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thiophene from model gasoline by
porous MIL-101(Cr)/SA hybrid membrane†

Wen Bing Wu, *ab Sun Xue,a Jian Hua Chen b and Xiao Li*a

Membrane separation technologies have great promising potential for applications in several industries.

Metal–organic frameworks (MOFs), for their large surface areas, low framework densities, transition-

metal ions in the skeleton and high pore volumes relative to other porous matrices, have great potential

for the removal of sulfur from gasoline with high efficiency. In the present study, a novel porous

membrane adsorbent MIL-101(Cr)/SA was prepared by immobilizing MIL-101(Cr) onto sodium alginate

(SA) matrix, which can combine the size/shape selectivity of MIL-101(Cr) with the processability and

mechanical stability of SA polymer. The physico-chemical properties of MIL-101(Cr)/SA were investigated

by FT-IR, SEM, BET, XRD and EDX methods. To investigate the effects of some important factors on the

adsorption behavior for thiophene, a batch of experiments were performed by changing the

concentration of porogen polyethylene glycol in the MIL-101(Cr)/SA, solution temperature, initial

thiophene concentration and contact time. Meanwhile, benzothiophene, thiophene and 3-methyl

thiophene were used to test the selectivity of MIL-101(Cr)/SA. The MIL-101(Cr)/SA showed an excellent

uptake capacity of 671 mg g�1 under the optimal adsorption conditions. Selectivity testing indicated that

the uptake capacity of MIL-101(Cr)/SA follows the order of benzothiophene > thiophene > 3-methyl

thiophene. Kinetics experiments indicated the pseudo-second-order model displayed good correlation

with adsorption kinetics data. The Crank model showed that the intraparticle solute diffusion is the rate-

controlling adsorption step. Regeneration experiment result shows that the prepared MIL-101(Cr)/SA has

excellent adsorption and desorption efficiencies.
1. Introduction

With the rapidly increasing global energy consumption, the
burning of organic sulfur compounds in fuel oils can lead to
severe environmental pollution. As a result, environmental
legislation has become stricter.1 The U.S. Environmental
Protection Agency (EPA) and European Union stated that the
sulfur level in commercial fuel should be less than 50 ppm by
2010 but this level has not been still reached in different
countries of the world.2,3 Another need for deep desulfurization
is for applications in fuel cells which require more stringent
conditions regarding the sulfur level, preferably 0.1–0.2 ppm to
avoid poisoning of the catalysts in the fuel processor and that in
the electrode of the fuel cell.4 Therefore, deep desulfurization
technologies have drawn extensive attention due to increasingly
stringent regulations and fuels specications for environmental
protection. At present, the gasoline desulfurization
niversity, Fuzhou 350108, China. E-mail:
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technologies can mainly be divided into hydrodesulfurization
and non-hydrodesulfurization. Conventional hydro-
desulfurization is highly effective for the removal of thiol,
suldes and disuldes, but less effective for thiophene and
thiophene derivatives.5 Meanwhile, hydrodesulfurization needs
severe conditions (up to 400 �C and 100 atm),6 and what's more,
hydrodesulfurization has accompanied a signicant loss in
octane number.7,8 Non-hydrodesulfurization is regarded as the
future direction for gasoline desulfurization, because of its low
operating cost, relatively simple technology, and mild reaction
conditions. Non-hydrodesulfurization technology includes
oxidation desulfurization,9–12 biological desulfurization13,14 and
adsorption desulfurization,5,6 etc. Among these methods,
selectively removing sulfur compounds from fuels by adsorp-
tion has receivedmuch attention because this technology shows
some advantages, such as operating at ambient conditions,
without compromising the quality of fuel. Meanwhile, adsorp-
tion is also able to reduce the nal cost of operation and
unchanging oil performance.15,16

Many studies have recently focused on novel thiophene
adsorption materials including zeolites,17–20 mesoporous mate-
rials,21,22 biomaterial,23 clays,24 metal oxides,25 activated
alumina,26 etc., However, adsorption desulfurization process
still has some remaining issues, such as, a limited saturated
RSC Adv., 2018, 8, 41003–41011 | 41003
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adsorption capacity, low selectivity, unsatisfactory adsorption
rate or regeneration of the adsorbents, which make the
adsorption process difficult to put into practice in large scale
applications. Thus, developing some novel adsorbents that
simultaneously possesses expected adsorption capacity and
high selectivity for thiophene, and also easy for regeneration
has been an interesting research topic. Many of researches
indicate that the transition-metal ions play an essential func-
tion in adsorptive desulfurization process.19,20,22,27 In the
adsorption process, the metal cations can form the usual s

bonds with pi-electrons of adsorbates (thiophene), in addition,
their d-orbitals can back-donate electron density to the anti-
bonding p-orbitals of the sulfur ring to form back donating pi-
bond. The adsorption occurs due to the s–pi bonds synergistic
effect between metal ions and adsorbates.28 Recently, metal
organic frameworks (MOFs) have been extensively explored.
MOFs are composed of metal ions or metal oxide clusters and
organic bridging ligands to construct variety of frameworks by
selecting and combining building units.29 As a result, they have
obtained great attention due to their large surface areas, low
framework densities, and high pore volumes relative to other
porous matrices.30 They have signicant potential for use in
a variety of applications, including storage of gases, selective
gas separations and especially for adsorptive
desulfurization.31,32

Recently, owing to the faster diffusion rate of the adsorbates
into the internal active sites in the adsorptive porousmembrane
than that of traditional porous adsorptive materials, adsorptive
porous membrane is now gaining more and more attention.33–35

However, few researches have been done on the adsorption
properties of the porous membranes on the desulfurization.
Sodium alginate (SA) is a kind of abundant, biodegradable, non-
toxic biopolymers. For its good membrane forming property,
high activity of carbonyl groups and hydroxyl groups on its
chains which are excellent functional groups for anchoring
adsorbates, SA has attracted considerable attention currently.36

In the present paper, we synthesized metal–organic frameworks
(MOFs) MIL-101(Cr). The prepared MIL-101(Cr) has large
specic surface area of 4315 m2 g�1, good thermal stability, p–p
interactions/stacking, hydrogen bonding forming property, and
pore/size-selective adsorption property. Based on above, MIL-
101(Cr) appear to be act as promising sulfur adsorbents.
Thus, MIL-101(Cr) acted as an adsorptive material was immo-
bilized onto sodium alginate (SA) matrix and using poly-
vinylpyrrolidone as a porogen to prepare a novel porous hybrid
membrane adsorbent MIL-101(Cr)/SA. Physico-chemical prop-
erties of the MIL-101(Cr)/SA were investigated by SEM, FT-IR,
BET, XRD and AFM methods. The porous MIL-101(Cr)/SA
hybrid membrane was used for desulfurization of model gaso-
line containing thiophene. Batch adsorption experiments were
carried out to investigate the effects of process factors, such as
the concentration of porogen polyethylene glycol in the porous
MIL-101(Cr)/SA hybrid membrane, solution temperature, initial
thiophene concentration and contact time on adsorption
property. Meanwhile, the selectivity and regeneration of porous
MIL-101(Cr)/SA hybrid membrane were also investigated. The
adsorption experiment results indicated that the prepared
41004 | RSC Adv., 2018, 8, 41003–41011
porous MIL-101(Cr)/SA hybrid membrane exhibited excellent
desulfurization ability.

2. Experimental section
2.1 Materials

Chromium(III) nitrate nonahydrate (Cr(NO3)3$9H2O, AR),
sodium hydroxide (NaOH, AR), sodium acetate (NaAc, AR),
sodium alginate (SA, CP), and polyvinylpyrrolidone (AR) were
purchased from West Long chemical. Terephthalic acid
(H2BDC, AR), thiophene (AR), benzothiophene (AR), and 3-
methylthiophene (AR) were bought from Aladdin Corp
(Shanghai, China). Hydrochloric acid (HCl, 99%), ethanol (AR)
were fromMedicines reagents. Deionized water was prepared by
our laboratory.

2.2 Preparation porous MIL-101(Cr)/SA hybrid membrane

2.2.1 Synthesis of MIL-101(Cr). The preparation of MIL-
101(Cr) nanoparticles was derived from literature.37 Briey,
4.0 g (0.01 mol) chromic(III) nitrate nonahydrate and 1.64 g (0.01
mol) terephthalic acid were added into 50 mL 0.05 mol L�1 SA
solution under stirring, and then a dark-green turbid mixture
was obtained. The mixture was put into a 125 mL stainless steel
autoclave with a polytetrauoroethylene liner. The autoclave
was heated from room temperature to 170 �C within 40 min,
and then held for 24 h. Aer natural cooling for 12 h, the MIL-
101(Cr) nanoparticles were separated from the mixture by
ltration with 0.4 mmmembrane. In order to purify MIL-101(Cr)
nanoparticles, it was dispersed in 100mL ethanol and sonicated
for 30 min to remove the terephthalic acid, then followed by
centrifugation. Finally, the MIL-101(Cr) nanoparticles product
was dried under vacuum at 100 �C over the night.

2.2.2 Preparation of porous MIL-101(Cr)/SA hybrid
membrane. SA (1.0 g) and Polyvinylpyrrolidone (0.3 g) were
dissolved in 40 mL of deionized water by constant stirring at
room temperature. Meanwhile, a certain amount of MIL-101(Cr)
nanoparticles were dispersed in 40 mL of deionized water and
sonicated for 10 min. Then, the well dispersed MIL-101(Cr)
nanoparticles were added into the previously prepared SA
solution. Finally, the solution was further stirred for 12 h and
kept overnight to release any gases. The obtained homogeneous
solution was poured onto a clean glass plate and heated in an
oven at 60 �C for 2 h. Then the dried porous MIL-101(Cr)/SA
hybrid membrane was gently peeled off from the glass plate
and soaked in anhydrous ethanol for 24 h to wash out porogen.
Then the porous MIL-101(Cr)/SA hybrid membrane was further
heated in an oven at 60 �C for 30 min.

2.3 Characterization of porous MIL-101(Cr)/SA hybrid
membrane

The porous MIL-101(Cr)/SA hybrid membrane were observed by
XRD (Bruker D8 Advance with Cu/a radiation), FT-IR (Nicolet
8700), eld emission scanning electron microscopy (SEM,
HITACHI S-4800) and Energy Dispersion Spectrum (EDS). The
morphologies of porous MIL-101(Cr)/SA hybrid membrane
before and aer adsorption were also studied by Atomic Force
This journal is © The Royal Society of Chemistry 2018
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Microscope (AFM, CSPM5500). The thiophene in the N-heptane
solutions was tested by Gas Chromatograph (GC, G5).

2.4 Adsorption experiments

The model gasoline were prepared by dissolved various amount
of thiophene in N-heptane. For each adsorption equilibration
experiment, 0.025 g of the adsorbent was added to 25.0 mL of
solution (e.g., thiophene concentrations of 100, 300, 500, 700
and 900 mg L�1) and shaken at 150 rpm for 24 h at 30 �C. The
effect of temperature on adsorption was determined using 1.0 g
L�1 of adsorbent, 500 mg L�1 thiophene solution at different
temperatures (25, 30, 35, 40 and 45 �C). Adsorption kinetics was
carried out by withdrawing 5.0 mL of sample from solution at
regular intervals. The concentration of thiophene in the solu-
tion was determined by gas chromatograph.

2.5 Desorption and repeatability test

0.025 g of porous MIL-101(Cr)/SA hybrid membrane was added
to 25 mL of 500 mg L�1 thiophene solution shaken at 150 rpm
for 24 h at 30 �C. Then the adsorbed porous MIL-101(Cr)/SA
hybrid membrane was dipped into 100 mL of anhydrous
ethanol to removed thiophene. Repeat the adsorption–desorp-
tion tests to investigate the repeatability of porous MIL-101(Cr)/
SA hybrid membrane.

2.6 The selective of porous MIL-101(Cr)/SA hybrid
membrane

The concentration of thiophene, 3-methyl thiophene and ben-
zothiophene were analysed by gas ghromatograph. The amount
of the adsorbed sulde onto porous MIL-101(Cr)/SA hybrid
membrane was calculated using the following equation:

qe ¼ ðC0 � CeÞ � V

m
(1)

where qe is adsorbed amount on the adsorbents (mg g�1); C0

and Ce are the initial and equilibrium concentration of the
adsorbate (mg L�1), respectively; V is the solution volume (mL)
and m is the adsorbents dosage (g).

2.7 Effect of toluene on adsorption property

Generally, there are some aromatic hydrocarbons in gasoline,
which can affect the adsorption property on porous MIL-
101(Cr)/SA hybrid membrane for thiophene. For each adsorp-
tion equilibration experiment, 0.025 g of the adsorbent was
added to 25.0 mL of solution (e.g., thiophene and toluene
concentrations of 100, 300, 500, 700 and 900 mg L�1) and
shaken at 150 rpm for 24 h at 30 �C.

3. Results and discussion
3.1 Characterization of membranes

The surface morphology of porous MIL-101(Cr)/SA hybrid
membrane before and aer adsorption and element distribu-
tion mapping of S aer adsorption of thiophene was observed
by SEM, as shown in Fig. 1(a) and (b). It indicates that porous
MIL-101(Cr)/SA hybrid membrane present a three dimensional
This journal is © The Royal Society of Chemistry 2018
porous structure, and thiophene was homogenously adsorbed
on the porous MIL-101(Cr)/SA hybrid membrane. The porous
MIL-101(Cr)/SA hybrid membranes before and aer adsorption
of thiophene were also investigated by FT-IR, as shown in
Fig. 1(c). The band at 3400–3000 cm�1 was ascribed to the
stretching vibration of –OH; the band at 3100–3000 cm�1

showed the stretching vibration of C–H bond on the benzene
ring; the band at 2800 cm�1 showed the dissymmetric stretch-
ing vibration of –CH2 and symmetric stretching vibration of
–CH, respectively; the band at 1770–1680 cm�1 revealed the
stretching vibration of –C]O; the band at 1600 cm�1and
1450 cm�1 were attributed to stretching vibration of benzene
ring skeleton; the band at 900–650 cm�1 showed the out-of-
plane bending vibration of C–H on the benzene ring.38 From
Fig. 1(c), one can also nd that aer adsorption of thiophene,
duo to p-complexation and direct coordination (S–M) interac-
tion between porous adsorbent and thiophene, some of char-
acteristic band, such as stretching vibration of benzene ring
skeleton, have slightly shied from 1513.16 cm�1 to a high wave
number of 1528.35 cm�1.39

The BET surface area of the prepared porous MIL-101(Cr)/SA
hybrid membrane was obtained on the basis of nitrogen
adsorption–desorption isotherms at �196 �C and shown in
Fig. 1(d). It can be found that the adsorption isotherm of porous
MIL-101(Cr)/SA hybrid membrane is typical of Type IV with
a hysteresis loop. Therefore, there are mesoporous structures in
the material. Surface area of the porous MIL-101(Cr)/SA hybrid
membrane calculated form BET analysis was 5.56 m2 g�1, which
was signicant higher than that of pristine SA membrane (0.37
m2 g�1). But with the progress of adsorption experiments, the
BET surface area of the porous MIL-101(Cr)/SA hybrid
membrane was 5.11 m2 g�1, which was 0.45 m2 g�1 decreased.

AFM was also used to assess the changes appeared in surface
morphology and roughness of the prepared porous MIL-
101(Cr)/SA hybrid membranes. In Fig. 1(e) and (f) depicts the
AFM images of pristine SA membrane and porous MIL-101(Cr)/
SA hybrid membrane. A variation in surface morphology and an
enhancing in surface roughness are observed distinctly when
the MIL-101(Cr) crystal nanoparticles were incorporated into SA
matrix. An increasing of roughness of the porous MIL-101(Cr)/
SA hybrid membranes will increase the specic surface area
and active sites of porous MIL-101(Cr)/SA hybrid membrane. As
a result, adsorption capacity of porous MIL-101(Cr)/SA hybrid
membrane for thiophene will be improved.
3.2 Adsorption test

In liquid phase adsorption, the adsorption capacity of adsor-
bent for adsorbate depends on a number of factors such as the
physical properties (pore size, heat stability, size distribution,
et al.), chemical properties (functional group, the polarity of the
material, et al.), and environmental factor (temperature,
concentration, time, toluene, et al.). Therefore, the effects of
several factors on the adsorption performance were carried out.

3.2.1 The effect of the amount of PEG on adsorption
property. To investigate the effect of the amount of porogen PEG
on adsorption property, adsorption experiments were
RSC Adv., 2018, 8, 41003–41011 | 41005
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Fig. 1 SEM image of (a) the porous MIL-101(Cr)/SA hybrid membrane before adsorption, (b) elemental distribution mapping of S after adsorption
of thiophene, (c) FT-IR spectra of porous MIL-101(Cr)/SA hybrid membrane before and after adsorption, (d) N2 adsorption analysis the BET
surface area of pristine SA membrane, and porous MIL-101(Cr)/SA hybrid membrane before and after adsorption. (e) AFM image of pristine
membrane, and (f) AFM image of the porous MIL-101(Cr)/SA hybrid membrane.
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performed and shown in Fig. 2. It can be observed that the
saturated adsorption capacity of the porous MIL-101(Cr)/SA
hybrid membrane for thiophene obtains the maximum
671 mg g�1 at the amount of PEG of 23 wt%. This may be
attributed to the specic surface of the porous MIL-101(Cr)/SA
hybrid membrane raised with an increase of PEG amount,
which provided more adsorption sites for adsorption thio-
phene. When the amount of PEG higher than 23 wt%, due to the
aggregation of the PEG in the MIL-101(Cr)/SA matrix, the
specic surface of the porous MIL-101(Cr)/SA hybrid membrane
41006 | RSC Adv., 2018, 8, 41003–41011
decreased, hence the saturated adsorption capacity of the
porousMIL-101(Cr)/SA hybrid membrane also decreased.
Therefore, the porous MIL-101(Cr)/SA hybrid membrane with
PEG amount of 23 wt% was used for further adsorption
experiments.

3.2.2 The effect of adsorbate concentration on adsorption
property. The concentration of adsorbate plays an important
role in the adsorption process. Fig. 3 indicated that the
adsorption capacity of the porous MIL-101(Cr)/SA hybrid
membranes increased on account of the increased
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The effect of the amount of porogen PEG on adsorption
property: thiophene initial concentration 500 mg L�1, adsorbent
dosage 0.25 g L�1, stirring speed 150 rpm, contact time 24 h.

Fig. 3 The effect of adsorbate concentration on adsorption property:
adsorbent dosage 1.0 g L�1, temperature 308 K, stirring speed 150 rpm,
contact time 24 h.

Fig. 4 Effect of temperature on adsorption property: thiophene initial
concentration 500 mg L�1, adsorbent dosage 1.0 g L�1, stirring speed
150 rpm, contact time 24 h.

Fig. 5 Linear plot of ln K0 vs. 1000/T for the adsorption of thiophene
on the hybrid membrane.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
di

ce
m

br
e 

20
18

. D
ow

nl
oa

de
d 

on
 3

1/
07

/2
02

5 
05

:2
0:

02
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
concentration of the thiophene. Because the adsorption–
desorption process is a reversible equilibrium process. With the
increase of adsorbate concentration, it can provide stronger
driving force to improve the adsorption capacity. Secondly, an
increase of initial thiophene concentration may also lead to
a stronger interaction between the thiophene and MIL-101(Cr)/
SA hybrid membranes.

3.2.3 The effect of temperature on adsorption property. It
has been recognized that the adsorption of adsorbate from
a solution by adsorbent is affected by the temperature. An
increasing in temperature is known to increase the diffusion
rate of the adsorbate molecules greatly. Furthermore, changing
the temperature will lead to a new equilibrium capacity of the
adsorbent for a particular adsorbate. The effect of temperature
on the adsorption capacities of the porous MIL-101(Cr)/SA
hybrid membranes towards thiophene was presented in
This journal is © The Royal Society of Chemistry 2018
Fig. 4. It showed that the adsorption capacity increased slowly
with an increasing of temperature. This indicated an endo-
thermic nature of the adsorption process.

The thermodynamic model and the thermodynamic
parameters (DH0, DS0, and DG0) can be calculated using the
following equations:

ln K0 ¼ �DH0/RT + DS0/R (2)

DG0 ¼ �RT ln K0 (3)

K0 ¼ (C0 – Ce)V/mCe (4)

where, R is the universal gas constant (8.314 J mol�1 K�1) and T
is the absolute temperature (in kelvin). Plotting ln K0 against
RSC Adv., 2018, 8, 41003–41011 | 41007
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Table 1 Parameters obtained from different kinetic models

Adsorbent T/K DG (kJ mol�1) DH (kJ mol�1) DS (J mol�1 K�1)

MIL-101(Cr)/SA hybrid membrane 298 4.256 183.5 601.487
303 1.249
308 �1.757
313 �4.765
318 �7.772
323 �10.780

Fig. 6 Effect of reaction time on adsorption property: thiophene initial
concentration 100 mg L�1, adsorbent dosage 0.2 g L�1, stirring speed
150 rpm, contact time 24 h.

Table 3 Kinetic data from Crank model and Biot number

Adsorbate C0 (mg L�1) kf (m s�1) Ds (m
2 s�1) Biot

Thiophene 500 1.863 � 10�4 3.47 � 10�11 125
300 1.352 � 10�4 2.38 � 10�11 103

Fig. 7 Effect of toluene concentration on adsorption property: thio-
phene initial concentration 500 mg L�1, adsorbent dosage 1.0 g L�1,
stirring speed 150 rpm, contact time 24 h.
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1000/T gives a straight line, as shown in Fig. 5, with the slope
equal to �DH0/R. Thermodynamic parameters were calculated
according to eqn (2)–(4). As shown in Table 1, the negative DG0

values indicates that the adsorption process is spontaneous,
and the values decreases with an increase of temperature
indicating a better adsorption performance is obtained at
higher temperature. The positive value of DH0 conrms the
endothermic nature of the overall adsorption process and
positive value of DS0 suggests an increasing randomness at the
solid/solution interface during the adsorption process.

3.2.4 Adsorption kinetics. The kinetics of adsorption plays
an important role on the point of view that it controls the
process efficiency. Adsorption dynamics of thiophene by the
porous MIL-101(Cr)/SA hybrid membranes were investigated at
solution concentration of 500mg L�1, and temperature of 35 �C.
As shown in Fig. 6, fast adsorption kinetics was observed. In just
a few hours, we can nd that adsorption capacity almost
attained equilibrium.
Table 2 The Lagergren pseudo-second-order rate parameters for thiop

Adsorbate C0 (mg L�1) qe,exp (mg g�1)

Thiophene 500 276
300 235

41008 | RSC Adv., 2018, 8, 41003–41011
In order to examine the adsorption kinetics of the porous
MIL-101(Cr)/SA hybrid membranes for thiophene, we
examined:

(1) The Lagergren pseudo-second-order kinetic model (PFO)

t

qt
¼

�
1

k2qe2

�
þ t

qe
(5)

where qe and qt denote the amounts of adsorption at equilib-
rium and at time t (mg g�1), k2 are the rst order and second
order rate constants (g mg�1 min�1), respectively.
hene adsorption onto porous MIL-101(Cr)/SA hybrid membrane

k2 (�10�4 g mg�1 min�1) qe,cal (mg g�1) R2

6.15 271 0.9999
6.89 238 0.9987

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Adsorption–desorption cycles.

Fig. 9 Selectivity studies.
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According to the kinetic formula, the experimental data were
examined, and the constants that related to the model are
shown in Table 2. It can be nd that the pseudo-second-order
equation appears to t the model well. Meanwhile, the calcu-
lated amount of adsorption equilibrium capacity (qe,cal) from
the PFO equation is close to the actual amount of adsorption
equilibrium capacity (qe,exp).

(2) Crank model
The following Crank diffusionmodel40 has usually been used

to study the adsorption kinetics data. The mass transfer rate, Nt,
at the external surface of the adsorbent is given by:

Nt ¼ vCt

vt
¼ kfSAðCt � CsÞ (6)

where Ct and Cs are bulk liquid phase concentration and liquid
phase concentration at the surface in equilibrium with the solid
phase concentration, mg L�1, respectively; kf is external mass
transfer coefficient, m s�1, and SA is specic surface area of
adsorbent, m2 g�1.
This journal is © The Royal Society of Chemistry 2018
The following expression is obtained by integrating the eqn
(6) above:

ln

�
Ct

C0

�
¼ �kfSAt (7)

Crank also developed the following equation for slab
particle:41

qt

qe
¼ 1�

XN
n¼1

6

p2n2
� exp

��n2p2DSt

r2

�
(8)

where DS (m
2 s�1) is the effective intraparticle diffusion coeffi-

cient of the adsorbate in the slab particle, r (m�1) is the distance
from the center.

The Biot number (Bi, dimensionless) is the ratio of external
transport to internal transport,41 which can be used to deter-
mine if the adsorption process is controlled by the mass
transport of adsorbate in the external boundary layer of the
adsorbent or by the adsorbate diffusion inside the pore of the
adsorbent.

Bi ¼ kfLf

DS

(9)

where, Lf (m) is the thickness of the lm. When Bi �1, the
external mass transfer is the controlling step. However, when Bi
[ 1, the adsorbate diffusion inside the pore of the membrane
become the predominant step. The Bi values calculated with
experimental data are presented in Table 3. It can be nd that
all of Bi values are signicant higher than 1, indicating that the
adsorption process is mainly controlled by the intraparticle
diffusion.

3.2.5 The effect of toluene concentration on adsorption
property. Generally, aromatic hydrocarbons in the gasoline can
affect the adsorption property of adsorbent for thiophene.
Gasoline is a complex mixture of hydrocarbons composed of
a certain quantity of aromatics. Therefore, we used toluene as
a coexistence aromatic hydrocarbon to study the effect of
aromatic hydrocarbons on the adsorption of hybrid membrane.
The effects of toluene on the adsorption capacities of the porous
MIL-101(Cr)/SA hybrid membranes towards thiophene were
presented in Fig. 7. With the increase of the concentration of
toluene, adsorption capacity showed a trend of decline indi-
cates that toluene inhibition adsorption ability of the porous
MIL-101(Cr)/SA hybrid membrane adsorption for thiophene.
Transition metal ions are believed to have desulfurization
property on the basis of their p-complexation type interactions
with the sulfur species. Aromatics can also get adsorbed by the
transition metal ions since they can also compete with thio-
phene through interaction of their p-electron cloud. As a result,
adsorption ability of porous MIL-101(Cr)/SA hybrid membranes
for thiophene became weaken.

3.2.6 Desorption studies. Regeneration was a key factor for
an effective absorbent. The adsorbents with excellent regener-
ability can reduce the adsorbent cost greatly, which was very
important for industrial applications. In this study, the solvent
elution was adopted and the thiophene-loaded porous MIL-
101(Cr)/SA hybrid membrane was regenerated with ethanol
RSC Adv., 2018, 8, 41003–41011 | 41009
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solution. The effects of the regeneration times on adsorption
capacity are shown in Fig. 8. It indicates that under ve times of
adsorption, the as-prepared porous MIL-101(Cr)/SA hybrid
membrane still remains a high adsorption capacity.

3.2.7 Selectivity studies. In order to investigate the
adsorption selectivity of the porous MIL-101(Cr)/SA hybrid
membrane, we selected 3-methyl thiophene, benzothiophene
and thiophene as the coexisting compounds to prepare the
model gasoline, and carried out adsorption experiments under
the same conditions. Fig. 9 indicated that the equilibrium
adsorption capacity was in the order of benzothiophene >
thiophene > 3-methyl thiophene. The adsorption mechanism is
regarded as a combined effect of many factors involving
appropriate framework structure, suitable pore size and shape
of adsorbent, and characteristic of adsorbate. The MIL-101(Cr)
nanoparticles in the membrane can binds organic sulfur
compounds through two types of adsorption modes: p-
complexation and direct coordination (S–M) interaction. As
a result, the interaction between MIL-101(Cr) and benzothio-
phene is stronger than that of thiophene. Meanwhile, the size of
3-methyl thiophene molecular is larger than that of thiophene,
which led to an easier adsorbing of MIL-101(Cr) for thiophene
than for 3-methyl thiophene.
4. Conclusion

In present study, a novel porous membrane adsorbent MIL-
101(Cr)/SA was prepared by loading MIL-101(Cr) nanoparticles
into SA matrix and used for adsorption of thiophene from
model gasoline. The experimental results show that the porous
MIL-101(Cr)/SA hybrid membrane exhibited a superior uptake
capacity of 671 mg g�1 main due to p-complexation and direct
coordination (S–M) interaction of MIL-101(Cr) with thiophene.
The kinetics adsorption data could be well tted with pseudo-
second-order kinetic model. Meanwhile, the kinetics data
were tested by Crank diffusion model also showed that the
adsorption of thiophene by porous MIL-101(Cr)/SA hybrid
membrane was mainly controlled by the intraparticle diffusion.
The successive adsorption–desorption experiment showed that
the porous MIL-101(Cr)/SA hybrid membrane could be reused
with excellent stability. Therefore, it can be believed that the
prepared novel porous MIL-101(Cr)/SA hybrid membrane
adsorbent is a promising absorbent for removing thiophene
from gasoline with high efficiency.
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