher adsorption capacity. However, the adsorp-
tion process tends to reach equilibrium more quickly at higher
dosages; even though more active sites are available, the pres-
ence of osmotic pressure limits the accessibility of reaction sites.

Consequently, the inefficient utilization of these sites leads to a
reduced overall adsorption capacity.%® Thus, when the dosage is
below 10 mg, the adsorption performance rises significantly, but
the removal rate drops sharply. Conversely, the adsorption
capacity gradually decreases while the removal rate continues
to increase when the amount of adsorbent exceeds 10 mg.
Considering both removal efficiency and adsorption capacity,
an adsorbent dosage of 15 mg was selected for subsequent sys-
tematic investigations into additional governing factors affecting
adsorption efficacy.

Figure 4b illustrates the effect of different adsorption times
on the removal rate and adsorption performance of TC. The
values of the PAM/SA/LCNEF hydrogel rapidly reach 80.45%
(removal efficiency) and 64.36 mg-g ' (adsorption capacity),
respectively, within 10-210 min. Subsequently, during the inter-
mediate stage (210-600 min), both adsorption capacity
(71.18 mg-g™") and removal rate (88.98%) continue to increase,
although at a reduced rate. In the final stage (600-1440 min),
the adsorption performance stabilizes, with the adsorption
capacity and removal rate reaching plateaus of 73.84 mg-g™'
and 92.3%, respectively. Relative to advanced adsorbents, e.g,
MOFs (69.42%),%° COFs (81.2%),”° and carbon-based
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Figure 4. Impact of (a) dosage, (b) adsorption time, (c) initial TC concentration, and (d) temperature on TC adsorption performance. Fitted curves
of (e) pseudo-first-order and (f) pseudo-second-order kinetic of TC. (g) Langmuir and (h) Freundlich fitting curves for TC adsorption at different
temperatures. (i) Regeneration and reusability of the hydrogel.

materials (85.04%),”" it demonstrates specific advantages over adsorption capacity and removal rate were significantly superior
its counterparts. Even compared with similar materials (e.g, cel- to those of PAM/SA hydrogels under identical conditions
lulose/alginate-based adsorbents), it has a better removal effect, (58.37 mg-g™" and 72.96%). This improvement may be because
and the results are displayed in Table 2. This is owing to the the DES treatment successfully introduced a high density of car-
kinetic progression of adsorption: abundant available adsorption boxylic (-COOH) and hydroxyl (—-OH) groups onto the LCNF
sites enable rapid uptake of TC during the initial stage. However, surface (see section 3.1.1), which provides abundant active sites
as adsorption time progresses, accessible sites progressively for electrostatic attraction and hydrogen bonding to the TC.
diminish, leading to a decline in adsorption rate. In the later Simultaneously, a significant increase in the specific surface area
phase, TC molecules migrate and diffuse into the adsorbent’s was achieved (see section 3.2.3), a feature that enlarges the inter-
interior matrix, ultimately reaching an equilibrium state charac- face for mass transfer. This synergistic combination of enriched
terized by stabilized adsorption capacity and removal efficiency. surface chemistry and enlarged accessible area directly accounts
The PAM/SA hydrogel exhibits similar trends, but the for the observed enhancement in the adsorption properties,”

Table 2. Comparison of the Maximum Adsorption Capacities of PAM/SA/LCNF with respect to other matrices and CEL/Alg
for TC Removal

Q,, (mg-g") Removal rate (%) Conditions Reusability ref
PAM/SA/LCNF 73.84 92.30 TC concentration was 60 mg-L™" 49.87 mg-g " after four cycles this paper
CEL/Alg 28.21 85.78 TC concentration was 10 ppm, pH =7 73
Cu-immobilized alginate adsorbent 53.26 TC concentration was 60 mg-L ™' pH =3 10.32 mg-g71 after five cycles 74
PAM/CA@Cu ~50 TC concentration was 50 mg~L71 pH=S5 <45 mggﬁl after three cycles 75
H https://doi.org/10.1021/acssusresmgt.6c00244
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indicating the adsorption enhancement effect conferred by
LCNF incorporation. According to the adsorption performance
for TC and experimental results, a reaction time of 600 min was
chosen for further experiments.

The influence of initial TC concentration was investigated
and shown in Figure 4c. An increase in concentration from 60
to 180 mg-L™" results in a reduction of the removal rate from
87.69 to 74.57%. This reduction is due to fewer available
adsorption sites at higher initial concentrations, thereby lower-
ing the removal rate. However, the adsorption capacity of the
hydrogel increases from 70.15 to 178.79 mg-g~" over the same
concentration range, indicating that higher initial concentra-
tions significantly enhance TC adsorption. This phenomenon
is attributed to enhanced mass transfer and adsorption kinetics
of TC molecules at higher concentrations, making it easier for
TC to enter the internal voids of the hydrogel. The higher con-
centration results in more TC molecules per unit volume, lead-
ing to increased contact with hydrogel and consequently higher
adsorption capacity.

Figure 4d illustrates the influence of temperature on the
composite for TC adsorption. The adsorption performance of
the hydrogel gradually increases from 70.1S to 74.52 mg-g*
with increasing temperature from 25 to 45 °C. Concurrently,
the removal rate exhibits an increasing trend from 87.69 to
93.14%. This trend indicates that higher temperatures acceler-
ate molecular motion and improve mass transfer and intramo-
lecular diffusion rates of TC in the liquid phase, facilitating
the entry of TC into the hydrogel’s internal pore structure
and thereby improving adsorption performance.

Table 3. Adsorption Isotherm Parameters of TC Based on
Langmuir and Freundlich Models at Various Temperatures

Although the hydrogel demonstrated promising adsorption
performance under laboratory batch conditions, several issues
remain to be addressed before industrial implementation,
including relatively long equilibrium times, possible mass trans-
fer limitations, competitive adsorption effects in complex waste-
water matrices, and swelling-related issues under continuous-
flow conditions. Therefore, the present work is primarily
intended to demonstrate the feasibility of utilizing DES-
derived lignocellulosic nanofibres as sustainable hydrogel com-
ponents for tetracycline adsorption. Future studies will focus
on optimizing adsorption kinetics and evaluating the material
under dynamic continuous-flow conditions and realistic waste-
water environments.

3.2.5. Adsorption Kinetics and Thermodynamic
Analysis. To investigate the adsorption rates and identify
potential rate-controlling steps, adsorption kinetics were ana-
lyzed and shown in Figure 4e/f. A higher correlation coefficient
is observed for the pseudo-second-order model (R* = 0.998)
compared to the pseudo-first-order model (R* = 0.949), indi-
cating superior fitting performance. Meanwhile, the data from
the pseudo-second-order model (Q,= 79.24 mg-g™') is closer
to the experimentally obtained value (Q = 69.71 mg-g™') than
the prediction from the pseudo-first-order model. This indicates
that the pseudo-second-order model better represents the
adsorption behavior of the hydrogel toward TC removal, sug-
gesting that this process is mainly governed by chemical adsorp-
tion. Although numerous adsorbents for tetracycline have been
reported with adsorption capacities [e.g., ZIF-8 nanoparticles
(90 mg-g™),’® hydrochar (7547 mg-g™'),”” and magnetic
chitosan-based microspheres (92 mg-g™')]”® and are compara-
ble to that of our material, the hydrogel developed in this study
remains highly competitive considering its cost-effectiveness
and ease of preparation.

To explore the adsorbate—adsorbent interactions, the adsorp-
tion isotherms of TC on the hydrogel were studied from 25 to

Model Parameter 25 °C 35°C 45 °C 4S5 °C. With increasing temperature, the adsorption perfor-
Langmuir Q... (mgg™) 25239 252.30 245.63 mance of the hydrogel increases and eventually stabilizes.
Ky 0.0583 0.0753 0.0996 Both the Langmuir (Figure 4g) and Freundlich (Figure 4h)
R? 0.981 0.986 0.989 . . .
Ereundlich X 33043 10099 47430 models were applied to analyze the interactions at the
reundiie " 223 233 250 adsorbate-adsorbent interface, which is shown in Table 3. The
R 0.937 0.948 0953 correlation coefficients (R*) of the Langmuir model (0.981,
a b
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Figure S. (a) Hydrogel mass loss after four cycles. (b) FT-IR spectra of hydrogels before and after TC adsorption.
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0.986, and 0.989) are higher than the Freundlich model (0.937,
0.948, and 0.953) from 25 to 45 °C. This indicates that the
adsorption of TC onto the hydrogel follows a monolayer
adsorption process, with adsorption sites uniformly distributed
on the hydrogel surface, as observed in the SEM images. The
Langmuir model fitting results (178.96, 18622, and
190.07 mg-g™') are also close to the maximum adsorption
values of 252.39, 252.30, and 245.63 mg-g'. Finally, the
Freundlich constants (1) in Table 2 are 2.23, 2.33, and 2.50,
which fall within the range of 2—10, suggesting that the adsorp-
tion behavior is thermodynamically favorable.

3.2.6. Hydrogel Regeneration and Reusability. The
separation efliciency and recyclability of the adsorbent are cru-
cial for its practical application. To assess these properties, the
regeneration and reusability of the hydrogel were systematically
evaluated, and the adsorption performance over four adsorp-
tion—desorption cycles is presented in Figure 4i.

Compared with the initial adsorption performance of
73.84 mg-g ', with increasing cycle number, the values decrease
from 68.17 to 49.87 mg~g71, while the removal rate declines
from 85.21 to 62.34%. The reduction in adsorption perfor-
mance can therefore be attributed to the partial occupation of
active sites. To better understand the chemical changes before
and after tetracycline adsorption, the FT-IR spectra were
recorded, as shown in Figure 5b. The characteristic absorbance
bands at 1610 and 1037 cm™" are attributed to the vibrations of
carboxyl and hydroxyl groups, respectively. The intensity of
these bands lessened after the recycling process, indicating a
decrease in the accessible active sites available for TC adsorp-
tion. After adsorption, the appearance of a new characteristic
vibrational band at approximately 1450 cm™ associated with
aromatic C—H bending clearly indicates the presence of TC
on the hydrogel surface, confirming the successful capture of
TC molecules. The broad —OH stretching band shifted to a
higher wavenumber, suggesting the formation of intermolecular
hydrogen bonds between TC and the abundant surface of mate-
rials. These interactions are expected to facilitate the efficient
adsorption of TC. Meanwhile, the progressive structural degra-
dation and significant material loss of the hydrogel matrix dur-
ing repeated cycling processes, evidenced by the decrease in
adsorbent mass from 0.0200 to 0.0021 g (Figure Sa), also con-
tributed to the deterioration of the adsorption performance.
Despite this, Liao et al. reported that the adsorption loss rate
of PVA-CA gel beads for TC after four cycles was 23.59%.”°
Our results still show a relatively high adsorption capacity
(49.87 mg-g™') and removal rate (62.34%) for TC, indicating
the material’s promising potential for tetracycline removal from
wastewater.

4. CONCLUSIONS

A ternary DES comprising ChCl, MA, and GVL was evaluated
to produce LCNFs from sunflower stalks, and the LCNFs were
then combined with PAM and SA to remove TC from wastewa-
ter. The ternary DES system achieved high removal efficiencies:
89.17% for hemicellulose and 91.70% for lignin. The resulting
LCNFs exhibited improved properties with higher pretreatment
temperatures. Specifically, crystallinity increased from 31.85 to
45.66%, thermal stability rose from 335 to 345 °C, and the zeta
potential shifted from —19.71 to —27.49 mV. Subsequently,
PAM/SA/LCNF hydrogels with a porous network structure
were successfully prepared. These hydrogels demonstrated

enhanced TC adsorption performance (92.3%), attributed to
LCNF incorporation. The results demonstrate the significant
effectiveness and promise of the ternary DES/GVL system for
LCNF production and confirm LCNFs as an effective, eco-
friendly adsorbent for TC removal from water.
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