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A B S T R A C T   

The separation of dimethyl carbonate (DMC) –an ecofriendly organic compound– from a reaction medium is 
oftentimes complicated due to the presence of other organic compounds, particularly when the mixture forms an 
azeotrope. To this end, pervaporation is proposed in this work as the perfect candidate to solve this separation 
puzzle, using novel membranes which flipped the ratio of the binary mixture methanol (MeOH) and DMC (from 
10:90 to ~90:10). ZIF-8 fillers were incorporated into chitosan (CS) biopolymer matrix to prepare these mixed- 
matrix membranes (MMM). At 15 wt% loading of ZIF-8/CS, the～30 μm-thick MMM showed an exceptional 
selectivity of 11.2, with MeOH permeance of 97.7 GPU at 50 ℃. This superior separation performance is 
attributed to the higher MeOH affinity to the CS matrix, further reinforced with the preferential channels of ZIF-8 
fillers for MeOH. This successful separation of binary organic mixtures elevates a crucial part of downstream 
processing, merely achieved with conventional distillation, and most importantly, open doors to greener fuels.   

1. Introduction 

Dimethyl carbonate (DMC) has been considered an environmentally 
friendly organic compound due to its biodegradability and low toxicity 
[1]. In recent years, extensive research on DMC as an effective biofuel 
and diesel fuel additive has been performed [2–6]. This oxygenated 
compound can reduce the energy density of fuel mixtures due to its low 
calorific value, thereby reaching a high level of fossil fuel substitution 
[7]. This compound also paves the way to synthesize less toxic products 
that can substitute methyl halides, dimethyl sulfate and phosgene in the 
chemical and pharmaceutical industries [8]. A case in point is the 
valorization of crude glycerol, a by-product of biodiesel production 
using biomass materials such as vegetable oils, animal fats, waste 
cooking oils and fats [9–13]. In this bio-based transesterification reac
tion, glycerol carbonate is formed during this process besides MeOH 
[15]. Besides, an excess of DMC is required for acquiring a higher yields 
of glycerol carbonate. However, the separation of MeOH from the 
products’ mixture consumes significant energy since MeOH and DMC 
reach an azeotrope at a methanol concentration of 85 mol% at atmo
spheric pressure [14]. In this context, an effective separation of MeOH/ 

DMC is essential. A variety of separation processes e.g., extractive 
distillation [15] and pervaporation [16], or the utilization of ionic liq
uids as entrainers [17], have been proposed to separate MeOH/DMC. 
However, the energy consumption has been a critical hurdle in those 
techniques, hence other separation approaches must be investigated. 

Pervaporation (PV) consumes less energy and is cost-effective 
[16,18], attracting the attention of membranologists to investigate the 
separation of azeotropic mixtures, the recovery of heat sensitive com
pounds and removal of low concentrated pollutants from aqueous so
lutions [19–21]. The range of PV applications is very broad, including: 
(1) organic dehydration; (2) solvent recovery or removal from waste
water; (3) separation of organic mixtures. The latter is the most chal
lenging, as the components of these mixtures in most cases, have very 
similar physical and chemical properties, making this type of separation 
needs to be dealt with on a case-by-case basis [14]. 

Polymeric membranes have advantages of good processability, low 
cost and ease of production scale-up [22]. Several synthetic polymers 
are typically used to prepare PV membranes, such as polyvinyl alcohol 
(PVA), PEBA, polydimethylsiloxane (PDMS), and polyimide (PI) [22]. 
Biopolymers, such as chitosan (CS) provided from biomass waste, have 
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also been used to prepare PV membranes due to its unique properties, 
such as biodegradability, biocompatibility, and non-toxicity [23,24]. 
However, CS-based membranes have also been facing the permeability/ 
selectivity trade-off limitation [20]. Various inorganic fillers are incor
porated in CS-based membranes to overcome this constraint, such as 
carbon molecular sieves, zeolites, and carbon nanotubes [25–28]. 
Nevertheless, the interface incompatibility between inorganic fillers and 
the polymer matrix often plagues the process of the producing mixed 
matrix membranes (MMMs) and thus further modifications are needed 
to reduce or eliminate non-selective volumes at the interface between 
inorganic fillers and polymers [29,30]. Instead, organic fillers like metal 
organic frameworks (MOFs), are a better alternative showing better 
compatibility than inorganic ones [31]. 

MOFs, a combination of metal ions and organic ligands, are organic 
materials that generally have 3-D nanostructures, large specific surface 
areas and adjustable adsorption capacity [32,33]. Because of these 
properties, MOFs have attracted significant attention for MMMs. Zeolitic 
imidazolate frameworks (ZIFs), formed by connecting tetrahedral metal 
ions (e.g., Zn, Co) through imidazolate anions, are a subclass of MOFs 
which have similar structures to zeolites [34]. ZIFs have been utilized as 
the fillers for MMMs in PV. For example, Amirilargani et al., [35] 
distributed ZIF-8 particles into polyvinyl alcohol for isopropanol dehy
dration using PV. The total flux increased in contrast with pure poly
meric membrane, but with the expense of the separation factor. 
Likewise, nanoscale ZIF-90 crystals were also embedded into P84 
polymeric membranes for the dehydration of isopropanol solution, and 
the flux increased without compromising the separation factor at the 
adequate loading of ZIF-90 [36]. In addition, ZIFs have also been used 
for PV recovery of organics. Liu et al., [37] used ZIF-71/ polyether-block- 
amide MMMs to recover biobutanol from acetone–butanol–ethanol 
fermentation broth. Kang et al. [38] distributed ZIF-7 particles into CS 
matrix for the production of ZIF-7/CS MMMs to extract ethanol from an 
aqueous solution. The abovementioned membranes broke through the 
permeability/selectivity trade-off, but there are limited studies 
regarding the preparation of ZIFs/CS MMMs for the pervaporation 
dehydration and recovery applications [20,38], and there is no study of 
ZIFs/CS MMMs for the separation of organic-organic mixtures in PV. 

The synthesis of a ZIFs/CS MMMs and their performance in sepa
rating of organic-organic mixture is studied in this work, which is first in 
the literature. ZIF-8 is a highly suitable molecular sieve for the extrac
tion of MeOH from MeOH/DMC. Owing to the flexibility of ZIF-8, the 
effective window size of ZIF-8 is 0.40–0.42 nm, while the kinetic 
diameter of MeOH and DMC are 0.38 nm and 0.47–0.63 nm, respec
tively [39,40]. Furthermore, there is abundance of − OH and − NH2 on 
the surface of ZIF-8. These groups can form hydrogen bonds with the 
− OH or − NH2 of CS, thereby promoting the compatibility between the 
ZIF-8 particles and CS [41] and leading to more effective membranes. In 
the present study, small-size ZIF-8 particles were first synthesized and 
characterized. They were then incorporated into CS to fabricate free- 
standing ZIF-8/CS MMMs. Finally, the fabricated MMMs were charac
terized and their separation performance of MeOH/DMC using PV was 
evaluated. 

2. Experimental section 

2.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O, 99%), 2-Methylimidazole 
(Hmim, 97%) and Dimethyl carbonate (DMC, 99%) were purchased 
from Alfa Aesar (Germany). The CS polymer powder (low molecular 
weight) was obtained from Sigma-Aldrich (US). Absolute ethanol 
(C2H5OH, 99.9%), ethanolamine (NH₂CH₂CH₂OH, 99.5%), triethyl
amine (TEA, N(CH2CH3)3, 99.5%), methanol (MeOH, 100.0%) and 
acetic acid (CH3COOH, 99.8%) were provided by VWR International 
(Belgium). All chemicals were used as received. 

2.2. Synthesis of ZIF-8 particles 

Submicron-sized ZIF-8 particles were synthesized according to the 
aqueous room-temperature method listed in [42]. First, 2 g of Zn 
(NO3)2⋅6H2O was dissolved in 12.11 g of deionized water to prepare Zn 
(NO3)2 solution. Besides, 3.312 g of Hmim was dissolved in 48.45 g of 
deionized water to prepare Hmim solution. Then, 3.0 ml of TEA was 
added into Hmim solution. Subsequently, these two solutions were 
mixed for 0.5 h. The product was centrifuged at 4000 rpm for 15 min 
and subsequently washed with deionized water twice and with absolute 
ethanol once. The obtained product was dried under vacuum oven at 
120 ℃ for 10 h. 

2.3. Membrane preparation 

MMMs were synthesized with 1.0 g of CS powders dissolved in 49.0 g 
of 2 wt% CH3COOH solution and stirred at room temperature for 2 h. A 
certain quantity of ethanolamine was then added to adjust the pH of the 
solution to ≥ 4 because ZIF-8 can maintain the good crystallinity after 
being immersed in aqueous solution of pH = 4 for 3 days [43]. The 
solution was stirred for another 24 h until chitosan and ethanolamine 
formed a homogenous solution. The required amounts of ZIF-8 particles 
were dispersed into chitosan solution and stirred for 12 h to allow for an 
even distribution of ZIF-8 particles into CS solution. The membranes 
were prepared using solvent evaporation method. Briefly, a certain 
amount of the dope solution was poured onto clear cellophane with a 
retainer ring made of stainless steel and dried in a fume hood for 2 days. 
The membranes after solvent evaporation were peeled off gently. The 
membranes thickness was measured using the Mitutoyo micrometer and 
the thickness is 36–43 μm. The loading of ZIF-8 in MMMs was defined as. 

ωZIF− 8= mZIF− 8
mZIF− 8+mCS

×100% (1)  

wherein ωZIF− 8 is the ZIF-8 particle loading, mZIF− 8 and mCS represent the 
masses of ZIF-8 and CS, respectively. 

The ZIF-8 particle loadings in the present study were varied as 0, 
0.05, 0.1, 0.15, 0.20 and 0.25 and the resulting membranes were 
designated as M-0, M-5, M-10, M-15, M-20 and M-25, respectively. 

2.4. Membrane characterization 

Scanning Electron Microscope (SEM) (Zeiss, ULTRA with Bruker EDS 
chemical analyzer) was employed to portray the morphology of the 
fabricated membranes. Membranes were beforehand immersed into 
liquid nitrogen for a clean cross-sectional cut. Next, a thin layer of gold 
was deposited under vacuum with a sputter coater (BALZERS UNION FL 
9460 BALZERS SCD 030) to make the samples conductive. As for the 
crystallinity of ZIF-8 particles and membranes, it was investigated using 
X-ray diffraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5406 
Å) in the range from 6 to 60◦., while FT-IR spectra of ZIF-8 and mem
branes were obtained using Bruker spectrometer from 400 cm− 1 to 4000 
cm− 1 in ATR mode to investigate the chemical property of all the 
membrane samples. Finally, the thermal gravimetric analyses (TGA) 
were carried out on dried samples of ZIF-8 and membranes. It was used 
to verify whether the chemical change of the membrane causes changes 
in the way the material loses water and degrade during heating. Dyn
THERM TGA was used with a 15 ◦C/min heating rate from 25 ◦C to 
800 ◦C under 300 Nml/min Ar sweep gas flow at atmospheric pressure. 

2.5. Solvent uptake 

Solvent uptake tests on the membranes were carried out gravimet
rically using an analytical balance (Mettler AE 260 DeltaRange). Before 
conducting solvent uptake, membranes with different loadings were 
dried in a vacuum oven at 100 ◦C for 24 h to remove residual solvents. 
Afterwards, the dried membrane samples were immersed in pure MeOH, 
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DMC and feed solution with the MeOH/DMC molar ratio of 10:90, 
respectively, in sealed bottles at 50 ◦C. The swollen membrane samples 
(W1) were weighed as quickly as possible after wiping off all solvents on 
the membrane surface with tissue papers at specific time intervals. This 
process was continued until no weight changes were observed. After 
weighing, the membrane samples were re-dried at 100 ◦C for 24 h in a 
vacuum oven to evaporate all of the adsorbed solvent. The re-dried 
membrane samples were weighted again (W2). All the experiments 
were performed at least three times. The solvent uptake ratios were 
determined by the following equations [44,45]: 

Solvent uptake ratios % =
W1 − W2

W2
× 100% (2) 

The solvent uptake is correlated with the Hansen solubility param
eters (HSP), which have been employed to evaluate the compatibility 
between the filler and the polymer matrix as well as the affinity of 
materials to solvents [46,47]. The compatibility among MeOH, DMC, 
ZIF-8 and polymer can be evaluated by the equation (3): 

δ2 =
(

δ2
d + δ2

p + δ2
h

)1/2
(3)  

where δd, δp and δh with the subscripts d, p and h, represent the vectors 
for dispersion, polar and hydrogen bonding contributions, respectively, 
in three-dimensions known as the Hansen space. δ is the total solubility, 
corresponding to one point in the Hansen space. The distance between 
point 1 (e.g., the polymer) and point 2 (e.g., the solvent) is expressed by 
the following the equation: 

Ra =
[
4(δd1 − δd2)

2
+
(
δp1 − δp2

)2
+ (δh1 − δh2)

2
]1/2

(4)  

where Ra is the solubility distance parameter between two components. 
The smaller the Ra, the higher the affinity [47]. 

The Hansen solubility parameters of mixture can be determined by 
following equation [48]: 

δ =
∑

i
∅iδki (5) 

In which the subscript ki indicates the d, pandh corresponding to 
component i, and ∅i is the volume fraction of component i in the 
mixture. 

2.6. PV experiments 

All PV experiments were conducted in a 3-inch round cell module 
(Sulzer Chemtech GmbH, Switzerland) with an effective membrane 
surface area of 38.48 cm2 (diameter 7.0 cm) [49,50]. Unless otherwise 

stated, a MeOH/DMC mixture of 10/90 (mol%) was used as the feed 
solution. The feed solution was circulated in the setup for 2 h to reach 
steady state conditions before beginning the permeate sample collec
tion. The pressure on the permeate side was maintained below 2 mbar 
using a vacuum pump. The permeate were collected using a cold trap at 
regular intervals and weighed using an analytical balance. The compo
sitions of the feed and permeate samples were analyzed by gas chro
matography (Thermo Scientific™ - TRACE 1300 Gas Chromatograph) 
equipped with a flame ionization detector (FID). The change of the feed 
concentration can be neglected during the evaluation due to the large 
amount of the feed solution (at least 1 L), in contrast with the permeate 
samples. In addition, each experiment was carried out at least three 
times to ensure the reliability and the repeatability of the results. 

The performance of the membranes in pervaporation can be deter
mined by four parameters, namely, transmembrane flux J (g/m2⋅h), 
separation factor βi/j, permeance Pi/l and selectivity αi/j, defined as 
follows: 

J =
Q

Δt × A
(6)  

βi/j =
yi/yj

xi/xj
(7)  

Pi/l =
Ji(

xi × γi × P0
i − yi × Pp

) (8)  

αi/j =
Pi/l
Pj/l

=
Pi

Pj
(9)  

where Q represents the weight of the collected permeate sample (g), A is 
the effective membrane area (m2) and Δt is the time interval during the 
sample collection (h); x and y are the molar fractions in the feed and 
permeate, respectively; the subscripts i and j indicate the components 
MeOH and DMC, respectively; Ji is the permeation flux of component i 
(g/m2⋅h), γi is the activity coefficient of component i in the feed, and P0

i 
is the saturated vapor pressure of pure component i, while Pp is the total 
pressure at the permeate side. Pi is the permeability of component i and l 
represents the membrane thickness. Non-random two-liquid method 
(NTRL) used to calculate γi of MeOH and DMC in the binary mixture at 
different temperatures and different concentrations. The specific equa
tions of γi have been included as Supporting information (Figs. S.1-S.5). 
The liquid permeance is also often expressed in gas permeation units 
(GPU) [51], such that: 

Fig. 1. (a) SEM image of ZIF-8 particles and (b) XRD pattern of the as-synthesized ZIF-8 particles.  
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1GPU = 1

× 10− 6cm3(STP)/
(
cm2scmHg

)
and 1m3/(m2skPa) = 1.33×108GPU  

3. Results and discussion 

3.1. Characterization of ZIF-8 

Fig. 1a shows the SEM images of the as-fabricated ZIF-8 particles. 
The size of the as-synthesized ZIF-8 particles was in the range of 
100–200 nm. This small size is critical because common blending 
method cannot effectively separate intergrown ZIF-8 crystals into indi
vidual crystals, so the generation of submicron-sized crystals can facil
itate the preparation of membranes around several tens of microns thick 

[52]. 
Furthermore, the reduced-sized crystals as the fillers within polymer 

matrix can reduce non-selective volumes in the filler/polymer interface 
and thus high membrane selectivity can be achieved [52]. The XRD 
analysis showed a crystalline structure of ZIF-8 with characteristic peaks 
at 2θ values of 7◦, 10◦, 12◦, 14◦, 18◦, 22◦, 24◦, 26◦, 29◦, 33◦, 34◦ and 35◦, 
as shown Fig. 1b. The XRD pattern of as-synthesized ZIF-8 are consistent 
with those in literature [42,53], indicating that highly-crystalline ZIF-8 
without other impurities was obtained in this study. 

3.2. Membrane characterization 

3.2.1. Morphology of the membranes and mechanical properties 
The cross sections of the prepared MMMs with different ZIF-8 

Fig. 2. SEM images at different loadings of MMMs (a-b: 0 wt%, c-d: 5 wt%, e-f: 10 wt%, g-h: 15 wt%, i-j: 20 wt%, k-l: 25 wt% loading).  
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loadings were characterized by SEM. As observed from Fig. 2 (a) and (b), 
the pristine CS membrane had a smooth and dense cross section but 
there exist some defects. The images in Fig. 2 (c) – (l) show that ZIF-8 
particles were well-distributed in CS matrix, with no apparent holes or 
cracks, indicating a good interfacial compatibility between ZIF-8 crys
tals and the polymer matrix. However, as the amount of incorporated 
ZIF-8 increased, the cross-section of MMMs turned rougher, with a less 
dense membrane structure, which can be attributed to the disruption of 
CS polymer chain packing by the presence of ZIF-8 particles. 

The energy dispersive spectrometer (EDS) pattern of the 15 wt% ZIF- 
8 loaded MMM (Fig. 3) shows that the main element of ZIF-8 i.e., Zn, 
appeared on 6 different areas of the membrane (including 3 points and 3 
rectangle boxes) and the intensity of all the Zn peaks in the EDS spec
trum is the same. This indicates that ZIF-8 particles are distributed 
uniformly within the membrane. 

In addition, mechanical properties of pure chitosan membrane and 
15 wt% ZIF-8 loaded MMM were measured by nanoindentation [54]. It 
can be observed that the loading curves do not overlap with the 
unloading curves, suggesting that the membranes are not totally elastic 
though they show plastic behaviour [55]. Compared to the pure chitosan 
membrane, the 15 wt% ZIF-8 loaded MMM showed both higher hard
ness and elastic modulus (Fig. S6). As anticipated, the incorporation of 
ZIF-8 particles into chitosan matrix has a dramatic effect on hardness 
and resistance to elastic deformation as the stress is applied [56]. 

3.2.2. The crystalline form of the developed MMMs 
XRD spectrum for membranes with different ZIF-8 loadings (Fig. 4) 

show the characteristic diffraction peak of CS located at 2θ = 20.2◦ [57]. 
When compared to the pristine CS membrane, MMMs maintain the same 
characteristic peak of the pristine CS membrane, showing that the 
incorporation of ZIF-8 did not influence the crystalline form of CS. 
Moreover, MMMs show a new peak located around at 2θ = 34◦, indi
cating the presence of ZIF-8 within MMMs. The disappearance of some 
ZIF-8 diffraction peaks in ZIF-8-based MMMs can be attributed to the 
high affinity between the lattice planes of ZIF-8 and CS polymer back
bone [58,59]. 

3.2.3. FTIR spectroscopy analysis of membranes 
The chemical functional groups of the ZIF-8 powder, the pure CS 

membrane and the MMMs were evaluated using FITR (Fig. 5). It showed 
remarkable bands at 426, 694, 760, 955, 1000, 1073, 1146, 1181, 1309, 
1385, 1425, 1458, 1585, 2805, 2929, 2972 and 3135 cm− 1 for ZIF-8 
samples. The peak at 2929 cm− 1 was ascribed to the aliphatic C-H 
asymmetric stretching vibration, while peak at 1585 cm− 1 arose from 
the C = N stretch vibration. Another peak around 758 cm− 1 was asso
ciated with the bending vibration of the imidazole ring. It is worth 
noting that Zn-N stretching vibration was observed at 426 cm− 1, 
implying that zinc ions combined chemically with nitrogen atoms of the 
methylimidazole groups to form the imidazolate[60]. All of that is 
consistent with the findings from literature [59,61]. The characteristic 
peaks in the spectrum of ZIF-8 crystals appeared in the FTIR spectrum of 

Fig. 3. SEM images (a) and EDX analysis (b) of 15 wt% ZIF-8 loaded MMM.  

Fig. 4. XRD patterns of ZIF-8 powders and ZIF-8/CS MMMs with different 
particle loadings. 

Fig. 5. FTIR spectra of ZIF-8 powders and ZIF-8/CS MMMs with 
different loadings. 
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the MMMs, proving that ZIF-8 particles were successfully incorporated 
in the CS matrix. Furthermore, no new peaks were found in the spectrum 
of ZIF-8-based MMMs, showing that there were no chemical interactions 
formed between ZIF-8 particles and CS polymer. In addition, the peak at 
around 1550 cm− 1 for membrane samples representing amide II(N-H) 
became broad and shifted gradually to the direction of 1585 cm− 1, 
suggesting that N-H groups from CS matrix form intermolecular 
hydrogen bonds with C = N groups with ZIF-8 [59,62]. 

3.2.4. TGA analysis of membranes 
The thermal stability of ZIF-8 and the membranes with different filler 

loadings was evaluated by TGA analysis under flowing Ar atmosphere 
(Fig. 6). The membrane degradation process saw three major weight loss 
steps. The first step was due to the desorption of the residual water 
within membranes (below 250 ℃). The second step was due to the 
deacetylation and depolymerization of CS (250–280 ℃) and it is the 
primary step to assess the membrane thermostability. In this step, pris
tine CS membrane showed a much faster rate of weight loss in com
parison with ZIF-8-based MMMs, so the incorporation of ZIF-8 fillers 
improves membrane thermal stability. This is attributed to the non- 
chemical interactions (like hydrogen bonds) at the ZIF-8/CS interface, 
delaying the non-oxidative thermal degradation of ZIF-8 based MMMs 
and restraining the production of the free radicals during the membrane 
samples’ thermal degradation process. Finally, the third step corre
sponds to the residual disintegration of the polymer matrix (280-800℃). 
Indeed, ZIF-8-based MMMs possess desirable thermal stability to with
stand the experimental operation requirements. Among pure chitosan 
membrane and MMMs, the highest residual weight achieved is with 10 
wt% loading, which is attributed by the uniform dispersion of ZIF-8 
particles. The uniformly distributed ZIF-8 particles might form a 
network through intermolecular hydrogen bonds between chitosan 
chains and ZIF-8, which restricts the free radicals’ movement. And also, 
the chitosan chain can enter into the pore of residual carbonized ZIF-8 
structure during the thermal decomposition process. Above in
teractions can endow the membrane molecules higher resistance to the 
attacks from chain scissoring, thus leading to higher residual weight 
[63]. Such results imply that ZIF-8 does not play a role of simple physical 
filler in chitosan matrix during the thermal decomposition process, 
because the incorporation of other inorganic fillers usually promotes 
more linear increase in the residual weights with the amount of the 
added filler [64,65]. 

3.3. Solvent uptake tests of membranes 

At 50 ℃, the solvent uptake of the membranes with different ZIF-8 
loadings in DMC and feed solution increased with the increased filler 
loadings, while the MeOH uptake showed no significant change with the 
presence of ZIF-8 particles (Fig. 7). Most importantly, the MeOH uptake 
by the MMMs was higher than the uptake of DMC, showing a prefer
ential sorption to MeOH by CS matrix. Given the solution-diffusion 
mechanism in pervaporation, preferential sorption of MeOH is of great 
importance for achieving effective separation [66,67]. 

Based on the Hansen solubility theory, the smaller the Hansen sol
ubility parameter Ra between two components, the better the compati
bility between these two components. As observed in Table 1, the Ra 
distance between CS and MeOH and DMC are 6.0 and 18.3 MPa1/2 

respectively, reflecting that the CS membrane have more affinity to
wards MeOH than DMC. However, the Ra distance between ZIF-8 and 
MeOH and DMC are 14.7 and 9.5 MPa1/2, respectively, which suggests 
that the ligand of ZIF-8 has a stronger affinity to DMC in comparison 
with MeOH. Therefore, the major fraction of MeOH is mainly absorbed 
by the CS matrix while the major fraction of DMC is mainly absorbed by 
ZIF-8 for MMMs in solvents, considering the flexibility or the “gate 
opening” effect of the ZIFs [69,70]. Although ZIF-8 ligands show higher 
affinity to DMC over MeOH, ZIF-8 with suitable aperture size can pro
vide channels across the membranes for MeOH absorbed in the mem
brane. In the following sections, the influence of ZIF-8 loadings on 
membrane performance in pervaporation will be discussed 

Fig. 6. TGA curves of ZIF-8 powders and ZIF-8/CS MMMs with 
different loadings. 

Fig. 7. Solvent uptake of MMMs with different loadings in pure MeOH, DMC 
and feed solution, respectively. 

Table 1 
Hansen solubility parameters δd, δp, δh for pure CS [68], ZIF-8 [46], MeOH and 
DMC [16] and the interaction Ra with CS and ZIF-8.   

δd(MPa1/ 

2) 
δp(MPa1/ 

2) 
δh(MPa1/ 

2) 
Ra(-CS) Ra(-ZIF- 

8) 

CS  17.8  14.2  24.1 0 15.0 
ZIF-8a  18.8  10.7  9.7 15.0 0 
MeOH  15.1  12.3  22.3 6.0 14.7 
DMC  15.5  3.9  9.7 18.3 9.5 
Feed 

solution  
15.5  4.3  10.3 17.6 9.2  

a Due to the lack of Hansen solubility parameters of ZIF-8, the Hansen solu
bility parameters of Hmim, the organic ligand in ZIF-8, is taken as the one for 
interactions with other components. 
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comprehensively. 

3.4. Pervaporation performance 

3.4.1. Effect of ZIF-8 loading on pervaporation performance 
At 50 ℃, the permeate flux through the ZIF-8/CS membrane with a 

loading of 15 wt% and a thickness of～40 μm increased 4.5 times 
compared to the pristine CS membrane. Besides, with separation factor 
increased with 5.9% (Fig. 8a). The MMM with 15 wt% loading of ZIF-8 
was identified as the optimum filler loading, in which the separation 
factor almost remained constant. Beyond this point, even if the permeate 
flux increases, the separation factor deteriorates. 

To further reflect on the inherent separation characteristics of the 
ZIF-8/CS MMMs, the effect of ZIF-8 incorporation on permeance and 
selectivity was evaluated. The permeance of MeOH, which was higher 
than that of DMC, increased with the increment of ZIF-8 content. The 
optimum MeOH permeance and selectivity was observed at 15 wt% of 

ZIF-8 loading, where the selectivity exhibited 3.7% increase, while the 
MeOH permeance increased more than 4 times compared to the pristine 
membrane. At this loading, the selectivity was 12.2 and the permeance 
of MeOH and DMC was 53.4 and 4.4 GPU, respectively. This is ascribed 
to the factor that ZIF-8 provides preferential diffusion channels for 
MeOH adsorbed by CS matrix. The molecular kinetic diameter of MeOH 
(0.38 nm) is smaller than the window size of ZIF-8 (0.40–0.42 nm). 
However, the ligand of ZIF-8 shows a stronger affinity to DMC though it 
has a molecular kinetic diameter of 0.47–0.63 nm. The increase of 
permeance, particularly DMC’s, with the increment of the ZIF-8 content 
was expected due to the enlarged non-selective voids as shown in SEM 
images (Fig. 2), induced by the distribution of ZIF-8 particles into CS 
[71]. In the lower loadings (<15 wt%), the aggregation of particles 
resulted in less enlargement of the non-selective voids, so the increase in 
MeOH permeance was more apparent than that of DMC. This agglom
eration of ZIF-8 particles in the CS matrix becomes more significant with 
further increase of the filler content that leads to larger non-selective 

Fig. 8. (a) Effects of ZIF-8 loading on fluxes and separation factor and (b) MeOH permeance, DMC permeance and selectivity as a function of ZIF-8 loading for the 
separation of MeOH from MeOH/DMC mixture with the mole ratio of 10/90 at 50 ℃. 

Fig. 9. Effect of membrane thickness on pervaporation performance of ZIF-8/CS MMM: a) fluxes and separation factor; b) permeance and selectivity.  
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voids in the membranes. The higher the ZIF-8 loading the higher the 
amount of DMC was being absorbed in the MMMs (as depicted in Fig. 7). 
Therefore, the increase of DMC permeance rate is faster than that of 
MeOH with a further increase of the filler content at higher loadings 
than 15 wt%. Considering the MeOH permeance and selectivity, the 15 
wt% ZIF-8 loading distributed into CS matrix was selected for the 
following experiments. 

3.4.2. Effect of membrane thickness on pervaporation performance 
At 50 ℃, starting from the same feed solution concentration (with 

the MeOH/DMC mole fraction of 10:90), a decrease of the membrane 
thickness from ～40 to～20 μm, increased the total flux and the MeOH 
permeance from 44.96 to147.4 g/m2⋅h and from 53.43 to 145.4 GPU 
respectively. On the other hand, the separation factor and the selectivity 
decreased from 71.8 to 37.2 and from 12.2 to 6.25 respectively, which is 
attributed to the greater mass transfer resistance (as shown in Fig. 9a 
and Fig. 9b). It is worth noting that a more pronounce increase of 
82.91% was observed for the MeOH permeance, as the membrane 
thickness was decreased from ～40 to～30 μm (Fig. S7), while selectivity 
only changed by 8.22%. A further decrease of membrane thickness from 
～30 to～20 μm (Fig. S6) caused both the separation factor and the 
selectivity to drop sharply while the flux and the MeOH permeance 
increased significantly. With the decrease in membrane thickness, the 
concentration polarization effect (CPE) could occur [72,73]. That is 
because that the decrease in membrane thickness provides a higher 
transmembrane flux, but increases the boundary layer effect between 
the membrane surface and the feed liquid bulk [74,75]. The increased 
boundary layer effect, due to the accumulated DMC molecules from the 
bulk onto the membrane surface, enhances DMC molecules transported 
across the membrane, thereby reducing MeOH permeance as well as 
selectivity. Therefore, ～30 μm thick membranes was used for the rest of 
the study. 

3.4.3. Effect of feed solution temperature on pervaporation performance 
The effect of the feed temperature on the pervaporation of MeOH/ 

DMC mixture (10/90 mol%) was studied using the membrane with a 
thickness of～30 μm and 15 wt% loaded ZIF-8 MMM, as shown in Fig. 10 
a and b. As the feed temperature increases, the flux first decreased 
slightly and then increased, the same trends were observed for MeOH 
and DMC permeance. This phenomenon can be analyzed by the Arrhe
nius equation (10): 

Pi/l = Pi,∞/l • exp(−
1000 • Ea

RT
) (10)  

Wherein Pi/l is the permeance of compound i, Pi,∞/l is the permeance 
constant, R is the gas constant (J mol− 1 K− 1), T stands for the feed 
temperature (K) and Ea represents the activation energy (kJ mol− 1). 

The Arrhenius plots between MeOH permeance and DMC permeance 
vs. temperature in the two temperature ranges are shown in Fig. 11. 
Using a linear fitting to draw the graph logarithmized permeance versus 
1000/RT according to the equation (10), the calculated activation en
ergies of MeOH and DMC are − 0.0323 and − 0.419 kJ/mol, respectively. 
A negative activation energy indicates that MeOH and DMC permeances 
decrease with the temperature increase, while the flux increases in the 
temperature range of 40–50 ℃. The activation energy of component i is 
the combination of the activation energy of diffusion ED,i (generally 
positive) and the enthalpy of sorption ΔHS,i (usually negative) of 
component i [76]: 

Ea,i = ED,i +ΔHS,i (11) 

Fig. 10. Effect of feed temperature on pervaporation performance of ZIF-8/CS MMM: a) fluxes and separation factor; b) permeance and selectivity.  

Fig. 11. The Arrhenius plots of permeances versus reciprocal of absolute 
temperature. 
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The negative activation energies reflect that in the 15 wt% loaded 
ZIF-8 MMM, the separation is dominated by the sorption process in the 
temperature range of 30–50 ℃ [77]. It means that MeOH and DMC 
permeances decrease with an increase of the temperature because the 
sorption process is exothermic, though the polymer chains are prone to 
swell with a temperature increase, resulting in an increase in the size of 
non-selective free volumes. The steeper slope of the fitting line for DMC 
reflects that DMC permeance across the membrane is more sensitive to 
the temperature. Thus, DMC permeance decreased faster than MeOH 
permeance as the temperature increased, resulting in an increased 
selectivity. In addition, the membrane showed a stronger affinity to 
MeOH over DMC (Table 1), the capacity of MeOH adsorbed in the 
membrane was higher than that of DMC. Consequently, a higher feed 
temperature was more favorable to the diffusion transfer of MeOH 
because of the higher driving force of MeOH, therefore improving the 
selectivity. 

However, the calculated activation energies for MeOH and DMC are 
1.97 and 4.13 kJ mol− 1, respectively from 50 to 60 ℃. These positive 
values of the activation energies of MeOH and DMC indicate that per
meances increase with an increase of temperature. In this temperature 
range, the separation is controlled by the diffusion process. The polymer 
swells further with a further increase of temperature, which enlarges the 
size of non-selective free volumes and thus decreasing the diffusion 
resistance of molecules. As a result, the permeances of MeOH and DMC 
increased when the temperature was in the range of 50–60 ℃. In 
addition, the permeance of DMC through the membrane is still more 
sensitive to temperature because the Ea of DMC is higher than that of the 
Ea for MeOH. Therefore, the DMC permeance increase more quickly than 
that of MeOH with the increase of temperature, leading to the increase in 
selectivity. Nevertheless, the membrane still demonstrated a high 
selectivity of 11.2 with a separation factor of 66.0 at 50 ℃. 

3.4.4. Effect of feed concentration on pervaporation performance 
The effect of the feed concentration on pervaporation performance 

was investigated at 50 ℃ using ～30 μm thick MMMs with 15 wt% ZIF-8 
loading. The total flux continuously increased as the mole concentration 
of MeOH increased (Fig. 12). This increase is mostly influenced by 
MeOH permeance due to the high MeOH content in the feed solution. 

The permeances of MeOH (Fig. 12b) verify the contribution of MeOH 
to the flux rise. The high MeOH concentration resulted in excessive 
membrane swelling, and subsequently significant polymer plasticization 
effect [78]. This results in an enlargement of the size of non-selective 

free volumes, which was conducive to the penetration of MeOH and 
DMC. At low MeOH concentrations, the MeOH permeance increased less 
quicker than the DMC permeance because the transport of DMC mole
cules through the membrane was more sensitive to the expansion of the 
polymer chain spacing because of its larger kinetic diameter [79]. This 
was also the reason for the decrease of the selectivity at low MeOH 
concentrations. However, DMC permeance decreased at the highest 
MeOH concentration because of the lower content of DMC in feed. It can 
be also explained that at such a concentration, CPE is to enhance the 
more permeable component (MeOH) permeance while the permeance 
for the less permeable component (DMC) is slowed down by the 
boundary layer effect [72]. Therefore, the selectivity increased at the 
highest MeOH concentration, while separation factor continuously 
decreased. Notably, the membrane had the highest selectivity of 11.2 at 
feed concentration MeOH/DMC of 10–90 mol% (3.8 wt% MeOH in feed 
solution). 

Fig. 12. Effect of the feed concentration on pervaporation performance of ZIF-8/CS MMMs: (a) Fluxes and separation factor; (b) MeOH permeance, DMC permeance 
and selectivity. 

Fig. 13. Long-term PV performance of the 15 wt% ZIF-8/CS MMM (feed 
temperature: 50℃, feed composition: the mole ratio of MeOH/DMC of 10/90). 
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3.5. Long-term durability of the ZIF-8/ CS MMMs 

The stability of the ~ 30 μm thick MMM with the 15 wt% ZIF-8 
loading was monitored for 5 consecutive days, as depicted in Fig. 13. 
It demonstrates that the total flux and separation factor fluctuated 
slightly with the operating time. In summary, both the total flux and 
separation factor maintained relatively stable during the 5-day 
measurement. 

3.6. Comparison with literature data 

Table 2 shows the literature comparison of the MeOH/DMC perva
poration separation performance of different membranes. In this work, it 
is shown that ZIF-8/CS membranes exhibit a superb performance under 
low MeOH concentration (10/90 mol%) with 97.7 GPU MeOH per
meance and 11.2 selectivity at 50 ℃. This superior performance is better 
than any other pre-existing membranes tested under similar conditions. 
This work opens new opportunities for purifying DMC when a small 
quantity of MeOH exists in the mixture. This separation not only helps 
with the synthesis of DMC using MeOH but also in the transesterification 
of glycerol and DMC [80,81]. In the latter example, the trans
esterification process can be combined with the reaction and pervapo
ration [82], in which the small amount of methanol as a side product in 
the mixture is removed using membrane pervaporation, thereby shifting 
the equilibrium to the right. 

4. Conclusions 

This study showcased a breakthrough in the azeotrope limitation in 
the separation of binary organic mixtures. A MeOH/DMC mixture mole 
fraction was flipped from 10:90 to ～90:10 with pervaporation, thanks 
to the developed mixed matrix membranes comprising a chitosan self- 
standing membrane with incorporated ZIF-8 fillers. The CS matrix 
showed higher affinity towards MeOH, which was further reinforced 

with the preferential channel of the embedded ZIF-8 particles. The 
optimized ZIF-8 loading of 15 wt% was identified, where the MeOH 
permeance increased without hindering selectivity, in comparison with 
pure CS membrane. A permeance-selectivity trade-off was monitored 
when changing the membrane thickness and MeOH feed concentration. 
The temperature effect showed that the separation was dominated by 
the sorption mechanism under low temperature, while the diffusion 
mechanism dominated the separation process under high temperature 
condition. Finally, the optimum MMM with the thickness of ～30 μm 
exhibited the total flux of 84.2 g/m2⋅h (MeOH permeance of 97.7 GPU) 
and a separation factor of 66.0 (selectivity of 11.2) at low MeOH con
centration (0.1 M fraction). 
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Table 2 
Comparison of pervaporation performances of methanol/DMC separation membranes in literature.  

Membrane Feed MeOH 
concentration (mol 
%) 

Feed MeOH 
concentration (wt 
%) 

Temperature 
(℃) 

The total 
flux (g/ 
m2⋅h) 

MeOH 
flux (g/ 
m2⋅h) 

Separation 
factor 

MeOH 
permeance 
(GPU) 

Selectivity Ref. 

Chitosan/silica 55 30 50 1158  41.4   [14] 
Crosslinked Poly(vinyl 

alcohol)/poly(acrylic 
acid) 

86.8 70 70 248  37   [83] 

SiO2-ZrO2 53 29 50 100 96.12 10 66.4  4.2 [84] 
Polyamide-6/ZrO2 41.3 20 30 199  6   [85] 
Silicotungstic acid 

hydrate/Chitosan 
23.8 10 50 1163  67.3   [86] 

Chitosan hollow fiber 
membrane 

86.8 70 50 ～430  ～5.3   [87] 

Chitosan crosslinked 
with H2SO4 

53.5 29 25 ～81  ～38   [88] 

Chitosan 12.9 5 45 ～40 ～25 ～53   [89] 
Chitosan crosslinked 

with APTEOS 
74 50 50 1225  39.4   [14] 

Poly(vinyl alcohol)/ 
poly(acrylic acid) 

86.8 70 60 ～577 ～540 ～13   [90] 

Poly ether ether ketone 
modified with cardo 
group 

10 3.8 30 140  13.4 293  3.5 [16] 

40 μm Chitosan/ZIF-8 10 3.8 50 45.0 34.3 71.8 53.4  12.2 This 
study 

30 μm Chitosan/ZIF-8 10 3.8 30 112.0 61.3 30.2 217.1  4.8 This 
study 

30 μm Chitosan/ZIF-8 10 3.8 40 82.3 57.1 50.1 132.5  8.2 This 
study 

30 μm Chitosan/ZIF-8 10 3.8 50 84.2 62.5 66.0 97.7  11.2 This 
study 

30 μm Chitosan/ZIF-8 10 3.8 60 156.4 91.8 33.2 102.5  5.7 This 
study  
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Devred for conducting the FTIR tests. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
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[44] Y. Devrim, S. Erkan, N. Baç, I. Eroğlu, Preparation and characterization of 
sulfonated polysulfone/titanium dioxide composite membranes for proton 
exchange membrane fuel cells, Int. J. Hydrogen Energy 34 (8) (2009) 3467–3475. 
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