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ABSTRACT: Interfacial solar steam generation is recognized as a promising solution to alleviate the scarcity of freshwater resources
owing to its utilization of clean solar energy alongside its high efficiency and minimal heat loss. Nonetheless, the utilization of solar
energy for water evaporation encounters challenges, primarily manifested in low evaporation rates and efficiency. Herein, we
introduced an approach involving the development of a biomass-based hybrid engineering hydrogel evaporator, denoted as CLC
(chitosan and lignosulfonate sodium hybrid hydrogel with a carbon nanotube). The construction of this evaporator involves the
straightforward blending of lignosulfonate sodium (LS) and marine polysaccharide biomass chitosan (CS) with carbon nanotubes
(CNT) serving as the photothermal materials. The interaction between the sulfonic group of LS and the amino group of CS with
water molecules, facilitated by hydrogen bonding and electrostatic interactions, reduces the evaporation enthalpy of water, thereby
lowering the energy demand for evaporation. Furthermore, the incorporation of LS reduces the thermal conductivity of the as-
prepared hydrogel and promotes photothermal management to mitigate heat loss. The CLC hydrogel demonstrates an evaporation
rate of 2.48 kg m™> h™" and energy efficiency of 90% under one sun illumination. Moreover, the CLC hydrogel exhibits excellent
antibacterial properties (98.4%), ensuring that desalinated water meets drinking standards. This high efficiency and eco-friendly
biomass hydrogel with antibiological pollution characteristics and purification abilities holds great potential for widespread
application of long-term seawater desalination.
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1. INTRODUCTION developed, such as plasmonic nanoparticles,” semiconductors,”

Freshwater resources are decreasing due to climate change, carbon materials,”' and conjugated polymers.'' However,
environmental pollution, and population growth.l’2 Terrestrial
fresh water is naturally replenished through the hydrological
cycle, which originates from ocean evaporation driven by solar
energy.” However, due to the poor capacity of light absorption
and large heat loss, the conversion efficiency of natural sunlight
is just 30—45%." In contrast, interfacial solar steam generation
(ISSG) can achieve more efficient photothermal conversion
and lower heat loss.>® In recent years, a variety of broad solar
spectrum absorbing photothermal materials have been

these photothermal materials exhibit a lower evaporation rate
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(<2.0 kg m™ h™") under one sun illumination, attributed to
the intrinsic high energy requirement of water vaporization
escape.'” Therefore, altering the state of water within the
evaporators to decrease the evaporation enthalpy emerges as a
pivotal strategy for substantially enhancing the evaporation
rate."”’

Hydrogels can reduce the energy demand for steam
generated by water vaporization escape,14 which overcomes
the contradiction between the large energy consumption of
water evaporation and the relatively low solar energy input of
natural sunlight. The functional groups, such as hydroxyl
(—OH), sulfonic acid (—SO;H), carboxyl (—COOH), and
amino (—NH,) in hydrogels, can combine with water
molecules through hydrogen bonds and electrostatic inter-
actions.">' It could be attributed to the interaction between
water and the polymer network, wherein water molecules are
ensnared by polar groups on the polymer chain to form a
hydrated polymer network.'® This hydrated polymer network
generates intermediate water, known as activated water, which
can evaporate with lower energy compared to free water.'”
Therefore, a more efficient ISSG can be reached by combining
the selected photothermal materials and the designed structure
of the hydrogel evaporator. Until now, numerous hydrated
polymers featuring polar functional groups have been
specifically engineered for the production of hydrogel
evaporators. For instance, He et al.'® developed dual-functional
Co-CAT evaporators characterized by high water permeation
and a reduction in evaporation enthalpy. Additionally, Yu et
al."” proved that the chitosan (CS) polymer network exhibited
low evaporation enthalpy of water and promote water
evaporation in ISSG. Moreover, CS has excellent biological
properties, such as nontoxicity, biocompatibility and biode-
gradability,”® which makes it an ideal material for ISSG and
will not cause secondary pollution to the environment.
However, chitosan hydrogels have some disadvantages, such
as low mechanical strength and high brittleness.

Lignin is the second most abundant biomass resource in
nature, after cellulose. It contains abundant functional groups
such as hydroxyl, carboxyl, and carbonyl groups,”** which acts
as cross-linking sites to establish a stable polymer network. The
composite material consisting of li§nin and polymer exhibits
superior mechanical properties.””*" In addition, due to the
abundant aromatic rings and conjugated structures in lignin,*®
the strong conjugation and 7—7 stacking interaction can be
found, which endows lignin with unique optical properties,
including ultraviolet absorption and photothermal conversion
potential.”® Polymers with sulfonic acid groups easily increase
the content of intermediate water by interacting with water.
Therefore, lignosulfonate sodium (LS) rich in sulfonic groups
becomes a potential material for preparing hydrogel evapo-
rators.”” Meanwhile, the sulfonic groups in LS can inhibit the
adsorption of bacteria and show good antifouling perform-
ance.”® However, as a major byproduct of paper-making and
biorefinery, despite global annual production exceeding 60
million tons, lignin has yet to be fully leveraged to realize its
full potential in high-value applications.””*

In this study, LS and CS were used to form a chemically
cross-linked hydrogel with a strong structural hydrogel
network. The addition of carbon nanotubes (CNT) with
broad-band absorption capacity were introduced, which
provides the composite hydrogel excellent absorption ability
in the whole spectral range. The sulfonic group in LS and the
amino group in CS increase the content of intermediate water

253

by interacting with water to form a hydrated polymer network
and thus reduce the evaporation enthalpy of water. In addition,
the hydrogel evaporator exhibits excellent salt tolerance and
photothermal antibacterial ability, which shows great potential
for long-term stable seawater desalination and the production
of fresh water. In this study, the development of high-value
utilization of biomass resources, i.e., lignin and chitosan, is of
great significance to reduce carbon emissions and improve the
environmental friendliness of hydrogel evaporators.

2. EXPERIMENTAL SECTION

2.1. Materials. Lignosulfonate sodium (LS) was supplied by Jilin
Mya Import and Export Co., Ltd. The molecular weight of LS is 3200
g mol ™', and the content of Na is 10%. Chitosan (CS, Mw =200000 g
mol™!, 90% degree of deacetylation) was purchased from Shanghai
Macklin Chemical Co., Ltd. 3-Chloro-2-hydroxypropyltrimethylam-
monium chloride (CHPTMAC, 60%), sodium hydroxide (AR, 96%),
and glutaraldehyde (AR, 50%) were purchased from Shanghai
Aladdin Chemical Co., Ltd. Acetic acid (GC, 99.8%) was purchased
from Shanghai Macklin Chemical Co., Ltd. Carbon nanotube (CNT,
5%) was purchased from Dongguan Keluder Technology Co., Ltd.

2.2, Preparation of Quaternized Lignosulfonate Sodium. LS
(14.42 g) was dissolved in 90 mL of NaOH aqueous solution (~20 wt
%), and then 12.02 g of CHPTMAC was drop-added into the LS
solution under stirring. After that, the mixture solution was stirred at
85 °C for 4 h, and finally the obtained quaternized lignosulfonate
sodium (QLS) solution was purified by dialysis and then freeze-dried
to gain QLS powder.

2.3. Preparation of Lignosulfonate Sodium-Chitosan Com-
posite Hydrogel. First, 0.15 g of CS was dissolved in 5 mL of acetic
acid solution (1 wt %), stirred for S min to completely dissolve. Then,
0.10 g of QLS was dispersed into 3 mL of acetic acid solution (1 wt
%). Third, the LS solution was slowly dripped into the CS solution
and stirred for 2 h to dissolve the two substances into a uniform
solution. A certain amount of CNT was added to the homogeneous
solution. The glutaraldehyde solution of 3 mL (1 wt %) was quickly
dripped after dissolving uniformly, and the surface bubbles were
removed by ultrasound. Finally, the CS/LS-CNT (CLC) hydrogel
was obtained by static reaction of the solution in a cylindrical mold for
12 h. The crystallization rate of ice crystals was controlled by the
liquid nitrogen freezing method to obtain uniform and regular pore
structure of the hydrogel, and aerogel CLC was obtained after freeze-
drying.

2.4. Material Characterization. The structure of functional
groups before and after quaternization modification of lignosulfonate
sodium was characterized by an infrared spectrometer (iSSOR, USA).
Nuclear magnetic resonance hydrogen spectrum of lignosulfonate
sodium before and after quaternization modification was characterized
by a nuclear magnetic resonance spectrometer (Bruker, AVANCE III
HD 400).

The molecular structure of chitosan and its hydrogel was
characterized by X-ray photoelectron spectroscopy (Thermo Fisher,
Escalab 250Xi). The surface morphology of freeze-dried hydrogels
was observed by focused ion beam scanning electron microscopy
(SEM, LYRA 3 XMU, Czech Republic). Fourier transform infrared
(FTIR, iSSOR, America) spectroscopy was used to detect the material
in the wave number range 4000—400 cm™". The mechanical tests of
hydrogels and the compressive stress tests were carried out,
respectively, on the mechanical properties rheometer platform
(MCR301, Austria) and the universal testing machine (Inspect
Table Blue SKN, Germany). The water contact angle (WCA,
OCA100, Germany) was used to evaluate the wettability of the
aerogel. The thermal conductivity of the aerogel was characterized by
a hot disk (TC3000e) based on the transient hot wire method. The
reflectance and transmission spectra (250—2500 nm) of the aerogel
were collected by a UV—vis—NIR, (UV-3600Plus, Shimadzu)
spectrophotometer. The enthalpy of evaporation of water in the
hydrogels was determined by TG-DSC (STA409PC). Raman spectra
of water in aerogel networks were recorded on a spectrometer
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Figure 1. (a) Synthesis schematic of sodium lignosulfonate-chitosan-based hydrogel. SEM images of (b) CS aerogel, (c) CL aerogel, (d) CS-CNT

aerogel, and (e) CLC aerogel.

(LabRAM HR Evolution, France) with an excitation wavelength of
532 nm. The methylene blue (MB) concentration was determined by
an ultraviolet spectrometer (UV-2600i, Japan).

2.5. Antibacterial Assay. The antibacterial activity of hydrogels
against Staphylococcus aureus (S. aureus, ATCC 29213) was
investigated by using the spread plate method. Typically, hydrogel
pieces with a diameter of 10 mm were first presoaked in PBS until
reaching absorption equilibrium. Subsequently, they were sterilized
with a UV lamp for 30 min and then immersed into a bacteria
suspension (1 mL, 1.0 X 10° CFU/mL). After coincubating at 37 °C
for 4 h, these samples were treated with NIR irradiation (808 nm, 1 W
cm™2) for 15 min. Afterward, the bacterial solution was taken out
from hydrogels and diluted. Finally, the diluted bacterial suspension
was spread onto the fresh broth Agar plate. After cultivation
overnight, the bacterial colonies on the Agar plate were photographed.
The bacteria suspension treated by PBS without hydrogel samples was
considered the control group.

Besides, we studied the antibacterial properties of hydrogels by a
bacterial live/dead staining assay. Briefly, after different treatments,
the bacteria cells were costained by PI and SYTO9 for 20 min in the
dark, followed by washing thrice with PBS. All bacteria were labeled
by SYTO9 and appeared with green fluorescence, while dead bacteria
were stained by PI and revealed red fluorescence. Finally, fluorescence
images were captured by using confocal laser scanning microscopy
(LSM 800 with Airscan, Carl Zeiss, Germany).

2.6. Solar Evaporation Experiment. Solar steam generating
experiment is conducted in a laboratory self-made device; the device
is equipped with solar light simulator (CEL-HXF300-T3, China),
used to determine the additional solar irradiation power density
detector (TES-1333, China), an infrared camera for measuring the
surface temperature of hydrogels (UTi220A), and an electronic
balance for monitoring changes in water quality (OHAUS, PX224ZH,
USA). The sample floated on the surface of the glass container, and
white foam covered the surface that was not covered by the hydrogel.
A solar simulator is then used to illuminate the sample at one solar
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illuminance (1k Wm™). The room temperature in the laboratory is
controlled at ~22 °C. The humidity during the indoor water
evaporation was controlled at 50%. The evaporation rate in 60 min
was measured under steady-state conditions. The water evaporation
rate was calculated by the following equation:*"

dm
s X dt

(1)

where m is the mass of evaporated water, s is the illuminated area, t is
time, and v is evaporation rate.

The energy conversion efficiency of the hydrogel evaporator is
calculated as follows:

v X AH

equ

Cope X P

]’I =
)
where 7 is the energy conversion efficiency of the substance, Cy, is
the optical concentration of the substance, and P is the sunlight
intensity.

The evagoratlon enthalpy was calculated based on following

equation:
/t
q dt
to (3)

where AH,,, is energy consumed for water evaporation, g is the heat
flux characterized using DSC, and t is time.

The ion concentrations of simulated and desalted water were
measured by inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 72008).

AH,, =

3. RESULTS AND DISCUSSION

3.1. Physicochemical Properties of the CS-LS Hydro-
gel. The schematic diagram of the preparation of a three-
dimensional porous CLC hydrogel is shown in Figure la. The
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Figure 2. (a) FT-IR spectra of pure LS, QLS, CS, and CL aerogel. (b) "H NMR spectra of LS and QLS. XPS C 1s spectra of (c) CS and (d) CL
aerogel. XPS N 1s spectra of (e) CS and (f) CL aerogel.
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Figure 3. (a) Dynamic mechanical analysis for the storage modulus (G’) and (b) compressive stress—strain curves of the CS, CL, CS-CNT, and
CLC hydrogels. (c) Water contact angle measurements of the CS aerogel, CL aerogel, CS-CNT aerogel, and CLC aerogel. (d) Time evolution of
the water contact angle of the CLC aerogel.

quaternary LS with increased electropositive property can be (CL) under the action of glutaraldehyde. Then, based on the
dissolved with chitosan to form a homogeneous solution, CL hydrogel framework, carbon nanotubes were uniformly
which cross-linked and copolymerized into CS-LS hydrogel embedded in the hydrophilic polymer network, and the black

255 https://doi.org/10.1021/cbe.3c00121
Chem Bio Eng. 2024, 1, 252—-263


https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.3c00121?fig=fig3&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.3c00121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chem & Bio Engineering

pubs.acs.org/ChemBioEng

(a) 4.
£ 054
£
&
~ —1.04
)
2
-] %
S -15-
2 —>— Pure water
g 1 ——cCS
-2.04 —— CL
—o— CS-CNT a,
1 —cLc %,
L)
-2.5 T T T T T 7
0.0 0.2 04 0.6 0.8 1.0
(©) 30
o~ r

0.57

b CS-CNT 0.1wt% 0.5wt%

Iwt% 1.4wt%
LS concentration

(b) 25

CL
< 2.12
g 501 1.90
= 1.77
by
T 157 1.44
= 1.20
g
= 107
[}
} 5
(=]
-
S 05
=
0.0
CS  0.1wt% 0.5wt% 1wt% 1.4wt%
LS concentration
254 243 248 CLC
2.21
I
E,04 198
1.5 -
1.0 4
0.5 4
“'0 L] L] L L]
25mg S0mg 75mg 100mg

CNT Concentration

Figure 4. (a) Mass changes of pure water, CS, CL, CS-CNT, and CLC in pure water. Water evaporation rates of the CL hydrogels with different LS
concentration. (b) Water evaporation rates of the CL hydrogels with different LS concentration. Water evaporation rates of the CLC hydrogels

with different (c) LS concentration, and (d) CNT concentration.

CLC hydrogel was obtained by monolithic loading of CNTs.
For comparison, the CS hydrogel (CS) and CNT-loaded CS
hydrogel (CS-CNT) were prepared. As shown in Figure 1b,
the CS hydrogel showed a thin sheet structure; the pore
structure is broken, and there is no relatively regular channel.
Moreover, similar results were shown in the CS-CNT
hydrogels (Figure 1d). In contrast, the CL hydrogels exhibited
interconnected macroporous structures with regular pore
structures and no obvious structural fragmentation (Figure
1c), indicating that the addition of lignin could enhance the
pore structure strength of the hydrogels and make them
difficult to be broken. In addition, the CLC hydrogels showed
consistent results with interconnecting pore structures and
rough pore walls, and CNT is embedded in polymer hydrogel
and distributed in channels and gaps. This interconnected
porous structure imparts capillary action, facilitates water
transport, and facilitates solar heat harvesting.”*

The chemical difference of LS before and after modification
were analyzed by FT-IR and 'H NMR characterization. The
results showed that CL and QLS appear with the same peaks at
3450, 1040, and 2950 cm ™" respectively, which are caused by
the stretching vibration of —OH, —CO, and —CH, and QLS
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has a peak at 1470 cm™!, corresponding to the characteristic
peak of the quaternary ammonium group (Figure 2a). 'H
NMR results showed that QLS had a new peak in chemical
shift 3.10 ppm, which is the signal of N—CHj, indicatin% the
success of quaternization modification (Figure 2b).”> In
addition, the characteristic peaks at 1260 and 1545 cm™' in
FT-IR correspond to the amide group of chitosan (Figure
2a).*° The characteristic peak at 1045 cm™' belongs to the
absorption peak of S=O, indicating the existence of
lignosulfonate sodium in CL. Moreover, compared with LS
and CS, CL has a new peak at 1075 cm™', which is the
characteristic stretching vibration peak of C—O, indicating that
the hydroxyl group of chitosan or lignin was cross-linked with
the aldehyde group of glutaraldehyde. The results confirmed
the formation of polymer networks. Figure 2¢,d show the C 1s
spectra analysis of CS and CL, respectively. The C 1s peak can
be deconvoluted into four components, namely, C=0 (288
eV), C—0 (2865 eV), C—N (285.9 V), and C—C/C=C
(284.8 €V). Compared with CS, the C—C/C=C peak of CL
was significantly enhanced, which was the addition of lignin
with high C—C/C=C content. The N 1s spectrum was
attributable to the peaks of —NH, (399 eV) and —NH,*
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(401.9 eV) (Figure 2e/f). In the N 1s spectrum of CL, it was
found that the intensity of the —NH," peak, a bonded amino
group, increased obviously, indicating that the oxygen-
containing functional groups had interacted between chitosan
and lignin. Based on the characterization results of FT-IR and
XPS, the successful composite of chitosan and lignin was
confirmed.

The mechanical properties of hydrogel were analyzed by a
rheological instrument, which revealed its viscoelastic proper-
ties by the change of modulus. It can be seen from Figure 3a
that the storage modulus of CS is 30 Pa. The strain of CS
reaches approximately 800% before the sol behavior appears,
indicating excellent viscoelasticity. The storage modulus of the
CL hydrogel can reach 200 Pa, which is 6.7 times that of CS,
indicating that lignin has excellent mechanical strength and can
improve the structural stiffness of chitosan hydrogels. At the
same time, the storage modulus of the CLC hydrogel reached
812 Pa with the introduction of CNT, which further improved
the mechanical strength of the material. In addition, the
compression properties of the hydrogel were characterized and
analyzed to investigate the mechanical strength of the samples
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(Figure 3b). The compressive strength of the CL hydrogel is
150 kPa, which is obviously stronger than that of CS (100
kPa), indicating that the introduction of lignin significantly
enhances the compressive strength of the hydrogel. Although
the flexibility of CS-CNT and CLC is poor after the addition of
CNT, the presence of lignin gave the hydrogel excellent
compressive strength (192 kPa). Excellent hydrophilicity is
also crucial to ensure continuous water transport to the
evaporator surface, thereby facilitating water vaporization. As
shown in Figure 3c, the water contact angles (WCAs) of CS
and CL are 78° and 79°, respectively. The WCAs of CS-CNT
and CLC are 81° and 82°, respectively. Although the contact
angle increases slightly after doping with hydrophobic CNT,
the combination or doping of lignin or CNT did not
significantly reduce the hydrophilicity of the hydrogel
evaporators. The hydrogel evaporators exhibited hydrophilicity
because of the loose porous structure of the hydrogel, with rich
interconnected pores facilitating capillary action, enabling easy
water absorption.?’7 At the same time, the residence time of
water droplets on the surface of CLC was observed by the
dynamic contact angle. It can be seen from Figure 3d that the
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rapid absorption of the water droplets by the CLC hydrogel
within 80 ms, indicating its outstanding hydrophilicity. This
remarkable hydrophilicity ensures stable water supply charac-
teristics of the CLC evaporator during long-term continuous
water evaporation.

3.2. Effect of Preparation Conditions on Evaporation
Performance of the CLC Hydrogel. To obtain the best
performance of the hydrogel evaporator, the influence of
hydrogel preparation conditions was investigated. Under the
sunlight intensity of 1 kW m™ the evaporation rates of
different hydrogel samples with the same CNT content were
compared. The water evaporation rates of CS, CL, CS-CNT,
and CLC are 1.20, 1.90, 2.12, and 2.48 kg m2h7}, respectively
(Figure 4a). By comparison, the addition of lignin and CNT
significantly improved the interfacial solar steam generation
performance of the hydrogel evaporator. More obviously, the
water evaporation rate of CLC is about 6.2 times higher than
that of the natural evaporation of water (0.4 kg m™> h™'),
indicating that the CLC hydrogel is a potential candidate in
interfacial solar steam generation. The effect and function of
LS were investigated by changing the proportion in CL (Figure
4b). With the increase in the proportion of LS, the water
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evaporation rate of the CL hydrogel continues to increase,
reaching 2.12 kg m™ h™". This increase is primarily attributed
to the photothermal effect of lignin. The molecular structure of
lignin with strong m—z stacking can promote nonradiative
migration and trigger photothermal conversion and then
convert light energy into heat energy and release energy in
the form of heat energy. Then, CNT was used as a
photothermal material to explore the effect of LS on CLC
(Figure 4c). The optimal proportion of LS in CLC is 1 wt %,
which can endow the evaporation rate of 2.48 kg m™ h™".
Compared with the CL hydrogel, the evaporation performance
of the CLC hydrogel is significantly enhanced owing to the
substantial photothermal effect of carbon nanotubes.
However, compared with the evaporation performance of
CS-CNT, the LS composition in the CLC hydrogel still plays a
role similar to that of photothermal materials. Finally, the effect
of CNT content on the evaporation rate of hydrogel was
investigated in the range 25—100 mg (Figure 4d). Under the
CNT dosage of 75 mg (~0.5 wt %), the evaporation rate of
CLC reached the maximum of 2.48 kg m~2 h™!. However, as
the amount of CNT increased, the evaporation rate of
hydrogel decreased, which is due to the excessive agglomer-
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ation and accumulation of CNT within the pores, which leads
to pore blockage and consequently weakens the water
transport capacity.

3.3. Photothermal Effect of the CLC Hydrogel. The
solar absorption characteristics of hydrogels were investigated
by ultraviolet—visible—near-infrared spectroscopy (UV—vis—
NIR) in a wide wavelength range of 250—2500 nm. As shown
in Figure Sa, the solar absorption of both CL and CS is 53%.
The results showed that the absorption of sunlight by chitosan
hydrogel could not be enhanced by incorporation of LS. In
addition, the addition of CNT made the CLC hydrogel exhibit
excellent broadband solar absorption (97%). The high solar
energy absorption rate is one of the crucial factors to improve
the solar interface evaporation. The presence of CNT ensures
that the CLC hydrogel can maximize the absorption of solar
energy and convert it into heat during the process of solar
interface evaporation. Infrared thermal imaging was employed
to directly monitor the temperature variety of the hydrogel in
the process of interfacial solar steam generation (Figure Sb).
The heating rate of the CLC hydrogel is fast, from 22.9 to 36
°C in S min. The maximum temperature of the top surface in
the CLC hydrogel is 39.3 °C under 40 min, while the water
temperature of the bottom is 26.5 °C. However, the
temperature of the CS-CNT hydrogel only increased to 38.2
°C over 40 min, and the temperature of water reached 26.3 °C,
which was slight lower than that of CLC. Under one sun
illumination, the CLC hydrogel reached a higher temperature
faster, it may be attributed to the presence of lignin reducing
the thermal conductivity of CLC hydrogel and the radiation of
heat to water, thereby making CLC have better photothermal
management ability than CS-CNT. In order to verify the above
conjecture, the thermal conductivity of hydrogel in the wet
state was investigated by transient hot wire method (Figure
6a). The thermal conductivity of hydrogels was in the range
0.28—0.41 W m~* K7}, which is lower than that of pure water
(062 W m™" K™'). Compared with CS and CS-CNT
hydrogels, CL and CLC hydrogels showed lower thermal
conductivity, which proved that the composite of LS could
reduce the thermal conductivity of the hydrogels. CLC had a
low thermal conductivity of 0.32 W m™' K™/, equivalent to
50% of the thermal conductivity of pure water, which promotes
better photothermal management and reduces heat loss from
the hydrogel to the water. The result confirmed the excellent
photothermal management ability of the CLC hydrogel. This
conclusion is further supported by the infrared thermal images
of the CS-CNT and CLC, as depicted in Figure Sc.

3.4. Evaporation Mechanism and Performance Eval-
uation of the CLC Hydrogel. The mechanism and
properties of solar water evaporation of hydrogels were
thoroughly investigated and compared. Calculating the energy
conversion efficiency of CLC based on formula 2, the CLC
hydrogel exhibited an evaporation rate of 2.48 kg m~> h™' and
an energy efficiency of 90% under one sun illumination. The
evaporation enthalpy of water in the hydrogel was charac-
terized and analyzed by differential scanning calorimetry
(DSC). As shown in Figure 6b, pure water exhibited a high
and sharp peak, whereas the hydrogel exhibited a broader peak
of heat flux decay. Moreover, the peak of water heat flux in the
hydrogel gradually shifted to the left (<100 °C), facilitating
water evaporation at low temperatures. The evaporation
enthalpies of water in CS, CL, CS-CNT, and CLC hydrogels
are 1808, 1650, 1746, and 1261 J g_l, respectively, which are
significantly lower than that of pure water (2104 J g™'). The
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results showed that both chitosan and LS contributed to
reducing the evaporation enthalpy of hydrogel. This is likely
attributed to the polar functional groups of CS (—NH,) and
LS (—SO;H) combining with water through hydrogen
bonding or electrostatic interaction to form a hydrated
polymer network, which can regulate the state of water and
thus reduce the enthalpy of water evaporation.

Hydrated polymer networks can reduce the enthalpy of
evaporation of water.”® In the polymer network of hydrogels,
there are three states of water molecules because of the
interaction between water and polymer chains, namely, free
water (FW), bound water (BW), and intermediate water (IW),
respectively. The IW exists between FW and BW, and it
interacts weakly with the polymer chain and adjacent water
molecules. Compared with BW and FW, IW needs less energy
to break the hydrogen bond to complete the evaporation
escape, exhibiting a lower evaporation enthalpy.'* The O—H
stretching region in the hydrogel was characterized by Raman
spectroscopy to prove the difference in hydrogen bonding
between water molecules. The peaks at 3198 and 3323 cm™
are FW with four hydrogen bonds, two protons, and two
electron pairs with adjacent water molecules. The peaks at
3452 and 3600 cm™' correspond to weak or non-hydrogen-
bonded IW.** The intermediate water ratios (IW:FW) of the
CS-CNT and CLC hydrogels are 0.64 and 1.0, respectively
(Figure 6¢,d). The IW:FW ratio of pure water is between 0.2
and 0.29, indicating that both the CS-CNT and CLC
hydrogels have higher intermediate water content.*’ The
high intermediate water content correlates with a decrease in
the evaporation enthalpy of water. This finding aligns with the
DSC characterization analysis, indicating that the presence of
CS and LS can reduce the evaporation enthalpy of water in the
hydrogel. Moreover, the proportion of intermediate water in
the CLC hydrogel reached 1.0, which was 3.4—S5 times higher
than that of pure water. This elevated intermediate water ratio
facilitates water molecules to evaporate and escape with less
energy, consequently reducing the evaporation enthalpy of
water, lowering the energy required for water evaporation, and
enhancing the efficiency of solar energy utilization, thereby
leading to a higher evaporation rate.

High solar energy absorption, good thermal management
capabilities, and reduced enthalpy of water evaporation
contribute to the excellent evaporation performance of the
CLC hydrogel. The evaporation performance of the CLC
hydrogel including the evaporation rate and energy efficiency
were compared with current reports (Figure 7). Compared
with chitosan-based hydrogels, the CLC hydrogel achieved
higher evaporation properties, surpassing reduced graphene
oxide coated chitosan hydrogels (CS-rGO, 1.44 kg m > h™"),*!
chitosan-tungsten disulfide co-assembled hydrogels (CS-WS,,
2.10 kg m™* h™')," polydopamine modified Ti,O; nano-
particles and carbon nanotube-chitosan/PVA hydrogels (CS/
PVA—PDA/Ti,O;/CNT, 1.81 kg m™ h™'),* and poly(N-
acryloyl glycinamide)/chitosan-carbon nanotube hydrogels
(PNAGA/CS-CNT, 2.42 kg m™> h™').** At the same time,
compared with the current researches on the application of
lignin in ISSG, the CLC hydrogel also exhibited excellent
properties, surpassing lignin nanoparticle doped PVA hydrogel
(PVA-LNPs, 1.62 kg m™ h™"),” PVA/LS-carbon nanotube
(PVA/LS-CNT, 2.09 kg m™ h™"),** and poly(N-isopropyla-
crylamide) /lignosulfonate sodium-polypyrrole (PNIAM/LS-
PPy, 2.25 kg m™> h7!).** Therefore, the CLC composite
hydrogel prepared in this work achieved superior evaporation
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Figure 7. Comparison of the water evaporation rates and energy
efficiencies with previously reported chitosan-based/biomass-based or
lignin-based hydrogels under one sun irradiation.

performance compared with the reported chitosan-based
hydrogels and lignin-based hydrogels.

3.5. Photothermal Antibacterial Properties of the
CLC Hydrogel. In the process of water treatment, the
elimination of bacteria in water is very important to improve
the quality of fresh water and prevent biological pollution on
the surface of materials.”” Staphylococcus aureus was used to
explore the antibacterial properties of the hydrogel, while the
colonies on Agar plate without hydrogel sample were taken as
the control group. As shown in Figure 8a, the antibacterial
ratio of the CS, CL, and CLC hydrogels against Staphylococcus
aureus were 23.4%, 25.4%, and 98.4%, respectively. Figure 8b
shows the optical image of the actual bacterial colony number
of the sample, which showed that the colony number of the
CLC hydrogel decreases obviously. The live/dead staining
method was used to explore the antibacterial effect of the
hydrogel (Figure 8c). All living bacteria were found in the
blank experiments, most bacteria were found alive in the CS
and CL hydrogel,** while most were found inactivate in the
CLC hydrogel. It is proven that the CLC hydrogel can
effectively kill bacteria on the surface of hydrogel under one

(a)100

oo
(—
L

=)
—]
1

-
=]
1

20+

Antibacterial ratio (%)

Control CS

200pm

200pm

Control CS

CLC

200pm

200pum

200pm

200pm

200pum

CL CLC

Figure 8. (a) Antibacterial ratio of the CS, CL, and CLC hydrogels to Staphylococcus aureus. (b) Optical images of agar plates with bacterial colony

forming units. (c) Fluorescence microscopy images of bacteria.
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sun illumination, which can disinfect bacteria in seawater or
prevent scaling on the surface of hydrogel.

3.6. Salt Resistance and Long-Term Stability of CLC.
The stability of the CLC hydrogel is important in ISSG. Under
natural sunlight irradiation, the evaporation performance of the
CLC hydrogel was tested for 10 cycles (1 cycle = 1 h) under
simulated seawater (Figure 9a). The average evaporation rate
of CLC in seawater for 10 cycles is 2.37 kg m™ h™". The
evaporation rate of 10 cycles was basically kept at the same
level, indicating that the CLC hydrogel has a stable
evaporation rate in seawater. The stable evaporation rate
exhibits that the CLC hydrogel has excellent stability in ISSG.
The evaporation performance of CLC was evaluated in salt
water with a salt concentration of 3.5—15 wt % (Figure 9b). In
the salt water with a salt concentration of 3.5 wt %, as a mimic
of seawater, the water evaporation rate of the CLC hydrogel is
2.37 kg m™> h™". When the salt concentration is high (> 10 wt
%), the evaporation rate of CLC can still be maintained at
2.06—1.84 kg m™* h™', demonstrating its high evaporation rate
in a high salinity environment. These results showed that the
CLC hydrogel can continuously evaporate water in seawater
for extended periods and exhibits salt tolerance.
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Evaluating the water quality of CLC in solar desalination,
the concentrations of four main metal ions (Na*, Mg**, K*, and
Ca’") were measured. As shown in Figure 9c, although the
salinity in the initial seawater is high, the ion concentration of
the desalinated water decreases significantly, demonstrating an
excellent desalination rate (>99.96%). In addition, the
desalinated water produced by the CLC hydrogel after solar
desalination fully met the standard of WHO drinking water
standards, confirming the effectiveness of the CLC hydrogel in
removing salt from seawater and producing fresh water.
Moreover, methylene blue was used to simulate industrial dye
wastewater, and the CLC hydrogel exhibited a 100% removal
rate, highlighting its exceptional purification capability (Figure
9d). Therefore, the CLC hydrogel prepared in this study holds
significant potential for desalinating seawater and treating
wastewater to obtain potable water.

4. CONCLUSION

In this work, a straightforward approach to fabricate a
chitosan/lignosulfonate sodium—carbon nanotube composite
hydrogel for efficient seawater desalination was investigated.
The presence of lignosulfonate sodium enhances the
mechanical strength of the hydrogel and maintains a stable
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pore structure, ensuring sufficient water transport for
evaporation. The interaction between the hydrophilic func-
tional groups in the hydrogels and water promotes the
formation of intermediate water, reducing the evaporation
enthalpy of water and achieving a high evaporation rate. The
evaporation rate of the CLC hydrogels reaches 2.48 kg m™>h™"
under one sun illumination with an energy conversion
efficiency of 90%, surpassing the previously reported
biomass-based hydrogel evaporators. Moreover, the CLC
hydrogel also exhibits good salt tolerance and photothermal
antibacterial ability in practical applications. The exceptional
performance of the CLC hydrogel, coupled with the
production of drinkable desalinated water, underscores its
role as a sustainable evaporator, facilitating the high-value
utilization of lignin and other biomass resources in interfacial

solar steam generation.
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