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A B S T R A C T   

Pervaporation shows great potential in separation of organic-organic mixtures that are widely involved in 
chemical and petrochemical industries, while the separation performance of polymeric membranes is undesirable 
for practical application. In this work, we incorporated UiO-66 (ZrCl4) metal-organic frameworks (MOFs) into 
chitosan (CS) membrane to separate methanol-dimethyl carbonate (DMC) mixtures. ZrOCl2⋅8H2O or ZrCl4 was 
selected as metal precursor to synthesize UiO-66, which aimed to investigate the structural defect of UiO-66 for 
the separation performance of mixed matrix membranes (MMMs). BET, 1H NMR and low-angle XRD charac-
terizations indicated that UiO-66 (ZrCl4) with appropriate pore size is more suitable for preferentially permeate 
methanol over DMC. IR, dielectric relaxation and DSC characterizations combined with molecular simulations 
revealed the ideal interfacial morphology of UiO-66/CS MMMs was owing to the favorable molecular in-
teractions including hydrogen bond interaction and van der Waals interaction. Pervaporation separation of 
methanol-DMC mixtures demonstrated that UiO-66 (ZrCl4) nanofillers can simultaneously enhance the perme-
ation flux and separation factor of CS membrane. The optimized 10 wt% UiO-66 (ZrCl4)/CS MMM exhibited total 
flux and methanol/DMC separation factor of 355 g/m2h and 337 for 10 wt% methanol-DMC mixtures at 50 ◦C, 
which were 3.4-fold and 25-fold higher than that of the pure CS membrane, respectively, and outperformed the 
state-of-the-arts polymer-based membranes.   

1. Introduction 

In recent decades, pervaporation membranes have been studied for 
the separation of organic-water solution and organic-organic mixtures 
[1–3]. Dimethyl carbonate (DMC) is an important non-toxic organic 
chemical intermediate [4,5]. Methanol is utilized as raw material in the 
synthesis of dimethyl carbonate. By adding excess methanol, the reac-
tion equilibrium is promoted [6], however, the separation of the azeo-
tropic methanol-DMC mixtures via distillation are challenging and 
energy intensive. Compared with traditional distillation process, per-
vaporation membrane technology can break the vapor-liquid equilib-
rium of azeotropic system to realize efficient molecular separation [7]. 
Various membrane materials were studied for pervaporation separation 
of methanol-DMC mixtures [8–11], in which chitosan (CS) is one of the 
most studied polymers [12]. As CS possesses active amino groups and 
hydroxyl groups [13], different cross-linking agents were adopted to 

react with CS chains to tune the membrane microstructures, including 
inorganic acid (sulfuric acid [14,15], phosphoric acid [16]), glutaral-
dehyde [17,18], silane coupling agent (3-aminopropyl-triethoxysilane 
[19–21], γ-glycidoxypropyltrimethoxysilane [22]) and trimesoyl chlo-
ride [23]. Feng and co-workers crosslinked CS membrane with dilute 
sulfuric acid to separate methanol-DMC mixtures, showing total flux of 
180 g/m2h and separation factor of 10 at 45 ◦C [24]. To enhance the 
separation performance of CS membrane for methanol-DMC mixtures, 
Cao et al. incorporated ZSM-5 zeolite into CS to fabricate mixed-matrix 
membranes (MMMs) [10]. Compared with inorganic zeolites, metal 
organic frameworks (MOFs) have many prominent advantages, such as 
versatile pore structures and interfacial compatibility with polymer 
matrix [25]. Recently, MOF were used to fabricate crystalline MOF 
membrane or MOF MMMs for the separation of organic-organic mix-
tures [11,26–30]. 

Among the reported MOF membrane materials, Zr-MOFs exhibit 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: guoyn@njtech.edu.cn (Y. Guo), wqjin@njtech.edu.cn (W. Jin).  

Contents lists available at ScienceDirect 

Journal of Membrane Science 

journal homepage: www.elsevier.com/locate/memsci 

https://doi.org/10.1016/j.memsci.2022.120473 
Received 9 January 2022; Received in revised form 14 March 2022; Accepted 16 March 2022   

mailto:guoyn@njtech.edu.cn
mailto:wqjin@njtech.edu.cn
www.sciencedirect.com/science/journal/03767388
https://www.elsevier.com/locate/memsci
https://doi.org/10.1016/j.memsci.2022.120473
https://doi.org/10.1016/j.memsci.2022.120473
https://doi.org/10.1016/j.memsci.2022.120473
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2022.120473&domain=pdf


Journal of Membrane Science 652 (2022) 120473

2

excellent stability mainly owing to the high connectivity of 12 [31,32]. 
Representative UiO-66 with Zr as the metal center and terephthalic acid 
(H2BDC) as the organic ligand has excellent hydrothermal and chemical 
stability [33]. Due to its hydrophilic property and confined pore size, 
UiO-66 has been selected as the filler incorporated in polymer matrix or 
prepared as crystalline membrane for pervaporation [34,35], water 
treatment [36,37] and gas separation [38–40]. In addition, during the 
synthesis of UiO-66, the structural defects have been discovered, which 
would affect the intrinsic physicochemical properties such as pore size 
and specific surface area [32,41]. A perfect UiO-66 crystal possesses the 
pore size of 5–6 Å, which falls in the molecular kinetic diameters of 
methanol (3.8 Å) and DMC (6.0 Å), and thus could be an ideal molecular 
sieve for separating methanol over DMC. However, to the best of our 
knowledge, UiO-66 has not been utilized for the separation of 
methanol-DMC mixtures. 

In this work, therefore, we incorporated UiO-66 nanoparticles into 
CS membrane to fabricate MMM for pervaporation separation of 
methanol-DMC mixtures. As shown in Fig. 1, the UiO-66 nanofillers 
were dispersed in CS membrane layer supported by a porous substrate. 
SEM, XRD, BET and 1H NMR characterizations were utilized to study the 
microstructure and physicochemical properties of the UiO-66 crystal 
synthesized using ZrOCl2⋅8H2O or ZrCl4 as the metal source. The effect 
of structural defect of the resulting UiO-66 on the separation perfor-
mance of the MMM was investigated. Furthermore, IR, DSC and 
dielectric relaxation characterizations and molecular simulations were 
conducted to analyze the interfacial interaction between UiO-66 filler 
and CS chains. In addition, the pervaporation performance of the UiO- 
66/CS MMMs were evaluated under different operation conditions 
(feed concentration, operating temperature and time). 

2. Experimental 

2.1. Materials 

Chitosan (CS, degree of deacetylation≥90%), N,N- 
dimethylformamide (C3H7NO, DMF, RG), dimethyl carbonate 
(C3H6O3, DMC, RG), methanol (CH3OH, MeOH, 99.5%), sulfuric acid 
(H2SO4, AR), formic acid (HCOOH, AR), and acetic acid (CH3COOH, 
AR), Sinopharm Chemical Reagent Co., Ltd., China. Flat poly-
acrylonitrile (PAN) ultrafiltration membrane with average pore size of 
~20 nm, retained with molecular weight of 100 kDa, Shandong Lanjing 
Membrane Technology Engineering Co., Ltd., China. Zirconium tetra-
chloride (ZrCl4, 98%), Aladdin. Zirconyl chloride octahydrate 
(ZrOCl2⋅8H2O, 98%) and 1, 4-benzene dicarboxylic acid (C8H6O4, 
H2BDC, 98%), Sigma Aldrich. Non-woven fabric (Trade mark: 05TH40) 
fabricated by polyethylene terephthalate (PET) material, Beijing Hai-
cheng Shijie Filter Equipment Co., Ltd., China. Self-made deionized 
water, conductivity ~7 μS‧cm− 1. 

2.2. Synthesis of UiO-66 nanoparticles 

Zirconium precursor (ZrCl4 or ZrOCl2⋅8H2O (0.7 g, 3 mmol)) and 
terephthalic acid (H2BDC, 0.5 g, 3 mmol) were dissolved in formic acid 
and DMF mixtures, followed by stirring for 30 min at room temperature. 
The reaction solution was poured into a 100 mL Teflon-lined stainless- 
steel autoclave and heated at 120 ◦C for 12 h. The mixtures were then 
cooled to room temperature, and the unreacted H2BDC and zirconium 
precursor (ZrCl4 or ZrOCl2⋅8H2O) were removed by centrifugation 
(12,000 rpm, 5 min) and alternatively cleaning with methanol and DMF 
(5 times), and the required white solid was finally obtained after vac-
uum drying at 170 ◦C for 24 h. In this work, the yield of UiO-66 powder 
is ~70%. 

2.3. Preparation of UiO-66/CS mixed-matrix membranes 

A pre-weighted CS powder was dissolved in 2 wt% acetic acid 
aqueous solution at room temperature and stirred for 24 h. The resulting 
2 wt% CS solution was filtered by non-woven fabric to remove the un-
dissolved residues, and then held for 10 min to remove bubbles by 
ultrasonication. A certain amount of UiO-66 (ZrCl4) nanoparticles was 
dispersed into the 2 wt% CS solution to fabricate 2.5 wt%, 5.0 wt%, 7.5 
wt%, 10.0 wt% and 12.5 wt% of UiO-66 (ZrCl4)/CS MMMs, respectively. 
The mixtures were stirred at room temperature for 24 h and coated on 
the surface of the hydrolyzed PAN (hPAN) substrate [42]. According to 
the same process as above, 2.5 wt%, 5.0 wt%, 7.5 wt%, 10.0 wt% and 
12.5 wt% of UiO-66 (ZrOCl2)/CS MMMs were fabricated. 

2.4. Characterizations 

Field emission scanning electron microscope (FE-SEM, S-4800, 
Hitachi) was used for the membrane surface and the cross-section of CS 
and UiO-66/CS (2.5–12.5 wt%) MMM coated on the surface of hPAN 
substrate, and energy dispersive X-ray spectrometer (EDX) was carried 
out for Zr element mapping. Transmission electron microscope (TEM) 
(Tecnai G2 20 S-TWIN) was utilized to study the morphologies of UiO-66 
nanoparticles and the interfacial morphology of the MMM. Thermog-
ravimetric analysis (TGA, NETZSCH STA 449F3) was used to investigate 
the thermal properties of UiO-66 (ZrCl4) powders, CS membrane and 10 
wt% UiO-66 (ZrCl4)/CS MMM. CS membrane, UiO-66 (ZrCl4)/CS 
(2.5–12.5 wt%) MMMs and the crystalline structures of UiO-66 (ZrCl4) 
and UiO-66 (ZrOCl2) nanoparticles were analyzed by X-Ray Diffraction 
(XRD, Bruker, D8 Advance) at room temperature within the angle range 
of 5◦≤ 2θ ≤ 50◦. The MOF surface area and pore size distribution of UiO- 
66 were calculated from N2 sorption isotherms at 77 K using BET (ASAP 
2460) test. Pure CS membrane and 10 wt% UiO-66 (ZrCl4)/CS MMM 
with identical thickness of 20 μm were tested by dielectric relaxation 
spectroscopy (Novocontrol, Concept 800, Germany). The details of test 
and calculation were given in our previous work [43]. The samples were 
fixed by copper electrodes with specific area. All samples tested from 

Fig. 1. Schematic structure of UiO-66/CS MMM towards methanol-DMC separation.  

H. Zhu et al.                                                                                                                                                                                                                                     



Journal of Membrane Science 652 (2022) 120473

3

0.01 Hz to 1 MHz under the temperature spectra from 25 ◦C to 200 ◦C. 
Thermal properties of pure CS membrane and 10 wt% UiO-66 
(ZrCl4)/CS MMM were analyzed using differential scanning calorim-
eter (DSC, TA Q-20, America) from 50 to 400 ◦C. 1H NMR spectra was 
recorded in deuterated solvents using a Bruker AVANCE200 NMR 
Spectrometer. The activated UiO-66 (ZrOCl2) and UiO-66 (ZrCl4) (~10 
mg) powders were digested in DNaO/D2O (4 mol/L), respectively. The 
actual molecular ratio between formate and benzoate was calculated by 
integrating the proton signals of the ligands in the 1H NMR spectra. 

2.5. Evaluation of pervaporation membrane 

The details of the pervaporation membrane experiment were 
described in our previous work [44]. A certain concentration of 
methanol-DMC mixtures was utilized as the feed side, which was pum-
ped into a membrane module (effective membrane area: 2.2 cm2) at 10 
L/h. The permeate side under vacuum (<300 Pa) was condensed in 
liquid N2 trap. The composition of the feed and the permeate were 
analyzed by gas chromatography (GC-2014, Shimadzu, Japan). The 
membrane separation performance is evaluated via total flux (J, g/m2h) 
and separation factor (β), which are as follows: 

J =
M
At

(1)  

βm/d =
Ym/Yd

Xm/Xd
(2)  

where M is the weight of the permeate product (g); A is the effective 
pervaporation membrane area (m2), t is the collected time (h); Y and X 
are the weight percentage of components in permeate and feed side, 
respectively. m and d are the symbol of the component methanol and 
DMC, respectively. 

Membrane flux and separation factor are directly associated with 
driving force originated from operating temperature, feed concentration 
or pressure difference. Permeability and selectivity can reflect the 
intrinsic separation properties of membrane materials. The calculations 
are as follows: 

pm =
Jm⋅l

pm0 − pml
=

Jm⋅l
xm0ym0psat

m0 − pml
(3)  

αm/d =
pm

pd
(4)  

where pm and pd represent permeability of component methanol and 
DMC, respectively; l is the membrane thickness (μm); xm0 is defined as 
the activity coefficient of substances calculated by Aspen Plus software; 
ym0 represents the fraction of component methanol in feed side; Pm0 and 
Pml are the vapor pressure of the component methanol in feed and 
permeate side; Pml is kept at low pressure (150 Pa) using a vacuum pump 

Fig. 2. (a–b) SEM and (d) TEM images of UiO-66 nanoparticles; (c) XRD spectra and (e–f) N2 adsorption/desorption isotherms (inset: pore size analysis) of as- 
synthesized UiO-66 (ZrOCl2) and UiO-66 (ZrCl4). 
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during membrane separation process, which is not changed with oper-
ation time; Psat

m0 represents the saturated pressure (Pa) of component 
methanol at the operation temperature. The details of calculating the 
activity coefficient of substances are provided in Supporting 
Information. 

2.6. Swelling test 

The membranes for the swelling experiment were prepared by 
coating on a petri dish. After dried to constant weight at room temper-
ature, the membrane was immersed in 10 wt% methanol-DMC mixtures, 
pure methanol and DMC for 24 h at 50 ◦C, respectively. The swollen 
membrane was taken out and weighted after wiping off the superfluous 
liquid until constant weight. The membrane swelling degree (SD) was 
obtained by the following Equation (5): 

SD (%)=
Ws − Wd

Wd
× 100 (5)  

where Wd and Ws are the weight of dried and swelled membrane, 

respectively. 

3. Results and discussion 

3.1. Characterizations of UiO-66 powders and MMMs 

As can be seen in Fig. 2(a-b, d), the UiO-66 (ZrOCl2) nanoparticles 
were uniform in size (~100 nm). The UiO-66 (ZrCl4) nanoparticles 
showed an octahedral shape with a uniform size of ~200 nm according 
to the SEM characterization. ZrOCl2⋅8H2O appears as a tetranuclear 
cluster [Zr4(OH)8(H2O)16]Cl8⋅12(H2O), and becomes the precursor of 
the Zr6 cluster in UiO-66 crystal structure. Hence, rapid crystallization 
leads to the formation of smaller sized UiO-66 (ZrOCl2) nanoparticles 
[45]. XRD spectra (Fig. 2c) illustrated that the characteristic diffraction 
peaks of the as-prepared UiO-66 (ZrCl4) and UiO-66 (ZrOCl2) nano-
crystal were consistent with the stimulated UiO-66 pattern in the data-
base [39]. The N2 adsorption and desorption isotherms of the 
synthesized UiO-66 powders matched type I isotherm in Fig. 2e-f, 
implying the micropores in UiO-66. BET surface area of UiO-66 (ZrCl4) 

Fig. 3. SEM images of the cross-section and surface of the pure CS membrane and UiO-66 (ZrCl4)/CS MMMs. (Inset in (h): EDX mapping of Zr element; l: red circle 
indicates the agglomerated UiO-66 (ZrCl4) nanoparticles). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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and UiO-66 (ZrOCl2) were 887 m2/g and 1291 m2/g, respectively, which 
are in consistence with literature [46,47]. Micropore size of UiO-66 
(ZrCl4) and UiO-66 (ZrOCl2) was 5.4 Å and 5.7 Å, showing great po-
tential in separating methanol-DMC mixtures based on the size exclusion 
effect. 

As can be seen in Fig. 3, SEM characterization indicated that the 
thickness of CS membrane and UiO-66 (ZrCl4)/CS MMMs were about 
1–2 μm. The surface of pure CS membrane coated on the surface of hPAN 
substrate is smooth and wrinkle-free. With the increase of the loading of 
UiO-66 (ZrCl4) nanoparticles in CS matrix, it was observed that the 
surface of MMMs became gradually rougher from 2.5 wt% to 12.5 wt%. 
EDX mapping of the cross-section of 10 wt% UiO-66 (ZrCl4)/CS MMM 
showed Zr element (yellow) was uniformly dispersed in membrane 
layer, which indicates the homogeneous distribution of the UiO-66 
(ZrCl4) nanofillers in CS matrix. This phenomenon may be attributed 
to the existence of interfacial interaction between (ZrCl4) crystal and CS 
matrix. However, with excessive filler loading, the agglomerated UiO-66 
(ZrCl4) nanoparticles (marked in red circle) was observed on the surface 
of 12.5 wt% UiO-66 (ZrCl4)/CS MMM (Fig. 3l). 

As shown in Fig. 4a, UiO-66 (ZrCl4) nanoparticles were uniformly 
dispersed and well-filled in polymeric CS matrix by TEM characteriza-
tion. It can be observed that wrinkles (marked in red circles) were 
formed with the particles as the core on the cross-section of UiO-66 
(ZrCl4)/CS MMM, which can be explained by that the UiO-66 (ZrCl4) 
nanoparticles in CS matrix disrupted the polymeric CS chains packing 
[48]. This indicated a favorable interfacial interaction between the filler 
and the polymer matrix [49]. The thermal stability of UiO-66 (ZrCl4) 

powders, CS membrane and 10 wt% UiO-66 (ZrCl4)/CS MMM were 
investigated by TGA as shown in Fig. 4b. For as-synthesized UiO-66 
(ZrCl4) powders, the residual solvent brought slight weight loss (8.8 wt 
%) below ~160 ◦C. The second weight loss was 10.2 wt% due to the 
dehydration of Zr6O4(OH)4(BDC)6 to Zr6O6(BDC)6 during 160–350 ◦C. 
When the degradation temperature exceeded 350 ◦C, the unbound 
H2BDC molecules in the pores of powders and the bound H2BDC origi-
nated from MOF structure started to burn until the final formation of 
ZrO2. By contrast, CS is easily thermally degraded above 200 ◦C. After 
incorporating UiO-66 (ZrCl4), the thermal stability of the CS membrane 
was obviously improved. As shown in Fig. 4c, with increasing content of 
UiO-66 (ZrCl4) nanoparticles in CS matrix, the characteristic peaks of 
UiO-66 become stronger, indicated that the crystal structure of UiO-66 
was preserved in the acid CS solution during the membrane fabrica-
tion process. 

The IR results are shown in Fig. 5. For the crosslinked CS membrane, 
the wide absorption bands from 3250 to 3500 cm− 1 meant the existence 
of hydroxyl group (-OH). 2857 cm− 1 and 2914 cm− 1 were the double 
peaks formed by the symmetrical and asymmetric stretching vibration of 
C–H bond in methylene. N–H bond bending vibration peak derived from 
quaternary amine ion is in the range of 1600–1700 cm− 1. Additionally, 
the peaks at 1063 cm− 1 and 1024 cm− 1 were assigned to asymmetric and 
symmetric O–C–O from crosslinked CS chains. For the UiO-66 (ZrCl4) 
powders, 1548 cm− 1 and 1405 cm− 1 were assigned to the stretching 
vibration of C––O bond and C–O bond, respectively. Hydroxyl group 
(-OH) detected at broad peak of 3300 cm− 1 is related to the H2O mol-
ecules in the nanopore of UiO-66 (ZrCl4) particles. No additional peaks 

Fig. 4. (a) TEM image of the cross-section of the 10 wt% UiO-66 (ZrCl4)/CS MMM (red circle indicates the wrinkle at filler-polymer interface); (b) TGA curves of 
UiO-66 (ZrCl4) powders, CS membrane and 10 wt% UiO-66 (ZrCl4)/CS MMM in N2 atmosphere; (c) XRD spectra of UiO-66 (ZrCl4) powders, CS membrane and UiO- 
66 (ZrCl4)/CS MMMs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. IR spectra of UiO-66 (ZrCl4) powders, CS membrane and UiO-66 (ZrCl4)/CS MMMs.  
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were found after incorporating UiO-66 (ZrCl4) nanoparticles into CS 
matrix, implying no further chemical reaction occurred during mem-
brane fabrication process and the crystal structure of UiO-66 (ZrCl4) 
powders remained intact in the CS-based mixed matrix membranes. 
Nevertheless, with the increase of UiO-66 (ZrCl4) loading, the charac-
teristic peaks of hydroxyl (-OH) group and N–H bond were gradually red 
shifted, which was attributed to the formation of hydrogen bonds be-
tween some amino (-NH2) and hydroxyl (-OH) groups from the CS chains 
and UiO-66 (ZrCl4) nanoparticles [50]. The XRD and IR analyses indi-
cated that UiO-66 (ZrCl4) nanoparticles was successfully incorporated 
into the polymer phase. Hence, the MOF phase and the polymer phase 
can fully exhibit their respective physicochemical properties and realize 
their synergistic effect in the methanol/DMC separation. 

The interfacial interaction in CS-based membranes can be reflected 
by glass-transition temperature (Tg) measured by differential scanning 
calorimetry (DSC) thermograms as shown in Fig. 6a. The pure CS 
membrane and 10 wt% UiO-66 (ZrCl4)/CS MMM showed glass- 
transitions at 179.2 ◦C and 184.6 ◦C, respectively. With the occur-
rence of the interfacial interaction between UiO-66 nanofillers and CS 
chains, the movement of CS chains was restricted, resulting in the 

increase of Tg in the UiO-66 (ZrCl4)/CS MMM. We further employed 
dielectric relaxation spectroscopy to study the mobility of CS chains 
before and after incorporating UiO-66. As shown in Fig. 6b, the pure CS 
contains three relaxation processes from low temperature to high tem-
perature. The dielectric loss peak presents the inherent dipoles couldn’t 
keep pace with the change of alternating current (AC) electrostatic field, 
leading to the loss of electrical energy. The β relaxation happens under 
the Tg, representing the signal of side group mobility. By increasing the 
temperature, the restriction effect between the side groups caused by 
hydrogen bond network started to be impaired, leading to the α′ relax-
ation process. Furthermore, higher temperature induced the motion of 
main segments. Interestingly, the introduction of UiO-66 (ZrCl4) parti-
cles into the CS matrix made evidenced difference to the dynamic 
characteristics of CS chains. Firstly, the loss peak of β relaxation and α 
relaxation shifted to higher temperature area and the α′ relaxation dis-
appeared. Secondly, in α relaxation process, the peak value of UiO-66 
(ZrCl4)/CS was much higher than the pure CS. On the one hand, 
owing to the molecular interactions, the UiO-66 nanoparticles inhibited 
the chain mobility of CS matrix, leading to the higher temperatures of β 
and α relaxations. On the other hand, the incorporation of UiO-66 

Fig. 6. (a) DSC and (b) dielectric loss (ε’’) vs temperature (oC) curves of pure CS membrane and 10 wt% UiO-66 (ZrCl4)/CS MMM.  

Fig. 7. The 2-dimensional (2D) scatter plot of the 
intermolecular electron density gradient difference 
(δg_inter) for (a) UiO-66(110)/CS and (c) UiO-66 
(100)/CS. The IGM isosurface with the isovalue 
equals 0.01 a.u. for (b) UiO-66(110)/CS and (d) UiO- 
66(100)/CS. The framework of UiO-66 is represented 
by the stick style with Zr in pink, C in tan, O in red 
and H in white. The CS chain is represented by the 
ball and stick style with C in cyan, N in blue, O in red 
and H in white. (For interpretation of the references 
to color in this figure legend, the reader is referred to 
the Web version of this article.)   
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weakened the hydrogen network of CS chains to release more dipoles, 
resulting in the absence of α′ relaxation, which is favorable for reducing 
the transport resistance of the CS matrix and thus enhancing the 
permeation flux. 

3.2. Molecular simulation 

The UiO-66/CS interaction strength was determined according to the 
following equation:  

ΔEint = EMOF/CS – EMOF – ECS                                                          (6) 

EMOF/CS is the energy of UiO-66 binding with CS, EMOF the energy of 
the UiO-66 framework and ECS is the energy of the isolated CS chain. The 
more negative of the ΔEint value, the stronger of the binding and the 
more stable of the interfacial interaction between the UiO-66 filler and 
the CS matrix. The computed ΔEint for the UiO-66(100)/CS and the UiO- 
66(110)/CS are − 98.8 kcal/mol and − 843.9 kcal/mol, respectively. It 
demonstrates that the binding of the CS chain to the UiO-66(110) sur-
face is much stronger than to the UiO-66(100) surface. This can be 
explained by the distinct geometrical structures of the two surfaces, 
which results in the scenario that the UiO-66(110) surface exposes more 
organic ligands compared to the UiO-66(100) surface under the same 
surface size. 

The nature of the interaction between UiO-66 and CS was identified 
by applying the Independent Gradient Model (IGM) method as proposed 
by Lefebvre et al. [51]. The IGM method can be used to identify and 
visualize intermolecular interaction by using the Multiwfn program 
[52]. The grid spacing of 0.50 Bohr in all three directions was applied to 

generate the IGM isosurface and the 2-dimensional (2D) scatter plot of 
the intermolecular electron density gradient difference (δg_inter) for 
UiO-66/CS as shown in Fig. 7 and Fig. S3. According to the 2D scatter 
plot of δg_inter (Fig. 7 (a, c)), the region close to sign(λ2)ρ = 0 with green 
color represent weak intermolecular interaction such as van der Waals 
interaction. The large area green isosurface around the CS chain in the 
IGM map with isovalue of 0.001 a.u. (Fig. S3 (a, c)) reveals that the chain 
is attracted by UiO-66 through van der Waals interaction. 

Besides, there are also stronger interactions between UiO-66 and the 
CS chain depicted by the brown-to-red and the cyan-to-blue regions 
(Fig. 7a, c). The brown-to-red region represents the repulsive interac-
tion, which is possibly spatial steric interaction in the current system. 
The brown-to-red isosurface in the IGM map with isovalue of 0.005 a.u 
(Figs. S3b and d). depicts that the spatial steric interaction mainly exists 
between the side chain –NH2 groups of CS and the organic ligands of 
UiO-66(100) surface, relatively, both side chain –OH and –NH2 groups 
have spatial steric interaction with the organic ligands of UiO-66(110) 
surface. 

The cyan-to-blue region represents the strong attractive interaction, 
which is attribute to the hydrogen bonds. The cyan-to-blue isosurface in 
the IGM map with isovalue of 0.01 a.u (Fig. 7b, d). reveals that there are 
strong hydrogen bonds between CS and two UiO-66 surfaces. The larger 
area of the cyan-to-blue isosurface in the UiO-66(110)/CS with respect 
to the UiO-66(100)/CS demonstrates that the hydrogen bond of the UiO- 
66(110)/CS is stronger than that of the UiO-66(100)/CS. 

In order to get a more intuitive understanding on the atomic 
contribution to the intermolecular interaction between UiO-66 and CS, 
the color mapped structure based on the δg inter index of each atom is 

Fig. 8. The color mapped structure based on the δg inter index of each atom that depicts the degree of contribution of atom to the intermolecular interaction. (a) UiO- 
66(110)/CS and (b) UiO-66(100)/CS. The framework of UiO-66 is represented by the ball and stick style. The CS chain is represented by the stick style. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Effect of UiO-66 (ZrCl4) loading on (a) total flux and separation factor; and (b) permeability and selectivity of UiO-66 (ZrCl4)/CS MMMs for pervaporation 
separation of 10 wt% methanol-DMC mixtures at 50 ◦C; (c) Swelling degree of pure CS membrane and 10 wt% UiO-66 (ZrCl4)/CS MMM immersed in methanol, DMC, 
and 10 wt% methanol-DMC mixtures at 50 ◦C, respectively. 
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shown in Fig. 8. It is observed that the side chain –OH and –NH2 groups 
of CS have the high contribution to the intermolecular interaction of the 
UiO-66(110)/CS (UiO-66(100)/CS), which is consistent with the IGM 
result which identify strong hydrogen bonds between the side chain –OH 
and –NH2 groups and the UiO-66(110) framework (UiO-66(100) 
framework). The number of atoms which have high contribution to the 
intermolecular interaction of the UiO-66(110)/CS is larger than that of 
the UiO-66(100)/CS. Overall, the attractive van der Waals interaction 
and hydrogen bonding interactions overcome the repulsive spatial steric 
interaction, which results in stable UiO-66/CS binding system. The 
computational details are presented in the "Quantum Chemical study of 
the interaction between UiO-66 and CS" part of the Supporting 
Information. 

3.3. Pervaporation separation performance 

3.3.1. Effect of UiO-66 (ZrCl4) loading 
The effect of UiO-66 (ZrCl4) loading was investigated for the sepa-

ration of methanol-DMC mixtures. As shown in Fig. 9a, with the incor-
poration of UiO-66 (ZrCl4) nanoparticles in the CS matrix from 2.5 to 
12.5 wt%, the total flux maintained an increasing trend while the sep-
aration factor increased first and then decreased. When the optimized 
UiO-66 (ZrCl4) loading reached 10 wt% in CS matrix, the MMMs 
exhibited total flux of 355 g/m2h and methanol/DMC separation factor 
of 337, respectively. Compared the pure CS membrane, the total flux and 
the separation factor of 10 wt% UiO-66 (ZrCl4)/CS MMM were 3.4-fold 
and 25-fold, respectively. Furthermore, the effect of UiO-66 (ZrCl4) 
loading on the permeability of methanol and DMC and selectivity 
(Fig. 9b) are consistent with the variation of total flux and separation 
factor. The pore size of UiO-66 (ZrCl4) filler (5.4 Å) falls in the molecular 
kinetic diameters of methanol (3.8 Å) and DMC (6.0 Å). Thus, the 
dominant transport of methanol through the MOF-CS membrane is 
based on the fast and selective transport channels of MOF filler rather 
than the dense CS matrix. Nevertheless, as UiO-66 (ZrCl4) loading 
reached 12.5 wt% in CS matrix, the non-selective defects formed by the 
agglomeration of UiO-66 (ZrCl4) nanoparticles reduced the separation 
efficiency of UiO-66 (ZrCl4)/CS MMM. Fig. 9c showed the swelling de-
gree of 10 wt% UiO-66 (ZrCl4)/CS MMM was much lower than that of 
pure CS membrane in methanol, DMC and 10 wt% methanol-DMC 
mixtures at 50 ◦C, respectively, indicating that the incorporation of 
UiO-66 (ZrCl4) in CS matrix is favorable to enhance interfacial interac-
tion to inhibit the swelling of CS matrix, which is consistent with the 
molecular simulation result. 

The above characterizations and experimental results exhibited that 
UiO-66 (ZrCl4) is accessible to methanol rather than DMC. The Maxwell 
model was employed to calculate the trend of methanol flux and sepa-
ration factor by varying the UiO-66 (ZrCl4) loading in the CS membrane, 
according to the method described in literature [53]. As shown in 

Fig. S4, the methanol and DMC permeability of UiO-66 (ZrCl4)/CS 
MMMs was not within the range predicted by the Maxwell model (the 
highly permeable filler for methanol and the impermeable filler for 
DMC). Specifically, compared with pure CS membrane, a strong increase 
in methanol permeability and methanol/DMC selectivity was observed 
in the 10 wt% UiO-66 (ZrCl4)/CS MMM, which could not be predicted by 
the Maxwell model. Similar phenomena were also found in MOF MMMs 
for pervaporation separation [54,55]. This can be due to the molecular 
sieving effects provided by both the MOF fillers and the interface of the 
MMM. The transport property of UiO-66 (ZrCl4)/CS MMMs could be 
affected by several parameters, such as the concentration polarization 
effect, the aggregation of UiO-66 (ZrCl4) nanoparticles and interparticle 
interactions. According to the literature, for liquid separation mem-
branes, the Maxwell model may need to be modified by adding more 
parameters to further describe the morphology and transport property of 
the mixed-matrix membranes [56,57]. This requires more systematic 
investigations and will be discussed in our near future work. 

3.3.2. Effect of UiO-66 Zr precursor 
For the UiO-66 synthesis, ZrCl4 is widely used as Zr precursor, and its 

primary hydrolysis product is ZrOCl2⋅8H2O. Because ZrOCl2⋅8H2O ap-
pears as a tetranuclear cluster [Zr4(OH)8(H2O)16]Cl8⋅12(H2O), it can be 
the precursor of the final Zr6 cluster in UiO-66 crystal structure [45]. For 
the comparison of UiO-66 synthesized with ZrCl4, ZrOCl2⋅8H2O was 
selected as another Zr precursor to synthesize UiO-66 nanofillers. 
Fig. 10a showed the effect of UiO-66 (ZrOCl2) loading on the membrane 
performance of UiO-66 (ZrOCl2)/CS MMMs via separating 10 wt% 
methanol-DMC mixtures at 50 ◦C. When the optimal UiO-66 (ZrOCl2) 
loading of UiO-66 (ZrOCl2)/CS MMM was 7.5 wt%, the membrane 
exhibited total flux of 344 g/m2h and methanol/DMC separation factor 
of 200, respectively. With optimal loading, the UiO-66 (ZrCl4)/CS MMM 
possesses higher separation factor mainly because of the smaller pore 
size of UiO-66 (ZrCl4) nanofillers. As shown in Fig. 10b, we compared 
the pervaporation performance of the UiO-66/CS MMM fabricated by 
incorporating UiO-66 (ZrOCl2) or UiO-66 (ZrCl4) into CS with 10 wt% 
loading at identical membrane thickness (~1 μm). Although the total 
flux of UiO-66 (ZrCl4)/CS MMM was slightly lower than that of UiO-66 
(ZrOCl2)/CS MMM, the separation factor of UiO-66 (ZrCl4)/CS MMM 
was twice of the UiO-66 (ZrOCl2)/CS MMM. The low methanol/DMC 
separation factor of 10 wt% UiO-66 (ZrOCl2)/CS MMM may be related 
to the structural defect of UiO-66 (ZrOCl2) nanofillers. It can be 
explained by the smaller pore size of UiO-66 (ZrCl4) than that of UiO-66 
(ZrOCl2), as indicated by Fig. 2e–f. 

We further characterized the structural defects of UiO-66 nano-
particles by 1H NMR and XRD. As shown in Fig. 10c, UiO-66 (ZrOCl2) 
and UiO-66 (ZrCl4) exhibited a defect concentration of approximately 
18.9% and 11.2%, respectively. Assuming only linker defects, the metal- 
nodes in defective materials exhibit a mean coordination number (MCN) 

Fig. 10. (a) Effect of UiO-66 (ZrOCl2) loading on total flux and separation factor of UiO-66 (ZrOCl2)/CS MMMs for pervaporation separation of 10 wt% methanol- 
DMC mixtures at 50 ◦C; (b) Pervaporation separation of 10 wt% methanol/DMC mixtures at 50 ◦C using 10 wt% UiO-66/CS MMM with UiO-66 derived from 
ZrOCl2⋅8H2O or ZrCl4; (c) 1H NMR and (d) low-angle XRD spectra of UiO-66 nanoparticles derived from ZrOCl2⋅8H2O or ZrCl4. 
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of 9.7 for UiO-66 (ZrOCl2) and 10.7 for UiO-66 (ZrCl4) in comparison 
with perfect UiO-66 in fcu topology (MCN = 12), respectively. The 
higher the MCN of MOF crystal, the higher the structural integrity of 
MOF [58]. It was also found UiO-66 (ZrOCl2) exhibited two broad, weak 
yet discernible peaks at 2θ of 4.1◦ and 5.7◦ by low-angle XRD spectra 
(Fig. 10d), indicating the co-existence of ordered missing-cluster regions 
[59,60]. 

3.3.3. Effect of operation conditions 
As shown in Fig. 11a, the pervaporation separation performance of 

10 wt% UiO-66 (ZrCl4)/CS MMM was evaluated at different operation 
temperatures from 30 to 60 ◦C. With the increase of operation temper-
ature, the total flux was raised while the separation factor was 
decreased. When feed temperature rises, the molecular diffusion 
through MOF channels and CS matrix is increased in the 10 wt% UiO-66 
(ZrCl4)/CS MMM. As can be seen in Fig. 11b, the DMC permeability was 
increased while the methanol permeability and the selectivity of the 
UiO-66 (ZrCl4)/CS MMM were decreased. It can be explained that high 
temperature is not conducive to the preferentially selective adsorption 
and thus results in low permeation of methanol through the UiO-66 
(ZrCl4)/CS MMM. 

Fig. 11c shows the Arrhenius curves of methanol and DMC perme-
ation via 10 wt% UiO-66 (ZrCl4)/CS MMM. The relationship between 
permeation flux (Jp) and operation temperature (T) follows Arrhenius 
equation: 

JP = JP0 exp(
− EP

RT
) (7)  

where Ji is the partial flux of component i; JP0 is the pre-exponential 
factor; Ea is the activation energy during pervaporation process; R is 
the gas constant (8.314 J mol− 1 K− 1); T is the Kelvin temperature during 
operation process. 

The activation energies (Ea) of methanol and DMC through the 10 wt 
% UiO-66 (ZrCl4)/CS MMM can be obtained from the slope of the fitted 
straight line, which are 25.8 kJ/mol and 58.5 kJ/mol in the range of 
30–60 ◦C, respectively. The positive activation energy indicates that the 
permeation flux increases with the increase of feed temperature. 

The effect of feed methanol concentration on pervaporation sepa-
ration performance of the 10 wt% UiO-66 (ZrCl4)/CS MMM was pre-
sented in Fig. 12. With the increase of methanol concentration in the 
feed, the total flux was increased while the separation factor was 
decreased (Fig. 12a). By normalizing the driving force, the observed 
increase of permeability and decrease of selectivity (Fig. 12b) indicated 

Fig. 11. Effect of operation temperature on (a) total flux and separation factor; (b) permeability and selectivity; and (c) Arrhenius plots of 10 wt% UiO-66 (ZrCl4)/CS 
MMM for pervaporation separation of 10 wt% methanol-DMC mixtures. 

Fig. 12. Effect of feed concentration of methanol on (a) pervaporation performance and (b) permeability and selectivity of 10 wt% UiO-66 (ZrCl4)/CS MMM at 50 ◦C; 
(c) Swelling degree of 10 wt% UiO-66 (ZrCl4)/CS MMM immersed in methanol-DMC mixtures with different methanol concentration at 50 ◦C. 

Fig. 13. Continuous operation of 10 wt% UiO-66 (ZrCl4)/CS MMM for perva-
poration of 10 wt% methanol-DMC mixtures at 50 ◦C. 
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that on the one hand, the decrease of selectivity as increase of methanol 
concentration could be originated from the polarization effect. On the 
other hand, more methanol adsorbed in the UiO-66 (ZrCl4)/CS MMM 
increased the driving force and the swelling of CS matrix. The swelling 
results of Fig. 12c illustrated that the swelling degree of the UiO-66 
(ZrCl4)/CS MMM rising with the increase of methanol concentration 
in feed side, leading to the increase of the free volume and thus improve 
the total flux. 

The stability of the 10 wt% UiO-66 (ZrCl4)/CS MMM was explored by 
continuous pervaporation of 10 wt% methanol/DMC at 50 ◦C. As shown 
in Fig. 13, the average total flux and the average separation factor were 
375 g/m2h and 330 during 120 h continuous operation. Such opera-
tional stability of the UiO-66 (ZrCl4)/CS MMM can be attributed to the 
chemical stability of UiO-66 fillers and interfacial interaction between 
UiO-66 nanofillers and CS matrix. 

3.3.4. Performance comparison with literatures 
Polymer-based membranes including CS, PVA and polyamide stud-

ied for separation of methanol-DMC mixtures are shown in Fig. 14 and 
Table S1. The properties of our CS membrane were close to those re-
ported in the literature. Different crosslinkers and zeolite incorporation 
were employed to improve the separation performance of polymeric 
membranes. Compared with them, the UiO-66 (ZrCl4)/CS MMMs 
exhibited much higher separation factor (>100) and meanwhile 
outstanding total flux. This phenomenon can be explained that UiO-66 
(ZrCl4) filler possesses low transport resistance and molecular sieving 
pores for methanol over DMC, as well as the formed favorable interfacial 
interaction between UiO-66 filler and CS matrix. 

4. Conclusions 

In this work, we introduced a new type of UiO-66 molecular sieves 
into CS membrane to significantly enhance the pervaporation separation 
performance of methanol-DMC mixtures. Characterizations and molec-
ular simulation revealed favorable interfacial interactions existed be-
tween UiO-66 fillers and CS matrix. The UiO-66/CS MMM with optimal 
loading (10 wt%) and metal precursor (ZrCl4) exhibited total flux of 355 
g/m2h and methanol/DMC separation factor of 337 in 10 wt% 
methanol-DMC mixtures at 50 ◦C, which were 3.4-fold and 25-fold of the 
pure CS membrane, respectively. Compared with ever reported polymer- 
based membranes, the UiO-66/CS MMM showed outstanding separation 
performance and great potential for methanol/DMC separation. 
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