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a b s t r a c t
Solar interfacial evaporation significantly improves the efficiency of solar thermal evaporation. 
However, if the binding strength of the light-absorbing materials to the substrate material is not 
sufficient, it is easy to shed under the action of external forces in practical applications and reduce 
the solar-thermal conversion efficiency of the evaporation surface. To solve the problem, this paper 
proposes a composite surface by wrapping carbon nanotubes on the surface of the cellulose sponge 
skeleton using polyvinyl alcohol hydrogel. Carbon nanotubes have a good light absorptivity in 
the wavelength range of 250–2,500  nm. Moreover, the effects of carbon nanotubes concentration, 
polyvinyl alcohol concentration, and water supply path area on the evaporation performance are 
also optimized by experiments. The results show that the transparent polyvinyl alcohol not only 
enhances the binding strength of carbon nanotubes but also does not reduce the light absorptivity 
of the evaporation surface. Under the optimal ratio of the water supply path area of 20%, at a solar 
irradiation intensity of 1 kW·m–2, the evaporation rate of the evaporator reaches 1.345 ± 0.034 kg·m–

2·h–1 with an evaporation efficiency of 89.7%  ±  2.5%, evaporation performance with a long-term 
stability. This research provides a new method for the design and fabrication of evaporators 
for seawater desalination applications.

Keywords: �Solar energy; Seawater desalination; Solar interfacial evaporation; Heat transfer 
optimization

1. Introduction

With the emergence of a series of problems such as eco-
logical degradation, shortage of fresh water and energy, peo-
ple are forced to reduce emissions and develop clean energy 
while pursuing economic development [1]. Traditional ther-
mal desalination technologies rely mainly on non-renew-
able fossil fuels to provide heat to produce steam [2]. The 
excessive use of fossil fuels can cause damage to the envi-
ronment and also create an energy crisis from fossil fuels 
[3]. Solar energy has been developed as an essential com-
ponent of alternative non-renewable energy sources and in 
small settlements in remote areas without any hydraulic or 

electric infrastructure, desalination technology driven by 
solar energy can become a solution to meet the water sup-
ply needs of the population [4]. Solar interfacial evaporation 
applies the heat converted from solar energy directly to the 
evaporation surface and this method has better improved 
energy utilization. Ghasemi et al. [5] is the first to propose 
the concept of solar interfacial evaporation, and achieve the 
light-vapor conversion efficiency of 64% at a solar irradia-
tion intensity of 1 kW·m–2. Solar interfacial evaporation can 
significantly improve the efficiency of solar thermal evap-
oration compared with using solar energy heating bulk 
water to high temperatures [6]. The latest research on other 
novel applications of solar interfacial evaporation, such as 
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combining evaporation and thermoelectricity through pho-
tothermal effects, is also a promising strategy. For exam-
ple, Fan et al. [7] build a flexible solar evaporator based 
on MnO/C nanoparticles for simultaneous interfacial solar 
evaporation and thermoelectric power generation, achiev-
ing a solar-to-vapor conversion efficiency of 98.4% at a solar 
radiance intensity of 1 kW·m–2, and a maximum output volt-
age of 330  mV, an output power of 4.65  mW and a power 
density of 2.9 W·m–2 at a solar radiance intensity of 3 kW·m–2. 
Chen et al. [8] convert waste polyethylene terephthalate 
into porous carbon cubes, which have an evaporation rate 
of 2.49 kg·m–2·h–1 at a solar irradiation intensity of 1 kW·m–

2, while producing a voltage of 201  mV and a maximum 
power density of 0.8 W·m–2.

Previous researchers have identified a variety of 
light-absorbing materials with good light-thermal con-
version efficiency [9], including carbon-based materials 
[10,11], metal nanomaterials [12,13], and inorganic semi-
conductor materials [14,15], and these materials all show 
good photo-thermal conversion performance in solar inter-
facial evaporation. However, in the practical water desali-
nation applications, the evaporator is highly susceptible 
to external forces such as seawater impact and extrusion, 
which may adversely affect the stability of light-absorbing 
materials, so interface stability should be considerate. If the 
binding strength of light-absorbing materials to the water 
supply substrate is not sufficient, it is effortless to fall off 
under the action of external forces [16,17]. Which not only 
deteriorates the light-thermal conversion efficiency but 
also causes unnecessary environmental pollution. Fan et al. 
[18] prepares a hydrogel with interpenetrating polyvinyl 
alcohol and chitosan into light-absorbing material, which 
can promote water transport capacity and the stability of 
light absorbing materials. Bai et al. [19] develop synergis-
tic photothermal materials from recycled plastics using a 
simple solvothermal method to construct a bifunctional 
Co-MOF/CNT membrane with good stability under fold-
ing and bending while achieving a high evaporation rate of 
2.25 kg·m–2·h–1 at a solar irradiation intensity of 1 kW·m–2. 
Zhu et al. [20] designs flexible and washable carbon nano-
tubes (CNTs) embedded polyacrylonitrile non-woven fab-
rics by electrospinning route. Liang et al. [21] obtains the 
fermentation porous polyvinyl alcohol hydrogels evap-
orators and the activated carbon powder is fixed in it, 
which are soft and with satisfactory mechanical properties. 
Although the evaporators obtained from the above research 
have good interfacial stability, they all have a complex 
structure and require a complex pore forming process to 
form a porous evaporator structure.

In addition, since the temperature of the evaporation 
surface is higher than the ambient temperature, the solar 
heat absorbed by the evaporation surface inevitably is lost 
to the surrounding, which leads to the reduction of the evap-
oration efficiency of the evaporator. Bae et al. [22] designs a 
composite membrane with light absorptivity of 91%, but the 
light-absorbing membrane is directly in contact with water 
during evaporation, resulting in an evaporation efficiency 
of less than 50% at a solar irradiation intensity of 1 kW·m–2. 
Thus, the issue of heat conduction loss from the evapora-
tion surface to the water should be considered. Li et al. [23] 
prepares a graphene oxide composite film to achieve 80% 

evaporation efficiency at a solar irradiation intensity of 
1  kW·m–2 through a closed two-dimensional water supply 
channel. Wang et al. [24] adopts a cone-structured evapora-
tor obtained by paper folding, which not only improves the 
absorption of the incident light but also uses a small area 
of water supply at the base of the vertebrae and achieves 
an evaporation efficiency of 83.9% at a solar irradiation 
intensity of 1  kW·m–2. Thus, in the case of ensuring suffi-
cient water supply, reducing the contact area of the pores 
directly with the water is possible to improve the evapora-
tion efficiency of the evaporator.

In this paper, we try to embed carbon nanotubes (CNTs), 
a light absorbing material, into the polyvinyl alcohol (PVA) 
hydrogel material, and adhere them to the surface of cel-
lulose sponge (CS) skeleton to form the composite sur-
face needed for solar energy interface evaporation. It not 
only improves the bonding strength of the light absorbing 
material, but also maintains the porosity of the evapora-
tor, eliminating the complicated pore forming process of 
the hydrogel material. Then this paper conducts the solar 
interfacial evaporation experiments of the evaporator at 
a solar irradiation intensity of 1  kW·m–2 and analyzes the 
effects of carbon nanotubes concentration, polyvinyl alco-
hol concentration on the evaporation performance. Finally, 
this paper tries to optimize the contact area between the 
porous sponge and the water, reduce the heat loss of the 
evaporator to a greater extent and make more heat used 
for evaporation on the premise of ensuring sufficient water 
supply on the evaporation surface.

2. Materials and methods

2.1. Evaporators preparation

To analyze the effect of thin polyvinyl alcohol hydrogel 
layers on the evaporation process at the solar interface, two 
types of evaporators were prepared in this paper: one type 
of evaporator with carbon nanotubes physically bonded to 
the surface of the cellulose sponge skeleton was named as 
CS-CNTs evaporator, another type of evaporator with poly-
vinyl alcohol wrapped carbon nanotubes and adhered to 
the surface of the cellulose sponge skeleton was named as 
CS-CNTs-PVA evaporator.

The materials required for the preparation were as fol-
lows: (1) The multi-walled carbon nanotubes (0.1437$·g–1 
from Suzhou Tanfeng Graphene Technology Co., Ltd., 
Jiangsu, China) with an outer diameter of 20–40  nm and a 
length of 10–30 µm. (2) Cellulose sponge (0.0028$·cm–3 from 
Dongguan Yueyang Sponge Products Co., Ltd., Guangdong, 
China) as water supply material, its thermal conductivity 
was measured by a thermal conductivity meter (Hot Disk 
TPS 2500S, Sweden) as 0.0527 W·m–1·°C–1. (3) Polyvinyl alco-
hol powder (0.0241$·g–1 from Saan Chemical Technology 
(Shanghai) Co., Ltd., China) with a molecular mass of 15,000. 
(4) Glutaraldehyde cross-linking agent (0.0146$·mL–1 from 
Shanghai Maclean Biochemical Technology Co., Ltd., China), 
mass fraction 50%.

2.1.1. CS-CNTs evaporators preparation

Carbon nanotubes were deposited on the surface of 
the cellulose sponge skeleton by physical liquid-phase 
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deposition as shown in Fig. 1a. Firstly, CNTs of different 
masses (0.05, 0.1, 0.15, 0.2, 0.25, 0.3 and 0.35  g) were uni-
formly dispersed in 10 mL deionized water by 10 min ultra-
sonic dispersion to obtain seven stable suspensions of CNTs 
with different concentrations (5, 10, 15, 20, 25, 30 and 35 g·L–1). 
The suspension was poured into a petri dish with a diame-
ter of 6 cm, followed by adsorption of one face (4 cm × 4 cm) 
of CS (volume 4 cm × 4 cm × 4.5 cm) immersed in the petri 
dish for 3  min. Finally, the obtained evaporator was dried 
in the drying oven at 40°C for 5  h to obtain the CS-CNTs  
evaporator.

2.1.2. CS-CNTs-PVA evaporators preparation

In-situ polymerization was used to form thin hydrogel 
layers of polyvinyl alcohol wrapped carbon nanotubes on 
the surface of cellulose sponge skeleton, as shown in Fig. 1b. 
Firstly, prepared 100 mL of each PVA solution with different 
mass fractions (5%, 7.5%, 10%, and 12.5%), corresponding 
added to (625, 938, 1,250 and 1,563  µL) 50% mass fraction 
of glutaraldehyde cross-linking ultrasonic processing for 
5  min to obtain solution A. Then, a certain mass of CNTs 
(0.15 and 0.35  g) and dilute hydrochloric acid (1  mL and 
1.2  mol·L–1) was added to 9  mL of solution A. After ultra-
sonic dispersion for 5  min, obtained corresponding CNTs 
concentrations of 15 and 35 g·L–1 with PVA concentrations of 
5%, 7.5%, 10% and 12.5%, respectively, total eight different 
combinations of solution B. Then solution B was poured into 
a petri dish with a diameter of 6 cm, and subsequently, one 
surface (4 cm × 4 cm) of CS (volume 4 cm × 4 cm × 4.5 cm) 
was immersed in the petri dish adsorbed for 3 min and then 

removed. After PVA gelation in the surface layer of CS for 
3  h, the black surface was inverted and soaked in deion-
ized water for 5  h to remove unreacted material. Finally, 
the obtained evaporator was put into the drying oven at 
40°C for 5  h, then the evaporator was put into deionized 
water to fully absorb water for 5  h, and the drying and 
absorbing operation was repeated 3 times.

2.2. Evaporators characterization

The porosity of the material was measured by the drain-
age method. First, the dry and regular shaped material was 
placed on the electronic balance to get the initial mass m1. 
Second, it was put into the deionized water to absorb mois-
ture fully. Third, it was weighed the mass m2 and calculated 
the volume as V in the water-filled state. The porosity φ of 
the material could be calculated by Eq. (1). The porosity φ0 
of the cellulose sponge was calculated at about 86.8%.

�
�

�
�� �
�� �

m m
Vw

2 1 	 (1)

Fig. 2a shows the physical picture of the CS-CNTs-PVA 
evaporator with a length of 40 mm, a width of 40 mm and 
a height of 45  mm. Fig. 2b shows the surface of cellulose 
sponge, the PVA powder, the surface of CS-CNTs-PVA 
evaporator, and the surface of CS-CNTs evaporator which 
have been analyzed by Fourier-transform infrared spec-
troscopy (Thermo Scientific Nicolet iS20, United States of 
America), respectively. The spectrum of the cellulose sponge 

Fig. 1. Evaporators preparation: schematic diagram of (a) CS-CNTs evaporator preparation and (b) CS-CNTs-PVA evaporator 
preparation.
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(No. 1 in Fig. 2b) shows that –OH and C–O telescopic vibra-
tion are observed at 3,299 and 1,024 cm–1, respectively, and 
the peak at 894 and 1,650 cm–1 are attributed to N–H bend-
ing vibration. In the PVA spectrum (No. 2 in Fig. 2b), the 
peaks at 3,286 and 1,022 cm–1 are attributed to –OH and C–O 
telescopic vibration, respectively. All characteristic peaks of 
CS and PVA were found in the spectra of the CS-CNTs-PVA 
evaporator (No. 3 in Fig. 2b) and CS-CNTs evaporator (No. 
4 in Fig. 2b) without shifts, further indicating the presence 
of the above substances in the evaporation surface. Fig. 2c 
shows the scanning electron microscopy (SEM) images of 
the evaporation surface of CS-CNTs evaporator with CNTs 
concentration of 15  g·L–1 taken with a scanning electron 
microscope (TESCAN MIRA LMS, Czech Republic). The 
pores can transport water by capillary force to the evapo-
ration surface. Increasing magnification reveals that the 
CNTs are visible and evenly distributed on the surface of 
cellulose sponge skeleton. Thus, the sunlight is directly 
absorbed by the CNTs of the surface and heats the sur-
face water. Fig. 2d shows SEM images taken of the evap-
oration surface of CS-CNTs-PVA evaporator with CNTs 
concentration of 15  g·L–1 modified with a mass fraction of 

10% PVA. The cover showed pores with diameters of about 
80–150  µm wide. Increasing magnification, the micron 
channels formed by carbon nanotubes and polyvinyl alco-
hol hydrogel could be seen. The overall water transport of 
the CS-CNTs-PVA evaporator was supported by the inter-
nal pores of the cellulose sponge skeleton and the rapid 
water diffusion near the evaporation surface was assisted 
by the nanochannels. Fig. 2e shows the contact angle of the 
composite surface measured with the contact angle mea-
suring instrument (Kruss DSA 25, Germany). The water 
can wet the carbon nanotube polyvinyl alcohol composite 
surface easily. It indicates that the surface pore structure 
has strong capillary force, which is conducive to the rapid  
diffusion of water.

2.3. Solar interfacial evaporation experiment

2.3.1. Experimental equipment and procedures

Fig. 3 shows the schematic diagram of the evaporation 
experiment. The leading equipment includes a solar sim-
ulator (Solar-500, Beijing Newbit Technology Co., Ltd., 

 
Fig. 2. Evaporators characterization: (a) physical diagram of CS-CNTs-PVA evaporator, (b) Fourier-transform infrared spectra dia-
gram of PVA powder (No. 2), surfaces of cellulose sponge (No. 1), CS-CNTs-PVA evaporator (No. 3), and CS-CNTs evaporator 
(No. 4), (c) scanning electron microscopy diagram of CS-CNTs evaporator surface, (d) scanning electron microscopy diagram of 
CS-CNTs-PVA evaporator surface and (e) change of contact angle of composite surface.
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China) for simulating sunlight, an irradiation meter (GEL-
NP2000-2A, Beijing Zhongjiao Jinyuan Technology Co., 
Ltd., China), accuracy of 0.01  mW·cm–2, for measuring the 
intensity of sunlight irradiation, electronic analytical balance 
(G&G JJ1023BF, Changshu Shuangjie Testing Instrument 
Factory, China), accuracy of 0.001 g, for recording the mass 
changes during the experiment, a data acquisition unit 
(National Instruments, Austin, TX, USA) for measuring 
the real-time temperature and recording on the computer. 
T-type thermocouple, accuracy 0.1°C, for measuring the tem-
perature of the evaporation surface T0, the temperature of 
the environment at 2 mm above evaporation surface Ta, the 
temperature at 10 mm interval inside the evaporators as T1, 
T2, T3, temperature measurement points as shown in Fig. 3.

Solar interfacial evaporation was performed in exper-
iments at room temperature of 25°C and ambient relative 
humidity of 60%. The solar irradiation intensity of com-
posite surfaces is 1  kW·m–2 because of the daily maximum 
solar irradiation is about 1 kW·m–2. The experimental steps 
were as follows: (1) the solar simulator was turned on, 
and adjusted the irradiation intensity of the light source 
to 1  kW·m–2 using an irradiation meter. (2) The evaporator 
was surrounded using a 2  cm thick polyethylene foam for 
insulation. (3) Placed the thermocouples on the temperature 
measurement points of the evaporator and put the evapora-
tor into the beaker with 200  mL, 25°C deionized water. (4) 
Placed the beaker on the electronic analytical balance under 
the light source. The thermocouples signal was collected in 
real-time during the experiment using a data acquisition 
instrument, and the beaker quality changes was recorded 
by an electronic analytical balance every 5 min interval.

2.3.2. Experimental data processing and error analysis

To effectively assess the water evaporation performance 
of the evaporator, the evaporation rate and efficiency of 
the evaporator evaporation process should be calculated. 
Eq. (2) is the evaporation rate w of the evaporator, which 
is used to characterize the mass of water evaporation per 
unit of time and area.

w m
s t

�
�� � 	 (2)

Eq. (3) defines the evaporation efficiency ηevap as the 
proportion of water used for evaporation under incident 
energy. hLv is the enthalpy of water evaporation, calculated 
using Eq. (4), where Cp is the constant pressure heat capac-
ity of water, taken as 4.2 kJ·kg–1·°C–1, ΔT is the evaporation 
surface temperature difference at initial and the steady 
state during the experiment, hLg is latent heat of water at 
interface temperature, calculated using Eq. (5) [25].

�evap
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The relative error of evaporation rate δw/w in the mea-
surement process is calculated by Eq. (6), where δm, δA2, 
and δt are the maximum measurement errors of evaporated 
mass, evaporation area, and experiment time, respectively, 
where m, A2, and t correspond to the evaporated mass, 
evaporation area, and experiment time, respectively. The 
relative error of evaporation efficiency δη/η is calculated by 
Eq. (7), where δI is the light intensity measurement error.
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In the whole experiment, the minimum mass loss of 
evaporation m was 0.665 g, which was measured by an elec-
tronic analytical balance with an uncertainty δm of ±0.001 g, 
the surface area uncertainty δA2 was ±0.4 cm2 which calcu-
lated from the ruler error of 0.5  mm, and A2 was 16  cm2, 
the experiment time uncertainty δt was ±1  s, and t was 
3,600  s. Bringing into Eq. (6) got the maximum relative 
error of evaporation rate as 2.51%. The irradiation meter 

 Fig. 3. Schematic diagram of evaporation experiment.
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uncertainty δI was ±0.01  mW·cm–2, and I corresponded to 
the incident light intensity of 100 mW·cm–2. Bringing into 
Eq. (7) got the maximum relative error of evaporation 
efficiency as 2.51%.

2.3.3. Energy distribution analysis of evaporation process

Fig. 4 shows the energy distribution of the evapora-
tion process. The energy shares of each component ηrad, 
ηconv, ηcond, and ηref are the ratio of each component’s energy 
to the total incident energy, respectively. Eq. (8) is the 
energy conservation equation of the evaporation surface.

I q q q q q� � � � �evap rad conv cond ref 	 (8)

Eq. (9) for calculating the radiation heat loss of the 
evaporation surface to the upper air, where σ is Stefan–
Boltzmann constant, its value is 5.67  ×  10–8  W·m–2·°C–4, ε 
is the evaporation surface emissivity, taking the value of 
light absorptivity α of the evaporation surface. The evap-
oration surface was surrounded by the heated steam in the 
experiment, and the temperature of the environment near 
the evaporation surface was very close to the temperature 
of the evaporation surface, so the thermocouple was usu-
ally placed near the top of the evaporation surface [26]. 
Here Ta was obtained by measuring the temperature at 
2 mm above the evaporation surface.

q T Tarad � � � �� �� � 0
4 4 	 (9)

Eq. (10) for calculating heat convection loss of evap-
oration surface to the upper air, where h is the convec-
tion heat transfer coefficient of evaporation surface, take 
value of 6 W·m–2·°C–1.

q h T Taconv � � �� �0 	 (10)

Eq. (11) for calculating heat conduction loss from the 
evaporation surface to the water [27], the evaporator can 
be considered a one-dimensional steady state thermal 

conductivity under good adiabatic conditions. λ is the com-
posite thermal conductivity in the water-filled state of the 
water supply layer, which is calculated based on the mate-
rial porosity and composition in Eq. (12). The composite 
thermal conductivity of the cellulose sponge in a water-filled 
state was about 0.528 W·m–1·°C–1.

q
A
A

T
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� � � � �� � � �� � �w c1 	 (12)

Eq. (13) for calculating the reflection heat loss of the 
incident energy on the evaporation surface, where ρ is 
light reflectance.

q Iref � �� 	 (13)

3. Results and discussion

3.1. Interfacial evaporation characteristics of CS-CNTs evaporator

This paper prepared CS-CNTs evaporators with dif-
ferent carbon nanotubes concentrations (5, 10, 15, 20, 25, 
30, and 35  g·L–1) and analyzed the effect of carbon nano-
tubes content on the interfacial evaporation of CS-CNTs 
evaporator. Fig. 5a shows the results of the evaporation 
experiments. With the increase of CNTs concentration, 
the evaporation rate gradually increased and then tended 
to be flat. When the concentration of CNTs increased 
to 15  g·L–1, the evaporation rate of the evaporator was 
1.107  kg·m–2·h–1, and the evaporation efficiency reached 
73.2%, which was slightly lower than the CNTs concentra-
tion of 35 g·L–1 with evaporation rate 1.120 kg·m–2·h–1 and 
evaporation efficiency 74.1%.

The spectra reflectance (ρ) and transmittance (t) were 
measured by the UV-Vis-NIR spectrophotometer (UV-3600i 
Plus, Shimadzu, Japan), and the light absorptivity was cal-
culated by α = 1−ρ−t. Fig. 5b shows the light absorptivity of 
the evaporation surface of CS-CNTs evaporator with CNTs 
concentrations of 0, 15, and 35  g·L–1. The light absorptiv-
ity for CNTs concentrations of 15 and 35  g·L–1 was 97.4% 
and 97.5%, respectively, much higher than the evaporator 
without CNTs (14.1%).

Fig. 5c shows the temperature (T0, T1, T2, T3) difference 
during the experiment of CS-CNTs evaporator with CNTs 
concentrations of 15 and 35  g·L–1. For the CS-CNTs evapo-
rators with CNTs concentrations of 15 and 35 g·L–1, the tem-
perature measurement results as the evaporator reached a 
steady state, and the five primary energy distribution ratios 
are shown in Table 1 (category (1) and (2), respectively). The 
leading energy of the system was used by water evapora-
tion, but the heat conduction loss accounts for the largest 
proportion of the four energy losses. Though the cellulose 
sponge had a low thermal conductivity and played a role in 
isolating the evaporation surface from the water, the ther-
mal conductivity of the cellulose sponge in a water-filled 
state was 88% of the thermal conductivity of the water at 
the same temperature state, resulting in its heat conduc-
tion loss to the water was still prominent.

 
Fig. 4. Schematic diagram of evaporation process energy 
distribution.
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3.2. Interfacial evaporation properties of CS-CNTs-PVA 
evaporator modified with polyvinyl alcohol

This paper chemically modified the evaporation sur-
face of CS-CNTs evaporator by introducing transparent and 
hydrophilic PVA and called it a modified layer. To inves-
tigate the effect of PVA content on the interfacial evapora-
tion properties of CS-CNTs-PVA evaporator, CS-CNTs-
PVA evaporators with different PVA mass fractions (5%, 
7.5%, 10%, and 12.5%) based on the CNTs concentration 
of 15 and 35 g·L–1 were prepared.

Fig. 6a shows the interfacial evaporation properties of 
CS-CNTs-PVA evaporator with different PVA concentrations. 
The CNTs concentrations of 15 and 35 g·L–1 showed similar 
patterns at different PVA concentrations. With the increase 
of PVA concentration, the evaporation rate was further 
increased relative to the evaporation surface before modifi-
cation, and it reached the extreme value at a concentration 

of about 10%. The UV-Vis-NIR spectra in Fig. 6b shows the 
light absorptivity of evaporation surface with CNTs con-
centrations 15 and 35 g·L–1 modified with 10% PVA, which 
are still presenting 97.4% and 97.5% light absorptance in 
the whole solar spectrum, respectively, indicating that the 
transparent polyvinyl alcohol did not affect the light absorp-
tivity of the CNTs. Based on the similarity of their light 
absorptivity and evaporation rate, from the perspective of 
material saving, the following analyses are for evaporator 
with CNTs concentration of 15 g·L–1 modified with 10% PVA.

Fig. 6c shows the porosity of the modified layer using 
the drainage method and density in a water-filled state of 
the modified layer for CNTs concentration of 15  g·L–1 with 
different PVA concentrations. Its porosity and density grad-
ually decreased with the increase of PVA concentration. 
When the PVA concentration reached 12.5%, the evapora-
tion surface presented localized dryness in the process of 
the experiment due to the decrease of porosity.

 
Fig. 5. Interfacial evaporation properties of CS-CNTs evaporator: (a) evaporation rate and efficiency of CS-CNTs evaporators 
with different CNTs concentrations, (b) UV-Vis-NIR spectra diagram of CS-CNTs evaporation surfaces with CNTs concentra-
tions of 0, 15 and 35 g·L–1 and (c) temperature (T0, T1, T2, T3) difference of CS-CNTs evaporators with CNTs concentrations of 15  
and 35 g·L–1.

Table 1
Temperature measurement results and five primary energy distribution ratios of different evaporators at a steady state

Category T0 (°C) Ta (°C) ΔT/ΔL (°C·m–1) ηconv (%) ηcond (%) ηrad (%) ηref (%) ηevap (%)

(1) 41.1 38.1 364 1.8 19.2 2.0 2.6 73.2
(2) 41.3 38.4 360 1.7 19.0 2.0 2.5 74.1
(3) 41.8 39.1 310 1.6 16.4 1.8 2.6 78.2
(4) 42.7 39.9 315 1.7 3.3 1.9 2.6 89.7
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Fig. 6d shows the interfacial stability of evaporators 
with CNTs concentration of 15  g·L–1 was compared before 
and after 10% PVA modified in deionized water after extru-
sion and stirring by external force. For the CS-CNTs evap-
orator, the CNTs fell off and water become turbid, because 
of the carbon nanotubes physically adhered to the sponge 
skeleton surface, and the binding strength was weak. In 
contrast, the CS-CNTs-PVA evaporator, the water was still 
clear, for the thin hydrogel layer formed by PVA hydro-
gel wrapped CNTs could firmly adhere to the surface of 
the sponge skeleton, the modified layer retained the elas-
ticity and porous of the original sponge and enhanced the 
binding strength of CNTs to the evaporation surface.

For the CS-CNTs-PVA evaporator with CNTs concen-
tration of 15  g·L–1 modified with 10% PVA, its evaporation 
rate increased by 0.072 kg·m–2·h–1 compared to without PVA 
modified, and the porosity of the modified layer decreased 
to 59.4%. The modified layer thermal conductivity in a 
dry state was measured by thermal conductivity meter as 
0.0684 W·m–1·°C–1, so the modified layer composite thermal 
conductivity in the water-filled state was calculated to be 
about 0.379  W·m–1·°C–1 in Eq. (12), which was 28.2% lower 
than that before modified (0.528  W·m–1·°C–1), which also 
explained that the evaporation efficiency of the evaporator 
increases when the PVA concentration increases.

For the CS-CNTs-PVA evaporator with CNTs concentra-
tion of 15  g·L–1 modified with 10% PVA, Fig. 6e shows the 

temperature variation at 10  mm interval inside CS-CNTs-
PVA evaporator. Compared to the temperature gradient of 
the modified layer (460°C·m–1) was 32.6% higher than that 
of the water supply layer (310°C·m–1), which also confirmed 
the overall reduced thermal conductivity of the modified 
layer. The temperature measurement results as the evap-
orator reached a steady state, and the five primary energy 
distribution ratios are shown in Table 1 (category 3), in 
which heat conduction loss was still the most significant 
factor affecting the evaporation efficiency.

3.3. Interfacial evaporation characteristics of CS-CNTs-PVA 
evaporator after optimization the area of water supply path

According to the above study, for the CS-CNTs-PVA 
evaporator with CNTs concentration of 15  g·L–1 modified 
with 10% PVA, there was still about 16.4% of the heat lost 
in heat conduction. To reduce this energy loss, this paper 
optimized the water supply path by reducing the area of the 
water supply path and replacing it with the polyethylene 
foam.

Fig. 7a shows the water supply path area was reduced 
in the CS-CNTs-PVA evaporator with CNTs concentration 
of 15  g·L–1 modified with 10% PVA, the ratio of the water 
path area was recorded as A1/A2. Fig. 7b shows the evapo-
ration rates and evaporation efficiencies under different 
ratios of water supply path area. The results showed that 

 
Fig. 6. Interfacial evaporation properties of CS-CNTs-PVA evaporator modified with polyvinyl alcohol: (a) evaporation rate changes 
of CS-CNTs-PVA evaporators of CNTs concentrations of 15 and 35  g·L–1 modified with different concentrations of PVA, (b) UV- 
Vis-NIR spectra diagram of evaporation surfaces with CNTs concentrations of 15 and 35 g·L–1 modified with 10% PVA, (c) porosity 
and density in water-filled state changes of modified layer with different PVA concentrations in CNTs concentrations of 15 g·L–1, (d) 
comparison of interface stability of CS-CNTs evaporator and CS-CNTs-PVA evaporator of CNTs concentration of 15 g·L–1 and (e) 
temperature variation at 10 mm interval inside CS-CNTs-PVA evaporator of CNTs concentration 15 g·L–1 modified with 10% PVA.
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the evaporation rate and evaporation efficiency increased 
gradually with the reduction of the water supply path area, 
and the evaporation rate reached an extreme value when the 
ratio of water supply path area was about 20%, the evapo-
ration rate of the evaporator was 1.345  ±  0.034  kg·m–2·h–1 
with an evaporation efficiency of 89.7% ± 2.5% at this time. 
Then the evaporation rate slightly reduced due to the surface 
localized insufficient water supply.

For the CS-CNTs-PVA evaporator with the ratio of 
water supply path area of 20%, the temperature varia-
tion at 10  mm interval inside CS-CNTs-PVA evaporator is 
shown in Fig. 7c. The temperature measurement results as 
the evaporator reached a steady state and the five primary 
energy distribution ratios are shown in Table 1 (category 
4). Fig. 7d is the energy distribution diagram of evapora-
tors. (1)–(3) in the legend represent the energy distribution 
of the CS-CNTs evaporator, the CS-CNTs-PVA evaporator 
and the CS-CNTs-PVA evaporator with the ratio of water 
supply path area of 20%, respectively. The evaporation effi-
ciency improved by 16.5% compared to the initial CS-CNTs 
evaporator without optimizing water supply path area.

Since the solar irradiation intensity varies throughout 
the day, approaching 1  kW·m–2 around midday on a clear 
day, it is necessary to investigate the effect of solar irradi-
ation intensity on evaporation performance. Adjusting the 
solar irradiation intensity variation range of 0.2–1.0 kW·m–2 

in 0.1  kW·m–2 increments, the CS-CNTs-PVA evaporators 
with 100% and 20% of the water supply path area ratio 
were experimented sequentially, and the results are shown 
in Fig. 7e. The results showed that the evaporation perfor-
mance of the evaporator after water supply path area opti-
mization was higher than that before optimization under 
different solar irradiation intensities, and the evaporation 
rate of the two evaporators increased linearly with the 
increase of solar irradiation intensity.

As shown in Fig. 7f, the cyclability of the CS-CNTs-
PVA evaporator with the ratio of water supply path area of 
20% was experimentally analyzed in this paper to under-
stand the durability of its use. The results showed that the 
evaporator was intact and maintained an average evapo-
ration rate of 1.337 kg·m–2·h–1 for 10 cycles (120 min for one 
cycle, fully submerged in water when not experimented) at 
a solar irradiation intensity of 1  kW·m–2, with a maximum 
fluctuation of 1.6% from the initial evaporation rate.

4. Conclusion

This paper proposes a composite surface by wrap-
ping carbon nanotubes on the surface of cellulose sponge 
skeleton using polyvinyl alcohol hydrogel and analyzes 
the effects of carbon nanotubes concentration, polyvinyl 
alcohol concentration, and water supply path area on the 

 
Fig. 7. Interfacial evaporation properties of CS-CNTs-PVA evaporator with CNTs concentration of 15  g·L–1 modified with 10% 
PVA after optimization area ratio of water supply path: (a) physical diagram of CS-CNTs-PVA evaporator after optimiza-
tion, (b) evaporation rate and efficiency changes of CS-CNTs-PVA evaporator under different ratios of water supply path area, 
(c) under optimal ratio of water supply path area of 20%, temperature variation at 10 mm interval inside of CS-CNTs-PVA evap-
orator, (d) energy distribution diagram of CS-CNTs evaporator of CNTs concentration 15  g·L–1, CS-CNTs-PVA evaporator and 
CS-CNTs-PVA evaporator with ratio of water supply path area of 20%. (e) Evaporation performance of CS-CNTs-PVA evapora-
tors with 100% and 20% of water supply path area ratio as a function of solar irradiation intensity. (f) Evaporation performance 
of CS-CNTs-PVA evaporator with ratio of water supply path area of 20% for 10 cycles of testing.
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performance of the evaporator. The research leads to the 
following conclusions:

•	 The concentration of carbon nanotubes affects the light 
absorptivity and evaporation efficiency of the evapora-
tor. When the concentration of carbon nanotubes reaches 
15  g·L–1, the light absorptivity of the surface reaches 
97.4%. The light absorptivity and evaporation effi-
ciency does not increase more when the concentration 
of carbon nanotubes continue to grow.

•	 With the introduction of polyvinyl alcohol on the evap-
oration surface, the carbon nanotubes are more firmly 
bound to the surface of the cellulose sponge skeleton, 
and the light absorptivity of the evaporation surface is 
not reduced. For the evaporation surface modified with 
the polyvinyl alcohol hydrogel, its evaporation effi-
ciency reaches maximum when the concentration of 
polyvinyl alcohol is about 10%.

•	 Heat conduction loss from the evaporation surface 
to the water is the most considerable energy loss in 
solar interfacial evaporation. Reducing the water sup-
ply path area of the evaporator and replacing it with 
the heat insulation polyethylene foam can improve the 
evaporation efficiency. Under the optimal ratio of the 
water supply path area of 20%, at a solar irradiation 
intensity of 1 kW·m–2, the evaporation rate of the evap-
orator reaches 1.345  ±  0.034  kg·m–2·h–1 with an evapo-
ration efficiency of 89.7% ± 2.5%, the evaporation rate 
increased linearly with the increase of solar irradiation 
intensity, and evaporator evaporation performance 
with a long-term stability.
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Symbols

A1	 —	 Water supply path area, m2

A2	 —	 Evaporation surface area, m2

Cp	 —	� Constant pressure heat capacity of water, 
kJ·kg–1·°C–1

hLv	 —	 Enthalpy of water evaporation, kJ·kg–1

hLg	 —	 Latent heat of water, kJ·kg–1

h	 —	� Heat convection coefficient of evaporation surface, 
W·m–2·°C–1

I	 —	 Incident energy, kW·m–2

m	 —	 Mass loss of evaporation, g
qevap	 —	 Energy for evaporation, kW·m–2

qcond	 —	 Energy for heat conduction loss, kW·m–2

qrad	 —	 Energy for heat radiation loss, kW·m–2

qconv	 —	 Energy for heat convection loss, kW·m–2

qref	 —	 Energy for light reflection heat loss, kW·m–2

t	 —	 Time of evaporation experiment, s
Ta	 —	� Air temperature at 2  mm above evaporation 

surface, °C
T0	 —	 Temperature at the evaporation surface, °C
T1	 —	� Temperature at the first place inside the 

evaporator, °C
T2	 —	� Temperature at the second place inside the 

evaporator, °C
T3	 —	� Temperature at the third place inside the evap-

orator, °C
ΔT/ΔL	—	� Temperature gradient of 10  mm interval inside 

the evaporators, °C·m–1

w	 —	 Evaporation rate, kg·m–2·h–1

Greek

α	 —	� Light absorptivity of the evaporation surface, %
ρ	 —	� Light reflectance of the evaporation surface, %
ηevap	 —	 Evaporation efficiency, %
ηcond	 —	� Ratio of energy for heat conduction loss to the 

incident energy, %
ηrad	 —	� Ratio of energy for heat radiation loss to the 

incident energy, %
ηconv	 —	� Ratio of energy for heat convection loss to the 

incident energy, %
ηref	 —	� Ratio of energy for light reflection loss to the 

incident energy, %
λw	 —	 Thermal conductivity of water, W·m–1·°C–1

λm	 —	� Thermal conductivity of the material in the dry 
state, W·m–1·°C–1

ρw	 —	 Density of the water, kg·m–3

φ	 —	 Material porosity, %

Subscripts

conv	 —	 Convection
cond	 —	 Conduction
evap	 —	 Evaporation
m	 —	 Material, mass
rad	 —	 Radiation
ref	 —	 Reflection
w	 —	 Water
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