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Abstract The shortage of freshwater has become a
global challenge, and solar-driven interfacial evaporation
for desalination is a promising way to alleviate the crisis.
To develop highly efficient and environmentally friendly
photothermal evaporator, the hydroxyethyl cellulose
(HEC)/alkaline lignin (AL)/graphene oxide (GO) hydro-
gels (CLGs) with remarkable evaporative performance
were successfully fabricated by a facile sol-gel method
using biomass residues. The influence of AL content on
the physicochemical properties of the evaporator was
investigated. The increasing content of AL improves the
mechanical properties, saturated water content and
crosslink density of the hydrogels. The designed materials
exhibit outstanding thermal insulation capacity (the
thermal conductivity of less than 0.05 W-m "K™!) and
high light absorption capacity of more than 97%. The solar
evaporation efficiency and water evaporation rate of the
HEC/64 wt % of AL/GO hydrogels (CLG4) achieve
92.1% and 2.55 kg-m2-h~! under 1 sun, respectively. The
salt resistance test results reveal that the evaporation rate of
the CLG4 can still reach 2.44 kg:m2-h™! in 3.5 wt % NaCl
solution. The solar evaporation rate of the CLG4 can
maintain in the range of 2.45-2.59 kg:m2-h™' in five
cycles. This low-cost lignin-based photothermal evaporator
offers a sustainable strategy for desalination.
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1 Introduction

For the past centuries, freshwater scarcity has been one of
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the major challenges of humanity and is compounded by
increasing drought and worldwide desertification [1,2].
Water is an essential resource for life, economic develop-
ment and social progress. Although water resources cover
75% of the earth, less than 3% of freshwater can satisfy
the life activities of plants, animals and humans [3,4]. The
human demand for freshwater has been constantly
increasing with the development of modern society, and
various methods such as time-limited water supply,
recycling of wastewater and inter-basin water transfer
have been used to alleviate freshwater shortage, but the
number of people suffering from the problem of fresh-
water scarcity is still increasing [5,6]. According to the
report of the World Health Organization, half of the
population of the world will face a lack of freshwater by
2025 [7]. Presently, desalination is considered as one of
the promising ways to alleviate the shortage of freshwater
for households and agriculture [8,9]. Up to now, many
methods, such as multi-stage flash distillation [10],
reverse osmosis [11] and low-temperature multi-effect
distillation [12], have been widely reported. However,
these traditional desalination technologies are accom-
panied by a lot of obstacles such as lack of operational
flexibility, expensive price and extensive energy losses,
making them challenging to implement globally [13,14].
Therefore, developing efficient, low-energy, economic
and pollution-free desalination processes has attracted
tremendous attention from researchers. Over the past few
decades, solar-driven interfacial evaporation technology
has been one of the most intensive areas of academic
research and industrialization efforts, which is one of the
most potential and sustainable ways to mitigate the
shortage of clean water resources [15,16].

The photothermal effect is caused by light excitation,
resulting in the production of part or all of the heat
energy. Both the absorption of sunlight and the efficiency
with which it is converted into thermal energy contribute
to the total photothermal performance of high-efficiency
solar collector materials [17,18]. Inspired by solar-driven
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desalination, researchers have improved the solar
evaporation systems, designed efficient materials, and
developed novel solar desalination technologies [19,20].
According to the different interaction mechanisms
between electromagnetic radiation and matter, the photo-
thermal materials are classified into three categories:
plasmonic resonance materials, semiconductor materials
and carbon-based materials, with the reaction mechani-
sms of plasmonic resonance heating of metals, non-
radiative relaxation of semiconductors and thermal
vibration of molecules, respectively [21,22]. Liu et al.
[23] prepared a bioinspired and reusable Au nanoparticle
film. The synthesized photothermal film possessed only
85% of light absorption in the wavelength range of
400-800 nm, and just 77.8% solar evaporation efficiency
of the film achieved when the light intensity was
4 kW-m™2. Joo et al. [24] synthesized metal—silicon
nanowires (Si-NWs) with hybrid structures to overcome
the low light absorption limit of Si. It was reported that
1.12 kg'-m2-h™! of the evaporation rate and 72.8% of
evaporation efficiency were obtained at a light intensity
of 1 kW-m™ due to the unique photothermal properties of
the Si-NWs. Huang et al. [25] reported a biphasic Cu,S
nanorod multifunctional solar evaporator with a three-
dimensional hierarchical structure. The solar evaporation
efficiency and water evaporation rate of the Cu, S evapo-
rator were 95.4% and 1.96 kg:m2-h™!, respectively,
owing to the efficient light capture performance and
synergistic photothermal conversion properties of the
Cu,S nanorod. Zhang et al. [26] fabricated bamboo
blocks loaded with polypyrrole (PPy) for a solar interfa-
cial evaporator, which exhibited high light absorption
performance in the wavelength range of 5002400 nm.
The water evaporation rate of the synthesized material
reached 1.125 kg-m2-h™! under 1 sun irradiation. Based
on the above literature, expensive plasma metals and
environmentally harmful semiconductors were used in
photothermal evaporators, which may be contrary to the
purpose of preparing environmentally friendly and low-
cost photothermal conversion materials.

As the second largest biomass resource, lignin is widely
available and rich in functional groups (hydroxyl,
carbonyl and methoxy), which facilitate further chemical
modification and can be manufactured into a variety of
functional materials, including water-reducing agents
[27], oil—water separation materials [28], adsorbents [29],
fluorescent agent [30] and antibacterial materials [31].
However, there are still gaps, such as complex prepara-
tion processes and low lignin addition, in the application
and expectations of lignin in solar-driven evaporation
systems as reported by current researchers. Jiang et al.
[32] designed a bilayer lignin/PPy hydrogel evaporator
with a three-dimensional meso/microporous structure,
exhibiting an evaporation rate of 2.25 kg-m2-h™! and
solar evaporation efficiency of 91.87% under 1 sun
irradiation. Besides, no salt crystallization and clogging
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were observed on the surface of the lignin/PPy hydrogel
after 24 h of continuous operation. Nevertheless, much
time was consumed by the complicated preparation
method and the lignin content is only 16 wt %. Zhao et al.
[33] prepared an organic film containing lignin nanopar-
ticles (L-NPs/poly(vinyl alcohol) (PVA)) inspired by the
conjugated structure in melanin. The water evaporation
rate of L-NPs/PVA is only 1.62 kg:m2-h™! and the
photothermal conversion efficiency can at most reach
88%. The slower evaporation rate and poor conversion
efficiency limit its potential application in practical
scenarios. Although photothermal conversion capability
has been demonstrated in lignin, the poor light absorption
ability hinders the potential application of lignin, and the
lower water evaporation rate of lignin-based photother-
mal materials reported in the literature need further
enhancement. Taking into account the fantastic features
of graphene oxide (GO), such as high specific surface
area, fast electron mobility, robust mechanical qualities,
chemical durability and the typical n—m* structure in
crystal lattice, makes it a probable application in impro-
ving the undesirable photothermal performance of lignin.

In this work, the hydroxyethyl cellulose (HEC)/alkaline
lignin (AL)/graphene oxide (GO) hydrogels (CLGs) with
superior evaporation properties were successfully fabri-
cated by a facile sol-gel method using AL and HEC as
raw materials, GO as a photothermal agent, and epichlo-
rohydrin (ECH) as a crosslinking agent. The porous
structure in the hydrogel can diminish the thermal conduc-
tivity of the material. The water-carrying capacity of the
prepared photothermal materials can be regulated by
hydrophobic functional groups of AL. Also, the photo-
thermal performance of the evaporator is enhanced by the
synergistic effect of AL and GO. The effects of lignin
content on the mechanical properties, water contact angle,
pore size, apparent density and the thermal conductivity
of the CLGs were investigated. The evaporation perfor-
mance of the CLGs was measured under different
sunlight intensities, and the salt resistance of the CLG4
(HEC/64 wt % of AL/GO hydrogels) was performed in
different concentrations of NaCl solutions. The optimal
evaporation rate (2.55 kg-m2-h™!) and solar evaporation
efficiency (92.1%) were obtained when the mass fraction
of lignin was 64 wt %. This low-cost lignin-based
photothermal evaporator provides a new pathway for
synthesizing novel and efficient photothermal materials
and a sustainable strategy for desalination.

2 Experimental

2.1 Materials

AL (weight average molecule weight 4500 Da, polydis-
persity degree 2.20) was purchased from Xiangjiang
Paper Co., Ltd. (Hunan, China). HEC (high viscosity,
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5000-6400 mPa-s, 25 °C), GO (99%) and ECH (C;H,CIO,
98%) were received from Macklin Biochemical Co., Ltd.
(Shanghai, China). C,H;OH (99.7%), NaOH (95%) were
purchased from Guangzhou Chemical Reagent Factory
(Guangzhou, China). All reagents were used directly as
received.

2.2 Preparation of CLGs

Briefly, the AL-HEC hydrogel was synthesized by a
simple sol-gel method using GO as a photothermal agent
and EHC as the crosslinking agent. HEC and AL are raw
materials. In a typical process, an amount of AL was air-
dried at 333 K for 24 h. Then 0.2 g of HEC and 0.1 g of
AL were added to 10 mL of NaOH solution (10 wt %)
containing 0.02 g of GO and stirred for 6 h. Subse-
quently, 0.6 mL of EHC was added under continuous
stirring. Then the mixture was transferred to the mold and
allowed to set for 24 h to obtain hydrogel. The prepared
hydrogel was immersed in C,H;OH and deionized water
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for 12 h each to remove impurities and freeze-dried.

The reaction mechanism of the CLGs is as follows:
first, the HEC is stripped of its chlorine atom to form an
ether bond with a hydroxyl group, and the ring-opening
epoxy group then forms an ether bond with another
hydroxyl group to form a dense crosslinked network, in
which the hydroxyl group comes from AL, HEC and GO,
respectively. The preparation process and reaction
mechanism of the CLGI are illustrated in Fig. 1. Based
on previous literature, the structure of the internal
crosslinking network in the hydrogel is related to the
amount of monomer [34,35]. Therefore, CLGs with
different contents of AL were prepared to investigate
their effects on the internal crosslinked network structure
of the hydrogel. The raw material formulations and
economic cost of the CLGs are shown in Table S1 (cf.
Electronic Supplementary Material, ESM). The CLG2,
CLG3, CLG4, and CLGS5 were synthesized under the
same conditions as CLG1, but the amount of the AL was
0.2,0.3, 0.4, and 0.5 g, respectively.

Fig. 1 The preparation process and reaction mechanism of the CLGI.
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2.3 Characterization

The microstructure of the hydrogels was investigated by
field-emission scanning electron microscopy (FESEM
SU-8220, Hitachi, Japan) with an accelerating voltage of
5 kV, and the sample was cut into a rectangular in order
to detect the internal morphology of the hydrogel. The
Fourier transform infrared spectrum (FTIR, Nicolet IS50,
USA) of the CLGs was characterized in the range of
4000—400 cm™'. The water contact angles were measured
by a contact angles meter (SDC-350, China) at room
temperature. A HAAKE MARS III rheometer was used
to determine the elastic modulus of the hydrogels (test
temperature: 25 °C, frequency range: 0.01592—15.92 Hz).
Thermal conductivity of the CLGs was tested by Hot
Disk TPS 2500 thermal conductivity meter under dry
state. Differential scanning calorimetry (DSC Q20, USA)
was used to measure the enthalpy of evaporation of pure
water and water contained in the network of hydrogels in
the range of 30-200 °C.

2.4  Apparent density and swelling ratio measurements

First, the sample was cut into a rectangular shape, then
the length, width and height were measured three times
with a vernier caliper to calculate the apparent volume V
of the sample. The mass M of the sample is measured
with an electronic balance, and the apparent density of the
CLGs is calculated by Eq. (1):

M

pP= V’ (1)

where M, V and p represent the mass (g), volume (cm?)
and apparent density (g-cm™) of the CLGs, respectively.
The samples were immersed in deionized water for
more than 12 h to reach the dissolution equilibrium,
wiped off the water on the surface of the samples and put
into the electronic balance for weighing. This process was
repeated three times. The swelling ratio of the sample was
calculated using Eq. (2):
o Wi-W
SR(g-g™) = W 2
where SR(g-g ™), W, and W, denote the swelling ratio,
dry weight and wet weight of the hydrogels, respectively.

2.5 Evaporation performance, solar evaporation efficiency,
and equivalent enthalpy of evaporation

The samples were made into 1.5 cm x 1.5 cm x 1.0 cm
sized squares, insulated with 1 cm thick polystyrene foam
and then fixed in 100 mL beakers and subsequently
placed in a simple distillation device for the solar-driven
desalination experiments. Water evaporation experiments
were performed in a 100 mL medium beaker. The change
in the mass of water was recorded using an electronic
balance. Three measurements were performed for each
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sample, and the average value was taken as the exact
value.

The solar evaporation efficiency is calculated by
Eq. (3):
mh,
Coplqi ’
where m is the evaporation rate of water (kg:m2-h™1), h,
is the evaporation enthalpy of water in the gel network
(kJ-g™h. C,pi 18 the optical concentration on the surface of
the CLGs, and g; represents the radiant energy of 1 sun
(kW-m™).

Water, moist photothermal material and supersaturated
potassium bicarbonate solution (humidity stabilized at
about 45%) with the same surface area were simultane-
ously placed in a closed vessel at a temperature of 25 °C.
The equivalent evaporation enthalpy is calculated from

Eq. (4):

n= 3)

Ui, = AH,,, X my = AH g, X M, 4
where U, is the total equivalent energy input, AH,,, and
AH,,, are the evaporation enthalpy in water and CLGs,
respectively. m, and m, are the mass change before and
after evaporation of water and water within the hydrogels,

respectively.

3 Results and discussion

3.1 Surface morphology of the CLGs

The internal structure and surface morphology of the
CLGs were detected by scanning electron microscopy
(SEM, Fig. 2), and significant differences are discovered
in the interior and external surfaces of the CLGs. The
interior pores of the CLGs display a lamellar and “honey-
comb” structure, while many wrinkles and skeletons are
found on the surface of the hydrogels. The explanation
can be linked to a change in the morphology of cellulose
in solution caused by the inner wall of the container and
the surface tension of the liquid [36]. A considerable
number of pore structures are observed in the internal
CLGs, which can be served as water transport channels
and provide capillary forces, as illustrated in Figs. 2(a),
2(c), 2(e), 2(g) and 2(i). Furthermore, the hydrogen bon-
ding between reactants is enhanced as the lignin concen-
tration increases, resulting in a tighter three-dimensional
structure inside the aerogel as more lignin molecules are
packed in the holes and CLGs pore size is reduced, which
is crucial for continuous water supply and effective solar-
driven water vapor production [37]. The irregular and
rough surface of the CLGs (Figs. 2(b), 2(d), 2(f), 2(h) and
2(j)) provides an abundance of optical traps for the
photothermal conversion process. The light is scattered
several times, expanding the scattering area when sunli-
ght irradiates the surface of the material. A bigger light



958

reception area traps incoming light on the surface of
material and boosts the light absorption capacity of the
hydrogels, facilitating the following photothermal
reaction [38].

3.2 Mechanical properties of the CLGs

The internal mechanical properties of CLGs are characte-
rized by elastic modulus (G') tests, which reflect the
internal cross-link density and elastic properties of the
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Fig. 2 SEM images of the (a, c, e, g and i) interior and (b, d, f, h
and j) surface of the CLGs: (a, b) CLG1, (c, d) CLG2, (e, f) CLG3,
(g, h) CLG4, (i, j) CLGS.
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materials, and is commonly used to ascertain the solid-
like behavior of the hydrogels [39,40]. The relationship
between the G' and compression frequency of the CLGs
is shown in Fig. 3. The result indicates that the G’ of the
CLGs rises as the AL content increases, owing to more
crosslinking sites, higher crosslinking density and tighter
network topology of the material, which brings about the
higher mechanical strength of the hydrogels [41].

33 FTIR

The surface functional group of the HEC and AL, as well
as CLG1-CLGS5 were determined by FTIR (Fig. 4). The
strong absorption peaks at 3454 cm™! in the HEC
molecule correspond to the stretching of —OH, the peaks
at 2930 cm ™! can be ascribed to the stretching vibrations
of the C—H, and the peaks appear at 1043 cm™' are
attributed to the C-O stretching vibration (Fig. 4(a)).
Abundant surface chemical bonds are also observed in
AL. The stretching vibration of -OH, C—H and C=O can
be seen in the bands at 3377, 2930 and 1721 cm™'. Two
peaks at 1508 and 1458 cm™' represent the vibrational
absorption peaks of the aromatic skeleton in AL. The
peaks at 1367, 1258 and 1130 cm™! correspond to the
three fundamental structures of the lignin, which are lilac
type (S), guaiac type (G) and p-hydroxyphenyl type (H)
(Fig. S1, cf. ESM) [42]. The typical absorption peaks of
both compounds (HEC and AL) are contained in CLG4.
The intensity of the hydroxyl absorption peak of the
CLG4 diminishes due to the involvement of the hydroxyl
group acts as a crosslinking site in the reaction. Besides,
the absorption peaks of aromatic and aliphatic ethers are
found at 1120 and 1057 cm™!, indicating a successful
crosslinking process involving AL, HEC and GO. The
FTIR spectra of CLG1-CLGS5 are displayed in Fig. 4(b).
Obviously, similar absorption peaks can be discovered on
the surface of the CLGs. The peaks range from 3400 to
3500 cm™! represent the stretching vibration peak of the
hydroxyl group. Moreover, the intensity of the hydroxyl
absorption peak dropped as lignin concentration increa-
sed, indicating a rise in crosslinking sites in the gel
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Fig. 3 Elastic moduli G’ as a function of frequency measured.
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network and a consequent enhancement of the cross-
linking density, which is consistent with the results of the
mechanical performance tests [43].

3.4 Hydrophilicity test of the CLGs

Efficient water evaporation processes require that the
photothermal materials can efficiently absorb and trans-
port water to the surface of the evaporator. Although the
surface of the CLGs is rough after freeze-drying, SEM
results demonstrate the existence of an extensive pore
structure inside the CLGs. The water contact angles on
the surface and interior of the CLGs were measured
individually to assess the water transportation ability, as
shown in Fig. 5. The surface contact angles of the five
hydrogels are illustrated in Fig. 5(a). The order of the
water contact angle for different samples is CLGS (84°) >
CLG4 (64°) > CLG3 (61°) > CLG2 (48°) > CLGl1 (40°),
the size of the water contact angle and lignin content were
positively associated because of the hydrophobic
structure (such as aromatic structure) included in lignin,
but still less than the critical value of 90°. The internal
wettability test of the CLGs at different time is shown in
Fig. 5(b). A drop of water (2 uL) can be completely
absorbed within 4 ms, indicating a superior hydrophilicity
within the CLGs, which is favorable to the transport of
water during the photothermal evaporation process.
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3.5 Apparent density and swelling ratio of the CLGs

The apparent density and swelling ratio of the CLGs are
summarized in Table S2 (cf. ESM). The apparent density
of the CLGs ranges from 0.0375 to 0.0686 g-cm™,
allowing it to be used as a support body for photothermal
materials. The swelling ratio of the CLGs ranges from 20
to 33 g-g”!, which is inversely connected with the amount
of lignin, mainly ascribed to the elevation of the hydroxyl
groups in the crosslinked system resulting in a denser
crosslinked network. Furthermore, lignin is a hydrop-
hobic backbone with plenty of the aromatic groups, the
hydrophobicity of the hydrogel is enhanced with the
addition of lignin, leading to a lower swelling ratio and
smaller internal pore size, demonstrating that the
saturated water content of the CLGs can be regulated by
adjusting the lignin content. The high swelling ratio of the
material guarantees that water can be effectively
transported to the interface of the evaporator throughout
the evaporation process, ensuring the continuing solar-
driven vapor generation process.

3.6 Light absorption properties and thermal conductivity
of the CLGs

Efficient light absorption in the full spectrum (300-
2500 nm) of the photothermal materials is necessary. The
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ultraviolet—visible near infrared diffuse reflection and the
thermal conductivity of the CLGs are shown in Fig. 6.
Considering that GO with a two-dimensional structure
can enhance the absorption of the solar energy through
n—n* electron leap. Hence, all hydrogel possesses a high
light absorption rate of more than 97% in the wavelength
range of 300-2500 nm (Fig. 6(a)). It is worth noting that
the light absorption of CLGS5 (98.2%) is higher than
CLG1 (97.8%), indicating that the photothermal perfor-
mance of the materials can be improved by the addition
of lignin, demonstrating the synergistic effect of GO and
AL in the photothermal conversion process [33]. The
excellent light absorbance capacity of the CLGs offers a
stable foundation for the subsequent photothermal evapo-
ration process. The thermal conductivity of the photo-
thermal materials can highly influence the photothermal
evaporation process. An evaporator with low thermal
conductivity can effectively reduce the heat transfer from
the material to the water body so that more heat can be
employed for the vapor generation. The CLGs exhibited
low thermal conductivity (Fig. 6(b)) ranging from 0.04 to
0.05 W-m-K™! and significantly lower than water (0.59
W-m-K™), which indicates that the lignin content has
no influence on the thermal conductivity of the materials.
The results reveal that the synthesized photothermal
material with outstanding thermal insulation properties
can be applied as a competitive photothermal interfacial
evaporator.

3.7 Equivalent evaporation enthalpy of the CLGs

Liquid water molecules are connected by hydrogen
bonding during the evaporation process, forming clusters
of the water molecules inside the hydrogel with minimal
energy through conformational changes (Fig. 7). These
clusters of the water molecules can evaporate more easily
when they are constrained by the molecular lattice of the
hydrogel, thus reducing the evaporation enthalpy of water
(Fig. 7(a)) [44—46]. The dark field evaporation rates and
equivalent evaporation enthalpy of the water and CLGs
are shown in Fig. 7(b). The energy required for water
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evaporation in the CLGs is less than that required for
theoretical evaporation of water (2436 J-g™') at the same
energy input, so the evaporation rate of water is boosted
(Fig. 7(c)) [47]. The evaporation enthalpy of water in the
CLGs gel network was measured by DSC (Fig. S2,
cf. ESM) to clarify the role of crosslinked structures in
CLGs for the evaporation process. Only a sharp peak is
recorded during the evaporation of pure water, and the
heat flow rate drops fast after the signal reaches its
maximum, indicating that the water evaporation is
completed immediately. However, the heat flow rate of
the CLGs decays slowly, which is ascribed to the fact that
three types of water (bound water, intermediate water and
free water) are contained in the hydrogel structure, thus
reducing the evaporation enthalpy of the water [48].
Results of evaporation enthalpy of DSC and dark field
experiments are summarized in Table S3 (cf. ESM). The
evaporation enthalpy calculated by DSC is higher than
that obtained by the dark field evaporation because of the
presence of dehydration during the test. Consequently, the
results of dark field evaporation experiments are
exceedingly accurate.

3.8 Photothermal evaporation performance of the CLGs

The above characterization demonstrates that CLGs own
uniform internal channels, superior water transport capa-
city, excellent light absorption capacity and low thermal
conductivity, which can provide effective photothermal
evaporation foundation for desalination. Photothermal
evaporation experiments of the CLGs under different
conditions are illustrated in Fig. 8. The photothermal
evaporation performance of the CLGs with varying lignin
concentrations was measured under 1 sun irradiation
(Fig. 8(a)). The evaporation rates of the CLG1, CLG2,
CLG3, CLG4, and CLGS5 are 1.83, 1.93, 2.33, 2.55, and
2.46 kg'm>-h!, respectively, indicating that the surface
temperature of the CLGs rises rapidly under sunlight
irradiation and possess excellent photothermal conversion
capability. In addition, extraordinarily hydrophilic and
rich pore structures can continually transport water to the
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Fig. 6 (a) Light absorption spectra of the CLGs in the wavelength range of 300-2500 nm; (b) thermal conductivity of the CLGs.
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evaporation rate of the water and CLGs in dark condition.

interface of the evaporator and allow vapor to escape
through these pores [49]. Temperature change profiles
(Fig. 8(b)) and infrared images (Fig. 8(c)) of the CLGs
were recorded using an infrared camera. The surface
temperature of the CLG1, CLG2, CLG3, CLG4, and
CLGS5 rapidly warmed up to 33.0, 32.5, 33.4, 35.7 and
36.1 °C within 1 min. After 10 min, the temperature was
elevated to 36.8, 38.2, 39.3, 40.3 and 43.8 °C, and
reached equilibrium at 30 min. Due to the photothermal
ability of the lignin, its higher content can improve the
photothermal capacity of the hydrogel and rise the surface
temperature of the evaporator. The solar evaporation
rate and efficiency of the CLGs are shown in Fig. 9.
The highest evaporation rate was found on the CLG4
(2.55 kg'm 2-h™1), which is 4.4 times higher than water
(0.53 kg'm>-h™"). The calculated result shows that the
solar evaporation efficiency of CLG1-CLGS is 75.1%,
81.2%, 89.7%, 92.1% and 84.9%, respectively (Fig. 9(a)).
The increase in lignin content enhances the photothermal
conversion performance of the CLGs, the thermal energy
absorbed by the CLGs is more concentrated for
photothermal evaporation, and the water evaporation rate
is improved. Although the highest surface temperature
(46.8 °C) of the CLGS5 can be attained after 60 min, the
water transport performance declined compared to the
CLG4, and it might not timely and effectively carry out
the evaporation process. The comparison of evaporation
performance of CLG4 and previous work is summarized
in Table 1, suggesting that the synthesized CLG4 is a

competitive photothermal evaporator. The interfacial
evaporation performance of the CLG4 under various
light-intensity situations was investigated (Fig. 9(b)). It is
found that brighter light could bring quicker evaporation
rates. The water evaporation rates of the CLG4 were 4.21
and 5.37 kg'-m>-h™! under 2 and 3 suns, respectively.
Cycling tests were conducted on the materials to establish
the potential application capability of the CLG4
(Fig. 9(c)). Given the stable photothermal conversion
ability of the GO within the hydrogels, as well as the
excellent water transport performance of the CLG4, the
water evaporation rate of the hydrogel is in the range of
2.45-2.59 kg'm2-h™! in five cycles, and the apparent
shape of the material did not change significantly, which
indicated the excellent stability of the evaporator.
Artificial seawater was employed to investigate the
potentially practical application of the CLG4 in the real
desalination process, and the water vapor produced
during the evaporation process is collected in a simple
distillation device (Fig. S3, cf. ESM). The concentrations
of cations (Na*, K*, Ca** and Mg”") before and after
evaporation can be seen in Fig. 9(d) and Table S4 (cf.
ESM). The removal ratio of the cations in the water is
greatly increased to over 99% after evaporation, meeting
the criterion of the human drinking water [50].

3.9 Salt resistance performance of CLG4

The solar evaporation performance of the CLG4 in
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Fig. 8 (a) The mass change of water under 1 sun; (b) the surface temperature rises of the CLGs relative to heating time under 1 sun;
(c) the infrared photographs of the CLGs surface in different times under 1 sun.

different concentrations of NaCl solution (3.5, 7.0, 10,
and 20 wt %) was tested to explore the potential practical
application capacity in high salt concentration water,
which is illustrated in Fig. S4 (cf. ESM). The solar
evaporation rate of the CLG4 is 2.44 kg:-m2-h~! under 1
sun in 3.5 wt % NaCl solution, which was slightly lower
than that in water (2.55 kg'm2-h’!), indicating the
superior evaporation performance of CLG4 applications
in the evaporation process of seawater. The evaporation
rates of the CLG4 in 7.0, 10, and 20 wt % salt solutions
are 2.16, 2.02, and 1.89 kg':m2-h™!, respectively. The
good salt-resistance of the evaporator can be ascribed to
the reason that the hydrophilic outer surface of the CLG4
provides for faster dissolution and transport of salts into
the seawater bulk during evaporation process. Although
increasing concentration of the NaCl solution decreases
the solar evaporation rate of the material, the designed

material is suitable for the natural seawater desalination
process.

4 Conclusions

Overall, lignin-based hydrogels with superior evaporation
performance were successfully prepared by a simple
sol-gel process for water purification. The solar
evaporation efficiency and water evaporation rate of the
CLG4 with the greatest capability can reach 92.1% and
2.55 kg'm2-h™! respectively under 1 sun. The effect of
the lignin on the physicochemical properties and
photothermal performance of the hydrogels was
evaluated, demonstrating that the addition of lignin
enhanced the mechanical properties, reduced the surface
hydrophilicity and improved the water transport capacity
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Fig. 9 (a) The evaporation rate and efficiency of the CLGs under 1 sun; (b) the evaporation rate of the CLG4 under different
sunlight intensity; (c) the circulating water evaporation data of the CLG4; (d) concentrations of ions in the artificial seawater via solar

evaporation using the CLG4.

Table 1 The comparison of evaporation performance of CLG4 under 1 sun and previous work

Samples Evaporation rate/(kg-m2h) Evaporation efficiency/% Ref.
Lignin hydrogel-based evaporator 225 91.6 [32]
Biomass-derived evaporator 1.78 90.6 [51]
MnO, NWs/chitosan hydrogels 1.72 92.5 [52]
Biomass photothermal evaporator 1.42 89.3 [53]
Hydrogel-derived evaporator 1.35 83 [54]
CLG4 2.55 92.1 This work

of the hydrogels. The high thermal insulation, rapid water
transportation, and the synergistic effect of GO and AL in
the photothermal process all contribute to the superior
evaporation performance of the hydrogels. The concen-
tration of cations in artificial seawater is greatly reduced
with the removal ratio more than 99% after water
purification and the solar evaporation rate of the hydrogel
can maintain in the range of 2.45-2.59 kg'm2-h™! in five
cycles, suggesting the superior desalination performance
and sustainability of the CLG4. This low-cost biomass-
based hydrogel provides a new pathway for synthesizing
efficient solar evaporator and a sustainable strategy for
water purification.
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