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Efficient disposal of oily water pollution and oily sludge (OS) production with low energy demand has
garnered significant attention for the low carbon transition of the petroleum industry. How to overcome
the hardships from severe emulsion and interaction with soil minerals in emulsion–soil (OS) is a signifi-
cant challenge with the prospective opportunities of solar energy substitution. This paper proposed the
solar-driven photothermal conversion technology for efficient dehydration of OS and purification of oily
water using a multifunctional material. A biomass-based carbon aerogel (BCA-600) with a porous three-
dimensional (3D) structure and photothermal conversion characteristics was synthesized. Interestingly,
this carbon aerogel possessed adjustable surface wettability, enabling it to adsorb high viscosity crude oil
on the water surface (4.28 g g−1) and achieve demulsification–separation in water-in-oil emulsions
(97.28%) with the assistance of solar irradiation. Accordingly, the synergistic action of solar heating
and separation–adsorption of emulsion by BCA-600 contributed to the efficient photothermal dehydra-
tion for both OS and emulsion. The highest dehydration efficiency for OS reached 90.68% with the OS/
BCA-600 mass ratio of 10:2. Moreover, BCA-600 could remain in the dehydrated OS without separation
to participate in the following pyrolysis with enhanced effects by confined-catalytic cracking, achieving a
‘‘one stone, two birds” effect. Overall, the solar photothermal approach exhibits significant potential for
treating oily pollutants, reducing carbon emissions by more than 100 times compared to traditional ther-
mal methods. This could be a strong push for the low carbon transition of the petroleum industry.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The oil industry produces multiple pollution problems during
extraction, transportation, and storage, such as oily wastewater
and oily sludge (OS) [1–3]. Due to their high adsorption capacity,
porous materials can adsorb and recover crude oil pollutants. How-
ever, because crude oil contains high levels of heavy components
and exhibits high viscosity, its diffusion rate in porous materials
is low, resulting in poor adsorption effect. Notably, the viscosity
of crude oil decreases with an increase in temperature [4]. Ge
et al. [5] proposed a graphene-wrapped sponge to adsorb crude
oil from wastewater using joule heating, but it required a large
amount of electricity. With the assistance of renewable solar
energy, porous materials with photothermal conversion abilities
should have a high potential for recovering spilled high-viscosity
oil under solar irradiation. Kuang et al. [6] prepared a solar-
heated carbon absorber with aligned channels and low curvature
using natural wood for rapid adsorption of crude oil. Ding et al.
[7] reported a biomass-based compressible aerogel to treat oily
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wastewater, with the oil–water interface temperature exceeding
60 °C under sunlight irradiation. Wu et al. [8] designed a dual-
function graphene device capable of simultaneously solar-
powered steam generation and continuous oil recovery from oil-
contaminated seawater. Due to their special pore size, pore struc-
ture, and surface wetting properties, some of these porous materi-
als also effectively demulsify and separate oil–water emulsions.
However, the application of photothermal porous materials in
emulsion–soil (OS) treatment remains unexplored. OS mainly con-
sists of petroleum hydrocarbons, water, and solid residue. Cur-
rently, pyrolysis can recover petroleum hydrocarbons through
anaerobic heating and produce harmless residue with low oil con-
tent. However, most OS contains high water content and exhibits
serious oil–water emulsification, posing significant challenges for
dehydration before treatment and increasing energy consumption
for pyrolysis due to water evaporation. Thermal dehydration is
widely applied for OS and other waste with high water content
but also requires additional energy input.

Solar energy is an inexhaustible source of clean energy that can
be converted into heat energy by various photothermal conversion
materials, such as metal nanoparticles [9], semiconductors [10,11],
and carbon-based materials [12,13], which have been widely used
in cleanwater evaporation devices. Numerous studies have demon-
strated the potential of solar energy in the field of water evapora-
tion. Peng et al. [14] modified wood with simple tannic acid and
Fe3+ to impart photothermal conversion ability, achieving an evap-
oration rate of 1.85 kg m−2 h−1 under 1.0 sun (100 mW cm−1). Lee
et al. [15] proposed a novel superhydrophilic thermal insulation
macroporous film composed of carbonized sucrose and poly-
dimethylsiloxane as an efficient solar evaporator, achieving an
evaporation rate of 2.05 kg m−2 h−1 under 1.0 sun. However, these
studies are based on the theory of interfacial evaporation, making
it challenging to use the interfacial evaporator to vaporize thewater
in the OS due to its high viscosity and high emulsification. Before
the theory of interfacial evaporation was proposed, the volumetric
evaporation strategy was used to disperse nanoscale photothermal
conversion materials in water and heat the water body by in-situ
light absorption [16,17]. Inspired by these approaches, we are inter-
ested in exploring the use of photothermal conversion for OS dehy-
dration. With the assistance of photothermal materials, OS can heat
up more rapidly under sunlight, thus accelerating water evapora-
tion. However, due to the highly emulsified oil–water system in
OS, the heat generated by the photothermal conversion material
is absorbed by water and must overcome the coating film created
by the heavy components of crude oil or surfactants. Therefore,
the photothermal conversion materials that can promote the sepa-
ration of the oil–water emulsion during the evaporation process
have the potential to improve OS evaporation efficiency. Besides,
the effect of oil and soil co-existence on solar photothermal evapo-
ration remains unclear.

Compared to expensive carbon materials such as carbon nano-
tubes or graphene, biomass carbon-based materials are renewable,
low cost, and easily degradable. Cellulose, an extract of biomass, is
an ideal substrate for the preparation of three-dimensional (3D)
materials. Many cellulose-based aerogels have been widely studied
in the field of oil pollution treatment [18,19]. The porous aerogel
prepared by combining cellulose with other biomass can effec-
tively separate the oil–water emulsion [20]. Moreover, cellulose
aerogel can be transformed into carbon aerogel by increasing the
degree of graphitization and order through high temperature car-
bonization, thereby converting solar energy into heat energy
through p electron transition and relaxation process [21]. Under
the trend of clothing product innovation caused by social develop-
ment and the improvement of human living standards, a large
number of waste cotton textiles are accumulating. Cotton is a typ-
ical natural material, its main component is cellulose, so it is a
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promising material for the preparation of cellulosic carbon aerogel.
For this purpose, we used common biomass materials, such as car-
boxymethyl cellulose (CMC) and cotton, to obtain a 3D porous
skeleton through freeze-drying technology and achieve photother-
mal conversion performance through pyrolysis carbonization. The
preparation process of the carbon aerogel material is simple and
can meet the requirements of multiple types of oily pollutants with
the assistance of solar energy, including the adsorption of leaked
oil, treatment of oil–water emulsion, and natural dehydration of
OS. This work provides new insights for low carbon transition dur-
ing clean disposal of oily pollutants with prospective opportunities
to involve renewable energy in the fields of OS and oily water.

2. Experimental section

2.1. Materials

CMC, methyltrimethoxysilane (MTMS), dichloromethane
(DCM), hexane, and rhodamine B were obtained from Aladdin
(China). Cotton and lubricating oil were bought from local super-
market, China. Crude oil and diesel oil were obtained from Daqing,
China. Saline-alkali soil was acquired in Tianjin, China. Cr(NO3)3,
Cd(NO3)2, ZnCl2, PbCl2, and Cu(NO3)2 were bought from Macklin
(China).

2.2. Preparation of biomass-based carbon aerogel

Firstly, 3.0 g CMC was dissolved in 100 mL deionized water with
addition of 0.4 g absorbent cotton after grinding for gelation. The
resulting hydrogel was frozen at −80 °C for 6 h and placed in a vac-
uum freeze dryer for 48 h to completely remove the liquid phase
and obtain the biomass-based aerogel (BA). Subsequently, BA
was pyrolyzed at 300, 400, 500, and 600 °C for 1 h with a rate of
10 °C min−1 under nitrogen atmosphere. After complete carboniza-
tion, the biomass-based carbon aerogel (BCA) was collected and
named as BCA-y, where y is the carbonization temperature. In
order to further enhance the oil–water selective wettability of
BCA-y, hydrophobic treatment of BCA-ywas performed by a simple
silanization with assistance of MTMS. In simple terms, BCA-y was
put together with two vials containing 2 mL of MTMS and 2 mL
of deionized water in a sealed environment and heated at 80 °C
for 3 h to obtain silane-modified BCA-y, such as SBCA-y.

2.3. Adsorption of organic solvent under solar heating conditions

Oil adsorption capacity is the critical factor for application.
Xenon light source (CEL X250; power 250 W, spectral range 200–
2500 nm) was used to provide the simulated sunlight
(100 mW cm−2, i.e., 1.0 sun) for the adsorption properties of
SBCA-600. Diesel oil, crude oil, lubricating oil, DCM, and hexane
were selected as organic solvents for adsorption. The sample was
placed on the surface of organic solvents gently for 5 min. The mass
difference after reaching saturation was calculated to evaluate the
adsorption capacity. The absorption capacities (A) were evaluated
with the equation:

A mw m0 m0 1

where mw and m0 are the weight of SBCA-600 before and after the
absorption, respectively.

2.4. Separation efficiency test of SBCA-600 for various organic solvents
and water

Add 36 mL deionized water and 4 mL organic solvent into the
beaker, and mark the mass of the added organic solvent as m1.
According to the corresponding adsorption capacity of organic
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solvent, a slightly excessive mass of SBCA-600 was added, and the
mass of added SBCA-600 was marked as m2. After 10 min of
adsorption (xenon lamp was used to simulate sunlight when
absorbing crude oil), take out SBCA-600 and record the mass at this
time as m3. The separation efficiency (S) of SBCA-600 for organic
solvent was evaluated with the equation:

S m3 m2 m1 2
2.5. Preparation of OS

Crude oil and distilled water were mixed with pretreatment at
80 oC for viscosity reduction, and then stirred for 10 min on a
homogenizer (FJ-200, Shanghai Huanalysis Industrial Co., Ltd.,
China) at 11 000 r min−1. The process was repeated twice to get
a stable oil–water emulsion. The prepared emulsion remained
stable at room temperature for several days without significant
phase separation. Subsequently, saline-alkali soil was mixed with
the prepared oil–water emulsion and stirred to simulate OS.

2.6. OS dehydration experiment

Firstly, 10.0 g OS was mixed with different amount of BCA-600
powder. Then put it on the surface of a petri dish which the drying
dehydration experiment was carried out with the irradiation of
simulated sunlight (1.0 sun). A xenon lamp was equipped to simu-
late the sunlight with adjustment of the optical power density.
Specifically, the evaporation area was fixed at 50.24 cm2 with
evenly dispersion of the mixture of OS and BCA-600. The petri dish
was placed on an electronic balance to record the mass change in
real time, which can reflect the water evaporation rate. A thermal
imaging camera (DT-9897, Shenzhen Huashengchang Technology
Industrial Co., Ltd., China) was used to capture the thermal images
of OS surface and reveal the photothermal performance with the
temperature variation.

2.7. Characterization

The nitrogen sorption–desorption isotherm was performed on a
specific surface area analyzer (BELSORP-max, Microtrac, Japan) and
calculated according to Brunauer–Emmett–Teller (BET) method.
The morphologies of samples were analyzed by scanning electron
microscope (SEM; Quanta FEG 250, FEI, USA). The surface element
composition of samples was analyzed by X-ray photoelectron spec-
troscopy (XPS; Escalab 250Xi, Thermo Fisher Scientific, USA). The
spectra were determined using a photoelectron spectrometer with
a standard Al Ka source (1486.6 eV), power 150 W, X-ray beam
spot 500 lm and a pass energy of 30 eV was used in this situation.
The surface functional group structure was analyzed by Fourier
transform infrared (FTIR; NicoletTM iS50 FTIR, Thermo Fisher Sci-
entific) spectrum. Thermal degradation behaviors were measured
by an online thermogravimetry analyzer equipped with mass spec-
trometer (STA 449F3 Jupiter thermogravimetry analyzer, Netzsch,
Germany).
3. Results and discussion

3.1. Physical and chemical properties of BCA-y

The preparation procedure of BCA-y is illustrated in Fig. 1(a). As
the morphologies depicted in Fig. 1(b), BCA-y features a hybrid
channel structure composed of amorphous and filamentous fiber
carbon structures. The oxygen-containing groups rich in cotton
fiber can crosslink with CMC well, and form a porous intercon-
nected network structure as a supporting skeleton. CMC coated
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on the cotton fiber skeleton is freeze-dried to form random
micrometer pores, and then the amorphous carbon obtained by
pyrolysis jointly forms the main structure of BCA-y. Clearly, more
submicron pores could be observed from SEM images for BCA-
600. Besides, the pore size distribution curves also validated that
BCA-600 possessed much more pores with lower pore width. With
an increase in pyrolysis temperature, further pyrolysis of biochar at
high temperatures contributed to the appearance of submicron
pores on the skeleton of BCA-600 [22–24]. Fig. 1(c) presents the
N2 adsorption–desorption curve, indicating that all carbon aerogels
were type II isotherms (classified by International Union of Pure
and Applied Chemistry (IUPAC)). At low relative pressure (< 0.1),
the adsorption capacity rose rapidly, and the curve was convex,
proving that these materials were macroporous materials. With
increasing pyrolysis temperature, BCA-y demonstrated higher
adsorption–adsorbent interaction, attributable to the activation
of the material at high temperatures [21]. Fig. 1(d) shows the pore
size distribution of BCA-y. It can be evident that most of the mate-
rials with the largest pore volume had pore sizes less than 100 Å.
These micropores likely resulted from the decomposition of bio-
mass macromolecules. The pore volume in the range of 100 to
1000 Å decreases with increasing pyrolysis temperature, which
can be attributed to skeleton collapse due to the higher pyrolysis
temperatures [25]. In general, BCA-y shows the structural charac-
teristics of the coexistence of micropores and macromicron pores.
The large pores at micron level are conducive to providing suffi-
cient space for the adsorption of organic solvents, while the small
pores are conducive to the separation of oil–water emulsions [26–
28].

3D materials with selective oil–water wettability and porous
structure have been extensively studied for oil–water separation
[29–31]. Materials with photothermal conversion capabilities
can more effectively manage the separation of high-viscosity
crude oil and water. The carbonization process contributes to
pore formation, and removal of hydrophilic functional groups,
and enhances photothermal conversion through the generation
of conjugated p bonds. The oil–water selective wettability of
BCA-y is illustrated in Fig. 2(a). Clearly, BA without pyrolysis
treatment had a water contact angle of 0°, indicating super
hydrophily. Pyrolysis immediately increased the water contact
angle to 101.7° and exhibited slight variation with the elevation
of pyrolysis temperature between 300 and 600 °C. The lower
water contact angle indicated that BCA-y had an average ability
to selectively separate oil from water. In order to obtain materials
with selective oil–water separation ability for layered oil–water
separation, we considered enhancing the hydrophobic ability of
BCA-y by surface modification, which can be obtained by silane
hydrolysis of MTMS. Dramatically, MTMS modification increased
the water contact angle to 106.0° for SBCA without pyrolysis,
indicating initial hydrophobicity. Further carbonization elevated
the water contact angle from 130.9° of SBCA300 to 142.4° of
SBCA-600, much higher than without MTMS modification. To
some extent, MTMS can replace carbonization when the sole tar-
get is hydrophobic modification. Besides, SBCA-600 exhibited
excellent lipophilicity that could rapidly adsorb oil droplets. The
surface functional groups of BCA-y are reflected in FTIR spectra
in Fig. 2(b), which mainly include aromatic O−H (3430 cm−1), C
−H (868 cm−1), C=C (1585 cm−1), C=O (1640 cm−1), and C−O
(1011cm−1) [20,21]. These oxygen-containing functional groups
were very weak in these BCA samples and almost disappeared
for BCA-600, explaining the hydrophobicity after carbonization.
Fig. 2(c) gives full XPS spectra for BCA-y, with four samples each
having three dominant peaks at 532.1, 530.5, and 283.1eV, attrib-
uted to sodium Auger peak (Na KLL), O 1s, and C 1s, respectively.
The Na element came from CMC. The miscellaneous peaks below
200 eV should originate from the impurities in cotton fibers with
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Fig. 1. (a) Schematic diagram of preparation process of BCA aerogel; (b) SEM images; (c) nitrogen adsorption–desorption isotherms (p: partial pressure of nitrogen, po:
saturated vapor pressure of nitrogen); and (d) pore size distribution of BCA-y.
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negligible content. The C 1s high-resolution XPS spectrum of BCA-
y showed the presence of C−C, C−O, and C=O (Fig. S1 in Appendix
A). With the increase in pyrolysis temperature, the percentage
content of C−O decreased from 36.85% for BCA-300 to 21.28%
for BCA-600, and the content of C=O decreased from 33.43% to
3.92%. The decrease in oxygen-containing functional groups led
to the hydrophobicity of BCA-y, as confirmed by the conclusion
of FTIR.

The photothermal conversion capacity is another critical factor
affecting the separation effect on high-viscosity crude oil. Fig. 2(d)
shows the absorption intensity of BCA-y on the solar spectrum.
Clearly, the absorption energy of BCA-y on the solar spectrum
became stronger continually with the elevation of carbonization
temperature, especially in the near-infrared region (780
−2500 nm). Subsequently, the photothermal temperature rise
curves of BCA-y under simulated illumination (1.0 sun) are pre-
sented Fig. 2(e). BCA-600 rose from room temperature to 79.8 °C
within 180 s, while BCA300 only reached 64.7 oC after 180 s, con-
sistent with the absorption intensity of the solar spectrum. Fig. S2
in Appendix A shows the temperature–time change curve of BCA-
600 under light with different CMC/cotton ratios. It can be seen
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that when the cotton content gradually increased, the surface equi-
librium temperature of BCA-600 increased, and this trend was
most obvious when the cotton content was less than 0.4 g. When
the cotton content continued to increase to 0.6 and 0.8 g, the sur-
face temperature increase effect was not obvious. This may be due
to the fact that increasing the cotton content forms more graphi-
tized structures conducive to photothermal conversion at high
temperatures [32,33]. However continuing to increase the amount
of cotton to increase the surface equilibrium temperature of BCA-
600 also increased the heat radiation loss to the environment. Con-
sidering the photothermal conversion effect and economic cost, the
CMC/cotton ratio of 3.0:0.4 (wight (w)/w) is more appropriate.
Unless otherwise specified, the CMC/cotton ratio for all BCA-600
in this article is 3.0:0.4 (w/w). Fig. 2(f) presents the heating capac-
ity of BCA-600 under different light power densities: 1.0, 1.5, and
2.0 sun. As expected, the equilibrium temperature of BCA-600
increased significantly with the increase in light power density.
After 180 seconds, the equilibrium temperature reached 79.8,
98.5, and 117.7 °C respectively. Besides, the equilibrium tempera-
ture was reached within a shorter time under stronger light inten-
sity. Fig. 2(g) displays the good cyclic stability of BCA-600, showing



Fig. 2. (a) Water contact angle diagram, (b) FTIR spectra (ar: aromatic); (c) full XPS spectra, Na KLL: sodium auger peak; (d) solar absorption curves from 250 to 2500 nm (AM
1.5 g: standard spectrum of the Earth’s surface); (e) temperature rising under 1.0 sun; (f) temperature rising of BCA-600 under different light power densities; (g) cyclic
temperature rising of BCA-600 under 1.0 sun; and (h) adsorption capacity of organic solvents over SBCA-600 under 1.0 sun.
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that the heating rate and equilibrium temperature of BCA-600 did
not change significantly after five cyclic light tests. Therefore, BCA-
600 possessed a good photothermal conversion efficiency and
adjusted surface wettability for varied applied scenarios.

3.2. Oil adsorption and oil–water separation

Materials with excellent hydrophobicity and lipophilicity, such
as SBCA-600, can selectively adsorb oil in oil–water mixture, mak-
ing them a viable option for oil–water separation to some extent.
Firstly, to evaluate the oil adsorption capacity, SBCA-600 was
selected to directly adsorb various organic solvents in the absence
of water under 1.0 sun. As presented in Fig. 2(h), SBCA-600
adsorbed about 4 to 6 times its own weight in organic solvents,
and the adsorption capacity for high-viscosity crude oil reached
209
4.28 g g−1. It can be speculated that its adsorption capacity would
further increase under solar irradiation. Next, to assess the selec-
tive adsorption property in an oil–water mixture, SBCA-600 was
placed on the surface of a stratified oil–water mixture with a water
content of 90.0%, as presented in Fig. 3(a-i). To ensure separation
efficiency, the dosage of SBCA-600 used was slightly more than
the theoretical value needed for the saturated adsorption of the
crude oil obtained from Fig. 2(h). The crude oil was almost fully
adsorbed by SBCA-600 under 1.0 sun irradiation within 10 min,
while SBCA-600 still floated on the water surface due to its excel-
lent oil–water selective wettability (Fig. 3(a-ii)). A video of the
SBCA-600 adsorbing crude oil under light is provided in Video S1
in Appendix A. The infrared image depicted in Fig. 3(a-iii) demon-
strates that the surface of SBCA-600 reaches 54.1 °C, which is lower
than the 79.8 °C achieved without the participation of oil. The
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viscosity reduction and adsorption of crude oil were endothermic
processes, directly contributing to the decline of surface tempera-
ture. Additionally, the partial covering and filling of oil molecules
on the surface and in the internal pore channels inhibited pho-
tothermal conversion efficiency. The separation efficiency of
SBCA-600 for the mixture of organic solvents and water is calcu-
lated and presented in Fig. 3(b), which all reached 96.88%–
99.87%, proving the applicability of SBCA-600 for separation of
organic solvents from oily wastewater.

Oily wastewater produced by the oil industry generally exists
as a water-in-oil emulsion, which is more challenging to separate
compared to the aforementioned stratified oil–water mixture.
The water-in-oil emulsion contains many tiny water droplets,
which are difficult to aggregate and separate spontaneously
due to the action of surfactants or heavy components of crude
oil. BCA-600 did not have a water contact angle of more than
120° in the air, which was not favorable for effectively separating
layered oil and water due to a worse separation effect. Therefore,
in the specifically target oil–water separation scenario, simple
hydrolysis modification of silane was conducted to improve its
oil–water selective adsorption capacity and improve the oil–
water separation effect. However, demulsification was the criti-
cal step for the separation of water-in-oil emulsions, which
tended to occur primarily inside the pores of the material with-
out particularly significant changes in surface wettability [34].
Accordingly, considering the cost and process, MTMS modifica-
tion was not further used in subsequent experiments in terms
of emulsion treatment. BCA-600 with a relatively poorer
hydrophobicity, might be more effective in this context. Further-
more, BCA-600 has the appropriate pore size and zigzag internal
structure, which are favorable for the separation of water-in-oil
emulsion. As shown in Fig. 3(c), BCA-600 was placed on the sur-
Fig. 3. (a) Diagram of SBCA-600 adsorbing crude oil on water surface under 1.0 sun at (a
SBCA-600 for various organic solvents and water; (c) schematic diagram of demulsificatio
(d) moisture content and demulsification efficiency; and (e) photos and light microscop
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face of an oil-in-water emulsion and connected to a peristaltic
pump. The peristaltic pump drove the emulsion to flow through
the inside of BCA-600, and the separated oil was collected at the
pump’s exit. The moisture content of the emulsion before and
after separation was determined by Karl Fischer’s water ana-
lyzer. Separation tests were conducted for hexane–water emul-
sion and diesel–water emulsion. Fig. 3(d) shows that the
separation efficiency of hexane–water emulsion and diesel-
water emulsion reaches 97.28% and 88.81%, respectively. Fig. 3
(e) presents digital and electron microscope images before and
after the separation of the two emulsions. Clearly, there was no
significant free water after the separation for hexane–water
emulsion, while a small amount of free water droplets was
observed for diesel–water emulsions, corresponding to their
respective separation efficiencies. The difference in dynamic
viscosity between hexane and diesel likely contributed to this
phenomenon. To reveal the separation behavior of BCA-600 for
water-in-oil emulsion, the hexane–water emulsion was further
investigated as a representative. Additionally, suitable dyes, such
as rhodamine B, were added to track the oil and water droplets
during the separation process (Fig. S3 in Appendix A). The trace
of specific element N from rhodamine B can be reflected from
energy dispersive X-ray spectroscopy (EDXS; Fig. S3(a-iii)),
which clearly showed that the bottom part of BCA-600 contained
more N element than the top part after separation. Therefore, the
separation mechanism of BCA-600 for water-in-oil emulsion is
similar to that of some reported porous 3D materials [35,36].
The water droplets continuously collide and aggregate to form
large droplets after the emulsions flow through BCA-600 due to
the pore size screening mechanism. Besides, the oil film formed
in the pores further promoted the aggregation of water droplets,
ultimately achieving the separation of oil and water.
-i) 0 min and (a-ii) 10 min and (a-iii) its infrared image; (b) separation efficiency of
n mechanism of BCA-600 (O: oil, W: water, F: driving force, from peristaltic pump);
y of two emulsions before and after BCA-600 separation.
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3.3. Promoting evaporation and dehydration

The photothermal conversion property of BCA-600 has the
potential to promote evaporation and dehydration processes
(Fig. 4). As mentioned above, OS is a type of solid waste containing
a certain amount of water that needs to be removed before post-
treatment. To evaluate the feasibility of solar-driven evaporation
and dehydration of oily wastewater and wet soil, different
amounts of BCA-600 were mixed with 10.0 g of water-in-oil emul-
sion to conduct water evaporation experiments using in-situ
absorption of solar radiation energy. The dosage of BCA-600 was
based on the saturated adsorption of crude oil. Under normal cir-
cumstances, crude oil is more likely to warm up than water due
to its lower specific heat capacity. However, since the water dro-
Fig. 4. (a–c) Evaporation of crude oil emulsion with a different oil–water ratio by 100%
different amount of BCA-600; (g–i) evaporation of soil–water mixture with soil–water r
(c, f, i) comparison between practical water content and evaporated mass loss with BCA

211
plets in the emulsion were coated with crude oil, water evapora-
tion for water-in-oil emulsion becomes a tough problem. The
relative content of oil and water in water-in-oil emulsion may
impact evaporation. Figs. 4(a) and (b) present the mass change
and its rate, calculated by differentiating of emulsion under 1.0
sun for 3 h with different oil/water mass ratios of 4:6, 5:5, 6:4,
and 7:3. As expected, higher water content resulted in larger mass
change and rate. The maximum weight loss reached 402.0 g m−2

for the emulsion with an oil/water mass ratio of 4:6. The
mass change rate rapidly reached the maximum value within
40–50 min and then declined slowly. Besides, the lower crude oil
content led to an earlier peak in the maximum weight loss rate.
Interestingly, the emulsions with higher oil/water mass ratios of
6:4 and 7:3 exhibited similar curves of mass change and its rate.
BCA-600; (d–f) evaporation of crude oil emulsion with the oil–water ratio of 6:4 by
atio of 6:5 by 100% BCA-600. (a, d, g) Mass change, (b, e, h) mass change rate, and
-600. P: practical water content; E: evaporated mass loss.

move_f0020


F. Lin, H. Yao, C. Luan et al. Engineering 48 (2025) 205–219
Therefore, the high oil content caused more severe water-in-oil
emulsion, making water evaporation more difficult. Fig. S4(a) in
Appendix A depicts the temperature variation curves of the emul-
sion surface, which quickly rose to 35–45 oC within 40 min and
maintained stable thereafter. The final temperature distribution
is shown in the infrared images in Fig. S4(b). Lower water content
attained higher temperatures, which also explains the lower tem-
perature elevation in emulsion compared to the pristine BCA-
600, as water evaporation absorbs a certain amount of heat. The
practical water content (P) and evaporated mass loss (E) of these
emulsions are shown in Fig. 4(c). Unfortunately, the actual weight
loss was much lower than the practical water content, with the
maximum ratio of E/P being 32.13%, indicating an undesirable
dehydration effect.

To investigate the effect of the mixing amounts of BCA-600 on
the evaporation of oil–water emulsions, 10.0 g of crude oil emul-
sions with an oil/water mass ratio of 6:4 was used with varied per-
centages of BCA-600 based on the saturated adsorption of crude
oil. As presented in Figs. 4(d) and (e), more BCA-600 favored water
evaporation, with the maximum mass change reaching
594.9 g m−2 with the addition of 200% BCA-600. However, water
evaporation was very slow when the BCA-600 was insufficient to
completely adsorb the emulsion. Light irradiation on BCA-600
caused temperature rise, which further reduced viscosity. Conse-
quently, the crude oil flowed and covered the surface of BCA-600,
inhibiting the photothermal conversion effect. However, excessive
BCA-600 could contain the emulsion inside its channel without
overflow, thus alleviating the inhibition from the flowing emulsion
(Fig. S5 in Appendix A). The weight loss rate curves also presented
that excessive BCA-600 exhibited the highest rate initially, mainly
due to the complete adsorption of emulsion inside its channels.
This is also the reason why, in Figs. 4 (b) and (e), the evaporation
weight loss rate in the early stage of the emulsion basically con-
forms to the trend of maintaining a stable first and then increasing.
The idle material could promote the photothermal evaporation
process. Besides, the idle channels of BCA-600 enhanced heat
transfer efficiency. As presented in Fig. 4(f), the highest E/P value
reached 51.22% for 200% BCA-600, while it was only 11.17% for
50% BCA-600.

Clearly, 51.22% is not a satisficed result for dehydration of emul-
sion. The oil phase component in the emulsion negatively impacts
evaporation. These results illustrate that BCA-600 can promote
evaporation and dehydration in an oil-in-water emulsion, but the
emulsion also presents challenges. Subsequently, a soil–water mix-
ture with a weight mass ratio of 6:5 was used to investigate the
practical evaporation potential under sunlight with BCA-600. The
amount of BCA-600 used was the same as in Fig. 4(d). Interestingly,
the mass change was much faster in the soil–water system, almost
reaching equilibrium within 90 min (Fig. 4(g)), while the emulsion
system did not complete until 180 min. Besides, the insufficient
addition of BCA-600 still attained a maximum weight loss of
80.37% (Fig. 4(i)), and the surface of the soil–water mixture hard-
ened obviously after light exposure for 3 h (Fig. S6 in
Appendix A). With the increase in BCA-600 addition, the maximum
weight loss rate also increased (Fig. 4(h)). Additionally, the rate
decreased much faster after reaching the maximum value for each
soil–water subject compared to the emulsion. The equilibrium
weight loss rate for the soil–water mixture with 200% BCA-600
was very close to zero, implying the free water is basically
removed, but there is still a small amount of water that is difficult
to remove, such as bound water. This was consistent with the E/P
value of 93.40% presented in Fig. 4(i). It should be noted that 50%
BCA-600 had the lowest ratio at 80.37%, but it was still much
higher than the emulsion system in Fig. 4(d). In the oil–water
emulsion system, there were two types of liquid: oil and water.
Oil remained throughout the evaporation process, occupying the
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channels of BCA-600 and inhibiting heat transfer. Although BCA-
600 exhibited demulsification effects that could release the water
phase from the oil phase, water tended to sink due to density con-
trast or still physically mixed with oil in the same layer, further
inhibiting water evaporation. Finally, the soil phase might play a
role in promoting heat transfer during the evaporation process,
allowing the heat generated by BCA-600 to transfer to the bottom
faster, thereby accelerating the overall evaporation rate.

Based on the speculation, OS evaporation experiments were
conducted to explore the effect of soil particles on the evaporation
process by adding soil particles to a crude oil–water emulsion with
a fixed oil–water mass ratio of 6:4, where 6:4:X represented the
weight proportion of each phase (X is the mass of the solid phase).
BCA-600 was also added according to the saturated adsorption of
crude oil. As presented in Fig. 5(a), increasing the solid content
contributed to a larger mass change in the first 60 min, but OS
(6:4:20.0) quickly reached equilibrium without further increase.
It should be noted that the higher content of solid particles caused
lower water content in the entire OS system. Nevertheless, the
mass change rate displayed in Fig. 5(b) illustrated that the pres-
ence of solid particles enhanced water evaporation, with the max-
imum value reaching 6.58 g m−2 min−1 within 10 min for OS
(6:4:20.0). After that, it quickly declined to approximately zero,
implying ending of dehydration. Fig. 5(c) clearly depicts the pro-
moting effect of solid particles on water evaporation, as the E/P
value continuously increased with the content of solid particles.
The E/P value for OS (6:4:20.0) had reached approximately 100%,
implying almost complete dehydration. On one hand, higher con-
tent particles implied less water content, which reduced the evap-
oration energy consumption and contributed to a relatively higher
surface temperature (Fig. S7 in Appendix A). On the other hand, the
presence of solid particles should promote heat transfer due to
their loose character and low specific heat capacity. Therefore, OS
with higher solid content should exhibit better photothermal evap-
oration performance. Besides, complete dehydration is not the final
target, which is meaningless if it requires too long-time an opera-
tion or too much input of materials. Reducing the water content
with reasonable investment to alleviate the energy consumption
for the post pyrolysis is the critical target for solar-driven dehydra-
tion of OS.

In the evaporation experiments of oil–water emulsion, the
amount of BCA-600 was determined according to the theoretical
saturated adsorption capacity of BCA-600 for crude oil. However,
the difference in moisture content in the emulsion may affect the
actual adsorption capacity of BCA-600. A higher amount of BCA-
600 can significantly improve the dehydration efficiency of emul-
sion but will also increase the cost. Based on the promotion effect
of solid particles in the OS system, it would be better to find a suit-
able mixture ratio of OS and BCA-600 that can attain acceptable
dehydration efficiency while reducing the dosage of BCA-600 as
much as possible. Subsequently, OS with a fixed oil/water/solid
mass ratio of 6:4:5 (water content 26.7%) was selected with differ-
ent BCA-600 mixing amounts to carry photothermal evaporation.
As expected, the natural evaporation of pristine OS was very slow,
while adding more BCA-600 accelerated mass change, with the
highest rate reaching 4.58 g m−2 min−1 (Figs. 5(d) and (e)). The
pristine OS attained a mass change of 215.36 g m−2 after
180 min, compared to only 119.43 g m−2 for the emulsion (Fig.
4(a)), further validating the promotion effect of solid phase compo-
nents in OS. When the mass ratio of OS to BCA-600 reached 10:2.0,
the final mass change was 488.85 g m−2, which was 2.27 times the
original OS. The mass change rate curve of this sample was obvi-
ously different from others. Less BCA-600 caused free emulsion
to float on the surface during the evaporation process, affecting
the heat transfer effect. The photos before and after evaporation
of OS with different BCA-600 mixing ratios in Fig. S8 in Appendix
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Fig. 5. (a–c) Evaporation of crude OS with different solid contents; (d–f) evaporation of OS with the oil–water–solid ratio of 6:4:5 by different amounts of BCA-600; (g–i)
evaporation of OS with different water content. (a, d, g) Mass change, (b, e, h) mass change rate, and (c, f, i) comparison between practical water content and evaporated mass
loss with BCA-600.
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A present an obvious drying effect for the optimized sample, while
there were still free emulsions for the other three experimental
groups. Fig. 5(f) illustrates that the E/P value also increases with
the elevation of BCA-600, and the dehydration rate can reach
90.68% under the OS to BCA-600 mass ratio of 10:2.0, which has
exceeded the soil and water mixture (Fig. 4(i)). For the OS to
BCA-600 mass ratio of 10:2.0, the percentage of BCA-600 based
on saturated adsorption of crude oil was 74.90%, which was lower
than 100% BCA-600.

To verify the applicability of BCA-600 for OS with different
water content, a series of OS samples were prepared with varied
oil–water ratios and mixed with BCA-600 according to the OS:
BCA-600 mass ratio of 10:2.0. Fig. 5(g) clearly shows the mass
change increases with elevation of water content at same evapora-
tion time, while the OS sample with a water content of 66.7%
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climbed significantly compared to the other three samples. It
should be emphasized that 66.7% water content represented the
absence of an oil phase, such as, it was a soil–water mixture. There-
fore, the presence of oil, especially emulsion, indeed inhibited
water evaporation, and removal of the oil released the huge poten-
tial for water evaporation. Fig. 5(h) also displays that the maxi-
mum rate appeared slightly earlier for the soil–water mixture
than other groups, which also reached the same level as Fig. 4(h),
likely due to the absence of oil phase content leading to less free
emulsion on surface evaporation. The evaporated mass loss
increased slightly with the elevation of water content as depicted
in Fig. 5(i). Interestingly, the E/P value maintained a relatively
stable level for the first three OS samples, approximately 89.65%
to 90.72%, while it declined to 73.27% for the soil–water mixture.
Actually, 73.27% was lower than the lowest E/P value shown in
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Fig. 4(i), which should be attributed to the lower water content in
Fig. 4(i) which was only 45.4% and accordingly required less time
to complete evaporation. An obvious drop in surface temperature
observed from the infrared image (Fig. S9 in Appendix A) also
reflected this phenomenon.

Clearly, BCA-600 had an excellent promotion effect on OS dehy-
dration under sunlight, which should be attributed to its pho-
tothermal conversion and emulsion separation ability. BCA-600’s
macroporous and microporous structure could adsorb the emul-
sion, thus reducing the resistance to water evaporation. To illus-
trate that OS dehydration was not just influenced by solar
heating, commercial carbon black (CB) with good photothermal
conversion properties but no specific surface characteristics and
lacking macropores was used for comparison with the same adding
proportion, circa (ca.) 10:2.0 for OS and CB. As presented in Fig. S10
in Appendix A, the dehydration rate of OS/CB is far worse than that
of OS/BCA-600. Therefore, the simple photothermal conversion
effect may be insufficient, and the surface and pore structure are
equally important for the separation synergy of oil–water
emulsions.

Increasing the evaporation area can indeed improve the effi-
ciency of evaporation, but it also leads to greater land occupation.
Therefore, it is necessary to consider the utilized area comprehen-
sively from the prospective of a practical photothermal dehydra-
tion process. With the same target amount of OS for treatment,
maintaining the same evaporation area implies an increase in the
accumulation thickness, which undoubtedly increases the diffi-
culty of surface heat transfer and bottom water transmission
upward. The suitable thickness of OS deposition determines the
maximum single processing scale. Three OS samples with a fixed
oil/water/solid mass ratio of 6:4:5, ca. 10.0, 20.0, and 30.0 g, were
mixed with BCA-600 according to the OS/BCA-600 mass ratio of
10:2 and put into a container with a cross-sectional area of
5 cm × 5 cm. The accumulated thickness was 0.6, 1.2, and
1.7 cm. As expected, the mass change became slower with increas-
ing thickness as presented in Fig. 6(a). Especially, when the thick-
ness increased to 1.7 cm, the water evaporation became very slow
(Fig. 6(b)), and the final evaporated mass loss was negligible (Fig.
6(c)). This can be seen from the side infrared thermal images of OS
of three thickens 30 min before evaporation in Fig. 6(d). Besides,
the mass change rate curves for all three groups followed the trend
of increasing first and then maintaining stability (Fig. 6(b)), which
were totally different from the above-mentioned results with an
evaporation area of 50.24 cm2. A small evaporation area caused a
slow surface evaporation rate and accordingly prolonged the time
to reach the maximum evaporation rate. The E/P value declined
significantly with the increase in thickness. When the thickness
was 1.7 cm, only 8.26% of the water was evaporated (Fig. 6(c)).
Therefore, it would be better to carry out photothermal evapora-
tion treatment of OS in batches with a lighter thickness to ensure
efficient dehydration.

In summary, the solar evaporation and dewatering effect of
photothermal conversion materials on OS is mainly restricted by
many aspects. One is the characteristics and dosage of photother-
mal conversion materials. For porous photothermal materials with
suitable surface wettability and pore structure, increasing the
addition amount is an effective way to improve evaporation effi-
ciency, and the specific addition amount should be determined
according to the adsorption capacity of the material. The other
one is the oil–water–solid three-phase relative content of OS. Sim-
ply speaking, the presence of the oil phase is not conducive to
evaporation. Overcoming the oil-in-water emulsion barrier con-
sumes a lot of energy and absorbs a lot of heat for water evapora-
tion. Therefore, OS with high oil content will lead to a decrease in
the evaporation effect, which needs to be avoided in practical
applications. The presence of a solid phase facilitates evaporation,
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which is caused by the promotion of the relative heat transfer of
solid, so different solid phase components and contents may theo-
retically have different effects on evaporation. The last one is the
selection of evaporation area and thickness of OS. It is beneficial
to increase the evaporation area and reduce the evaporation thick-
ness, which accords with the influence factors of water evaporation
under natural conditions. Therefore, in the face of actual applica-
tion scenarios, it is necessary to choose the appropriate way and
scheme according to the above aspects.

3.4. Water analysis from the evaporation of OS

During evaporation and dehydration of OS with the assistance
of BCA-600, the temperature within the mixture can reach
approximately 60–70 °C. At this temperature, a small amount of
volatile organic compounds (VOCs) might be released [37]. Addi-
tionally, OS contains heavy metals, some of which may form
water-soluble heavy metal salts that dissolve in the water phase.
Whether these heavy metals volatilize with steam during evapora-
tion is a critical factor for practical applications. To asses this, evap-
orated water was collected from the OS with a moisture content of
26.7% (oil–water–solid mass ratio of 6:4:5) and analyzed for its
components. To simulate the heavy metals in OS, five heavy metal
salts Cr(NO3)3, Cd (NO3)2, ZnCl2, PbCl2, and Cu(NO3)2 were added to
the OS system. The OS samples were labeled as OS (1.0), OS (2.0),
OS (3.0), and OS (4.0), corresponding to the respective concentra-
tions of 1000, 2000, 3000, and 4000 mg kg−1 for each heavy metal,
respectively. As presented in Fig. 7(a), OS inevitably emits VOCs
during evaporation. Fig. 7(b) illustrates the heavy metal content
in the evaporated water from the above-mentioned OS samples.
As the initial concentration of heavy metals increased, their con-
tent in the evaporated water also increased, particularly for Cr,
Cd, and Cu. Zn and Pb had the highest concentration in the evapo-
rated water due to higher volatility, which also caused fluctuations
of experimental errors. According to the comprehensive sewage
discharge standard of the People’s Republic of China GB8978–
1996, the contents of Cd and Pb in the evaporated water exceeded
the permissible levels. Therefore, it is crucial to consider the filter-
ing function of the evaporated materials to prevent the emission of
pollutants from OS. The photothermal effect even accelerates the
emission of these pollutants according to the basic physical princi-
ples. Effective filtering and containment strategies are necessary to
mitigate the release of harmful substances during the photother-
mal dehydration process.

3.5. Co-pyrolysis behavior of BCA-600 and OS

After dehydration, OS requires further treatment to remove the
oil phase through a pyrolysis process. Since BCA-600 was mixed
with OS during the photothermal dehydration process and is diffi-
cult to separate, understanding their co-pyrolysis behavior is
essential. BCA-600 is a carbonous material rich in oxygen-
containing groups, such as –COOH, –OH, and so forth, which can
effectively catalyze the pyrolysis reactions of oil molecules [38–
40]. To investigate this, OS samples were prepared by mixing oil
with soil (without water), maintaining an oil–water–soil mass
ratio was 6:0:5. Various mass ratios of OS to BCA-600 were tested:
approximately 10:3, 10:2, and 10:1, labeled as HA, FA, and OA,
respectively. Fig. 8(a) presents the thermogravimetric (TG) curves
of the three samples under an inert atmosphere, with the pristine
OS and BCA-600 as benchmarks. The calculated TG curves (shown
by the line) were derived from the mathematical addition of the
two benchmark curves according to the proportions. Clearly,
BCA-600 was very stable with negligible weight loss along the
whole pyrolysis process. Under the same pyrolysis conditions,
the observed weight losses of FA and OA were higher than the
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Fig. 6. Evaporation of OS mixed with BCA-600 under different thicknesses. (a) Mass change; (b) mass change rate; (c) comparison between practical water content and
evaporated mass loss; and (d) infrared radiation images after 1.0 sum irradiation for 30 min.

Fig. 7. (a) TOC and (b) heavy metal content of condensed water from evaporation of OS (ppm: parts per million).
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calculated values, but HA was in contrast, implying that BCA-600
enhanced OS pyrolysis, but excessive addition caused an inhibition
effect. Nevertheless, the inhibition effect was not presence before
480 °C. The derivative thermogravimetric DTG curves (Figs.
8(b-i)–(b-iii)) exhibited three characteristic regions by deconvolu-
tion through Gaussian functions. The first stage (SI) mainly
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involved the removal of bound water and the volatilization of some
light hydrocarbons, while the second (SII) and the third stage (SIII)
represented the volatilization of organic matter and the pyrolysis
polymerization reaction, respectively [38]. In comparison, the
absence of free water obviously weakened SI, which was also
similar for these three groups. However, SII and SIII exhibited



Fig. 8. (a) TG and (b) DTG curves of OS, BCA-600, and OS mixed with BCA-600 in different ratios, respectively.
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differences that became stronger with the decline of the BCA-600
amount. Therefore, the presence of BCA-600 should enhance the
desorption and decomposition of oil hydrocarbons, especially
wean the polymerization reactions (SIII). Although HA exhibited a
slight inhibition effect from the comparison between tested and
calculated TG curves in the final stage, DTG curves also demon-
strated that SIII was greatly weakened and that OS pyrolysis should
be improved. Coats–Redfern method was used to compare the
stage and the average activation energy and Avrami–Erofeev func-
tion was adopted to investigate the kinetic mechanism. As tabu-
lated in Table 1, the activation energy in the SIII stage decreased
from 103.42 kJ mol−1 of alone pyrolysis (AP) of OS to 100.31,
93.35, and 83.30 kJ mol−1 of OA, FA, and HA, respectively. Accord-
ingly, the total average activation energy decreased from 48.59 to
40.64, 43.11, and 33.61 kJ mol−1, respectively. This meant that
BCA-600 indeed played a positive role in reducing the activation
energy of OS pyrolysis, which should mainly originate from poly-
merization. The porosity of BCA-600 allows it to adsorb oil hydro-
Table 1
The activation energy (Ea) was obtained from the Coats−Redfern method.

Item Stage Temperature (°C) Ea

OS (6:0:5) AP SII 306.64–433.45
SIII 433.45–500.00 10

OS (6:0:5) HA SII 256.54–426.48 1
SIII 426.48–500.00 8

OS (6:0:5) FA SII 265.03–426.53 1
SIII 426.53–500.00 9

OS (6:0:5) OA SII 232.37–430.69 1
SIII 430.69–500.00 10

R2: square of the correlation coefficient, a: mass conversion rate, Ea: average Ea, which is
at each stage.
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carbons from mineral gaps into its carbon channels, facilitating the
separation of oil and minerals. Previous literature has reported that
parts of minerals aggravated polymerization [41,42]. Therefore, the
separation of oil and minerals can alleviate the polymerization,
which can contribute to the decline of activation energy. Besides,
the abundant functional groups could interact with oil hydrocar-
bons, promoting cracking reactions. In conclusion, BCA-600 proves
beneficial in enhancing the pyrolysis of OS after completing its role
in the photothermal dehydration process, achieving dual
functionality in environmental remediation processes.

3.6. Carbon reduction potential from solar photothermal dehydration
of OS

Solar photothermal dehydration of OS aims to reduce tradi-
tional energy consumption and carbon emissions. A comparison
between the carbon emissions of traditional thermal dehydration
and solar photothermal dehydration is necessary. Figs. 9(a) and
(kJ mol−1) R2 a (%) Ea (kJ mol−1)

9.49 0.99 27.47 48.59
3.42 0.96 19.59
1.24 0.99 42.18 33.61
3.30 0.98 18.98
3.70 0.99 41.61 43.11
3.35 0.95 24.36
2.37 0.99 48.19 40.64
0.31 0.96 22.83

the Ea of the whole process of hydrocarbon decomposition obtained by weighting Ea
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Fig. 9. Schematic diagram of (a) solar photothermal dehydration and (b) traditional thermal dehydration; (c) comparison of carbon emissions between these two methods.
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(b) show the main processes of solar photothermal dehydration
and traditional thermal dehydration methods. Generally, the car-
bon emissions of thermal dehydration mainly come from the
energy consumption during the process of heating OS by the
sludge dryer, while the carbon emissions of solar photothermal
dehydration mainly come from the energy consumption in the pro-
cess of freeze-drying and pyrolysis of BCA-600. The detailed calcu-
lation is presented in Text S1 in Appendix A. The OS sample was
selected with oil content of 40.0%, water content of 26.7%, and solid
content of 33.3%. Fig. 9(c) clearly shows that solar photothermal
dehydration significantly reduces carbon emission, which is only
1/100 compared with thermal dehydration. It should be noted that
the following utilization of BCA in the pyrolysis process for enhanc-
ing heat and mass transfer and more oil recovery was not taken
into consideration, which also brought more carbon benefits.
Specifically, to achieve dehydration of 1000 of OS and 768.56 kg
of CO2, should be discharged theoretically through the thermal
method, in which approximately 87.24% originated from the latent
heat of water vaporization. In comparison, the carbon emission
from solar photothermal dehydration only originated from BCA
synthesis. The freeze-drying and pyrolysis processes accounted
for 3.6% and 96.4% of the total carbon emissions respectively,
because pyrolysis is an endothermic reaction. However, compared
with thermal dehydration, solar photothermal dehydration still
faces a certain gap in dehydration efficiency due to site restrictions
and natural lighting conditions. Future work should be devoted to
developing novel evaporation technology with solar irradiation to
overcome the restriction from oil existence. Besides, the technique
combination of solar photothermal and traditional thermal dehy-
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dration might be a good choice, for which the former can help to
reduce the water content and the pressure for following thermal
treatment will decline significantly.

Based on the above analysis, the following suggestions for
future material design might consider these critical directions.
First, the photothermal conversion material needs to have a certain
adsorption capacity and emulsion separation capacity. Therefore,
the pore structure of the material needs to be able to accommodate
a sufficient mass of oil, but at the same time, the pore size is not too
large to effectively separate the emulsion. The submicron to
micron level of aperture is more appropriate. Secondly, although
it is simple and convenient to obtain the photothermal conversion
ability through carbonized materials, heat treatment often
destroys the structure and surface functional groups of the materi-
als themselves to a certain extent, such as the decrease of adsorp-
tion capacity caused by pore collapse and the decrease of
co-pyrolysis catalytic effect caused by the reduction of oxygen-
containing functional groups. Therefore, it is feasible to consider
other methods to make the material obtain the photothermal con-
version ability, such as surface modification. Finally, evaporation of
OS leads to the spill of VOCs and heavy metals, and considering
materials with selective adsorption or degradation will contribute
to the low pollution emissions of the process.

4. Conclusions

This study proposes the solar-driven photothermal conversion
technology for efficient dehydration of OS and purification of oily
water with a multifunctional biomass-based carbon aerogel,
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derived from CMC and cotton fiber. The carbon aerogel, BCA-600,
possessed abundant pore structure and excellent photothermal
conversion effect. It achieved superior oil–water selective wettabil-
ity through simple surface engineering, contributing to the appli-
cation potential for oil–water separation by demulsification.
Reported efficiencies include 97.28% for hexane and 88.81% for die-
sel water-in-oil emulsions. The photothermal conversion of BCA-
600 also reduced oil viscosity during the adsorption of floating
crude oil on the water surface under sunlight. Moreover, this
biomass-based carbon aerogel is proposed for the first time for
OS dehydration using the solar photothermal method. Experimen-
tal results demonstrated that adding BCA-600 significantly
enhanced dehydration efficiency for both oil–water emulsions
and OS. The 10:2 mass ratio of OS with BCA-600 achieved dehydra-
tion efficiencies ranging from 73.27% to 90.72% for OS with varied
water content. The presence of oil limited the dehydration due to
its coating effect on water droplets, which absorb heat and impede
heat transfer to water. Conversely, soil presence promoted water
evaporation because of its low specific heat capacity and loosen
structure for heat mass transfer. The synergistic functions of solar
heating, separation–adsorption of oil–water emulsions, photother-
mal conversion characteristics, and BCA-600 unique pore structure
are key factors driving OS dehydration. Notably, BCA-600 could
leave in dehydrated OS to participate in the subsequent pyrolysis
process, which could reduce the reaction activation energy, and
achieve ‘‘one stone two birds.” Overall, this new method with the
assistance of solar energy for oily pollutants treatment signifi-
cantly reduces carbon emissions compared to the traditional ther-
mal dehydration process and exhibits varied positive effects, which
also provides new avenues for future pollutants treatment using
renewable energy with a focus on carbon neutrality.
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