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Heat loss and water transport capacity e
regulation in hybrid evaporators
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Abstract

Solar interface evaporation technology, as a green and low-carbon water treatment solution, faces the core chal-
lenge of how to co-optimize photothermal conversion, water transport, and energy management through material
design. Hydrogels have attracted significant attention for their hydrophilic networks and unique water molecular
states in the field of solar interface evaporation. However, the mechanisms behind their improvement and efficiency
enhancement remain unclear. We demonstrated that biochar doping improves the photothermal performance

of hydrogels, requlates water absorption and transport, and reduces evaporation enthalpy. The dual photother-

mal and non-photothermal pathway enhancement mechanisms of functional groups are revealed. It is illustrated
that the interaction between biochar and polymer chains changes the pore structure of hybrid hydrogels, promoting
light absorption and water transport. Furthermore, the surface functional groups of biochar interact with hydrogen
bond networks, increasing IW/FW and effectively enhancing water evaporation capacity. By combining enhanced
photothermal performance, hydrophilicity, water transport capabilities, and lowered evaporation enthalpy, the incor-
poration of biochar comprehensively boosts the evaporation rate of hybrid hydrogels.

Highlights

- Photothermal and non-photothermal mechanisms were revealed in biochar-doped hybrid hydrogels.

- Animpressive evaporation rate of 3.57 kg m~2 h™' was achieved under one sun with an improved water transport
capacity and light absorption.

- Interfacial water content increase reduced the evaporation enthalpy to a very low level.
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1 Introduction

Regional lack and imbalance of freshwater resources have
become one of the core challenges to global sustainable
development (Wang et al. 2022; Aleid et al. 2022). The
majority of water on Earth is brine, including seawater
and saline wastewater. Existing conventional water treat-
ment and resource recovery technologies, such as reverse
osmosis and multi-stage flash distillation, all face issues
of excessive energy consumption and cost (ebrahimi
et al. 2022). Interfacial evaporation using solar energy

to desalinate salt water has become a proven and effec-
tive alternative solution (Alex et al. 2019; Fan et al. 2024).
Using green, clean solar energy for interface evaporation
of saline water has become a proven alternative solution.
It combines the areas for heating and evaporation, which
helps to reduce the transmission of heat to the bulk of
water and improve energy efficiency and solar evapora-
tion performance (Zhang et al. 2021). The conditions
that a stable and efficient solar interface evaporator must
fulfill are as follows: (1) high photothermal conversion
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ability; (2) low thermal conductivity to reduce heat loss;
(3) good water transport capacity; (4) resistance to salt
crystallization when evaporating saline water (Liu et al.
2022; Guo et al. 2022; Lei et al. 2023).

Hydrogels, owing to the three-dimensional hydro-
philic network structure, highly tunable physicochemi-
cal properties, and low evaporation enthalpy advantages,
have emerged as a promising substrate for solar interface
evaporation systems (Zhang and Khademhosseini 2017;
Guo and Yu 2021; Guo et al. 2021). The excellent water
transport capability ensures a continuous supply of suffi-
cient water to the interface during evaporation, while the
abundant porous network reduces heat convection losses
(Bian et al. 2019; Wan et al. 2025). In particular, polyz-
witterionic hydrogel can effectively adapt to high-salt
environments thanks to the unique anti-polyelectrolyte
effect, reducing the possibility of salt crystallization dur-
ing evaporation, and forming more interfacial water (IW)
and reducing the evaporation enthalpy, thereby enhanc-
ing the evaporation performance (Wang et al. 2025).
However, their photothermal conversion capability is
weak. Incorporating cost-effective photothermal mate-
rials into hydrogels with a regulated three-dimensional
network structure is an efficient approach to fabricating
evaporators with strong and stable light absorption per-
formance (Liu et al. 2025). Yu et al. embedded carbon
nanotubes in the hydrophilic polymer sodium alginate to
prepare highly water-absorbing aerogel, achieving high
light absorption rates (over 96%) with an evaporation
performance of 2.25 kg m™2 h™! (Yu et al. 2025). It indi-
cates that higher surface temperature and evaporation
efficiency can be further done when heat energy loss in
the aerogel is considered and regulated.

In recent years, biochar with a wide range of sources
has good porous structure, broad-spectrum absorp-
tive properties, and chemical stability, providing nota-
ble advantages, particularly in terms of photothermal
conversion efficiency and low cost, compared to semi-
conductors, metals, organic polymers, and other carbon-
based materials (Zhang et al. 2022a, b). Biomass materials
such as loofah, carrot, sugarcane, and mushroom, treated
through carbonization, can achieve acceptable solar
evaporation effects (Xu et al. 2017; Long et al. 2019;
Zhang et al. 2022a, b). However, biochar has limited cap-
illary water transport capacity and suffers from interfacial
heat loss when used independently, making it difficult for
evaporation rates to increase sustainably (Li et al. 2021a).
It is for this reason that researchers have explored com-
posite strategies combining biochar with hydrogels. For
example, Rania et al. used wood chip-derived biochar to
absorb and convert solar energy, combined with hydro-
gels to activate water, achieving an evaporation rate of
2.71 kg m™2 h™! with the biochar-based polyacrylamide
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hydrogel evaporator (Tarek et al. 2023). Additionally, bio-
char-based hydrogels such as porous polyvinyl alcohol/
biochar hydrogel and copper-carbon hydrogel have been
prepared for interfacial evaporation (Li et al. 2022; Yang
et al. 2023). But till now, reported studies have primarily
focused on the photothermal enhancement of hydrogels
by biochar, and there remains a lack of systematic under-
standing of mechanisms such as chemical-structural
synergistic regulation of hydrogel water transport and
hydrogen bond network restructuring.

By investigating changes in the state of water mol-
ecules, photothermal performance, and water transport
capacity of hydrogels with and without biochar incor-
poration, we reveal the synergistic mechanism of both
photothermal and non-photothermal pathways in the
solar-driven interfacial evaporation process of hybrid
hydrogels. It is demonstrated that sorghum straw biochar
optimizes the pore structure of hybrid hydrogels and
activates water molecules through interactions between
surface functional groups and hydrogel polymer chains
and hydrogen bond networks, meanwhile enhancing
water transport performance and reducing equivalent
evaporation enthalpy. This provides theoretical guidance
and practical implications for the design and optimiza-
tion of evaporators in saline environments.

2 Materials and methods

2.1 Preparation of biochar for hydrogel fabrication

In this study, sorghum straw biochar was prepared for
use in hybrid hydrogel. The sorghum straw was pyro-
lyzed in a tube furnace (OTF-1200X-S, Kejing, China)
at 600 °C for 1 h under argon atmosphere. The heating
rate was 5 °C min~'. After cooling to room temperature,
the samples were acid washed with nitric acid, followed
by DI water to neutral pH. The samples were dried and
ball-milled for 24 h (High Energy Planetary Ball Mill,
DECO-PBM-H-0.4 L). Then, they were sieved through a
100-mesh sieve to obtain the biochar particles.

2.2 Fabrication of hybrid hydrogel

The hydrogel used in this experiment was polyzwitteri-
onic hydrogel, and the gel agent used was a DMAPS sys-
tem. 3 g of DMAPS was dissolved in 7 g of DI water and
stirred until clear. 0.048 g of APS as an initiator and 60
pL of PEGDA as a crosslinker were added to it and soni-
cated for 15 min. 0.1 g of biochar particles were then dis-
persed in 1 mL of DI water, mixed well and added to the
precursor solution. Then, after adding 3 pL of TMEDA
as a catalyst and aerating with nitrogen for 15 min, the
gelation reaction was carried out at 90 °C for 4 h. Finally,
the hybrid hydrogel was washed with DI water to remove
unreacted material. The hydrogel used as a control
skipped the step of adding biochar particles.
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2.3 Experiments of solar evaporation

The solar interfacial evaporation experiments were con-
ducted at 25°C and 30% humidity. A xenon sunlight
simulator with a filter (AM1.5G) (PLS-SXE300+, Pofe-
let, China) was used as the light source, and a hand-held
spectral illuminometer (HP350C, Hangzhou LCE intel-
ligent Detection Instrument Co., Ltd., China) was used
to ensure that the light intensity on the surface of the
evaporator was 1000 W m™2, The weight of the device
during the evaporation experiment was measured in real
time using an electronic balance (ME204, Mettler Toledo,
USA) and recorded every 10 min, while the temperature
change of the device during evaporation was monitored
with the help of an infrared thermographic camera. The
simulated saline water used in this experiment was a 10
wt% NaCl solution. The dark experiment was conducted
by placing the devices in a dark environment with no
light source for the evaporation experiment.

2.4 Characterizations

UV-Vis-NIR absorption spectra were collected using a
spectrometer (Lambda 1050+, PerkinElmer, USA). The
morphology of the samples was observed using a scan-
ning electron microscope (SEM, MDTC-EQ-M57-01,
Thermo Fisher Scientific, USA). The surface wettability
was tested using contact angle measurements (KRUSS
DSA30). Surface elements of hydrogel and biochar sam-
ples were analyzed by X-ray photoelectron spectroscopy
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spectra were obtained using a laser Raman spectrometer
(Invia, Renishaw, UK) excited by a 532 nm laser. Differ-
ential scanning calorimetry (DSC) measurements were
obtained using a Discovery DSC instrument (DSC3, Met-
tler Toledo, USA).

3 Results and discussion

3.1 Enhancement of photothermal properties

As shown in Fig. 1A, the incorporation of biochar caused
the hydrogel to change from transparent to black, dem-
onstrating that the biochar was uniformly dispersed
in the hydrogel matrix (Zheng et al. 2023). In addi-
tion, the UV-Vis-NIR absorption spectrum (Fig. 1B)
showed that the biochar addition significantly enhanced
the absorption capacity of the hydrogel over the entire
wavelength range (200-2500 nm), particularly in the
380-1500 nm wavelength band. It is worth noting that
SoBC-600 °C exhibited a light absorption rate exceed-
ing 98% in the visible light range of 430-700 nm, which
is of significant importance for solar evaporation. The
light absorption rate of the hybrid hydrogel maintained
a stable value of over 95% across the broad spectrum,
and even exceeded that of biochar in the near-infrared
region beyond 1000 nm. Therefore, the improvement in
the hybrid hydrogel’s light absorption was not only due
to the photothermal properties of biochar itself, but also
the result of changes in the pore structure of the hybrid
hydrogel (Ghaffar et al. 2024). Figure 1C and D show the
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and the hybrid hydrogel, respectively. The SEM images
revealed that the hybrid hydrogel possesses a denser
and rougher three-dimensional network structure. The
abundant microporous structure facilitates water trans-
port and light refraction, and the biochar is completely
locked and fixed within the hydrogel network structure
by DMAPS, enhancing the material’s mechanical stabil-
ity (He et al. 2019; Li et al. 2025). The hybrid hydrogel
exhibited smaller water transport pores with the connec-
tion of functional groups of biochar and hydrogel poly-
mer chains as well as hydrogen bonds. Smaller pore sizes
enable the hydrogel to have a higher light absorption
rate (Fig. S2), while further increasing the surface tem-
perature of the evaporator and accelerating the evapora-
tion rate (Figs. S3 and S4). It is shown that smaller water
transport pores also increase the internal surface area of
the hydrogel, thereby increasing the probability of inci-
dent light being absorbed, while also enhancing multiple
reflections and scattering of light, increasing the optical
path length, and thus improving light absorption effi-
ciency (Fan et al. 2020; Gu et al. 2024). However, exces-
sively small pore sizes can cause pore structure collapse,
thereby hindering water transport and negatively impact-
ing evaporation rates.

By recording the heat loss of the device during evapo-
ration and the temperature changes on the evaporator
surface and water body, the effect of biochar on improv-
ing the solar evaporation performance was evaluated
(Fig. 1E and F). Compared to the temperature of bulk
water and the evaporator surface under irradiation, we
observed an obvious enhancement on the top surface.
Within one hour of light irradiation, the temperature at
the control hydrogel interface gradually increased from
25.5 °C to 35.3 °C, while the water temperature also
increased from 25.4 °C to 33.2 °C. Noticeably, the hybrid
hydrogel interface temperature gradually increased from
25.5 °C to 41.1 °C, while the water temperature only
increased from 25.1 °C to 29.3 °C, with a reduced heat
dispersion around 4 °C. Furthermore, the hybrid hydro-
gel exhibited faster temperature rise, higher interface
temperature, and almost no obvious change in the bot-
tom water temperature (Fig. S5). This indicated that bio-
char hybrid enhanced the localization of photothermal
conversion in the hydrogel, enabling it to rapidly convert
absorbed light energy into thermal energy and confine it
within the evaporator. In addition to the inherently low
thermal conductivity of the hydrogel, biochar doping
effectively suppressed heat conduction to the bulk water
and mitigated natural convection near the evaporation
interface. This was attributed to the ability of biochar to
absorb sunlight and efficiently convert light energy into
localized thermal energy, which promoted the evapora-
tion of water molecules within the hydrogel rather than
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facilitating downward heat transfer. Furthermore, the
highly porous structure of biochar significantly restricted
the macroscopic movement of heated water, thereby
preventing the development of large-scale thermal con-
vection. The heat was more efficiently used to evaporate
water molecules within the evaporator rather than in the
bulk water, greatly reducing heat loss and improving the
evaporator’s photothermal and water-to-vapour conver-
sion ability (Lei et al. 2021; Zheng et al. 2023). Higher
evaporator interface temperatures and fewer heat losses
result in faster evaporation rates. The evaporation rate of
the hybrid hydrogel under sunlight was 3.57 kg m™> h™",
which was 1.87 times that of the hydrogel. This was the
most direct evidence of biochar’s enhancement of the
evaporation efficiency of the hybrid hydrogel.

The mechanism is proposed based on the above find-
ings (Fig. 1G). The carbon skeleton of biochar enhances
the absorption of ultraviolet-visible light by hydrogels
through nm—m* electron transitions, thereby improving the
light absorption performance of hydrogels. It also con-
centrates heat within the hydrogel, reducing heat loss to
the bulk water. Moreover, the surface functional groups
of biochar interact with the groups on the polymer chains
of the hydrogel (Tarek et al. 2023). This hints that a more
uniform distribution of pores and smaller pore size are
supposed to be designed for light absorption regulation
and heat control. Multiple reflections and the optical
path length of incident light within the gel can be well
extended, thereby also improving water molecule trans-
port efficiency.

3.2 Improvement of hydrophilic and water transport
properties

Hydrophilicity and water transport ability are both the
critical factors for achieving efficient water evaporation
and resistance to salt crystallization in solar interface
evaporators. Figure 2A shows that the contact angle of
the hydrogel is 64.5°, while the contact angle of the hybrid
hydrogel is 17.9°, indicating that the biochar plays a sig-
nificant role in improving the hydrophilicity of the hybrid
hydrogel. The abundant oxygen-containing functional
groups in biochar can effectively improve the hydrophi-
licity of hydrogel materials (Tarek et al. 2023). As shown
in the XPS total spectra (Fig. 2B and C), the hydrogels
were primarily composed of four elements: C, O, S, and
N. With biochar addition, the C content of the hydrogel
increased from 65.4% to 72.2%, verifying the successful
loading of hydrophilic biochar (Ge et al. 2024). Analysis
of the N1s spectrum revealed that the addition of biochar
increased the diversity of nitrogen-containing organic
functional groups in the hydrogel (Fig. S6). Figure 2D-F
show the XPS spectra of biochar, which proved that the
biochar contains hydrophilic groups, such as hydroxyl
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groups, amino groups, and carbonyl groups. These
groups could promote the formation of hydrogen bonds
between water molecules in the hydrogel as the biochar
was added to the hydrogel. The total spectrum indicated
that the O/C ratio of straw charcoal obtained at 600 °C
reached 0.3 (Fig. S7). The high-resolution Cls spectrum
of biochar exhibited three peaks at 284.8 eV, 285.8 eV,
and 288.7 eV, corresponding to C—C bonds, C—N bonds,
and C=0 bonds, respectively. Additionally, biochar also
contained hydrophilic groups such as —-NH, and —OH.
These groups can promote the formation of hydrogen
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bonds between water molecules in the hydrogel, thereby
reducing the contact angle. Based on the FTIR spectrum
(Fig. S8), the characteristic peaks of the hydrogel are at
1040 cm™, 1180 cm™, and 1720 cm™, corresponding
to the symmetric and asymmetric stretching vibrations
of S=0O and the stretching vibration of C=0, respec-
tively, confirming the formation of the hydrogel based on
DMARPS (Lei et al. 2022). There were no new absorption
peaks observed in the hybrid hydrogel, indicating that the
interaction between biochar and DMAPS during gelation
is physical in nature. Additionally, the intensity of the
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hydroxyl characteristic peak at approximately 3460 cm™
in the hybrid hydrogel was enhanced compared to the
hydrogel, which was consistent with the enhancement of
hydrogel hydrophilicity due to biochar incorporation.

The key to achieving efficient and stable operation of
a solar interface evaporator depends on whether it can
continuously supply sufficient amounts of water to the
interface during the evaporation process. To system-
atically investigate the water transport performance of
hydrogels, rice paper tapes were utilized as water absor-
bents, and the transport performance was reflected by
the water transport height of the rice paper (Feng et al.
2020). The testing device is shown in Fig. S9. The hydro-
gel was placed in a petri dish filled with water, and the
experiment began when the hydrogel’s surface became
wet, i.e., when the rice paper in contact with the top of
the hydrogel became wetted. The water diffusion height
of the rice paper was recorded over 60 min. As shown
in Fig. 2G, after one hour, the hydrogel and hybrid
hydrogel could transport deionized water to heights of
2.51 cm and 2.77 cm, respectively. In 10 wt% saline solu-
tion, both hydrogels exhibited improved water transport
height, especially the hybrid hydrogel, achieving a trans-
port height of 3.99 c¢cm, which was close to the transport
height (4.27 cm) when the rice paper directly contacted
the saline solution. This indicates that biochar incorpo-
ration enhances the water transport performance of the
hydrogel.

The swelling capacity of hydrogels is another important
factor to estimate water transport capability. Figure 2H
shows the morphological changes of the hydrogel with-
out biochar and the hybrid hydrogel before and after
swelling in deionized water and 10 wt% saline solution. It
was observed that the hydrogel swelled more fully in the
saline solution, with the diameter increasing from 4.3 cm
to 6.1 cm, resulting in a larger volume. With biochar
addition, the swelling volume of the hybrid hydrogel was
slightly larger than that of the hydrogel without biochar.
To further understand its swelling behavior, the saturated
water content of these hydrogels in pure water and saline
solution was recorded (Fig. 2I). The saturated water con-
tent of the hydrogel can be calculated using Formula (1):

Q="5""" y 100% )
mg

where mg is the mass of hydrogels when swollen to
saturation, and m14 is the mass in the dry state. In pure
water, the saturated water content of the hybrid hydro-
gel increased from 217% to 226% compared to the
hydrogel. In saline water, the hybrid hydrogel achieved a
saturated water content as high as 520% due to its resist-
ance to polyelectrolytes (Peng et al. 2023). The saturated
water content of the hybrid hydrogel in saline water was
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increased by 49% relative to the hydrogel, significantly
enhancing its swelling performance.

3.3 The reducted equivalent evaporation enthalpy

The equivalent evaporation enthalpy quantifies the
energy required for the evaporation of a unit mass of
water and is a crucial parameter for evaluating evapora-
tor performance. As shown in Fig. 3A, compared to direct
evaporation of pure water (0.06 kg m™ h™), the dark
evaporation rate of the hydrogel was 0.15 kg m™ h™%,
increasing by 1.5 times, illustrating that the hydrogel has
a lower evaporation enthalpy due to its unique polymer
network structure and ability to activate water molecules
(Anukunwithaya et al. 2024). With the incorporation of
biochar, the hybrid hydrogel achieved a dark evapora-
tion rate of 0.18 kg m™ h™!, which was 1.2 times that of
the hydrogel. It is suggested that biochar promotes the
evaporation process of the hydrogel through a non-pho-
tothermal mechanism. During the dark evaporation pro-
cess, both pure water and hydrogels relied on heat from
the environment for water evaporation. Therefore, the
equivalent evaporation enthalpy of the hydrogel could
be obtained by comparing the difference in mass change
between the two over the same duration (see Section SI-1
in the Supporting Information for details). Compared to
the hydrogel (1052.09 ] g™!), the evaporation enthalpy of
the hybrid hydrogel was only 877.79 J g~!(Fig. 3B), which
is lower than the evaporation enthalpy of most reported
hydrogels (Xu et al. 2023; Shu et al. 2024; Chen et al.
2025; Jiang et al. 2025). This indicates that the addition
of biochar reduces the equivalent evaporation enthalpy
of the hydrogel, making water molecules easier to
evaporate under the same energy input, thereby signifi-
cantly improving dark evaporation efficiency. Differen-
tial scanning calorimetry (DSC) can be used to observe
the thermal stability of materials. Integrating the DSC
curve yields the corresponding evaporation enthalpy.
Pure water exhibits a high and sharp endothermic peak
near 100 °C (Fig. 3C). In contrast, the DSC curves of
the hydrogels present a gradually decaying broad peak
with reduced peak height, indicating the weakening of
the hydrogen bond network of water molecules (Li et al.
2021b). Figure 3D shows the enthalpy of evaporation cal-
culated from DSC, which displays the same trend as the
equivalent enthalpy of evaporation obtained from the
latent heat experiment.

Raman spectroscopy was used to evaluate the O-H
stretching condition, demonstrating the different states
of water molecules in the hydrogels. Water molecules
in hydrogels exist in three states: Bound water(BW),
Intermediate water (IW), and Free water (FW). I'W
has weaker interactions with neighbouring water mol-
ecules and polymer chains compared to FW and BW,
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and thus requires less energy for evaporation, hence it
is also referred to as activated water (Guo et al. 2020).
Figure 3E and F show the Raman spectra of the hydro-
gel and hybrid hydrogel in pure water, respectively. The
two peaks at 3212 cm™! and 3340 cm™ correspond to the
O-H stretching in FW, which refers to water molecules
connected by four hydrogen bonds, with two protons
and two lone pair electrons participating in hydrogen
bonding. The O—H stretching peaks at 3470 cm™' and
3609 cm™! correspond to IW with weak hydrogen bond-
ing with surrounding water molecules. Through peak fit-
ting and integral calculations, it was found that the I'W/
FW value of the hydrogel increased from 0.70 to 1.30 due
to the incorporation of biochar. The results indicated that
biochar significantly affected the hydrogen bond network
of water molecules, forming more IW and thereby reduc-
ing the equivalent evaporation enthalpy. It could be due

to the interaction between the surface functional groups
of biochar and the hydrogen bond network, which altered
the hydrogen bonding network of water molecules in the
hydrogel, promoting the conversion of water molecules
from strong hydrogen bonds (FW) to weak hydrogen
bonds (IW), thereby further reducing the evaporation
enthalpy. Furthermore, Raman testing was conducted on
the hydrogel and hybrid hydrogel in saline water, with the
results shown in Fig. 3G and H. The IW/FW ratio of the
hybrid hydrogel reached as high as 1.43. The C-H bond
stretching signal of the hydrogel in the range of 2800—
3000 cm™! is greatly weakened, indicating that the poly-
mer chains of the hydrogel became more flexible in saline
water, which proves that the salt ions have a shielding
effect on the electrostatic interaction in the polyzwitte-
rionic hydrogel (Peng et al. 2023). Compared with those
reported in previous studies, as shown in Fig. 31, the IW/
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FW wvalues of the hybrid hydrogel in this study outper-
form most reported hydrogels in both pure water and
saline solutions(Zhu et al. 2020; Lei et al. 2022; Yang et al.
2024),

4 Conclusions

In this contribution, we revealed the dual-pathway
enhancement mechanism of photothermal and non-
photothermal performance in hydrogel evaporators
through biochar incorporation. Biochar enhanced the
hybrid hydrogel’s ability to absorb sunlight as a sunlight
absorber, concentrating heat within the hydrogel and
reducing heat loss to the bulk water, thereby improving
the hydrogel’s photothermal performance. Additionally,
due to the interaction between the surface functional
groups of biochar and the groups on the polymer chains
of the hydrogel, the pores of the hydrogel became smaller
and more uniformly distributed. This increased the
opportunity for light absorption and improved the light
absorption rate, while also enhancing the capillary force
of the pores on water molecules, ensuring an abundant
supply of water at the evaporation interface. More impor-
tantly, the presence of carboxyl and hydroxyl groups on
the biochar surface not only enhanced the hydrogel’s
hydrophilicity and swelling properties, but also regulated
the hydrogen bond network of water molecules within
the hybrid hydrogel. It weakened hydrogen bonds, form-
ing more I'W, and lowed the evaporation enthalpy of the
hydrogel to 877.79 ] g~'. Through multi-scale synergy, it
boosted the evaporation rate of the hybrid hydrogel to
3.57 kg m~> h™!. Our work provided theoretical guidance
and reference for future evaporation applications and
further research on hybrid hydrogels.
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