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ABSTRACT: The desulfurization property of conventional mixed matrix
membranes (MMMs) cannot meet the necessary demand due to particles
aggregation and interface defects. Here, we put forward a layer-by-layer
(LBL) approach to make a novel PEG@ZIF-8/poly(vinylidene difluoride)-
(PVDF) composite membrane for pervaporation desulfurization. In this way,
a ZIF-8 layer is covered on the surface of the PVDF porous membrane via an
in situ growth method. Then, a PEG layer is covered on the ZIF-8 layer by a
casting method. Compared with pristine PEG membranes, the separation
performance of the ZIF-8@PEG/PVDF nanocomposite membrane increased
significantly. This can be attributed to the homogeneous ZIF-8 particle layer
and better compatibility between the poly(ethylene glycol) (PEG) matrix and
ZIF-8 particles. The membrane achieves a maximum total flux of 3.08 kg·m−2·
h−1 at the third in situ growth cycles of ZIF-8 particles and a maximum sulfur
enrichment factor of 7.6 at the sixth in situ growth cycles of ZIF-8 particles.

KEYWORDS: metal−organic framework, ZIF-8 nanoparticles, layer-by-layer, nanocomposite membrane, pervaporation desulfurization,
separation

1. INTRODUCTION

Recently, the combustion of sulfur-containing gasoline has
become a cause of severe smog, which is harmful to human
health, leading to increasingly more stringent automotive fuel
standards.1 In Europe, the United States, and China, the sulfur
content of gasoline for motor vehicles has been constrained to
10 ppm. Several desulfurization technologies2−6 have been
employed, but these high-energy consumption methods cannot
fully meet the industrial demand of desulfurization. It appears
important to address the problem at its source to formulate the
most effective solutions.
Pervaporation, as a low-energy consumption separation

technology, has become an attractive desulfurization method
by virtue of easy coupling with other operating processes and
its negligible effect on fuel octane rating.7,8 The key to
pervaporation desulfurization is to research robust membranes.
Using the solubility parameter theory, Lin et al. selected
poly(ethylene glycol) (PEG) as the membrane material and
prepared a cross-linked PEG membrane, showing that the PEG
membrane had excellent desulfurization property.9 Poly-
(dimethylsiloxane) (PDMS) is another widely known desul-
furization membrane, and myriad inorganic particles have been
employed as fillers to enhance the property of PDMS
membrane. For instance, Li et al.10 prepared PDMS-AgY
molecular sieves mixed matrix membranes (MMMs), and Jiang
et al.11 prepared Ni2+Y zeolite molecular sieves MMMs. Other

desulfurization polymer membranes like polyimides (PI),12

poly(ether-block-amide) (PEBAX),13 and polyphosphazene
(POP)14 have also been reported.
Metal−organic frameworks (MOFs), a kind of coordination

polymers, are self-assembled from organic ligands and metal
ions via self-assembly, having a periodic network structure,
permanent porosity, large specific surface area, and adjustable
pore structure. By virtue of these characteristics, MOFs have
been well applied in pervaporation, gas storage, separa-
tion,15−17 etc. Jiang et al. prepared MMMs with PDMS
polymer matrix and two MOFs as fillers (MIL-101 and
CuBTC) and applied them to model gasoline desulfuriza-
tion.18,19 The results showed that the MOF particles-filled
PDMS membrane showed better desulfurization than the
pristine PDMS membrane, owing to the high thiophene-
adsorption selectivity induced by the MOF. However, the
aggregation of MOF particles and interface defects limited the
performance of MMMs at high-loading fillers. Several methods
have been proposed to overcome this: an amine-functionalized
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MOF, NH2-MIL-125 (Ti), was employed to fabricate MMMs,
the MOF accounting for up to 30 wt %, and the MMMs
effectively increased the permeability of CO2 and CH4.

20 In
addition, a new preparation process was employed to minimize
the adverse effect. For example, the research results of Deng et
al.21 and our group22 showed that this was a very efficient
method due to the use of the same solvent as that used in the
MOF synthesis and solution of the polymer membrane
materials. Besides, Wang et al. fabricated a polyamide/ZIF-8
composite membrane by layer-by-layer (LBL) method
followed by nanofiltration, showing that the PA/ZIF-8
membrane showed excellent performance for dye removal.23

Herein, we provide a method of fabrication for the PEG@
ZIF-8/poly(vinylidene difluoride)(PVDF) LBL membrane
used in pervaporation desulfurization. First, ZIF-8 nano-
particles were fabricated by a water-based process and
uniformly dispersed in water. From this, PVDF substrate was
introduced, and ZIF-8 nanoparticles grew at the surface
forming a dense ZIF-8 layer. Then, the PEG solution was cast
on the ZIF-8 layer to form a dense PEG layer. The schematic
of the preparation is shown in Figure 1. The desulfurization

property of the prepared membrane was estimated by
separating simulated gasoline consisting of thiophene and n-
heptane. The effects of the cycles of ZIF-8 particles on in situ
growth, feed temperature, and feed thiophene content were
investigated in detail.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(ethylene glycol) (PEG, MW = 100 000) was

supplied by Sigma-Aldrich, and n-heptane and thiophene were
purchased from Aladdin Industrial Corporation. Trimethylamine
solution (30 wt %) was supplied by Adamas Reagent Co. Ltd. Zinc
nitrate hexahydrate and 2-methylimidazole were obtained from
Fuchen Chemical (Tianjin, China) and Adamas Reagent Co. Ltd.,
respectively.

2.2. Preparation of Membrane. 2.2.1. Preparation of ZIF-8
Suspension. For the preparation of ZIF-8 particles and ZIF-8
suspension, refer to our previous work.22

2.2.2. Fabrication of PEG@ZIF-8/PVDF Nanocomposite Mem-
branes. The assembled membrane was synthesized by an in situ
growth method. For a typical procedure, ZIF-8 suspension was
transferred to a polymethyl methacrylate (PMMA) plate container,
then the PVDF support membrane was completely immersed in the
ZIF-8 suspension for 12 h forming a ZIF-8 layer, which was washed
thoroughly with deionized water and then dried at 50 °C for 1.5 h.
The prepared membrane was marked as ZIF-8/PVDF#1. The above
steps of ZIF-8 layer formation were repeated one−five times to obtain
ZIF-8/PVDF(#2−6), respectively.

The PEG layer was prepared as follows: First, 1.5 g of PEG powder
was dissolved in a 9 g aqueous solution of ethanol (50 wt %). Then,
0.24 g of maleic anhydride and 0.045 g of trimethylamine were added
while stirring. The mixed liquor was cast on the prepared ZIF-8/
PVDF(#1−6) support membranes to obtain a nanocomposite-
assembled membrane PEG@ZIF-8/PVDF(#1−6). Finally, these
PEG@ZIF-8/PVDF(#1−6) membranes were dried at room temper-
ature for 1 day to ensure the solvent was completely removed and
then cross-linked in an oven at 80 °C for 5 h.

2.3. Characterization of Membrane. Fourier transform infrared
(FT-IR) spectroscopy was carried out using a FT-IR spectrometer
(Bruker, Germany). The morphology of ZIF-8 particles and
membranes was determined by scanning electron microscopy
(SEM; ZEISS, Germany). The surface chemical composition of
ZIF-8 nanocomposite membranes was analyzed by X-ray photo-
electron spectroscopy (XPS; Kα, UK). The crystal structures of the
ZIF-8 particles and ZIF-8 nanocomposite membranes were
characterized by X-ray diffraction (XRD) (D8; Bruker, Germany).

2.4. Pervaporation Experiments. The pervaporation perform-
ance was evaluated using our self-made device shown in Figure S1.
The feed liquid was simulated gasoline consisting of thiophene and n-
heptane. The feed liquid was passed through the membrane to the
permeate side under the differential pressure maintained around 300
Pa via a vacuum pump. The pervaporation performance was evaluated
using permeate flux and sulfur enrichment factor; for the calculation
formula, refer to our previous work.22

3. RESULTS AND DISCUSSION

3.1. Characterization of ZIF-8 Particles and Mem-
branes. 3.1.1. Characterization of ZIF-8 Particles. Figure 2a
shows that the characteristic diffraction peaks at 7.3, 10.3, 12.7,

Figure 1. Schematic of fabrication of the PEG@ZIF-8/PVDF
nanocomposite membrane.

Figure 2. (a) XRD of PVDF, ZIF-8, ZIF-8/PVDF(#3−6), and PEG@
ZIF-8/PVDF#6 membranes. (b) FT-IR of PVDF, ZIF-8/PVDF(#3−
6), and PEG@ZIF-8/PVDF#6 membranes. (c) XPS of PVDF, ZIF-8/
PVDF#6, and PEG@ZIF-8/PVDF#6 membranes.
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14.6, 16.4, and 18.1° correspond to ZIF-8 peaks in the JPCDS
card numbers 011, 002, 112, 022, 013 and 222 demonstrating
that the prepared nanoparticles are ZIF-8 crystals.24−26 The N2
adsorption−desorption isotherms and pore size distribution
are shown in Figures S2 and S3, respectively. The Brunauer−
Emmett−Teller (BET) surface area of the prepared ZIF-8
particles is 1472 m2 g−1. Figure S4 indicates that the ZIF-8
particles as synthesized exhibit a regular dodecahedron
structure with a size of 30−100 nm, which is very important
for the preparation of uniformly dispersed ZIF-8 layer.
Transmission electron microscopy (TEM) was also used to
characterize the morphology of ZIF-8 particles. Figure S5
shows that ZIF-8 nanocrystals have good pore structures and
their average particle size distribution is about 50 nm.
3.1.2. ZIF-8 Nanocomposite Membranes Characteriza-

tion. The XRD spectra of PVDF, ZIF-8/PVDF(#3−6), and
PEG@ZIF-8/PVDF#6 membranes are illustrated in Figure 2a.
The peaks at 18.4 and 26.7° are assigned to the α phase of
PVDF.27 The peak at 20.6° is assigned to the β phase of
PVDF.28 Compared to the pristine PVDF membrane, three
new characteristic peaks at 7.3, 10.4, and 12.7° appeared after
in situ growth of ZIF-8 particles. Besides, the intensity of these

characteristic peaks increases with the number of in situ growth
cycles. These characteristic peaks of ZIF-8 disappear after
casting PEG solution, indicating that a uniform and compact
PEG layer covers the ZIF-8 layer. The dense, uniform, and
defect-free PEG layer is very important to the pervaporation
desulfurization.
The FT-IR spectroscopy results are shown in Figure 2b. The

peaks at 1310, 1585, and 1459 cm−1 correspond to N−H
bending vibration, CN stretching vibration, and C−N
stretching vibration of ZIF-8.29,30 The characteristic peaks of
ZIF-8 appear on both ZIF-8/PVDF membranes, and the
intensity of peaks increases with an increase in the number of
in situ growth cycles. The ZIF-8 characteristic peak at 1310
cm−1 disappears on the spectra of the PEG@ZIF-8/PVDF#6
membrane, and new characteristic peaks at 2885, 1100, and
1720 cm−1 corresponding to axial deformations of C−H, C−
O, and CO of PEG appear,31 further showing that the ZIF-8
layer is completely covered by the PEG separation layer.
To elucidate the surface composition of the membranes,

XPS experiments were carried out and are shown in Figure 2c.
In comparison to the pure PVDF membrane, the peak of F1s
disappears and the peaks Zn2p3/2 at 1021.1 eV and Zn2p1/2 at

Figure 3. Surface SEM images of the PVDF membrane (a) and the ZIF-8/PVDF membranes (b−g, #1−6) and the cross-sectional SEM image of
ZIF-8/PVDF#6 membrane (h).
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1044.2 eV appear,32 showing that the ZIF-8 layer completely
covers the PVDF support membrane and forms a dense ZIF-8
layer. After coating in PEG solution, the O1s peak appears and
the peaks Zn2p1 and Zn2p3 disappear, demonstrating that the
PEG select layer completely covers the ZIF-8 layer and forms
an LBL PEG@ZIF-8/PVDF membrane.
Figure 3a presents the surface image of the PVDF support

membrane; many nanopores can be seen on the PVDF
membrane surface. Figure 3b shows that only parts of the
PVDF membrane is overlapped by ZIF-8 particles, and they
are easily separated from the surface. This is because ZIF-8
particles are difficult to grow on the smooth surface of the
PVDF membrane. After the first procedure of ZIF-8 in situ
growth, the surface of the membrane loses its smooth quality,
so the ZIF-8 particles that adhere to the surface seed additional
growth.33 Thus, the ZIF-8 particles are easy to grow on the
surface of the ZIF-8/PVDF#1 membrane. It can be seen that
the ZIF-8 layer density increases with the number of in situ
growth cycles (Figure 3b−g). After the sixth cycle (Figures 3g
and S6a), a uniform and dense ZIF-8 layer is formed. In
Figures 3h and S6b, the cross-sectional morphology of the ZIF-
8/PVDF#6 membrane can be seen; there is a dense ZIF-8
layer on the surface of PVDF, and some particles infiltrate into
the pores of PVDF owing to the small size of the prepared ZIF-
8 particles. To study the adhesion between the ZIF-8 layer and
the PVDF membrane under testing conditions, the ZIF-8/
PVDF#6 membrane was immersed into n-heptane/thiophene
mixtures for 10 days; the results are shown in Figure S7. The
photos and micrographs of the ZIF-8/PVDF#6 membrane
show that the ZIF-8 layer is still combined tightly after
immersion in n-heptane/thiophene mixtures, which is very
important for the stability of the membrane.
The surface and cross-sectional morphology of PEG@ZIF/

PVDF(#4−6) membranes are shown in Figure S8. It can be
seen that the surface of the PEG@ZIF-8/PVDF membrane
becomes smoother with an increase in the number of in situ
growth cycles from four to six. This is because the ZIF-8 layer
becomes denser and more uniform making it easier to cast the
PEG layer over the uniform supporting layer. Figure S8d−f
shows that the PEG separation layers and the ZIF-8/PVDF
supports are combined tightly, and a portion of PEG
penetrates into the ZIF-8 layer and the PVDF support layer,
helping to bind the assembled membrane.34 The thickness of
the separation layer of the ZIF-8@PEG/PVDF#6 is about 7
μm.
3.2. Pervaporation Performance of ZIF-8 Nano-

composite Membranes. 3.2.1. Effect of In Situ Growth
Procedure. To explore the effect of ZIF-8 particles’ in situ
growth cycles on the pervaporation desulfurization perform-
ance, the PEG@ZIF-8/PVDF nanocomposite membranes
were evaluated at different stages of layer growth (1−6). As
shown in Figure 4, with increasing ZIF-8 in situ growth cycles,
the permeation flux first increases (1−3) and then decreases.
From 1 to 3, the packing of PEG polymer chains is interrupted
by the increased number of ZIF-8 particles, which create excess
free-volume cavities at the interface between PEG matrix and
ZIF-8 particles.18 With additional cycles up to 3, the highest
permeation flux of 3.08 kg/(m2 h) is obtained. When the
number of cycles increases from 3 to 6, the increasing number
of particles gradually form a dense ZIF-8 multilayer. Figure S8
shows that there are peaks and valleys of the ZIF-8 particles
layer beneath the PEG layer in the composite membrane. With
the formation of the dense ZIF-8 layer, the penetration of PEG

is reduced, and the PEG layer is thicker than before (as
observed in Figure S9). The two dense layers prevent the
permeation of thiophene and n-heptane, lowering the
permeation flux. The increased enrichment factor is
determined by the combined effect of the PEG and ZIF-8
layers. With growth cycles 1−3, the permeate must pass
through the PEG and ZIF-8 layers at peaks. However, the
thiophene and n-heptane molecules only pass through the PEG
layer at valleys. With growth cycles 4−6, the ZIF-8 layer
becomes denser, and the thiophene and n-heptane molecules
must pass through the PEG and ZIF-8 layers sequentially. Both
PEG and ZIF-8 are shown to have high thiophene
selectivity;22,35,36 thus, the sulfur enrichment factor increases
with increasing layering cycles.

3.2.2. Effect of Temperature. The influence of temperature
on the desulfurization performance of the PEG@ZIF-8/
PVDF#6 membrane was investigated. As shown in Figure 5a,
the permeation flux appears to increase with an increase in
temperature, while the enrichment factor first increases and
then decreases above 75 °C. The two main reasons for the
trend of permeation flux are as follows: (1) With increasing
temperature, the vapor pressure and diffusion rate of thiophene
and n-heptane increase, resulting in an overall increase in
thiophene and n-heptane molecules passing through the
membrane. The partial flux of thiophene and n-heptane, as
shown in Figure 5b, further confirms this speculation. (2)
Increased temperature leads to PEG segment mobility, and the
free volume of both membranes increases, further facilitating
more thiophene and n-heptane to penetrate. The effect of
temperature on the sulfur enrichment factor can be explained
by solution and diffusion mechanisms. Permeation is
controlled by the adsorption of thiophene at low temperatures.
With increasing temperature, the adsorption of thiophene
increases, thus enhancing the enrichment factor. When the
temperature is above 75 °C, the permeation process is
controlled by diffusion. Because the diffusion rate of n-heptane
is higher than that of thiophene, the permeation ratio of
thiophene to n-heptane decreases the enrichment factor.37 To
investigate the effect of temperature, the Arrhenius equation
was used38

i
k
jjjj

y
{
zzzzJ J

E

RT
expi i0

p=
−

(1)

where Ji (kg·m
−2·h−1) is the fractional flux of thiophene and n-

heptane, J0i (kg·m
−2·h−1) is the corresponding flux constant, Ep

(kJ·mol−1) is the activation energy of the pervaporation
process, R is the molar gas constant (J·mol−1·K−1), and T (h)

Figure 4. Effect of the number of in situ growth cycles on the
desulfurization performance of membranes (the feed thiophene
concentration is about 200 ppm).
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is the reaction temperature. The natural logarithm of J has a
linear relationship with the natural logarithm of T−1. The
values of J0i and Ep for the thiophene/n-heptane mixture were
obtained from the ln J − 103/T diagram shown in Figure 5c.
Following this, we found that the Ep value of thiophene is
generally higher than that of n-heptane, showing that
thiophene permeation is more temperature-dependent. The
normalized flux is usually expressed as the permeability (Pi),
associated with the inherent properties of the membrane. This
is measured by eq 2

P l
j

P P
l

j

x P yPi
i

i il

i

i i i i0 0 0 0
satγ

=
−

=
− (2)

where xi0 and yi are the mole fractions of component i in the
feed liquid and permeate side, respectively, Pi0

sat is the feed
saturated vapor pressure of component i, P is the total pressure
in the system, and γi0 is the activity coefficient on the feed
concentration, found through reference literature or regression
simulation (Aspen Plus 7.5).39 The selectivity is defined as the
ratio of the permeability of the two components as shown in eq

3. Selectivity is an inherent property of the membrane and
effectively reflects the membrane performance.
The effect of temperature on the permeability and selectivity

with a normalized driving

S
P
P

P l
P l

/
/

i

j

i

j
= =

(3)

force is shown in Figure 5d. As feed temperature increases, the
thiophene permeability decreases and n-heptane permeability
increases, leading to the overall selectivity reduction with
respect to temperature.

3.2.3. Effect of Feed Concentration. The influence of sulfur
content on pervaporation performance was studied, and the
result is shown in Figure 6a. The flux shows a relatively small
change with increasing thiophene content, while the enrich-
ment factor decreases. With an increase in feed thiophene
content, the driving force increases owing to increasing
thiophene activity and swelling of the composite membrane.
However, this effect is minimal due to the strong association
between the PEG and ZIF-8 layers. The adsorbed thiophene

Figure 5. Effect of the operating temperature on the pervaporation performance of the PEG@ZIF-8/PVDF#6 membrane. Total flux and
enrichment factor (a). Partial flux of thiophene and n-heptane (b). ln J − 103/T diagram (c). Permeability and selectivity with a normalized driving
force (d).

Figure 6. (a) Effect of the feed thiophene content on the performance of PEG@ZIF-8/PVDF#6 membrane. (b) Effect of operating time on the
pervaporation performance of PEG@ZIF-8/PVDF#6 membrane.
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achieves equilibrium, and no more preferential adsorption of
thiophene occurs causing the enrichment factor to decrease.
3.2.4. Long-Term Operation Stability. It is common

knowledge that the operation stability of membranes is an
essential part of industrial application. To examine the stability
of the prepared membrane, a long-time pervaporation
desulfurization experiment of the PEG@ZIF-8/PVDF#6
membrane was performed, and the result is shown in Figure
6b. It can be seen that the total permeation flux and
enrichment factor fluctuate within a narrow range, showing
that the membrane performance is relatively stable. This result
shows that the as-prepared desulfurization membrane has
potential industrial application in the future.
3.2.5. Comparison of Desulfurization Performance. The

comparison of the desulfurization of the as-prepared
membrane in this study with recent studies13,18,19,40−42 is
shown in Figure 7. It can be seen that the enrichment factor of

the membrane in this study is higher than that of other
membranes reported previously, whereas the permeation flux
of the membrane is lowest. This proves that the desulfurization
of membrane can be enhanced by the introduction of the ZIF-
8 layer, but the thicker ZIF-8 layers result in the decrease of
permeation flux.

4. CONCLUSIONS
The PEG@ZIF-8/PVDF nanocomposite membrane series
were prepared via a layer-by-layer method. Characterization
results indicated that the construction of PEG@ZIF-8/PVDF
membranes could be adjusted by changing the number of
growth cycles performed, and we used pervaporation experi-
ment to evaluate the desulfurization properties of the
composite membranes. The PEG@ZIF-8/PVDF#3 membrane
has the highest permeation flux, reaching 3.08 kg·m−2·h−1 at 85
°C. The dense ZIF-8 layer prevents the infiltration of the PEG
solution and forms a uniform PEG separation layer, wherein
both layers contribute to a higher sulfur enrichment factor with
increasing growth cycles. The PEG@ZIF-8/PVDF#6 mem-
brane has the highest sulfur enrichment factor, reaching 7.6 at
75 °C, which can be attributed to the unique membrane
construction exerting a cooperative effect.
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