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Solar-driven steam generation as a potential green technology has attracted extensive
attention to solve the freshwater scarcity crisis. Photothermal materials as the key section
of solar steam generation have been widely reported. However, there is still a challenge in
developing easily prepared, environmental-friendly, and low-cost materials. Herein, the
simple, scalable, and porous carbonized cotton was prepared as an evaporator to
enhance solar-based evaporation, which has excellent light absorption ability in the
range of the full spectrum (300-2,500 nm). Benefiting from 95% solar absorption and
the pores between the cellulose tubes, the carbonized cotton heated by plate
carbonization reaches a steam generation rate of 0.8kgm™2h~', which is about
5 times that of untreated cotton. Compared with tube furnace carbonization, flat plate
heating carbonization of cotton requires lower equipment requirements and does not need
nitrogen protection and cleaning tar, and the photothermal conversion efficiencies of both
are similar. In addition, carbonized cotton as an evaporator was heated up rapidly under 1
sun irradiation and reached a stable temperature in 20s, greatly improving the
photothermal conversion rate. Therefore, plate heating carbonized cotton provides a
good idea for preparing solar photothermal conversion materials and a novel strategy for
simplifying the production of biomass thermal evaporators.

Keywords: cotton, biomass carbon material, photothermal conversion, solar steam generation, clean water
production

INTRODUCTION

Water is the basic element of life, economic development, and social progress. However, with
the rapid growth of the global population, the supply of clean water resources will become
tense in the following decades (Bartram et al., 2014; Xu et al., 2020; Xu et al., 2021a). Although
the traditional thermal distillation technology can alleviate the problem of water shortage
(Ortiz etal.,, 2005; Wang et al., 2019a; Xu et al., 2021b), it consumes a lot of coal and other fossil
fuels and causes a lot of energy waste and further pollution problems (Wang et al., 2019b; Xue
etal., 2019). Solar energy is one of the largest available renewable resources. Using solar energy
to drive water evaporation to produce clean water is an effective way to solve the problem of
water shortage (Kuravi et al., 2013; Alvarez et al., 2018; Nathan et al., 2018; Jun et al., 2019).
However, the low absorption rate of water to solar energy hinders its practical application.
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Therefore, it is necessary to apply materials with a wide solar
absorption spectrum and a high conversion efficiency to
break through this bottleneck (Xu et al., 2021c). At
present, the absorption materials used for solar thermal
conversion mainly include the following categories:
precious metal materials (Wang et al., 2014; Chang et al,,
2016), semiconductor materials (Bao et al., 2016; Song et al.,
2018; Wu et al., 2019a), organic molecular materials (Liu
et al., 2013), and carbon-based materials (Liu et al., 2015; Li
et al., 2016; Li et al., 2017; Wu et al., 2019b). Carbon-based
materials have development prospects and application
potential due to their low cost, richness content, excellent
light absorption capacity, and high efficiency for light-to-heat
conversion.

However, some carbon materials, such as graphene oxide,
with complex preparation processes and relatively high costs
are applied less in industries. Therefore, biomass materials
with a wide range of sources, low cost, and natural
hydrophilicity have attracted the attention of researchers.
Cellulose (C¢H;005) is a polysaccharide composed of
macromolecules and is ubiquitous in natural organisms.
The carbon content of cellulose is extremely high (more
than 50%). There are a large number of hydroxyl groups in
the molecular chain of cellulose, so cellulose possesses
superior hydrophilic properties. In addition, the hydrogen
bonds in cellulose make cellulose stable and will not break at
room temperature. Cellulose is a low-cost renewable material
that has been widely produced and applied. Moreover, cotton,
with over 90% cellulose content, is one of the most important
sources of natural cellulose. At present, cotton is mainly used
for making textiles and is also used in the beauty industry. As
a biomass with a low impurity content, cotton is one of the
ideal raw materials to prepare biomass carbon.

Biomass carbon materials are generally formed by high-
temperature pyrolysis in an inert gas atmosphere. For
example, Chen Y. et al. (2020) carbonized the sunflower
heads that have a naturally 3D macrostructure at a high
temperature to obtain a 3D-structured photothermal
conversion device. The light-to-heat conversion efficiency
under 1 sun of light was more than 90%. Fang et al. (2018)
used the natural 3D structure of the showerhead to prepare a
lotus-shaped bionic evaporator by high-temperature
pyrolysis. The evaporator has good wettability and a
hydrophobic surface. The evaporation efficiency is up to
90% under 1 sun of light. The main problems of biomass-
based photothermal conversion devices are a relatively
insufficient water evaporation rate (WER), a low heat
conversion efficiency, and a complicated synthesis process.
Considering that the real biomass faces problems such as
peeling pretreatment and fruit transportation and storage, it
must be freeze-dried, which prolongs the production cycle of
photothermal materials and increases power consumption.
However, conventional biomass carbonization methods, such
as high-temperature pyrolysis carbonization or hydrothermal
carbonization, cause relatively high power consumption and
are accompanied by by-products, and equipment cleaning is
time-consuming and labor-intensive.

Solar Steam Generation by Cotton

In order to prepare carbon materials with application
prospects and economic benefits, in this work, we conduct flat
heating carbonization on cotton, which takes a much shorter time
than conventional methods, and barely any by-products are
produced during the carbonization process. At the same time,
cotton was carbonized in a tubular furnace at the same
carbonization temperature. When comparing these two
methods, we found that the flat heating carbonization method
with the same carbonization temperature can greatly simplify the
preparation process without reducing the steam generation rate.
The carbonized cotton was ground to powder and deposited on
untreated cotton by the solution deposition method for
comparison. In addition, this work further designs a double-
layer floating system using the prepared biomass carbon material
(Chen et al,, 2017; Liu et al., 2017). The system consists of a light-
to-heat conversion part and an external water transport part. The
cotton column on the cold evaporating surface is introduced as a
water transport device to reduce the heat loss of the solar-based
evaporation system.

EXPERIMENTAL

Materials Preparation

The cotton pad was ultrasonicated two times with ethanol for
30 min. After drying, the cotton pad was heated on a heating plate
at 400°C for 20 min to carbonize one side and marked as CCO-4.
On the other hand, the same size of the cotton pad after
ultrasound and drying was heated to 400°C at a heating rate
of 5°C/min in a nitrogen-filled tube furnace for 2 h. After cooling,
the sample was marked as PCCO-4. Finally, the grated carbonized
cotton powder (PCCO-4) was deposited on the untreated side of
the same cotton pad by solution deposition, marked as Cotton &
CCO-4, as shown in Figure 1.

Design of 2D Water Channels

Cotton with good water delivery ability is used as the bottom layer
to form a double-layer structure of the solar evaporation system.
The ultrasound-cleaned cotton was paved and cut into rectangles
of 6 x 20 cm, then rolled to a height of 0 cm (minus container
height). The cotton column was put into the beaker until the
beaker was fully filled, and water was slowly injected so that the
cotton column was completely infiltrated. Finally, carbonized
cotton was placed on the top of the cotton column to form a
double-layer solar energy evaporation system. The moisture
transfer and water evaporation on the material surface formed
a dynamic balance, as shown in Figure 2. The experimental
platform mainly includes three parts, which are the light source
system, steam generation system, and measurement and
acquisition system. The light source system uses a model
SS150A artificial simulated solar emitter to provide stable light
energy for steam generation.

Characterization

Scanning electron microscopy (SEM, EM30, COXEM, Korea)
was used to characterize the microscopic morphology and
structure of carbonized cotton under an accelerating voltage
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Solar Steam Generation by Cotton
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FIGURE 1 | Schematic diagram of preparation of three cotton-based carbon materials: (A) pyrolysis in a tube furnace at 400°C, (B) contact carbonization of a
heated plate at 400°C, and (C) solution deposition of carbonized cotton powder on untreated cotton.
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FIGURE 2 | Schematic diagram of the experimental system.

of 10 kV. With KBr as the background material, the functional
group of the material was tested with a Fourier transform
infrared (FTIR) spectrometer of the Shiadzu model IRA-
15WL. The X-ray diffraction pattern was measured using a
Bruker AXS D8 Advance X-ray diffractometer. The test range
was 20 from 10° to 80°, the scanning rate was 2°/min, the
voltage was 40 kV, and the current was 50 mA. An Agilent
CARY 5000 ultraviolet-visible-near-infrared
spectrophotometer was used to measure the light absorption
efficiency of the material in the range of 200-2,500 nm. The
surface temperature of the material is measured with a thermal
imager (FLIR C5).

Theoretical Background
Consider that the solar heat conversion efficiency can directly

evaluate the performance of solar steam generation. The solar
energy is eventually converted into heat, which leads to useful
water evaporation and heat loss (e.g., thermal radiation,
convection, and conduction). According to the WER
evaluation that fundamentally determines the performance of
the solar-based evaporation, the solar heat conversion efficiency
() is defined as (Amjad et al., 2017; Amjad et al., 2018; Wu et al.,
2019b; Khalil et al., 2020):

_ m(hy +Q) (1)
Coptqi
T 2
_ 3|l Tf
hyy = 1.91846 x 10 [Ti—33.91] J/g (2)

where 7 represents the solar light-steam conversion efficiency, m
is the net mass change after deducting the dark evaporation
(kg m~*h™"), hyy is the latent heat enthalpy (J kg™'), and Q is the
sensible heat for increasing the water temperature.

Q = o(Ti-Ty) Jkg'', ¢ = 42]Jg'K™", T, is the initial
temperature of water, T; is the temperature of evaporation at
the gas/liquid interface (K), q; is the solar radiation value of a sun,
and C,pq; is the total power density of the sun. There are several
factors that affect the calculation of solar thermal conversion
efficiency: temperature, humidity, airflow, and evaporation area
in the laboratory test environment. It is worth noting that m is the
net WER after subtracting the WER in the dark environment;
thus, the influence of the environment on the experiment can be
eliminated. Latent heat is the enthalpy of phase change, which
varies from 2,453 to 2,265 k] kg™' from 20 to 100°C.
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FIGURE 3 | Physical picture of untreated cotton, cotton deposited with
CCO-4, carbonized cotton heated by a flat plate at 400°C, and cotton
pyrolyzed in a tube furnace at 400°C.

RESULTS AND DISCUSSION

The optical photographs of cotton-based carbon materials
prepared by different carbonization methods and untreated
cotton are shown in Figure 3. It can be seen clearly that the
size of cotton which has been carbonized by flat heating on one
side is slightly smaller than that of untreated cotton, but the
difference is not significant. Because the heating and
carbonization of the plate happened directly on one side and
in close contact, some less material is decomposed during the
carbonization process. In contrast, the size of the pyrolyzed
cotton in the tube furnace is significantly reduced because the
cotton completely placed in the tube furnace is carbonized more
thoroughly, and more structures are destroyed and decomposed.
The size of the cotton deposited with CCO-4 does not change,
and CCO-4 overcomes the problem of poor light absorption of
cotton. Therefore, the composite material has the potential as a
light-to-heat conversion device.

The SEM images of carbonized cotton heated by a flat plate at
400°C and cotton pyrolyzed in a tube furnace (shown in Figure 4)
indicate that the high temperature destroys the continuity of the
original fiber structure and makes it more irregular. This
microstructure is conducive to better capture of photons, so it
has a high broad-band absorption capacity and improves the light

Solar Steam Generation by Cotton

absorption efficiency (Wu et al., 2019¢; Chen L et al., 2020). The
pores between the fiber tubes are a good way to increase the space
for water transport. In contrast, the pyrolyzed cotton of the tube
furnace has more damaged structures, so the fiber pipes are
stacked together, thus presenting a denser image.

The oxygen and hydrogen of the pyrolyzed and carbonized
cotton escaped in the form of gaseous water after carbonization,
and the carbonized cotton was characterized by XRD, as shown in
Figure 5A. The XRD diffraction pattern of PCCO-4 has a diffuse
diffraction peak between 23° and 26°. This is the main feature of
amorphous carbon, indicating that the material contains
amorphous carbon. Amorphous carbon can improve the
efficiency of light transfer (Wilson et al, 2020). However,
CCO-4 has no obvious peaks, indicating that its amorphous
carbon structure is relatively inconspicuous. Functional groups
of carbonized cotton were identified by Fourier transform
infrared spectroscopy (FTIR) analysis, as shown in Figure 5B.
The peaks in the FTIR spectra for PCCO-4 are observed at
1,579.94 and 3,418.14cm ', responding to C=O and OH,
respectively. It can prove the excellent hydrophilicity of the
material (Yang et al,, 2017). In contrast, CCO-4 does not have
any prominent peaks, and only a weaker peak appears near
1,579.94 cm ™', indicating that its hydrophilicity is far inferior
to that of PCCO-4.

To quantitatively characterize the photoabsorption ability of
the carbonized cotton, we recorded absorption spectra in the solar
spectral range (wavelengths from 200 to 2,500 nm), as shown in
Figure 5C. The light absorption of PCCO-4 is 95%, which is
higher than that of CCO-4 (84%). Among them, there is no
difference between the two samples in the ultraviolet range, and
their light absorption efficiencies are both very high. However,
PCCO-4 shows a higher light absorption rate than CCO-4 in the
visible wavelength range close to infrared, especially in the
infrared range as shown in Table 1. However, for the
photothermal conversion of amorphous biochar, the longer-
wavelength light in the infrared range can hardly reach the
threshold of photothermal conversion and cannot be used by
the material. Furthermore, visible light and infrared account for
99% of the total radiant energy, and near-infrared occupies about
90% of the energy in infrared. Therefore, the solar energy
absorption rate of the photothermal conversion device
depends on the absorption of visible light and near-infrared
(Ghasemi et al, 2014). CCO-4 and PCCO-4 have little

FIGURE 4 | (A) SEM image of cotton heated and carbonized by a flat plate at 400°C and (B) SEM image of cotton pyrolyzed in a tube furnace at 400°C.
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FIGURE 5 | (A) XRD diffraction pattern, (B) Fourier infrared spectra, and (C) light absorption curve of CCO-4 and PCCO-4.
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FIGURE 6 | Infrared thermal images of untreated cotton, CCO-4, PCCO-4, and Cotton & CCO-4 under 1 sunat0s, 10's, 20 s, 30 s, 1 min, and 5 min.
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difference in light absorption in the visible and near-infrared
regions, so the total light absorptions of the two samples are
similar. Because light-to-heat conversion has certain
requirements for the energy of photons, the difference between
the two samples in the solar-based evaporation will be further
reduced.

The temperature distribution and the average temperature
of the carbonized cotton surface were estimated using a thermal
camera under 1 sun illumination, as shown in Figure 6. The
room temperature was between 21 and 27°C, and the humidity
was about 35%. It can be seen clearly from the figure that the
photothermal performance of untreated cotton is poor. Almost
all carbonized cottons show a significant temperature rise
within only half a minute, while the infrared image of

untreated cotton does not show any obvious heating
phenomenon. The surface temperature of CCO-4, PCCO-4,
and Cotton & CCO-4 reaches 55.4, 57.4, and 65.2°C after 5 min
under the light intensity of 1kW m™>, respectively. This is
because the light absorption performance of untreated
cotton is poor, and the conversion efficiency of light and
heat performance is low. Among them, the difference in the
photothermal conversion performance of CCO-4 and PCCO-4
is very small, indicating that the different carbonization
methods of cotton have no significant impact on the
photothermal conversion capacity. While the photothermal
conversion capacity of Cotton & CCO-4 is significantly
better than those of the other two carbon materials, because
of the excellent light absorption and light-to-heat conversion
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FIGURE 7 | (A,B) Time-dependent changes in the average temperature at the top surface of untreated cotton, CCO-4, PCCO-4, and Cotton & CCO-4. (C) Mass
change of water for untreated cotton, CCO-4, PCCO-4, and Cotton and CCO-4 under a dark environment and 1 sun after 60 min.

TABLE 1 | Light absorption efficiency of carbonized cotton prepared under
different pyrolysis conditions.

Samples Visible Invisible Full

light area (%) light band (%) solar spectrum (%)
CCO-4 97 51 84
PCCO-4 97 86 95

capabilities of the carbonized cotton, the loading of powdered
carbon particles on the cotton increases its surface roughness,
making it more perfect in capturing photons.

The Profession FLIR Tool and software were used to collect
the temperature data and the average temperature on the surface
of the material. The resulting temperature-time image is shown
in Figure 7. Figure 7A shows the average temperature of the
material surface within 0-60 s, and the data collection interval is
5s. Figure 7B shows the average temperature of the material
surface within 0-60 min. The data from 0 to 5 min are consistent
with Figure 7A, and the subsequent data collection times are 10,
20, 30, and 60 min. It can be seen from Figure 7A that the surface
temperature of the untreated cotton is kept at about 31 + 0.8°C
from 0 to 30s. Even after 1h, it only reaches 33.5 + 0.9°C. In
contrast, the light-to-heat conversion rate of PCCO-4 and CCO-4
is faster. Their surface temperatures stabilize in 20s and
eventually reach 61.4 + 1.5°C and 60 + 1.4°C in about an
hour, showing similar photothermal conversion properties.
However, the surface temperature of Cotton & CCO-4 still
showed a trend of rapid increase after 1min of 1 sun
illumination, stabilized at 65.2 + 1.6°C in about 5min, and
finally reached 65.3 + 1.6°C in about 1h. Therefore, both
CCO-4 and PCCO-4 showed a rapid temperature rise in 20 s

and a slow temperature rise in the following 0.5h. The
temperature rise of Cotton & CCO-4 mainly occurred within
the first 5 min.

There is an upper limit to the improvement of the
photothermal efficiency of biomass-based carbon photothermal
conversion devices. The current main solar-based evaporation
system using biomass carbon materials as the photothermal
conversion device is generally a floating system, which has a
relatively high heat loss. Therefore, a double-layer floating system
was further designed for the prepared biomass carbon material,
which was composed of a photothermal conversion device and an
external water transport device. In this paper, a cotton column
with a cold evaporating surface was introduced as a water
transport device. Solar-based evaporation experiments were
carried out using the above-mentioned biomass carbon
materials. The experiments were carried out on the above
biomass carbon materials under environmental conditions of
19-22°C and about 40% humidity. The beaker was filled with
a cotton column equal to the height of the beaker as a water
transport channel, and it was filled with water to completely soak.
As a water transport channel, pure cotton and carbonized cotton
that are completely infiltrated by water can be closely connected
with each other to complete water transport. Carbonized cotton
relies on the capillary effect of its own pores to transport water to
the top surface, where the water at the interface is heated and
evaporates due to the high temperature of the top surface of
photothermal materials.

The evaporation rate of photothermal water is shown in
Figure 7C. Under dark evaporation conditions, the water
evaporation rates of CCO-4 and the pure cotton column are
close to the same. In addition, the dark evaporation rate of
PCCO-4 is 0.18 + 0.01kgm >h™', slightly higher than the

TABLE 2 | Solar-to-steam conversion efficiency of cotton biochar.

Sample Net steam generation rate Light-steam conversion efficiency
(%)

CCO-4 0.62kgm=h" 42

PCCO-4 0.62 kgm=2h" 42

Cotton & CCO-4 0.72kgm=2h" 49
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0.16 + 0.01 kgm > h™" of the other two, while Cotton & CCO-4
exhibits a higher 0.3 + 0.02 kg m™>h™" due to its pores and large
evaporation area of the carbonized cotton. Under 1 sun of light,
the cotton column without the photothermal material only
showed 0.24 + 0.01kgm>h™" because the light absorption
efficiency of untreated cotton is low and the photothermal
performance is poor. CCO-4 and PCCO-4 still show similar
evaporation rates of 0.78 + 0.04 and 0.8 + 0.04kgm>h™",
respectively. On the other hand, Cotton & CCO-4 shows
superior solar based evaporation performance, and its water
evaporation rate is 1.02 + 0.05kgm™h™"

The light-steam conversion efficiency of cotton biochar
prepared by different carbonization methods is calculated,
and the results are shown in Table 2. It can be seen that
the net steam generation rates of cotton carbons with the same
carbonization temperature by different carbonization methods
(plate contact heating carbonization and tube furnace
carbonization) are the same, although SEM, XRD, FTIR,
ultraviolet-visible-infrared spectroscopy, and the light
absorption test of CCO-4 and PCCO-4 show obvious
differences. The results of the thermal heating test of them
are similar, which means that although the carbonization
method has changed the thermophysical properties of
cotton biochar to a certain extent, it has almost no effect on
the photothermal performance. However, the size change of
the cotton carbonized by flat contact carbonization is smaller
than that of the cotton heated and carbonized by the tube
furnace, and it is more convenient and feasible. Therefore, if it
is expanded to industrial production, flat contact
carbonization will have a greater application prospect.

CONCLUSION

In summary, we have designed a novel, highly efficient
photothermal conversion material for solar steam generation
using carbonized cotton, one of the low-cost agricultural
products. As a cellulose material, cotton has outstanding solar
absorption and excellent hydrophilicity. The steam generation
rates of carbonized cotton heated by plate carbonization and tube
furnace carbonization are 0.8 and 0.78 kgm >h™" under 1 sun,
which are about 5 times that of untreated cotton. However, the
plate heating carbonization method requires simpler equipment
and lower sample specifications, does not require nitrogen
protection, does not produce a large amount of harmful
substances such as tar, and consumes lower electricity costs.
Therefore, plate heating carbonized cotton provides a good
idea for preparing solar photothermal conversion materials on
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