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Ti3C2/PVDF membrane for efﬁcient seawater desalination
based on interfacial solar heating
Huan Peng, Kehang Zhu, Chenxing Li, Yangyi Xiao and Miaomiao Ye

ABSTRACT
The photothermal material of Ti3C2 was synthesized by etching Ti3AlC2 with hydroﬂuoric acid. The asprepared Ti3C2 was deposited on a polyvinylidene ﬂuoride (PVDF) membrane via vacuum ﬁltration to
form a Ti3C2/PVDF membrane, which was used for seawater desalination in the next step based on
interfacial solar heating. The water evaporation rate of the Ti3C2/PVDF membrane could be enhanced
to 0.98 kg/m2·h under 2 sun irradiance, which was 2.8 times and 5.4 times higher than that of pure
water (0.35 kg/m2·h) and PVDF (0.18 kg/m2·h) respectively. The temperature difference between the
two air–water interfaces with and without the Ti3C2/PVDF membrane was as high as 11.8  C,
conﬁrming the interfacial heating behavior. The water evaporation rate under 2 sun irradiance kept
mostly in the range of 0.96–0.86 kg/m2·h over 30 days under continuous operation, indicating the
high stability of the Ti3C2/PVDF membrane. Finally, it was demonstrated that the typical water-quality
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indexes of the condensed fresh water were below the limit values of the Standards for Drinking
Water Quality in China, WHO, and US EPA.
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HIGHLIGHTS

•

A Ti3C2/PVDF membrane was prepared by HF etching of Ti3AlC2 followed by vacuum deposition

•

The water evaporation rate of the Ti3C2/PVDF membrane could be enhanced to 0.98 kg/m2·h,

•

The typical water-quality indexes of the condensed fresh water were below the limit values of

on PVDF membrane.

which was 2.8 times higher than that of pure water.

the Standards for Drinking Water Quality in China, WHO, and US EPA.

INTRODUCTION
Water shortage has become an urgent problem around the

& Phillip ). Therefore, solving the problem of water

world, restricting social progress and economic develop-

shortage is very important for achieving sustainable

ment. The contradiction between supply and demand of

development of society and improving people’s living

water resources is sharp, with current predictions that

standards. Compared with the other commonly used fresh

more than half of the world’s population (about 3.9 billion

water acquisition methods, seawater desalination is con-

people) will live in water-scarce areas by 2025 (Elimelech

sidered as the most feasible and economical way to
solve the shortage of water resources because 96.5% of

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying,

the Earth’s water resources are distributed in the ocean.

adaptation and redistribution, provided the original work is properly cited

The current seawater desalination technologies mainly

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

involve reverse osmosis (RO) (Malaeb & Ayoub ) and
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Experimental section

these two types of technologies require high energy consumption and advanced supporting infrastructure, as well

Chemicals

as large centralized installations, which limit the application
in distributed small villages or remote regions (Ghaffour

All chemicals were of analytical grade and used as

et al. ).

received without further puriﬁcation. Titanium aluminum

A new concept named ‘air–water interface solar heating’

carbide (Ti3AlC2, 98%) was purchased from Fosman Co.,

emerged to be applied for seawater desalination in the early

Ltd. Sodium chloride, hydrogen ﬂuoride and ethanol

2010s (Zeng et al. , , ). The principle of this con-

(99.7%) were purchased from Sinopharm. Polyvinylidene

cept is that the transformation of water from liquid to gas

ﬂuoride membrane was purchased from Amanda PVDF

only occurs on the surface of the water (Ghasemi et al.

Nano Spraying Co., China.

; Zhang et al. ). Therefore, only the surface water
needs to be heated instead of the whole water body to

Preparation of Ti3C2 and Ti3C2/PVDF membrane

achieve desalination. Due to the poor light absorption
capacity of water, light will penetrate into the solution

Ti3C2 was prepared according to the following methods

when solar radiation falls on the water surface without

(Dong et al. ; Zhang et al. ). Typically, 0.3 g

materials (Zhang et al. ; Wang et al. ). This leads

Ti3AlC2 powder was dissolved in a mixed solution of

to inefﬁcient photothermal conversion. Nowadays, a

20 mL ethanol and 1 mL hydrogen ﬂuoride with magnetic

common method to raise the temperature of surface water

stirring for 24 hours to remove the aluminum element.

is to ﬂoat a layer of light absorbing material (Qiblawey &

After etching, the mixture was constantly washed with etha-

Banat ; Shannon et al. ) on the interface. To date,

nol, shaken evenly and centrifuged for each cycle, until the

four types of photothermal materials, including plasmonic

pH value of the supernatant increased to 7. The Ti3C2 was

metallic nanoparticles (Zhou et al. ), metallic oxides

dried in an oven at 60  C for 12 h.

(Wang et al. ; Ye et al. ), carbon-based materials

The as-prepared Ti3C2 in different amounts ranging

(Li et al. ) and some unique materials have been applied

from 40 to 70 mg was dispersed in 50 mL of ethanol by

to solar evaporation due to their excellent solar–thermal

ultrasonic crushing in a biosafer 650–92 Ultrasonic Cell

conversion efﬁciency.

Shredder at an ultrasonic power of 650 W for 5 min. Then,

Herein, we report that Ti3C2 is another new photother-

the Ti3C2 was uniformly deposited on the surface of the

mal material because of its excellent electromagnetic wave

PVDF membrane by vacuum ﬁltration at 0.07 MPa. Finally,

absorption and subsequent heat generation operation (Ma

the Ti3C2/PVDF membrane was dried in an oven at 60  C

et al. ; Ren et al. ). The Ti3C2 was synthesized by

for 12 hours.

etching Ti3AlC2 with HF. For ﬂoating on the water surface,
the Ti3C2 was deposited on the PVDF membrane. The

Water evaporation

PVDF membrane was used as the support for ﬂoating
because of its hydrophobic surface. Moreover, the Ti3C2/

Water evaporation experiments were conducted at a temp-

PVDF membrane has an advantage over other photother-

erature of 25 ± 1  C and air humidity of 50% ± 10%.

mal materials due to its convenient separation and

Firstly, 150 mL of water was ﬁlled in a cylindrical glass,

recycling in liquid-phase reactions. Finally, the quality of

then the Ti3C2/PVDF membrane was placed on the water

the condensed fresh water was tested for evaluating the

surface. A 300 W CEL-S500 xenon lamp obtained from Beij-

potential application of this new seawater desalination

ing Zhong Jiao Jin Yuan Science and Technology Co, China,

technology. The purposes of this study are: (i) to provide a

with an AM 1.5 ﬁlter was used to simulate the solar light.

Ti3C2/PVDF membrane for seawater desalination based

The light intensity can be adjusted in the range of 1,000–

on interfacial solar heating; (ii) to examine the water quality

4,700 W/m2, as measured by a laser power meter (LP-3A,

of the condensed fresh water obtained using this technology.

Beijing Physcience Opto-Electronics, China). The weight
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of the evaporated water was measured using an electronic

spectroscopy was performed by a ﬂuorescence regional inte-

balance (FA2104, Shanghai Sunny Hengping Scientiﬁc

gration (FRI) method (HITACHI-F 4600, Japan).

Instrument Co., Ltd).

RESULTS AND DISCUSSION
Materials characterization and water-quality analysis
Synthesis and characterization of Ti3C2
The crystalline properties of the Ti3C2 and Ti3AlC2 were
identiﬁed by an X-ray diffractometer (XRD, Rigaku, Japan)

In order to verify whether aluminum was completely etched

using Cu Kα radiation (45 kV, 40 mA). The morphologies

by HF, the crystalline structures of the Ti3C2 before and after

of Ti3C2 and Ti3AlC2 were examined by an FEI FEG650

HF etching were analyzed by X-ray diffraction. The diffrac-

ﬁeld-emission scanning electron microscope and a JEM

tion peaks originating from the Al element in the Ti3AlC2

2010 transmission electron microscope (TEM) at an

sample (Figure 1(a)) almost disappeared after HF etching,

accelerating voltage of 200 kV. The contact angle of the

indicating that the Al element was gradually decreased.

Ti3C2/PVDF membrane was measured by an OCA20

The morphologies of the Ti3C2 before and after HF etching

contact angle measuring device (Dataphysics, Germany). A

were examined by SEM and TEM observation. Before HF

U-4100 ultraviolet-visible-near-infrared (UV-Vis-NIR) spec-

etching, a distinct dense layered structure with a thickness

trophotometer (Hitachi, Japan) in which BaSO4 powder

of about 0.3 μm can be clearly observed in the pristine

was used as the 100% reﬂectance standard and an integrat-

Ti3AlC2 (Figure 1(b) and 1(e)). After HF etching, Ti3C2

ing sphere accessory was equipped to obtain UV-Vis-NIR

was obviously peeled off from the layered structure to

diffuse reﬂectance spectra of the Ti3C2 and Ti3AlC2. The

form a single smooth plate crystal with a length of 3.0 μm

temperature of the Ti3C2/PVDF membrane surface was

and a width of 1.4 μm (Figure 1(c) and 1(f)). It can be seen

supervised by an IR camera (FTIR T650sc, USA). The con-

that the gap between the Ti3C2 particles increased, which

centration of anions and cations in the condensed fresh

is conducive for vapor to pass through, resulting in

water were examined by a Dionex ICS-2000 ion chromato-

enhanced water yield. Moreover, a single ﬂaky crystal can

graph (Dionex, USA) and a PE NexION 300Q inductively

also reduce the dosage of Ti3C2 needed for desalination.

coupled plasma mass-spectrometer (Perkin Elmer, USA),

The optical absorption property, which is one of the

respectively. Excitation-emission matrix (EEM) ﬂuorescence

important properties of the photothermal conversion

Figure 1

|

(a) XRD patterns and (d) UV-Vis-NIR diffuse reﬂectance spectra of the Ti3AlC2 and Ti3C2; SEM images of (b) Ti3AlC2 and (c) Ti3C2; TEM images of (e) Ti3AlC2 and (f) Ti3C2.
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material, was primarily investigated. Ti3AlC2 and Ti3C2 were

sheet-like morphology of Ti3C2, which has the larger light-

both deposited on PVDF membrane for measurement.

absorbing surface area (Xu et al. ).

Clearly, the absorption of the materials spans from the ultra-

As shown in the digital photo (Figure 2(a)), the Ti3C2/

violet (<400 nm) to the visible (400–760 nm) and near-

PVDF membrane has a smooth surface. In addition, 3D opti-

infrared (760–2,200 nm) spectral regions, indicating their

cal microscopy analysis was carried out to further measure

great potential in solar energy conversion applications

the thickness and surface property of the Ti3C2/PVDF mem-

(Figure 1(d)). The light absorption proportion in different

brane. As measured (Figure 2(b)), the heights of the highest

spectrum regions in the wavelength range from 400 to

point and the lowest point of the Ti3C2/PVDF membrane dif-

2,200 nm can be calculated by the MATLAB software

fered by 41.65 μm, and the average thickness was 21.34 μm.

according to the following equation (Zhang et al. ):

The surface of the Ti3C2/PVDF was smooth and ﬂat, which

Ð
A¼

ensures that the Ti3C2 can be heated uniformly under the
ð1  RÞ  S  dλ
Ð
S  dλ

(1)

solar light while avoiding the surface structure damage
caused by local high temperature. In order to ﬂoat on the
water surface, the Ti3C2 was deposited on the surface of

Here, A, R, S and λ represent solar absorption, sample
2

the hydrophobic PVDF membrane. The hydrophobicities of

reﬂectivity, solar spectral irradiance (W/m ·nm), and wave-

the PVDF and Ti3C2/PVDF membrane were characterized

length (nm), respectively; (1  R)·S represents the sample

by measuring the water contact angle. The contact angles

absorption of solar spectral irradiance. As calculated, the

of PVDF (Figure 2(c)) and the Ti3C2/PVDF membrane

solar absorption of the Ti3C2 from the ultraviolet (<400 nm)

(Figure 2(d)) were 136.5 and 128.6 respectively, which indi-

to

cate the hydrophobic surface of the Ti3C2/PVDF membrane.

the

visible

(400–760 nm)

and

near-infrared

(760–

2,200 nm) was 4.38%, 47.65%, and 44.33%, respectively. Cor-

As a result, the Ti3C2/PVDF membrane can be easily ﬂoated

respondingly, the solar absorption of Ti3AlC2 in the ultraviolet,

on the water surface due to the surface tension effect.

visible and near-infrared regions was 4.07%, 45.75% and
43.10%, respectively. Thus, the total solar absorption of

Water evaporation

Ti3AlC2 and Ti3C2 is 92.92% and 96.36% respectively. The

The performance of the Ti3C2/PVDF membrane for water

slightly enhanced solar absorption is probably due to the

evaporation was explored. As references, water evaporation

Figure 2

|

(a) Digital photo and (b) 3D optical microscopy image of Ti3C2/PVDF membrane. Contact angle of (c) PVDF membrane and (d) Ti3C2/PVDF membrane.
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by PVDF membrane and evaporation of pure water itself

temperature of the air–water interface with and without

were also conducted. As can be seen in Figure 3(a), all

Ti3C2/PVDF ﬁlm measured by infrared thermal imager was

water evaporation processes can be simply modeled using

21.2 and 22.1  C, respectively (Figure 4). The surface temp-

zero-order kinetics, which can be described as:

erature of the Ti3C2/PVDF membrane was raised to
43.3  C, which was 11.8  C higher than the pure water after

m–m0 ¼ kt

(2)

only ten minutes of solar irradiance. It can be seen from
the temperature change curve that the temperature rise of
the pure water was relatively balanced throughout the water

where k is the water evaporation rate, m0 is the initial water

body, while the temperature rose rapidly within the ﬁrst ten

mass, and m is the actual water mass at time t. The k value of

minutes after ﬂoating a Ti3C2/PVDF membrane on the water

Ti3C2/PVDF membrane was 0.98 kg/m2·h, which was 2.8

surface. After being irradiated for 60 minutes, the surface

2

times and 5.4 times higher than pure water (0.35 kg/m ·h)

temperature of the Ti3C2/PVDF membrane reached a steady

and PVDF (0.18 kg/m2·h) respectively. The enhanced

state. This was because a large amount of water evaporated

water evaporation rate of the Ti3C2/PVDF membrane

and took away heat, making the temperature stable at 48  C.

clearly proves that Ti3C2/PVDF membrane can enable effec-

In order to optimize the solar evaporation conditions, the

tive interfacial solar heating and promote water evaporation.

effects of Ti3C2 dose and solar irradiance intensity were inves-

The decreased k value of the PVDF was due to the hydro-

tigated, and the results are shown in Tables 1 and 2. The water

phobicity and light reﬂection effect of PVDF membrane.

evaporation rate (k) increased from 0.59 to 0.98 kg/m2·h with

The temperature change of the air–water interface can

increase of Ti3C2 dose from 40 to 60 mg. Further increasing

further conﬁrm the heating effect of the Ti3C2/PVDF mem-

the Ti3C2 dose to 70 mg resulted in a deterioration of the k

brane on the solar interface. Before solar irradiation, the

value (Figure 3(b)), which can be attributed to the excessive

Figure 3

|

(a) The mass of the evaporated water in PVDF membrane, Ti3C2/PVDF membrane and pure water versus the irradiation time. The effects of (b) Ti3C2 dose and (c) solar light
intensity on the water evaporation rate. (d) Water evaporation rate of Ti3C2/PVDF membrane under 2 sun solar irradiance over 30 days.
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(a) The temperature change of the water surface over time; (b) the IR images with and without Ti3C2/PVDF membrane at different times.

The effect of Ti3C2 dose on water evaporation rate
2

1

2

1

R2

Ti3C2 dose (mg)

Zero-order kinetic equation

Water evaporation rate (kg·m

40

y ¼ 0.00983x þ 0.00037

0.00983

0.59

0.9986

50

y ¼ 0.01300x  0.00989

0.01300

0.78

0.9898

60

y ¼ 0.01633x  0.00788

0.01633

0.98

0.9998

70

y ¼ 0.01487x  0.00605

0.01487

0.89

0.9934

water

y ¼ 0.00581x þ 0.00164

0.00581

0.35

0.9998

Table 2

|

·min

)

Water evaporation rate (kg·m

·h

)

The effect of solar light intensity on water evaporation rate
2

·min

1

)

2

Water evaporation rate (kg·m

1

·h

)

R2

Number

Zero-order kinetic equation

Water evaporation rate (kg·m

1

y ¼ 0.00521x  0.00249

0.00521

0.31

0.9941

2

y ¼ 0.01183x  0.00571

0.01183

0.71

0.9932

3

y ¼ 0.00589x  0.00281

0.00589

0.35

0.9838

4

y ¼ 0.01633x  0.00788

0.01633

0.98

0.9998

5

y ¼ 0.00622x  0.00298

0.00622

0.37

0.9859

6

y ¼ 0.02150x  0.01037

0.02150

1.29

0.9925

7

y ¼ 0.00708x  0.00338

0.00708

0.42

0.9946

8

y ¼ 0.02983x  0.01439

0.02983

1.79

0.9947

Water evaporation under (1#) 1 sun, (3#) 2 sun, (5#) 4 sun, (7#) 5.7 sun irradiance.
Water evaporation with PVDF/Ti3C2 under (2#) 1 sun, (4#) 2 sun, (6#) 4 sun, (8#) 5.7 sun irradiance.

photothermal materials that hindered vapor transport velocity.

from 1 to 5.7 sun while keeping other evaporation conditions

The effects of the light intensities on the water evaporation rate

unchanged. With the increase of light intensity, the water evap-

were investigated by tuning the light intensity in the range

oration rates of the pure water just increased from 0.31 to
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Typical water-quality indexes of the East China Sea water before and after solar
distillation by Ti3C2/PVDF membrane

tion of the water surface (Figure 3(c)). However, after
covering with a thin Ti3C2/PVDF membrane, the water evap-

|

|

Cations or anions

Seawater (mg/L)

Distilled water (mg/L)

F–

0.956

0.015

Cl–

15,134

1.91

2.29, 2.81, 3.49 and 4.26 times that of the corresponding

NO–3

5.74

0.013

pure water respectively. This experiment further conﬁrms

SO2–
4

2,043.02

0.85

that Ti3C2 has good heat absorption and interface heating

Br–

43.34

0.51

effects.

Naþ

6,543.71

0.35

oration rates were correspondingly enhanced to 0.71, 0.98,
1.29 and 1.79 kg/m2·h under 1, 2, 4 and 5.7 sun, which was

For their long-term stable operation and future commer-

Kþ

259.53

<0.01

cial applications, durability and stability are very important

Ca2þ

317.67

0.21

properties because they can reduce costs if they allow

Mg2þ

854.85

0.15

reuse. Figure 3(d) shows the water evaporation rate of the
ﬂoating Ti3C2/PVDF membrane under 2 sun for different
periods of 1, 2, 3, 5, 10, 15, 30 days. With the increase of

–
–
–
as Naþ, Kþ, Ca2þ, Mg2þ, SO2–
and Br–
4 , NO3, Cl , F

time, the water evaporation rate decreased slightly, but it

decreased to <0.01–1.91 mg/L (as shown in Table 3),

was stable in the range of 0.96–0.86 kg/m2·h. A difference

which are all below the drinking standard deﬁned by the

in water evaporation rate was not evident over the 30-day

World Health Organization (WHO), the Standards for

measured period, revealing the good stability and durability

Drinking Water Quality in China and the US Environmental

of the Ti3C2/PVDF membrane.

Protection Agency (EPA).

To further evaluate the quality of the condensed fresh

Besides the inorganic items, organic items as total

water obtained by the Ti3C2/PVDF membrane, a real sea-

organic carbon (TOC) were also investigated. The TOC con-

water sample obtained from the East China Sea was used

centration (Figure 5(c)) was reduced from 3.85 to 0.79 mg/L,

as the source water for solar evaporation. Water-quality

which is lower than the value deﬁned by China’s drinking

indexes including conductivity, turbidity, cations and

water-quality standard (GB5749-2006). Excitation–emission

anions of the East China Sea water before and after solar

matrix (EEM) ﬂuorescence spectroscopy was employed to

distillation by Ti3C2/PVDF membrane were investigated.

further analyze the types of organic compounds. Different

The conductivity (salinity) of the seawater was signiﬁcantly

kinds of organics are located in different regions of the ﬂuor-

reduced from 36,400 to 16.8 μs/cm (Figure 5(a)), which is

escence spectrum. The lower the ﬂuorescence response

far below the value (2,500 μs/cm) deﬁned by WHO. As an

value, the lower the organic content. Comparing Figure 6(a)

important test item in drinking water standards, the turbidity

with Figure 6(b), it can be found that the distillation of the

of the seawater was signiﬁcantly reduced from 6.07 NTU to

East China Sea without adding materials will greatly

0.63 NTU, which is far below the value (5 NTU) deﬁned by

increase the concentration of organic matter in condensed

WHO (Figure 5(b)). Other typical cations and anions such

fresh water. This is because the organic matter in the

Figure 5

|

(a) Conductivity, (b) turbidity and (c) TOC in seawater and condensed fresh water.
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3D ﬂuorescence diagrams of (a) East China Sea water, and condensed fresh water obtained (b) without and (c) with Ti3C2/PVDF membrane.

seawater is also volatile, thus the organic matter will evapor-

DATA AVAILABILITY STATEMENT

ate together with the evaporation of water. However, after
adding Ti3C2/PVDF membrane (Figure 6(c)), the organic

All relevant data are included in the paper or its Supplemen-

matter in the condensed fresh water will be lower than

tary Information.

that of the original East China Sea, which shows that the
Ti3C2 has a very signiﬁcant adsorption and removal property
on for organic matter removal.
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