
Author’s Accepted Manuscript

Ultrathin Two-dimensional MXene Membrane for
Pervaporation Desalination

Guozhen Liu, Jie Shen, Quan Liu, Gongping Liu,
Jie Xiong, Jian Yang, Wanqin Jin

PII: S0376-7388(17)32545-0
DOI: https://doi.org/10.1016/j.memsci.2017.11.065
Reference: MEMSCI15761

To appear in: Journal of Membrane Science

Received date: 5 September 2017
Revised date: 21 November 2017
Accepted date: 26 November 2017

Cite this article as: Guozhen Liu, Jie Shen, Quan Liu, Gongping Liu, Jie Xiong,
Jian Yang and Wanqin Jin, Ultrathin Two-dimensional MXene Membrane for
Pervaporation Desalination, Journal of Membrane Science,
https://doi.org/10.1016/j.memsci.2017.11.065

This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/memsci

http://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2017.11.065
https://doi.org/10.1016/j.memsci.2017.11.065


Ultrathin Two-dimensional MXene Membrane for Pervaporation Desalination  

Guozhen Liu
a
, Jie Shen

a
, Quan Liu

a
, Gongping Liu*

a
, Jie Xiong

b
, Jian Yang

b
 and Wanqin Jin*

a
 

a
State Key Laboratory of Materials-Oriented Chemical Engineering, Jiangsu National Synergetic Innovation 

Center for Advanced Materials, College of Chemical Enginnering, Nanjing Tech University, 5 Xinmofan 

Road, Nanjing 210009, P.R. China. 

b
Jiangsu Collaborative Innovation Center for Advanced Inorganic Function Composites, College of 

Materials Science and Engineering, Nanjing Tech University, Nanjing 210009, P. R. China 

wqjin@njtech.edu.cn 

gpliu@njtech.edu.cn 

 

*Correspondence to: Prof. Wanqin Jin, Dr. Gongping Liu, State Key Laboratory of Materials-Oriented 

Chemical Engineering, Nanjing Tech University, 5 Xinmofan Road, Nanjing 210009, P. R. China 

 

Abstract 

As a new family of two-dimensional (2D) materials, MXene, with many attractive physicochemical 

properties, has attracted increasing attentions and been applied for various applications. Here, for the first 

time, ultrathin MXene membranes with thickness down to several tens of nanometers were developed for 

pervaporation desalination by stacking synthesized atomic-thin MXene nanosheets. Influences such as lateral 

size of MXene nanosheets and feed temperature on the resulting membrane performance were systematically 

investigated. Owing to unique 2D interlayer channels as well as high hydrophilicity, the ultrathin MXene 

membrane with ~60 nm exhibited high water flux (85.4 L m
-2

 h
-1

) and salt rejection (99.5%) with feed 

concentration of 3.5 wt% NaCl at 65 °C. In addition, the MXene membrane showed a good long-term 

stability and performance in synthetic seawater system. The high-performing ultrathin 2D MXene membrane 

developed here in this work offers great potential for pervaporation applications.  
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1. Introduction 

The shortage of fresh water resource has already become a serious global problem because of the 

development of economy and the dramatic increase of population and water pollution. To solve this problem, 

it is necessary to derive fresh water from seawater or brackish water using desalination technology [1, 2]. 

Multi-stage flash (MSF) distillation and reverse osmosis (RO) are two of the most commercially important 

technologies [3, 4]. Although MSF process is suitable for large-scale desalination application with mature 

and reliable technology, there are some disadvantages, such as high power consumption and low heat transfer 

efficiency [5]. While for RO process, high pressure is required to overcome the osmotic pressure of the 

seawater, and membrane fouling might be another hurdle [6]. Alternatively, membrane pervaporation has 

been reported for seawater desalination recently, because of its potential in energy efficiency and easy 

operation [7-11]. Although salt rejection would be infinite if applying a simple evaporation for water, the 

potential of using pervaporation membrane also includes rejecting trace of volatile organics for producing 

pure water that might be hardly achieved by a simple evaporation process.  

Like most membrane processes, high performance membrane plays a key role in pervaporation 

desalination technology. Nowadays, materials such as polymers [poly (vinyl alcohol), PVA] [7], and 

inorganic materials (NaA zeolite) [8] and polymer-inorganic hybrid materials (silica/PVA) [9] were prepared 

for pervaporation desalination. Although these membranes have obtained high ion rejection, the flux was 

generally lower than 10 L m
-2

 h
-1

. More efforts are undergoing to develop novel membranes with higher 

productivity (flux) for seawater desalination [12, 13]. The discovery of graphene tripped a lot of interests 

toward two-dimensional (2D) materials [14, 15]. Generally, 2D materials possess sheet-like structure with 

atomic thickness, micrometer lateral size and 2D transport channels as properly stacked [16]. As a result, they 

have been employed as high-performance membranes for various separation applications [17-22]. As for 

seawater desalination, graphene-based materials are most studied until now [23-28].  

In 2011, a new family of 2D materials, transition metal carbides and/or nitrides, was discovered by 

Gogotsi and Barsoum [29]. They defined it as “MXene”，whose formula is Mn+1XnTx, where n is 1, 2, or 3, M 

stands for an early transition metal, X represents carbon and/or nitrogen, T refers to the surface group (OH, O, 

or F). MAX phases with the general formula of Mn+1AXn are the precursors of MXene, where A is a group 

(mainly groups 13 or groups 14) element [30]. Because the M-A bond is metalic, it is too strong to be broken 

by similar mechanical methods like other 2D materials, such as graphene and transition metal 

dichalcogenides (TMDS) [31]. 2D MXene can be made by etching “A” from precursor “MAX” using etching 



agents (HF, HCl and lithium fluoride or NH4HF2) [29, 32, 33]. Among about 70 different MXene materials, 

Ti3C2Tx is the most studied member of the MXene family [34]. Meanwhile, Ti3C2Tx is hydrophilic with 

negatively charged surface similar to GO [35]. It can be applied for membrane-based molecular separation, 

especially for water treatment. So far, there are only a few reports on MXene membranes. Gogotsi et al. [36] 

firstly studied the ion diffusion behavior of Ti3C2Tx membrane. Recently, Ding et al. [37] fabricated anodic 

aluminum oxide (AAO) supported MXene (Ti3C2Tx) membrane, showing enhanced water permeance and 

rejection of molecules with size larger than 2.5 nm. However, MXene membranes remain challenges for 

efficient separation of small molecules such as seawater desalination.  

In this work, ultrathin MXene (Ti3C2Tx) membranes were designed and fabricated for pervaporation 

desalination. Atomic-thin MXene nanosheets were synthesized via selective etching followed by 

delamination process. The resulting MXene nanosheets were stacked into membranes whose microstructures 

were studied and tuned for separating water from salt solution. The influences of lateral size of MXene 

nanosheets, feed temperature and long-term stability on the desalination performance were systematically 

investigated.  

2. Experimental 

2.1 Synthesis of Ti3AlC2 powders 

Ti2AlC was purchased from Kanthal, Sweden. TiC (99.5%) was obtained from Alfa Aesar, USA. 

According to the literature [29], Ti3AlC2 was synthesized as following: the Ti3AlC2 powders were prepared 

by ball-milling mixture Ti2AlC and TiC in a molar ratio of 1:1 for 24 h. Then the mixture was heated to 

1350 °C at a heating rate of 5 °C/min under argon. The resulting sintered bricks were grinded by a mortar and 

pestle. Then the Ti3AlC2 powders were obtained after sieving through a 400 mesh sieve. 

2.2 Exfoliation of Ti3AlC2 powders 

Lithium fluoride (0.666 g) was added into 10 mL of a concentrated HCl solution (6M) with stirring at 

room temperature for 40 min. (Caution: Lithium fluoride is hazardous, please take protection measures 

during the process of the experiment.) Then 1 g Ti3AlC2 powders were gradually immersed in the mixture 

solution to avoid the violent exothermic reaction. The mixture solution was reacting at 35 °C for 24 h. The 

resulting suspension was then washed several times with ethanol by centrifugation. The Ti3C2Tx powders 

were obtained after vacuum drying for 12 h [32]. 

2.3 Delamination of Ti3C2Tx 

The resulting Ti3C2Tx powders were dispersed in DI water with concentration of 2 mg/mL. To 



delaminate Ti3C2Tx, the solution was sonicated for 1 h under flowing argon and then centrifugation for 1 h at 

3500 r.p.m. The supernatant including stable Ti3C2Tx nanosheets was collected into glass bottle. To obtain 

different sized nanosheets, we used different sonication time to delaminate Ti3C2Tx. 

2.4 Preparation of MXene composite membrane  

The commercial Polyacrylonitrile (PAN) ultrafiltration membranes with pore size of few tens of 

nanometers were used to support the MXene nanosheets. A certain amount of MXene suspension was 

immersed into 100 mL DI water. Then the MXene suspension was sonicated for several minutes to disperse 

MXene nanosheets well. The MXene membranes were prepared by vacuum filtration of the MXene 

suspension through PAN substrate. The deposition amount of MXene nanosheet X g/cm
2
 is defined as X g 

deposited MXene nanosheet per cm
2
 of PAN substrate. Free-standing MXene membranes were prepared 

using polycarbonate (PC, average pore size of 200 nm) by similar method, and they can be exfoliated from 

substrates after drying for 24h. 

2.5 Characterizations 

X-ray diffraction (XRD) (Rigaku, Miniflex 600, Japan) was used to examine the crystal phases of 

samples. Diffraction patterns were collected with a scan rate of 0.2 s step
-1

. The water contact angle of PAN 

and MXene membranes were measured by the contact angle measurement system (DSA100, Kruss). The 

field emission scanning electron microscopy (Hitachi Limited, S-4800, Japan) and Atomic Force Microscope 

(AFM, XE-100, Park SYSTEMS, Korea) were used to characterize the morphology of MXene nanosheets 

and membranes. Transmission electron microscope (TEM, Tecnai 12, Philips, Netherlands) was applied to 

observe the fine structure of MXene nanosheets. Raman spectroscopy (LabRAM HR, HORIBA, France) was 

used with 514 nm wavelength incident laser light in the range of 100 – 800 cm
-1

. The functional groups of 

synthesized Ti3C2Tx powders were characterized by Fourier transform infrared (FTIR, AVATAR-FT-IR-360, 

Thermo Nicolet, USA) spectra with the range of 500 – 3500 cm
-1

). The X-ray photoelectron spectroscopy 

(XPS, Thermo ESCALAB 250, USA) characterization was carried out to check the groups of MXene.  

2.6 Pervaporation desalination measurement 

The pervaporation desalination performance of the MXene membranes was measured by a home-made 

apparatus published in previous paper [38]. The flat sheet membrane was sealed in stainless steel module 

with an effective area of 2.54 cm
2
. The feed tank was placed into thermostat water bath to maintain steady 

temperature. The feed liquid was sucked into membrane module by a peristaltic pump with a speeding of 100 

L h
-1

 and then feed liquid returned to the liquid tank. The vapor on the permeate side of the membrane 

module was collected by a liquid nitrogen cold trap. The permeate pressure was below 400 Pa controlled by a 
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vacuum pump. 

Water flux and salt rejection are usually used to evaluate membrane desalination performance. The flux 

(J) depended on the mass (M) of liquid collected in the cold trap, the effective membrane area (A) and the 

time (t). It is calculated by the following equation: 

                          

M
J

A t


                            (1) 

The salt rejection (R) lies on ion concentration of the feed (Cf) and the permeate (Cp) which were 

determined from the conductivity detected by an electrical conductivity meter (DDS-37). We used the 

equation (2) to calculate the rejection.  

                      

f p

f

C C
R 100%

C


 

                        (2) 

It should be noted that theoretical salt rejection for pervaporation should be 100% if only water 

evaporation takes place. So a low salt rejection indicates the non-selective defects existed in membrane layer 

that allows salt passage through the membrane even with the pervaporation operation.  

3. Results and discussion 

3.1. Synthesis and characterization of MXene  

The morphology of precursor Ti3AlC2 powders and the synthesized Ti3C2Tx were characterized by SEM. 

As shown in Fig. 1, the precursor Ti3AlC2 powders exhibited a brick-like structure with firmly stacked layers 

(Fig. 1a), which is hardly to be delaminated by sonication [39]. Because the Ti-Al bond is metallic. After 

etching the Al element from the precursor Ti3AlC2 powders using lithium fluoride and HCl, the Ti3C2Tx 

MXene powders were synthesized and showed typical loosely stacked layered structure like “accordion”, 

which is shown in Fig. 1b. Then, the MXene nanosheets can be easily produced by sonication. The elemental 

composition of precursor Ti3AlC2 powders and the synthesized Ti3C2Tx were analyzed by EDX (Figs. 1c-d). 

It was found that Ti3C2Tx is composed of Ti, C, and Al, as well as some new elements including Cl, O and F 

from the HCl/lithium fluoride etching process. It is worth noting that the Al peak decreased in the Ti3C2Tx, 

indicating some of the Al element was etched from Ti3AlC2 MAX.  
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Fig. 1. SEM images of (a) Ti3AlC2 powders and (b) Ti3C2Tx powders, (c) and (d) are the corresponding EDXS data of 

Ti3AlC2 powders and Ti3C2Tx powders. 

A certain amount of MXene powders was added into DI water followed by sonication to obtain single 

layer MXene nanosheets. As shown in Fig. 2a, there is a clear laser beam transmission through the solution, 

indicating a good dispersion of MXene in water. The MXene suspension was dropped upon on silicon wafer 

for the subsequent SEM characterization to observe the morphology of nanosheets. Fig. 2b shows the thin 

layer of MXene nanosheets after sonication delamination for 1 h, with a lateral size of ~600 nm. AFM was 

used to measure the height of these MXene nanosheets. As displayed in Fig. 2d, the thickness of MXene 

nanosheet was ca. 1~2 nm, which can be regarded as single or double-layered MXene [40]. Also, the AFM 

suggests the lateral size of the MXene nanosheets is 500-700 nm, which is in line with SEM result shown in 

Fig. 2b.  

It has been demonstrated that the lateral size of nanosheets has an important effect on the microstructure 

and separation performance of 2D-material membranes [17, 41-43]. We obtained larger MXene nanosheets 

by decreasing the sonication time from 1 h to 0.1 h. The SEM and AFM images are shown in Figs. 2c and e, 

respectively. Both suggest that the lateral size of the MXene nanosheets produced by shorter sonication time 

is about 1-2 μm, with a similar thickness of ca. 1-2 nm compared with the small-sized MXene nanosheets. 

Usually, large-sized nanosheets may lead to a firmly stacked laminar structure, which is considered to have 
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influence on the molecular transport of separation membranes [41]. It will be discussed in the next section.  

 

Fig. 2. Digital photo of (a) MXene suspension, shows the Tyndall effect in a colloidal solution. SEM images of (b) small-sized 

and (c) large-sized MXene nanosheets; AFM images of (d) small-sized and (c) large-sized MXene nanosheets.  

Moreover, the sheet-like structure of the MXene nanosheets can be clearly observed in TEM image 

inserted with the lattice fringes (Fig. 3a), which agrees well with literature [44]. It was also found that the 

ultrathin 2D MXene nanosheets show good flexibility that is beneficial for fabricating the laminar 

membranes featuring excellent mechanical properties. Fig. 3b showed the Raman spectra of large-sized and 

small-sized MXene. They exhibit similar four peaks at about 198 cm
-1

, 387 cm
-1

, 572 cm
-1

 and 716 cm
-1

, 

indicating the typical structure of MXene [45].  

 

Fig. 3. (a) TEM image of MXene nanosheets and the overall selected area electron diffraction pattern. (b) Raman spectra of 

large-sized and small-sized Ti3C2Tx MXene. 

The chemical properties of synthesized MXene were further characterized and analyzed. In the FTIR 



spectra (Fig. 4a), Ti3C2Tx MXene shows two characteristic bands at 3457 cm
-1

 and 1625 cm
-1

, corresponding 

to –OH and –C=O, respectively [37]. XPS was used to further study the functional group of Ti3C2Tx, and the 

results are shown in Figs. 4b-f. Overall, Ti, C, F, and O elements were detected (Fig. 4b) that is consistent 

with the EDX in Fig. 1d. In the high resolution XPS spectra for Ti2p (Fig. 4c), there are five main peaks 

occurring at 454.5, 455.3, 456.2, 457.2 and 458.5 eV, which are corresponding to Ti-C, Ti(Ⅱ), Ti(Ⅲ), Ti-O, 

Ti-F, respectively. Fig. 4d shows the high resolution XPS spectra for F1s, two peaks were observed, relating 

to F-Ti and F-C, suggesting the presence of F group. The O1s spectrum shown in Fig. 4e indicates that the 

formation of titanium oxide and the presence of -OH group. In the C1s spectrum (Fig. 4f), we can clearly see 

four peaks occurring in 281, 283.4, 285.5 and 288.0 eV, corresponding to C-Ti, C-C, C-O and C=O, 

respectively. In general, the XPS data confirmed that the elements on surface of MXene nanosheets are 

composed of F, C, Ti, O, H and the presence of -OH and -C=O group. These functional groups on MXene 

nanosheets would result in the increase of inter-layer spacing in the stacked MXene laminates, providing 

molecular transport channels. Moreover, the oxygen-containing groups enable the MXene and assembled 

MXene membranes to be hydrophilic, which is particularly favorable for water separation processes such as 

desalination. The crystalline structure of MXene was also confirmed by XRD characterization that will be 

discussed later.  

 

Fig. 4. (a) FTIR spectroscopy and (b-f) XPS results of Ti3C2Tx MXene. 

3.2. Fabrication and characterization of MXene membranes  

MXene nanosheets were assembled into 2D laminar freestanding membrane or thin composite 

membrane by vacuum-assisted filtration method. As shown in Figs. 5a-c, a freestanding MXene membrane 
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with diameter of 40 mm can be easily wrapped around a glass rod with diameter of 4 mm (Fig. 5b) and can 

also be folded into cylinder structure by a tweezer (Fig. 5c) without damage. An anticipated high flexibility is 

suggested for the freestanding Ti3C2Tx MXene membrane. Figs. 5e-i display samples of thin MXene 

composite membranes prepared by gradually increasing the deposition amount of MXene nanosheets on the 

surface of porous PAN substrate (Fig. 5d). The color of MXene layer varies from light green to dark green, 

implying a thicker MXene layer was formed as depositing more MXene nanosheets, which was further 

studied in the following SEM analysis. 

 

Fig. 5. Digital photo images of membrane. (a) Freestanding MXene membrane. (b) and (c) To show the flexibility, the 

MXene membrane was folded into different shapes by glass rod and tweezer. (d) - (i) MXene membrane with deposition 

amount of 0, 3.662, 7.325, 18.31, 36.62, 73.25 × 10
-6

 g/cm
2
, respectively. The scale bar 2 cm. 

SEM was used to characterize the surface and cross-section of MXene membranes. As shown in Figs. 6a 

and f, the freestanding MXene membrane with thickness of ~8 m exhibits a wrinkled surface that is usually 

found in graphene oxide (GO) membranes [46-48], mainly caused by the stacking of flexible nanosheets. 

From the cross-sectional view, a laminar structure is clearly observed in the MXene membrane, representing 

a typical structural feature of 2D-material membrane. The inter-layer spaces of this laminar structure are 

believed to offer 2D channels for molecular transport. We also characterized the morphologies of the thin 

composite MXene membranes. Before that, the SEM images of blank PAN substrate was checked, as shown 

in Figs. 6b and 6g. Its surface is very smooth with pores of few tens of nanometers, and highly porous 



structures were observed from its cross-section. Apparently, water and salt ions can unimpeded permeate 

through the PAN substrate [24]. By depositing 3.662, 18.31, 36.62 × 10
-6

 g/cm
2
 MXene nanosheets, the 

MXene layer was formed on top of the PAN substrate, with thickness of about 60 nm, 300 nm and 600 nm, 

respectively, as shown in Figs. 6h-j. No observable cracks were found in all of these MXene membranes, 

which is very crucial for performing efficient molecular separation process [41, 49, 50]. In particular, we 

realize an ultra-thin MXene membrane with only ~60 nm thick, fabricated by using the MXene loading of 

3.662 × 10
-6 

g/cm
2
, which is expected to be highly permeable because of the extremely low transport 

resistance.  



 

Fig. 6. SEM images of (a, f) freestanding MXene membrane, (b, g) PAN substrate, (c-j) MXene/PAN composite membranes 

with deposition amount of (c, h) 3.662, (d, i) 18.31, (e, j) 36.62 × 10
-6

 g/cm
2
, respectively; (a-e) membrane surfaces; (f-j) 

membrane cross-sections.  

The laminar structure of the MXene membrane was further studied by XRD characterization. Fig. 7 

presents the XRD patterns of Ti3C2Tx MXene membrane and Ti3AlC2 MAX powders. It confirms that after 

etching the Al followed by sonication, the Ti3AlC2 powders were successfully converted into Ti3C2Tx 

nanosheets. Also, it is noticed that there are a few weak characteristic peaks of original Ti3AlC2 powders in 



the pattern of MXene membrane. Similar phenomenon was reported in literature [32, 51], which is 

presumably due to the influence of etching process. The characteristic peak of MXene laminate located at 2θ 

of 6.4 ° indicates the initial d-spacing of 1.33 nm. The empty interlayer distance of MXene membrane can be 

calculated as 0.35 nm if considering the thickness of individual MXene nanosheet of ~0.98 nm [32, 52]. One 

would expect that the MXene membrane can selectively transport molecules with size smaller than 0.35 nm. 

For instance, water, with molecular kinetic diameter of 0.29 nm, could easily permeate through the interlayer 

spaces while other large ions could not, realizing high-performance desalination process.  

 

 

Fig. 7. XRD patterns of Ti3AlC2 powders and Ti3C2Tx membrane 

Besides of the inter-layer structure, surface property of 2D-material membranes is also important for 

pervaporation desalination process, according to the solution-diffusion transport mechanism. We thus studied 

the surface roughness and hydrophilicity of MXene membranes fabricated by using small- and large-sized 

MXene nanosheets. As shown in Fig. 8 and Table 1, the surface roughness of PAN substrate is mainly 

produced by the uniformly distributed pores with diameter of several tens of nanometers. After depositing 

MXene layer, the membrane surface showed a dense and wrinkled morphology caused by the stacking of 

MXene nanosheets resemble GO [53], which is identical to the SEM results (Figs. 6c-e). The decreased 

surface roughness (Ra and Rq) of MXene membrane prepared by large-sized nanosheets indicates a denser 

stacked structure compared with that prepared by small-sized nanosheets. This difference in stacking 

structure is supposed to have some effects on the separation performance, which will be discussed in the next 

section.  

 



 

Fig. 8. AFM images of (a) PAN substrate; MXene membrane prepared by (b) small-sized or (c) large-sized MXene 

nanosheets. Scan area: 5μm × 5μm. 

Table 1. Surface roughness parameters of PAN substrate and MXene membrane prepared by small-sized or large-sized 

MXene nanosheets. 

Surface 

roughness 

PAN 

membrane 

MXene membrane 

Small-sized nanosheets large-sized nanosheets 

Ra(nm) 8.801 13.545 10.453 

Rq(nm) 11.445 18.283 15.775 

 

The membrane surface hydrophilicity was studied by water contact angle measurement. As shown in Fig. 

9, compared with hydrophilic PAN substrate (53.2 °), the MXene membranes exhibit lower water contact 

angles, indicating a good hydrophilicity of MXene [36, 54]. This is because of the oxygen-containing groups 

on MXene nanosheets as confirmed by FTIR and XPS analysis (Fig. 4). The high hydrophilicity of MXene 

membrane would benefit for the water preferential adsorption on the membrane surface. The water contact 

angle of MXene membrane prepared by large-sized nanosheets is smaller compared with the membrane 

prepared by small-sized nanosheets, might be due to the difference in surface roughness.  

 

Fig. 9. Water contact angles of (a). PAN substrate; MXene membrane prepared by using (b) small-sized or (c) large-sized 

MXene nanosheets. 

3.3. Desalination performance of MXene membranes 

The effect of MXene loading (depositing amount on the PAN substrate, 0-109.8 × 10
-6

 g/cm
2
) on the 

pervaporation desalination performance of MXene membrane was investigated. Typically, 3.5 wt% NaCl 



solution was used as model feed system for desalination [24]. As shown in Fig. 10, the non-selective PAN 

substrate has very high water flux of 120.2 L m
-2

 h
-1

 and ultra-low NaCl rejection of 11.66%. After loading of 

2.190 × 10
-6

 g/cm
2
 MXene nanosheets, the rejection was improved, but still below 30%. It suggests that a 

continuous MXene separation layer could not formed under such low MXene loading, and there are lots of 

non-selective defects in the resulting MXene membrane. As MXene loading reached to 3.662 × 10
-6

 g/cm
2
, 

an outstanding salt rejection of 99.5% was achieved, indicating a defect-free layer was successfully 

fabricated. More importantly, the defect-free MXene laminate is very thin, only ~60 nm (Figs. 6c, h), 

producing a very high water flux of 85.4 L m
-2

 h
-1

. This extraordinary performance shows great advantages 

over the reported membranes for pervaporation desalination. According to the solution-diffusion model, the 

hydrophilic surface, along with the fast and selective water transport channels provided by the MXene 

laminates should contribute to the observed high water flux and selectivity over salt. Water can be 

preferentially adsorbed on the membrane surface, owing to the hydrophilic characteristic of MXene layer. 

Meanwhile the water molecules diffuse through the inter-layer spaces of MXene laminate. The salt is rejected 

due to its large size as well as the low affinity towards the membrane surface. We found that further 

increasing the deposition amount of MXene led to a gradual decrease in water flux while constantly high 

rejection of ~99.5%. This result confirms us that an integrate MXene membrane can be formed with a 

minimum thickness of ~60 nm in this study. Higher transport resistance was built up in the membrane with 

thicker MXene layer. 

 

Fig. 10. Effect of MXene deposition amount on the pervaporation desalination performance of MXene membrane for 3.5 wt% 

NaCl solution at 65 °C. 

Our previous work [17, 41-43] demonstrated that lateral size of 2D material would affect the membrane 

separation performance. Hence, the effect of MXene lateral size on the pervaporation desalination 

javascript:void(0);


performance of the prepared membrane was studied. As given in Fig. 11, the water flux of MXene membrane 

with small-sized MXene nanosheets (~0.5 μm) is slightly higher than that with large-sized nanosheets (~1-2 

μm), while the ion rejection of both is almost identical. The more compact stacking structure of the 

large-sized MXene nanosheets observed in SEM and AFM characterizations (Fig. 2) might account for the 

reduced water flux through the MXene laminates.  

 

Fig. 11. Effect of MXene lateral size on the pervaporation desalination performance of MXene membrane with MXene 

loading 36.62 × 10
-6

 g/cm
2
 for 3.5 wt% NaCl solution at 30 °C 

To demonstrate the feasibility of practical operation, the effect of feed temperature on separation 

performance of MXene membrane was studied, and the result is shown in Fig. 12a. All the salt rejections are 

around 99.5% in the temperature range of 30-65 °C and the water flux increases from 48.2 to 83.5 L m
-2

 h
-1

. 

This desirable result suggests that the water productivity can be easily enhanced by increasing the feed 

temperature, while keeping an excellent desalination efficiency. The relationship between water flux and feed 

temperature follows the Arrhenius equation[55]： 

                                                                (3) 

where the Ji is the permeate flux of component i (kg m
-2

 h
-1

), Ai is the preexponential factor (kg m
-2

 h
-1

), Ea is 

the activation energy (kJ mol
-1

), R is the gas constant (kJ mol
-1

 K
-1

) and T is the feed temperature (K). The 

Arrhenius plot between water flux and feed temperature is shown in Fig. 12b. The experimental result agrees 

well with the theoretical model, and the activation energy of water is calculated as about 13.55 kJ mol
-1

. The 

positive value of Ea indicates that water permeation will be promoted by increasing the feed temperature. 

a
i i

E
J =A exp -

RT

 
 
 



 

Fig. 12. (a) Effects of feed temperature on the desalination performance of MXene membrane (b) The Arrhenius graph 

equation between water flux and feed temperature. (MXene loading: 3.662 × 10
-6

 g/cm
2
, 3.5 wt% NaCl solution) 

We also explored the long-term stability of MXene membrane for pervaporation desalination. It can be 

seen from Fig. 13 that during the 100 h continuous operation, both the ion rejection and the water flux almost 

kept unchanged, indicating a high structural integrity and separation stability of the MXene composite 

membrane.  

 

Fig. 13. Long-term pervaporation desalination test of MXene membrane with MXene loading 109.8 × 10
-6

 g/cm
2
 for 3.5 wt% 

NaCl solution at 30 °C. 

For practical application, the pervaporation performance of MXene membrane in synthetic seawater 

system [56] (26.5 g l
−1

 NaCl, 24 g l
−1 

MgCl2, 0.73 g l
−1

 KCl, 3.3 g l
−1

 MgSO4, 0.2 g l
−1

 NaHCO3, 1.1 g l
−1

 

CaCl2 and 0.28 g l
−1

 NaBr) was investigated as well. As expected, the MXene membrane displayed high 

desalination performance for synthetic seawater. The water flux of 52.94 L m
-2

 h
-1

 is comparable with the 3.5 

wt% NaCl system, and the rejection for most ions are more than 99.5% (Fig. 14). 



 

Fig. 14. Ion rejection of MXene membrane with MXene loading 3.662 × 10
-6

 g/cm
2
 for synthetic seawater system at 65 °C 

The reported pervaporation desalination performance was summarized in Table 2. Compared with other 

membranes, our MXene membranes show excellent water flux and salt rejection at the same time, which 

fairly exceeds the separation performance of the reported membranes, including polymer-based membranes 

(PVA, silica/PVA), inorganic membranes (NaA zeolite) and also 2D GO membranes. With the unique 

hydrophilic 2D transport nanochannels, our ultrathin MXene membrane offers a great potential for 

pervaporation desalination application. 

Table 2. Performance comparison of pervaporation desalination using other membranes reported in literature 

Material Feed NaCl 

concentration (wt %) 

T 

(°C) 

Flux 

(L m
-2

 h
-1

) 

Rejection 

(%) 

Reference 

PVA 3.5 25 7.36 99.8 [7] 

NaA zeolite 3.5 69 1.9 99.9 [8] 

Silica/PVA 3.5 22 6.93 99.5 [9] 

GO/ceramic 3.5 90 48.4 99.7 [23] 

GO/PAN 3.5 90 65.1 99.8 [24] 

GOF/ceramic 3.5 90 11.4 99.9 [25] 

MXene/PAN 3.5 30 48.2 99.5 
This work 

MXene/PAN 3.5 65 85.4 99.5 

 

It should be noted that the energy cost is a key issue for the pervaporation desalination process, and the 

vacuum used in this work is an expensive form of energy. It was noticed that pervaporation desalination 

process heating by solar energy [10], genothermal energy or waste heat from industry showed the potential to 

further improve the energy efficiency [57]. In addtion, besides of the vacuum operation, the pervaporation 

process can also be operated by sweeping gas to offer the driving force [58, 59], in which the energy 

consumption might be effectively reduced.  



 

4. Conclusion 

In this work, ultrathin 2D MXene membranes were fabricated via facile filtration method and applied 

for pervaporation desalination. The resulting MXene membranes, with high hydrophilicity and unique 2D 

interlayer transport channels, exhibited excellent performance with high water permeability and salt rejection. 

The optimized ultrathin MXene membrane showed high water flux of 85.4 L m
-2

 h
-1

 with salt rejection of 

~99.5% for 3.5 wt% NaCl solution at 65 °C. Besides, stable separation performance was maintained during 

100h continuous operation and outstanding performance with high rejection was achieved for mixed salts in 

synthetic seawater system. This work demonstrated that the developed MXene membranes could be a 

promising candidate for pervaporation desalination application. In the future, more efforts should be applied 

to the scalable fabrication and regenerability of the MXene membrane, the optimization of pervaporation 

desalination process with improved energy efficiency, as well as reducing the cost of the MXene 

membrane-based pervaporation desalination system. 

 

Acknowledgements  

We acknowledge the National Natural Science Foundation of China (Nos. 21406107, 21490585, 21476107, 

21776125), the National Key Basic Research Program (2017YFB0602500), the Innovative Research Team 

Program by the Ministry of Education of China (No. IRT17R54, IRT1146 and IRT15R35), the Natural 

Science Foundation of Jiangsu Province (No. BK20140930) and the Topnotch Academic Programs Project of 

Jiangsu Higher Education Institutions (TAPP), the Priority Academic Program Development of Jiangsu 

Higher Education Institutions (PAPD), Qing Lan Project, the Program for Changjiang Scholars and 

Innovative Research Team in University (PCSIRT) for financial support. 

Reference 

[1] R. Singh, Worldwide water crisis, Journal of Membrane Science, 313 (2008) 353-354. 

[2] M. Elimelech, W.A. Phillip, The future of seawater desalination: energy, technology, and the environment, science, 

333 (2011) 712-717. 

[3] S. Kasemset, A. Lee, D.J. Miller, B.D. Freeman, M.M. Sharma, Effect of polydopamine deposition conditions on 

fouling resistance, physical properties, and permeation properties of reverse osmosis membranes in oil/water 

separation, Journal of Membrane Science, 425-426 (2013) 208-216. 



[4] B. Van der Bruggen, Desalination by distillation and by reverse osmosis — trends towards the future, Membrane 

Technology, 2003 (2003) 6-9. 

[5] A.D. Khawaji, I.K. Kutubkhanah, J.-M. Wie, Advances in seawater desalination technologies, Desalination, 221 

(2008) 47-69. 

[6] H. El-Saied, A.H. Basta, B.N. Barsoum, M.M. Elberry, Cellulose membranes for reverse osmosis Part I. RO 

cellulose acetate membranes including a composite with polypropylene, Desalination, 159 (2003) 171-181. 

[7] B. Liang, K. Pan, L. Li, E.P. Giannelis, B. Cao, High performance hydrophilic pervaporation composite membranes 

for water desalination, Desalination, 347 (2014) 199-206. 

[8] C.H. Cho, K.Y. Oh, S.K. Kim, J.G. Yeo, P. Sharma, Pervaporative seawater desalination using NaA zeolite 

membrane: Mechanisms of high water flux and high salt rejection, Journal of Membrane Science, 371 (2011) 

226-238. 

[9] Z. Xie, M. Hoang, T. Duong, D. Ng, B. Dao, S. Gray, Sol–gel derived poly(vinyl alcohol)/maleic acid/silica hybrid 

membrane for desalination by pervaporation, Journal of Membrane Science, 383 (2011) 96-103. 

[10] H. Zwijnenberg, G. Koops, M. Wessling, Solar driven membrane pervaporation for desalination processes, Journal 

of Membrane Science, 250 (2005) 235-246. 

[11] M. Drobek, C. Yacou, J. Motuzas, A. Julbe, L. Ding, J.C. Diniz da Costa, Long term pervaporation desalination of 

tubular MFI zeolite membranes, Journal of Membrane Science, 415-416 (2012) 816-823. 

[12] T. Humplik, J. Lee, S.C. O'Hern, B.A. Fellman, M.A. Baig, S.F. Hassan, M.A. Atieh, F. Rahman, T. Laoui, R. 

Karnik, E.N. Wang, Nanostructured materials for water desalination, Nanotechnology, 22 (2011) 292001. 

[13] A.K. Mishra, S. Ramaprabhu, Functionalized graphene sheets for arsenic removal and desalination of sea water, 

Desalination, 282 (2011) 39-45. 

[14] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V. Grigorieva, A.A. Firsov, 

Electric field effect in atomically thin carbon films, science, 306 (2004) 666-669. 

[15] G. Liu, W. Jin, N. Xu, Two‐Dimensional‐Material Membranes: A New Family of High‐Performance 

Separation Membranes, Angewandte Chemie International Edition, 55 (2016) 13384-13397. 

[16] H. Zhang, Ultrathin two-dimensional nanomaterials, ACS nano, 9 (2015) 9451-9469. 

[17] J. Shen, M. Zhang, G. Liu, K. Guan, W. Jin, Size effects of graphene oxide on mixed matrix membranes for CO2 

separation, AIChE Journal, 62 (2016) 2843-2852. 

[18] G. Liu, W. Jin, N. Xu, Graphene-based membranes, Chemical Society reviews, 44 (2015) 5016-5030. 

[19] K. Huang, G. Liu, Y. Lou, Z. Dong, J. Shen, W. Jin, A Graphene Oxide Membrane with Highly Selective 



Molecular Separation of Aqueous Organic Solution, Angewandte Chemie International Edition, 53 (2014) 

6929-6932. 

[20] L. Huang, M. Zhang, C. Li, G. Shi, Graphene-Based Membranes for Molecular Separation, The journal of 

physical chemistry letters, 6 (2015) 2806-2815. 

[21] K. Huang, G. Liu, W. Jin, Vapor transport in graphene oxide laminates and their application in pervaporation, 

Current Opinion in Chemical Engineering, 16 (2017) 56-64. 

[22] M. Zhang, K. Guan, J. Shen, G. Liu, Y. Fan, W. Jin, Nanoparticles@rGO membrane enabling highly enhanced 

water permeability and structural stability with preserved selectivity, AIChE Journal, 63 (2017) 5054-5063. 

[23] K. Xu, B. Feng, C. Zhou, A. Huang, Synthesis of highly stable graphene oxide membranes on polydopamine 

functionalized supports for seawater desalination, Chemical Engineering Science, 146 (2016) 159-165. 

[24] B. Liang, W. Zhan, G. Qi, S. Lin, Q. Nan, Y. Liu, B. Cao, K. Pan, High performance graphene 

oxide/polyacrylonitrile composite pervaporation membranes for desalination applications, J. Mater. Chem. A, 3 

(2015) 5140-5147. 

[25] B. Feng, K. Xu, A. Huang, Covalent synthesis of three-dimensional graphene oxide framework (GOF) membrane 

for seawater desalination, Desalination, 394 (2016) 123-130. 

[26] D. Cohen-Tanugi, J.C. Grossman, Water desalination across nanoporous graphene, Nano letters, 12 (2012) 

3602-3608. 

[27] S.P. Surwade, S.N. Smirnov, I.V. Vlassiouk, R.R. Unocic, G.M. Veith, S. Dai, S.M. Mahurin, Water desalination 

using nanoporous single-layer graphene, Nature nanotechnology, 10 (2015) 459-464. 

[28] E.N. Wang, R. Karnik, Water desalination: Graphene cleans up water, Nature nanotechnology, 7 (2012) 552-554. 

[29] M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi, M.W. Barsoum, 

Two-dimensional nanocrystals produced by exfoliation of Ti3AlC2, Advanced materials, 23 (2011) 4248-4253. 

[30] M. Naguib, J. Halim, J. Lu, K.M. Cook, L. Hultman, Y. Gogotsi, M.W. Barsoum, New two-dimensional niobium 

and vanadium carbides as promising materials for Li-ion batteries, Journal of the American Chemical Society, 135 

(2013) 15966-15969. 

[31] K.S. Novoselov, D. Jiang, F. Schedin, T.J. Booth, V.V. Khotkevich, S.V. Morozov, A.K. Geim, Two-dimensional 

atomic crystals, Proceedings of the National Academy of Sciences of the United States of America, 102 (2005) 

10451-10453. 

[32] M. Ghidiu, M.R. Lukatskaya, M.Q. Zhao, Y. Gogotsi, M.W. Barsoum, Conductive two-dimensional titanium 

carbide 'clay' with high volumetric capacitance, Nature, 516 (2014) 78-81. 



[33] J. Halim, M.R. Lukatskaya, K.M. Cook, J. Lu, C.R. Smith, L.-Å. Näslund, S.J. May, L. Hultman, Y. Gogotsi, P. 

Eklund, M.W. Barsoum, Transparent Conductive Two-Dimensional Titanium Carbide Epitaxial Thin Films, 

Chemistry of Materials, 26 (2014) 2374-2381. 

[34] Z. Zheng, R. Grunker, X. Feng, Synthetic Two-Dimensional Materials: A New Paradigm of Membranes for 

Ultimate Separation, Advanced materials, 28 (2016) 6529-6545. 

[35] S. Grimme, Semiempirical GGA-type density functional constructed with a long-range dispersion correction, 

Journal of computational chemistry, 27 (2006) 1787-1799. 

[36] C.E. Ren, K.B. Hatzell, M. Alhabeb, Z. Ling, K.A. Mahmoud, Y. Gogotsi, Charge- and Size-Selective Ion Sieving 

Through Ti3C2Tx MXene Membranes, The journal of physical chemistry letters, 6 (2015) 4026-4031. 

[37] L. Ding, Y. Wei, Y. Wang, H. Chen, J. Caro, H. Wang, A Two-Dimensional Lamellar Membrane: MXene 

Nanosheet Stacks, Angewandte Chemie International Edition, 56 (2017) 1825-1829. 

[38] G. Liu, W.-S. Hung, J. Shen, Q. Li, Y.-H. Huang, W. Jin, K.-R. Lee, J.-Y. Lai, Mixed matrix membranes with 

molecular-interaction-driven tunable free volumes for efficient bio-fuel recovery, J. Mater. Chem. A, 3 (2015) 

4510-4521. 

[39] B. Anasori, M.R. Lukatskaya, Y. Gogotsi, 2D metal carbides and nitrides (MXenes) for energy storage, Nature 

Reviews Materials, 2 (2017) 16098. 

[40] A. Lipatov, M. Alhabeb, M.R. Lukatskaya, A. Boson, Y. Gogotsi, A. Sinitskii, Effect of Synthesis on Quality, 

Electronic Properties and Environmental Stability of Individual Monolayer Ti3C2 MXene Flakes, Advanced 

Electronic Materials, 2 (2016) 1600255. 

[41] J. Shen, G. Liu, K. Huang, Z. Chu, W. Jin, N. Xu, Subnanometer Two-Dimensional Graphene Oxide Channels for 

Ultrafast Gas Sieving, ACS nano, 10 (2016) 3398-3409. 

[42] J. Shen, M. Zhang, G. Liu, W. Jin, Facile tailoring of the two-dimensional graphene oxide channels for gas 

separation, RSC Adv., 6 (2016) 54281-54285. 

[43] K. Guan, J. Shen, G. Liu, J. Zhao, H. Zhou, W. Jin, Spray-evaporation assembled graphene oxide membranes for 

selective hydrogen transport, Separation and Purification Technology, 174 (2017) 126-135. 

[44] G. Ying, A.D. Dillon, A.T. Fafarman, M.W. Barsoum, Transparent, conductive solution processed spincast 2D 

Ti2CTx  (MXene) films, Materials Research Letters, (2017) 1-8. 

[45] C.J. Zhang, S. Pinilla, N. McEvoy, C.P. Cullen, B. Anasori, E. Long, S.-H. Park, A. Seral-Ascaso, A. Shmeliov, D. 

Krishnan, C. Morant, X. Liu, G.S. Duesberg, Y. Gogotsi, V. Nicolosi, Oxidation Stability of Colloidal 

Two-Dimensional Titanium Carbides (MXenes), Chemistry of Materials, 29 (2017) 4848-4856. 



[46] Y. Lou, G. Liu, S. Liu, J. Shen, W. Jin, A facile way to prepare ceramic-supported graphene oxide composite 

membrane via silane-graft modification, Applied Surface Science, 307 (2014) 631-637. 

[47] K. Guan, D. Zhao, M. Zhang, J. Shen, G. Zhou, G. Liu, W. Jin, 3D nanoporous crystals enabled 2D channels in 

graphene membrane with enhanced water purification performance, Journal of Membrane Science, 542 (2017) 

41-51. 

[48] K. Huang, J. Yuan, G. Shen, G. Liu, W. Jin, Graphene oxide membranes supported on the ceramic hollow fibre for 

efficient H2 recovery, Chinese Journal of Chemical Engineering, 25 (2017) 752-759. 

[49] J. Shen, G. Liu, K. Huang, W. Jin, K.-R. Lee, N. Xu, Membranes with Fast and Selective Gas-Transport Channels 

of Laminar Graphene Oxide for Efficient CO2 Capture, Angewandte Chemie International Edition, 54 (2015) 

578-582. 

[50] H. Li, Z. Song, X. Zhang, Y. Huang, S. Li, Y. Mao, H.J. Ploehn, Y. Bao, M. Yu, Ultrathin, molecular-sieving 

graphene oxide membranes for selective hydrogen separation, Science, 342 (2013) 95-98. 

[51] T. Zhang, L. Pan, H. Tang, F. Du, Y. Guo, T. Qiu, J. Yang, Synthesis of two-dimensional Ti3C2Tx MXene using HCl 

+ LiF etchant: Enhanced exfoliation and delamination, Journal of Alloys and Compounds, 695 (2017) 818-826. 

[52] X. Wang, X. Shen, Y. Gao, Z. Wang, R. Yu, L. Chen, Atomic-scale recognition of surface structure and 

intercalation mechanism of Ti3C2X, Journal of the American Chemical Society, 137 (2015) 2715-2721. 

[53] K. Huang, G. Liu, J. Shen, Z. Chu, H. Zhou, X. Gu, W. Jin, N. Xu, High-Efficiency Water-Transport Channels 

using the Synergistic Effect of a Hydrophilic Polymer and Graphene Oxide Laminates, Advanced Functional 

Materials, 25 (2015) 5809-5815. 

[54] X. Xie, M.-Q. Zhao, B. Anasori, K. Maleski, C.E. Ren, J. Li, B.W. Byles, E. Pomerantseva, G. Wang, Y. Gogotsi, 

Porous heterostructured MXene/carbon nanotube composite paper with high volumetric capacity for 

sodium-based energy storage devices, Nano Energy, 26 (2016) 513-523. 

[55] X. Feng, R.Y. Huang, Estimation of activation energy for permeation in pervaporation processes, Journal of 

Membrane Science, 118 (1996) 127-131. 

[56] J. Zhao, K. Yu, Y. Hu, S. Li, X. Tan, F. Chen, Z. Yu, Discharge behavior of Mg–4wt%Ga–2wt%Hg alloy as anode 

for seawater activated battery, Electrochimica Acta, 56 (2011) 8224-8231. 

[57] Q. Wang, N. Li, B. Bolto, M. Hoang, Z. Xie, Desalination by pervaporation: A review, Desalination, 387 (2016) 

46-60. 

[58] X. Feng, R.Y.M. Huang, Liquid Separation by Membrane Pervaporation:  A Review, Industrial & Engineering 

Chemistry Research, 36 (1997) 1048-1066. 



[59] E. Quiñones-Bolaños, H. Zhou, R. Soundararajan, L. Otten, Water and solute transport in pervaporation 

hydrophilic membranes to reclaim contaminated water for micro-irrigation, Journal of Membrane Science, 252 

(2005) 19-28. 

 

 

Highlights 

 Ultrathin 2D Ti3C2Tx MXene membrane was designed and fabricated. 

 MXene membrane was first reported for pervaporation process. 

 Abundant oxygen-containing groups enabled MXene membranes to be hydrophilic. 

 High water flux (85.4 L m
-2

 h
-1

) with high salt rejection (99.5%) was realized. 

 

 




