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Abstract 

Pervaporation dehydration is an energy efficient process for purifying organic solvents, whose application 

depends on the development of highly permeable and selective membranes. In this work, synthesized 

two-dimensional Ti3C2Tx MXene nanosheets were incorporated into chitosan (CS) to fabricate a new 

MXene/CS mixed-matrix membrane used for solvent dehydration via pervaporation process. The 

morphology, chemical structure and surface hydrophilicity of the membranes were studied by SEM, AFM, 

IR, XPS and water contact angle measurement. Three kinds of organic solvents, ethanol, ethyl acetate and 

dimethyl carbonate were used for evaluating the membrane dehydration performance. The results 

indicated that incorporation of MXene nanosheets did not increase the surface sorption, whereas the 

assembled MXene laminates with interlayer channels greatly enhanced the permeation of water molecular 

through the membrane. Thus, flux and separation factor of CS membrane were simultaneously improved 

by introducing the MXene nanosheets. Specifically, the optimized 3 wt% MXene/CS MMM exhibited 

total flux of ~1.4-1.5 kg/(m2 h) and separation factor of 1421, 4898 and 906 for dehydration of ethanol, 

ethyl acetate and dimethyl carbonate at 50 ºC, respectively.  
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1. Introduction 

Dehydration of organic solvents such as alcohols and esters, is a key process in chemical industry, but 

energy intensive by using conventional separation methods. Alternatively, pervaporation technology 

provides an energy-saving and environmental-friendly approach for solvent dehydration[1]. Hydrophilic 

polymers like poly (vinyl alcohol) (PVA) and chitosan (CS), are the dominant membrane materials for 

pervaporation dehydration, while they generally suffer an undesirable trade-off between flux 

(permeability) and separation factor (selectivity) that limits their further application[2]. Several strategies 

have been proposed to improve the performance of polymeric membranes, among which mixed-matrix 

membrane (MMM) consisting of high-performing filler dispersed in polymer matrix has been considered 

as an effective approach[3, 4]. Apparently, one of the key for developing MMM is to choose the filler 

with high separation performance, as well as good compatibility with the polymer matrix. In the past 

decades, hydrophilic nanoparticles have been used as fillers to improve the dehydration performance of 

polymeric membranes. In particular, metal-organic framework (MOF) and MOF-derived nanomaterials 

with tunable pore size and organic linkers that possesses fast transport channels and high compatibility 

with polymer, has shown great potential in achieving higher flux and/or separation factor for alcohol 

dehydration and capacitor [5-11].  

Recently, two-dimensional (2D) materials have been received great attention in membrane separation 

owing to the unique 2D transport channels by stacking the nanosheets[12-16]. Graphene oxide (GO), the 

derivative of graphene, exhibiting both 2D structure and hydrophilic property resulting from the 

oxygen-containing groups, have been incorporated into polymeric membranes for enhancing the 

pervaporation dehydration performance[17, 18]. Besides, other hydrophilic nanosheets also demonstrated 

capability in fabricating mixed-matrix pervaporation membranes with improved water transport 

properties[19]. As a new family of 2D materials, MXene[20-23], with a formula of Mn+1XnTx, where n is 1, 

2, or 3, M stands for an early transition metal, X represents C and/or N, T refers to the surface group (OH, 

O, or F), has been employed for synthesizing separation membranes for wastewater treatment[24, 25], 

water desalination[26], ion sieving[27] and gas separation[16]. The resulting laminar structure and 

hydrophilicity of these MXene membranes endowed fast and selective transport of water molecules. Our 

previous work reported pristine MXene membranes with laminar structures for pervaporation desalination 

of NaCl solution[26]. However, to our best knowledge, the potential of MXene-based membranes for 

pervaporation dehydration of organic solvents has not been explored yet.  

In this work, therefore, MXene (Ti3C2Tx) were incorporated into CS matrix to develop a new kind of 
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mixed-matrix membranes for pervaporation dehydration of solvents. MXene nanosheets were synthesized 

by exfoliation followed by delamination of Ti3C2Tx powders. The resulting MXene nanosheets dispersed 

in water were physically mixed with CS solution to form the MXene/CS MMMs. Morphologies, 

physicochemical properties and pervaporation performance of the resulting membranes were investigated 

with the introduction of MXene nanosheets. The solvent dehydration performance was tested in three 

typical azeotropic mixtures: water/ethanol, water/ethyl acetate or water /dimethyl carbonate mixtures. The 

effects of feed temperature and operation time on the pervaporation performance were studied as well.  

 

2. Experimental 

2.1 Materials 

LiF (99.9%) was obtained from Aladdin Industrial Corporation, Shanghai China. HCl (36%-38%) 

was received from Lingfeng Chemical Reagent, China. Ethanol (>99.7%) was purchased from Yasheng 

Chemical Co. Ltd. CS (> 90% N-deacetylation degree) was obtained from Sinopharm Chemical Reagent 

Co., Ltd., China. The commercial polyacrylonitrile (PAN) ultrafiltration membrane was obtained from 

Shanghai Mega Vision Membrane Engineering & Technology Co. Ltd. Shanghai, China. Deionized water 

was used in the all experiments. 

2.2 Synthesis of MXene nanosheets 

The MXene nanosheets were synthesized at the aid of LiF and HCl, followed the method reported in our 

previous work[26]. In brief, 0.666 g Lithium fluoride was added into a plastic bottle (25 ml) with 10ml of 

a concentrated HCl solution (6M). After stirring for 40 min at room temperature, 1 g Ti3AlC2 powders 

were added particularly slowly into the above mixture. Then the mixed solution was reacting at 35℃ for 

one day under magnetically stirring. The resulting suspension was washed by large amount of ethanol 

until the pH reached about 6 and dried by vacuum drying. At last, the Ti3C2Tx powders were obtained. A 

certain amount of Ti3C2Tx powders were dispersed in DI water. In order to delaminate Ti3C2Tx completely, 

powerful ultrasonication was introduced. The Ti3C2Tx nanosheets would be gained after centrifugation for 

1 h at 3500 r.p.m.  

2.3 Fabrication of MXene/CS MMMs 

Certain volume of MXene solution was diluted to 49 mL by DI water, then 1 mL acetic acid was added. 

After 2 h under stirring at room temperature, chitosan (CS,1.25 g) was dissolved in the above solution and 

remained for 18 h under stirring. To remove undissolved particles, the resultant solution was filtrated by 
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gauze with pore size dozens of micrometer and then standing for few minutes to eliminate air bubbles. 

Commercial polyacrylonitrile (PAN) ultrafiltration membranes with very smooth surface and pore size of 

few tens of nanometers were used to support the MXene/CS MMMs and spin-coating was used to prepare 

membranes. The prepared membranes were dried at room temperature for 12 h and for further 

crosslinking reaction[28], the dried membranes were soaked in 2 mmol sulfuric acid solution for 24 h. 

Then, DI water was used to clean the membrane surface and dried at room temperature for another 12 h. 

For comparison, pure chitosan membrane was prepared by a similar approach. The MXene loading is 

calculated by the weight ratio of MXene over CS in the membrane.  

2.4 Characterizations 

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

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

and composite membranes. Energy dispersive spectrometry (EDS) elemental mapping was taken using an 

energy dispersion of X-ray system equipped with a window connected to a FESEM S4800 operating at 30 

kV. The membranes 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/CS 

membranes. The water contact angle of MXene/CS membranes with different loading of MXene 

nanosheets were measured by the contact angle measurement system (DSA100, Kruss). 

2.5 Pervaporation measurements 

The pervaporation performance was measured with a home-made apparatus. The flat membrane was 

sealed in stainless steel made module. The feed solution circulated between membrane module and feed 

tank by a peristaltic pump with a speeding of 100 L/h to keep a turbulent flow. During the experiment 

process, the temperature on feed solution was maintained via thermostat water bath. The permeate 

pressure was below 200 Pa and we use a liquid nitrogen cold trap to collect the vapor on the permeate. 

The water content of feed and permeate side was detected by gas chromatography (GC2014, Japan). 

SE-34 capillary column was used and the analysis conditions are as follow: temperature for SPL1, 

Column and FID detector are 150, 90 and 150 °C, respectively. The injection mode is split with pressure 

of 35 kPa, total flow of 44.4 ml/min, column flow of 0.81ml/min and split ratio of 50.  

The permeate flux and separation factor are usually used to evaluate membrane performance. The flux (J) 

and separation factor(α) can be calculated by the following equation: 

                                     J =
M

A×t
                                   (1) 
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                                   α =
yw/(1-yw)

xw/(1-xw)
                                 (2) 

where M (g) is the mass of permeate side collected by liquid nitrogen cold trap at a certain time t (h), A 

(m2) represents the effective area of membrane. xw and yw are the water content in feed and permeate side, 

respectively. 

 

3. Results and discussion 

3.1 Morphology 

MXene were produced successfully by removing the Al element from precursor Ti3AlC2 powders via 

HCl/LiF etching process, which was confirmed by the XRD patterns (Figure S1a). The nanosheets were 

obtained by exfoliating the MXene powders in water via sonication[29]. The BET specific surface area 

and pore volume was analyzed by N2 adsorption-desorption of Ti3C2Tx powder (Figure S1b). As shown in 

Figure 1, lateral size of the resulting MXene is 500-1000 nm, observed from AFM and SEM. The 

thickness of these MXene, measured by AFM, is 1-2 nm, indicating single- or double- layered MXene 

nanosheets were successfully synthesized[30]. These white spots might be due to the nanometer-sized 

impurity in the samples and the noise of AFM singal. The micron-meter lateral size whereas atomic-thin 

thickness features the 2D structure of MXene filler that is favorable for assembling 2D transport channels 

in the polymer matrix of mixed-matrix membranes. The physicochemical properties of the MXene 

nanosheets were further examined by XRD and XPS. The results agreed well with our previous work (Fig. 

S2 and S3), which are not shown here.  

 

Figure 1. (a) AFM and (b) SEM images of synthesized MXene nanosheets for fabricating MMM. 

To study the dispersion and interfacial morphology, dense films of CS MMM incorporated with MXene 

nanosheets were prepared. The cross-section SEM images of the film are shown in Figure S4a-c. 

Compared with the pristine CS membrane, MXene laminates can be observed in the MXene/CS MMMs. 



6 

 

The MXene is uniform dispersed in CS matrix with 3 wt% loading, while shows aggregation as the 

loading increases to 5 wt%. In either case, intact interfaces are achieved, suggesting a good compatibility 

between MXene and CS that is presumably owing to the molecular interactions between the hydroxyl 

groups of the filler and that of polymer chain. EDX was further performed to check the elemental 

distribution of the film cross-section (Figure S4d-e). In the pristine CS membrane, C and O elements were 

mainly detected, corresponding to the main chain of CS. In contrast, two more elements, Ti and Al, 

appeared in the CS MMM sample, confirming the incorporation of MXene. Specifically, the observed 

large amount of Ti single is attributed to a main element Ti3C2Tx MXene, while the small Al peak results 

from the residual of etched Ti3AlC2 powder.  

For practical application, asymmetric or composite MMM is required to obtain sufficient permeate flux 

and mechanical strength, as well as to reduce the membrane cost. Thus, the MXene/CS mixed-matrix 

solution was coated on a porous PAN substrate via spinning technique. As shown in Figure 2, sub-micron 

thick mixed-matrix separation layer was achieved, with an average membrane thickness of ~500 nm for 

both pristine CS and MXene incorporated CS MMMs. The membrane surface looks dense without any 

visible defects, and the active layer was firmly deposited on top of the PAN substrate. This thin composite 

membrane structure is critical for decreasing the transport resistance and thus increasing the permeate 

flux of the MMMs[3]. It’s noted that it’s not easy to clearly see the MXene laminates in the thin 

mixed-matrix layer as the MXene loading in the matrix is no more than 3 wt% (Figure 2f, g). While a 

laminate-like structure was observed in the 5 wt% MXene/CS layer (Figure 2h), which is due to the 

aggregation of MXene nanosheets in the CS according to the SEM result of dense film (Figure S3c).  

 

Figure 2. SEM images of MXene/CS mixed-matrix composite membranes prepared on porous PAN 

substrate with different MXene loading (a, e) 0%, (b, f) 1%, (c, g) 3%,(d, h) 5%. (a-d) membrane surface; 

(e-h) membrane cross-section.  
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Moreover, AFM was used to probe the fine nanostructure of membrane surface. As shown in Figure 3, the 

morphology of 3 wt% MXene/CS MMM is as homogenous as the pristine CS membrane, while some 

large domains can be found in the 5 wt% MXene/CS MMM. Combined with the SEM results, these 

domains can be attributed to the aggregation of MXene nanosheets in the CS membrane.  

 

Figure 3. AFM images of MXene/CS MMMs with different MXene loading: (a) 0 wt%; (b) 3 wt%; (c) 5 

wt%. 

3.2 Chemical property 

The chemical property of the CS membrane before and after incorporating MXene nanosheets was 

analyzed by FTIR. As shown in Figure 4a, the absorption bands at 3360, 1633 and 1527 cm-1 are 

corresponding to –OH, –C=O and –NH2 groups of CS, respectively[31]. The IR spectrum of MXene also 

exhibited two peaks at 3360 and 1633 cm-1[24], which overlap with that of CS. XPS was further 

employed to analyze the chemical structure of CS membrane and MXene/CS MMM. Figure 4b-c present 

the C1s spectra, suggesting the peaks around 284.8, 286.3, 287.8 eV, corresponding to the –C–C, –C–N 

and –O–C–O groups, respectively[32]. From the XPS result, the C1S composition in the CS membrane 

and 3 wt% MXene/CS membrane are 65.73% and 62.94%, respectively.  
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Figure 4. (a) FTIR spectra of CS and 5 wt% MXene/CS membranes; XPS C1s scan of (b) CS and (c) 3 

wt% MXene/CS membranes.  

3.3 Surface hydrophilicity 

Surface hydrophilicity is a key characteristic for pervaporation membrane since it mainly determines the 

sorption behavior of feed liquids on the membrane surface[33]. Here, water contact angle was used to 

evaluate the surface hydrophilicity of MXene/CS MMMs with various MXene loading. As shown in 

Figure S5, the water contact angle on the membrane surface was not significantly varied by incorporating 

the MXene nanosheets. It’s speculated that the hydrophilicity of MXene is as high as that of CS, thereby 

remaining the surface hydrophilicity of MXene/CS at various MXene loading.  

 

3.4 Separation performance 

The pervaporation performance of the MXene/CS mixed-matrix composite membranes prepared on PAN 

substrate (Figure 2) was firstly evaluated by dehydration of water/ethanol mixtures that is a key 

component for biofuel production[34, 35]. The effect of MXene loading on the pervaporation dehydration 

performance was studied. As shown in Figure 5, a simultaneous increase in total flux and separation 

factor of CS membrane is achieved by introducing the MXene nanosheets with loading up to 3 wt%. The 
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total flux and separation factor of the pristine CS membrane was highly improved from ~1.1 to 1.4 kg/(m2 

h), and from 407 to 1421, respectively. According to the solution-diffusion model[36], both sorption and 

diffusion contribute to the pervaporation permeation process. The water contact angle test indicated a 

nearly unchanged surface hydrophilicity of the membrane with incorporating hydrophilic MXene 

nanosheets into the hydrophilic CS matrix. It may lead a similar water sorption behavior either in pristine 

CS or MXene/CS MMMs. Thus, the remarkable improvement in flux and separation factor can be 

attributed to the enhanced selective diffusion of water molecules over ethanol[17, 19]. It’s presumably 

that in the CS matrix the MXene nanosheets were assembled into laminates whose interlayer channels 

promote the water transport[26]. It’s also noticed that the dehydration performance was declined as 

increasing the MXene loading to 5 wt%, which could be due to the non-selective defects formed by the 

aggregation of MXene at excessive high loading as indicated by Figure S3c and Figure 2h. Here, 3 wt% 

was considered as the optimal loading for fabricating MXene/CS MMM.  

 

Figure 5. Effect of MXene loading on the pervaporation performance of MXene/CS MMMs for 

dehydration of 90 wt% water /ethanol mixtures at 50 ºC. The error bars are generated by averaging the 

data from three different membrane samples. 

Besides of ethanol, the dehydration of other typical solvents, ethyl acetate and dimethyl carbonate, which 

are widely used in industry and would also form azeotropy with water, was investigated by using the 

above-optimized MXene/CS MMM with 3 wt% MXene loading. Water content was fixed at 2 wt% based 

on the solubility and azeotrope of the ethyl acetate[37] or dimethyl carbonate[38] mixed with water. The 

pervaporation results are given in Figure 6. As expected, both total flux and separation factor of 

MXene/CS MMM are higher than that of pristine CS membrane for dehydration of ethyl acetate or 
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dimethyl carbonate. Moreover, compared with ethanol, the separation factor for ethyl acetate is much 

higher while for dimethyl carbonate is slightly lower, which might be caused by the variable molecular 

interactions between water and the solvent[37]. Regardless, the MXene-induced higher total flux and 

water/solvent separation factor show a nice consistency with those observed in ethanol dehydration 

process (Figure 5). It suggests that the proposed water-transport channels within the MXene laminates 

embedded in CS matrix are not only highly efficient for dehydration of ethanol, but also for other solvents 

with different molecular size and chemical groups, for instance the ethyl acetate and dimethyl carbonate 

demonstrated here. The application of this MXene/CS MMM for dehydration of different kinds of 

solvents (e.g., propanol, butanol) is under progress.  

 

Figure 6. Pervaporation performance of 3 wt% MXene/CS MMM for dehydration of (a) 98 wt% water 

/ethyl acetate mixtures and (b) 98 wt% water / dimethyl carbonate mixtures at 50 ºC. The error bars are 

generated by averaging the data from three different membrane samples. 

Effect of operating temperature on the dehydration performance of MXene/CS MMM was studied in the 

water / ethyl acetate mixtures. As displayed in Figure 7a, the flux is increased whereas the separation 

factor is decreased with increasing the feed temperature, which agrees well with the general phenomena 

in polymer-based pervaporation membranes[2]. Higher temperature creates higher driving force for the 

molecular diffusion, as well as more swelling of the polymer matrix, both of which can lead higher 

permeate flux. While the swelling of polymer matrix would decline the size discrimination effect of 

free-volume cavities within the membrane, thereby resulting in the lower separation factor at higher 

temperature. With the individual flux at various temperature, Arrhenius plots (Figure 7b) can be made to 

study the activation energy of water and ethyl acetate permeating through the MXene/CS MMM by using 

the Arrhenius equation[39]: 



11 

 

                                                                 (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 calculated activation energy of water and ethyl acetate are 9.64 and 31.2 kJ/mol, respectively 

(goodness of the fitting for calculating Ea of water and ethyl acetate is 0.94 and 0.89, respectively). The 

much higher ethyl acetate activation energy indicates the higher temperature sensitivity of ethyl acetate 

permeation over water permeation.  

 

Figure 7. Effect of operating temperature on pervaporation performance of 3 wt% MXene/CS MMM for 

dehydration of 98 wt% water /ethyl acetate mixtures: (a) flux and separation factor; (b) Arrhenius plots 

for water and ethyl acetate flux. 

Long-term stability is another important factor for the pervaporation dehydration. Thus, the influence of 

operating time on the dehydration performance of MXene/CS MMM was studied as well. As shown in 

Figure 8, the flux and water content in permeate are stable during the continuous dehydration of water 

/ethyl acetate mixtures for ~1800 min. The observed slight fluctuations of dehydration performance are 

due to the variation of feed concentration. This result indicates a good structural stability of the 

MXene/CS MMM under cross-flow turbulence with a feed rate of 100 L/h and temperature of 50 ºC.  

a
i i

E
J =A exp -

RT

 
 
 
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Figure 8. Effect of operating time on pervaporation performance of 3 wt% MXene/CS MMM for 

dehydration of 98 wt% water /ethyl acetate mixtures at 50 ºC. 

 

Table 1 lists the solvent dehydration performance of MXene/CS MMM compared with reported 

membranes. In all the tested solvent/water mixtures, the prepared MXene/CS MMM exhibited higher 

total flux and/or separation factor than the most polymer-based membranes. The performance of 

MXene-incorporated CS membrane, although with only 3 wt% loading, is also comparable to that of 

another 2D materials, GO membranes with laminar structures[40, 41]. Compared to MOF and GO, due to 

the existence of abound oxygen-containing groups, the MXene nanosheets showed a good hydrophilicity, 

which can facilitate water molecular preferential adsorption on the MXene/CS MMM surface. Besides, 

MXene nanosheets can provide 2D pathway to achieve rapid mass transfer. It can be expected that, 

laminar MXene membrane, once successfully prepared, would show much higher performance for 

solvent dehydration.  

Table 1. Pervaporation performance of MXene/CS MMM compared with reported membranes for solvent 

dehydration.  

Membrane Feed 

temperature 

(K) 

Feed water 

concentration 

(wt%) 

Total flux 

(g m-2 h-1) 

Separation 

factor 

Ref 

Wate/ethyl acetate mixtures 

Perfluorosulfonic acid-TEOS 313 2.0 205 496 [42] 

PBI/PEI  333 2.0 820 2478 [43] 

CS 313 2.0 336 6270 [44] 
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PVA 313 2.0 35 7270 [45] 

PVA 323 2.0 22 5000 [46] 

UiO-66@graphene oxide 323 2.0 3233 6951 [41] 

MXene/CS 323 2.0 1471 4898 This work 

Water/ethanol mixtures 

POSS/CS 333 10 270 30 [47] 

Graphene/CS 303 10 10 1093 [48] 

Fe3O4/CS 350 10 1024 1500 [49] 

MOF-801/CS 343 10 1937 2156 [41] 

MXene/CS 323 10 1424 1421 This work 

Water/dimethyl carbonate mixtures 

CS  298 2.6 49 337 [38] 

PVA 323-343 2.7 800 644 [50] 

Graphene oxide 313 2.0 1400 484 [40] 

MXene/CS  323 2.0 1428 906 This work 

 

4. Conclusions 

In this work, MXene nanosheets were synthesized and used as 2D filler to improve the solvent 

dehydration performance of CS membrane via mixed-matrix approach. Submicron-thick MXene/CS 

mixed-matrix composite membranes were fabricated on porous PAN substrate via spin-coating. The 

incorporated MXene laminates with interlayer channels endow a fast and selective transport of water 

molecules, thereby highly enhancing the flux and meanwhile separation factor of pristine CS membrane 

for solvent dehydration. The resulting MXene/CS MMM with optimized MXene loading of 3 wt% 

exhibited flux of ~1.4-1.5 kg/(m2 h) and separation factor of 1421, 4898 and 906 for dehydration of 

ethanol, ethyl acetate and dimethyl carbonate at 50 ºC. This performance is higher than that of 

state-of-the-art membranes, demonstrating the great potential of MXene-based membranes for solvent 

dehydration.  
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