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a  b  s  t  r  a  c  t

The  sulfur  in  gasoline  will  convert  to  SO2 after  combustion  under  high  temperature,  which  adversely
affects  human  health  and  the  environment.  Membrane  technique  in  particular  pervaporation  offers  a
number  of  potential  advantages  over  conventional  FCC  gasoline  desulfurization  processes.  The  present
study  focuses  on  the  performance  enhancement  of  PDMS  membrane  by incorporating  silica  nanopar-
ticles.  Specifically,  silica  nanoparticles  formed  by  the  catalysis  and  templating  of  protamine  in w/o
reverse  microemulsion  are  in situ  embedded  into  PDMS  bulk  matrix,  endowing  the  resultant  oleophilic
nanocomposite  membranes  with  appropriate  free  volume  properties  and  superior  separation  perfor-
mance.  Through  the  rational  manipulation  of  biomimetic  mineralization  at water–oil  interface,  silica
iomimetic mineralization
everse microemulsion
ervaporation

particles  with  uniform  size  are  acquired.  Following  this  protocol,  by  introducing  organic  PDMS  oligomers
into  the  oil  phase,  PDMS–SiO2 nanocomposite  membranes  are  prepared  in  a facile  way.  The  resul-
tant  nanocomposite  membranes  display  superior  permeability  and  permselectivity  in  the  pervaporative
desulfurization  using  thiophene/n-octane  binary  mixture  as  model  gasoline,  for  example,  under  the  con-
dition  of  500  ppm  sulfur  in  feed  (40  L/h)  at 30 ◦C, an  enrichment  factor  of 4.83–5.82  with  a  normalized
permeation  rate  of 6.61–10.76  × 10−5 kg  m/m2 h  is acquired.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Sulfur in gasoline reduces the activity of vehicle catalytic con-
erters by poisoning the active sites, thus increasing exhaust gases
rom motor vehicles that adversely affect human health and the
nvironment [1,2]. This obliges numerous countries to adopt new
egulations, aiming at a notable reduction of sulfur emissions by
mposing a very low concentration of sulfur in fuels. The European
nion stipulates that the limitation of sulfur in gasoline should
e minimized to 10 ppm since 2009 [3].  The California Reformu-

ated Gasoline Regulations (CaRFG) requires the content cap limits
f 20 ppm from the end of the year 2011 [4].  Legislations in China
ave been established to reduce the sulfur content in gasoline to
50 ppm since 2010, and the capital city Beijing has executed a
tandard of 50 ppm from 2008 [5].
Hydrodesulfurization (HDS) process constitutes the most effec-
ive method, presently [6].  However, the HDS suffers from
he high cost of hydrogen and the notable decrease of octane

∗ Corresponding author at: Key Laboratory for Green Chemical Technology, Min-
stry of Education of China, School of Chemical Engineering and Technology, Tianjin
niversity, Tianjin 300072, PR China. Tel.: +86 22 23500086; fax: +86 22 23500086.

E-mail address: zhyjiang@tju.edu.cn (Z. Jiang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.047
number of gasoline after treatment. Compared with traditional
HDS method, membrane technique offers a number of poten-
tial advantages, including higher selectivity, lower operating and
energy costs, facile scale-up, and large flexibility for future reg-
ulatory compliance. It would be thus highly desirable to develop
a selective membrane separation technique in particular perva-
poration for the deep reduction of sulfur in hydrocarbon streams
[7].

Polydimethylsiloxane (PDMS) as an important membrane
material is widely used in the desulfurization of gasoline by per-
vaporation. However, pure PDMS membrane often suffers from
low selectivity and poor mechanical strength. Introducing inor-
ganic components to acquire hybrid or nanocomposite membranes
in many cases could markedly improve the properties of the
membrane. The intermolecular interactions and energy dissipation
between inorganic and organic moieties endow the nanocom-
posite membranes with complementary and unique macroscopic
properties [8–11]. Up to now, the common strategies for fabri-
cating nanocomposite membranes include physical blending and
sol–gel soft chemistry, which suffer from some inherent drawbacks

[12,13]. If we  turn our eyes to nature, most cell walls, actu-
ally, are comprised of polymer–inorganic nanocomposite materials
[14]. Biomineralization using intricate biomacromolecules, e.g.,
peptides, proteins/enzymes, polysaccharides, and viruses have

dx.doi.org/10.1016/j.jhazmat.2011.10.047
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhyjiang@tju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.10.047
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epicted the power for catalyzing and structurally directing inor-
anic precursors into inorganic minerals [15–18].  Compared to
onventional chemical synthesis that often requires critical con-
itions, bio-inspired method often proceeds under much milder
onditions (aqueous solution, neutral or near neutral pH, and ambi-
nt temperature). Moreover, bio-inspired silica synthesis imposes
uch more delicate control over the hierarchical architectures

size, shape, morphology, and pore structure) of silica nanopar-
icles. Not surprisingly, biomineralization paves the prospective
ay for the fabrication of organic–inorganic nanocomposite mem-

ranes with elaborate geometries under very mild conditions.
In most cases, biomineralization necessitates aqueous envi-

onment. As a consequence, research efforts are overwhelmingly
evoted to biomineralization in aqueous phase and related to
ilica, calcium carbonate, hydroxyapatite, as well as hydrophilic
olymer–inorganic nanocomposite membranes [19,20]. Rare
eports, however, are related to the straightforward synthesis of
he oleophilic polymer based nanocomposite membranes through
iomimetic mineralization. Oleophilic polymer is usually dissolved

n a nonaqueous oil-based solvent; it is thus quite difficult to
imultaneously manipulate the hydrolysis–condensation of inor-
anic precursors and cross-linking of oleophilic oligomers in a
omogenous phase. Therefore, it could be envisaged that one-step

abrication of oleophilic polymer membranes embedded with uni-
ormly distributed inorganic components will bear both academic
nd technological significance.

Inspired by the silica formation process mediated by silica
eposition vesicle (SDV) [21,22],  in the current study, oleophilic
anocomposite membranes are fabricated by manipulating the

n situ biomineralization within the underlying equilibrated and
hermodynamically stable water-in-oil (w/o) reverse microemul-
ions. The confined space endows biocompatible environment for
iomacromolecules, which consequently direct inorganic precur-
ors polymerization through interfacial molecular recognition and
ubsequent hydrolysis–condensation reactions [23]. In the cur-
ent study, PDMS–SiO2 nanocomposite membranes are in situ
repared through the polymerization of PDMS oligomers in the
il phase and silica precipitation in the reverse microemul-
ion simultaneously. It should be noted that the introduction of
DMS should enhance the preparation process stability, because
t increases the viscosity of the reverse microemulsion, reduc-
ng the probability of collision between the droplets [24]. The
tructural morphology, mechanical strength, crystallinity, and
ree volume characteristics of the PDMS–SiO2 nanocomposite

embranes were systematically investigated. Using the mix-
ure of n-octane/thiophene as the model gasoline system, the
ervaporative desulfurization properties were systematically eval-
ated.

. Experimental

.1. Materials

Protamine sulfate salt, tris (hydroxymethyl) amino methane
ydrochloride (Tris–HCl), tetraethyl orthosilicate (TEOS) were
urchased from Sigma–Aldrich. Tween 80, Span 80, n-heptane,
-octane and thiophene were supplied by GuangFu fine chemi-
al research institute, China. PDMS oligomer (the viscosity was
000 mPa  s, and the corresponding average molecular weight was
bout 40,000), dibutyltin dilaurate were obtained from Beijing
hemical Company, China. Asymmetric polysulfone (PS) ultra-

ltration membranes were ordered from Shanghai Mega Vision
embrane Engineering & Technology Co., Ltd., China. De-ionized
ater from a Millipore ultrapure water system was used in all the

xperiments.
rials 211– 212 (2012) 296– 303 297

2.2. Fabrication of PDMS–SiO2 nanocomposite membranes

Tween 80/Span 80 (weight ratio = 1:1) mixed surfactant, TEOS,
as well as PDMS oligomer were dissolved in n-heptane at room
temperature to make a homogeneous solution (the mass ratio of
TEOS/PDMS oligomers was  0.10, 0.15 and 0.20). Protamine was
suspended with a concentration of 10 mg/mL  in a 30 mM,  pH 7.0
Tris–HCl buffer solution. And then required amount of the pro-
tamine aqueous solution was dropwise added into the as-prepared
oil solution under vigorous mechanical stirring (water/surfactant
mass ratio was  from 0.75 to 0.45). After stirring for 30 min, small
amount of dibutyltin dilaurate that served as catalyst for the
crosslinking reaction of PDMS and TEOS was added. Then, the
resulting solution was  cast on polysulfone substrate to form thin
films. After drying at room temperature for 24 h, the nanocomposite
membranes were thermally annealed at 80 ◦C for 2 h to terminate
cross-linking and evaporate the residual solvent. PDMS was able to
form thin and robust membrane in our experimental condition. All
membrane samples were stored in dust free and dry environment
before being used in the separation experiments.

2.3. Characterizations

The morphology of the cross section of the nanocompos-
ite membranes were observed with a field emission scanning
electron microscope (FESEM, Nanosem 430). Fluorescence micro-
scope images were taken using an Olympus BX41 microscope.
Brunauer–Emmett–Teller (BET) surface area and size distribution
measurement of the silica were performed using an ASAP 2020
BET system. Solid-state 29Si-nuclear magnetic resonance (NMR)
was  recorded on Infinity Plus-400 MHz  operating at a frequency
of 79.4 MHz  for the 29Si nucleus and using the magic angle spin-
ning technique. X-ray diffraction (XRD) patterns were recorded
using a Rigaku D/max 2500 v/pc X-ray diffractometer. The ther-
mogravimetry analysis (TGA) was  measured by TGA-50, Shimdzu
thermogravimetric analyzer with a nitrogen flow of 25 mL  min−1.
Dynamic mechanical analysis (DMA) were performed using a Q800
(TA Instruments, USA) with a liquid nitrogen cooler. Positron anni-
hilation lifetime spectra (PALS) experiment was  conducted by using
an ORTEC fast–fast coincidence system (resolution 202 ps) at room
temperature. The integral statistics for each spectrum was more
than 1 × 107 coincidences. The spectrum was  analyzed via “The
Maximum Entropy for Life Time analysis” (MELT) program [25],
which used linear filtering and the method of maximum entropy.
The entropy weight range was 5 × 10−9. The cut-off value was
5 × 10−3.

2.4. Pervaporative desulfurization experiments

The desulfurization performance of the PDMS–SiO2 nanocom-
posite membranes was evaluated using thiophene/n-octane
mixtures as the model gasoline. The sulfur mass fraction was
500 ppm. The scheme of the pervaporation set-up and the config-
urations of the membrane module were reported in our previous
study [26]. The membrane module was a flat sheet and the effec-
tive area of the membrane was  2.56 × 10−3 m2. The feed solution
was  pumped into the membrane cell with the flow rate 40 L/h.
The temperature of feed flow was controlled at 30 ◦C. The pres-
sure in the downstream side was  maintained at <1.0 kPa using a
vacuum pump, and the permeate vapor was collected in liquid
nitrogen traps. It should be noted that the testing was performed

after steady state conditions have been achieved. The permeation
flux (J, kg/(m2 h)) of the membrane was defined as:

J = Q

A × t
(1)
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Fig. 1. SEM images (a) surface view of spherical silica particles (R = 0.45). (b and c) Cross-section view of nanocomposite membranes with different spherical silica particle
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4.88%  respectively). The scale bars shown in a–f are 2 �m.

here Q (kg) was the total amount of the permeate collected dur-
ng the experimental period (t, h), and A (m2) was  the effective

embrane area. Normalized permeation rate was defined as:

PR = Q × ı

t × A
(2)

here ı was the membrane thickness. The normalized permeation
ate was defined to eliminate the influence of membrane thickness
n the permeability.

The feed and permeate compositions were analyzed by gas
hromatography (GC, Agilent 6890, Agilent Technologies Co., Ltd.)
quipped with a 50 m long PONA capillary column (Dalian institute
f chemical physics, Chinese academy of sciences, Dalian, China)
nd a flame ionization detector (FID, Agilent Co.). The tempera-
ures for injector, detector and oven were set at 200 ◦C, 250 ◦C and
0 ◦C, respectively. The selectivity of the membrane, expressed by
he enrichment factor of thiophene (ˇ), was defined as:

 = ωP

ωF
(3)

here ωF and ωP referred to the weight fractions of thiophene in
he feed and the permeate, respectively.

. Results and discussion

.1. Preparation and characterization of the PDMS–SiO2
anocomposite membranes

Protamine, as a potent inducer to catalyze and template silica
recipitation in vitro was selected as silica-precipitating inducer
nd dissolved in a Tris–HCl solution (pH ≈ 7.0) [27–29].  PDMS
ligomers were dissolved in alkane with TEOS. Reverse emulsion
olution was formed by blending the above two solutions with
ween 80/Span 80 mixed surfactant under vigorous mechanical
tirring. It should be noted that TEOS coincidently served as both
ilica precursor and crosslinking agent for PDMS in our formula-
ion. “Protamine aqueous solution-Tween/Span” combination with
 PDMS host-polymer matrix provided well-defined hierarchical
tructures with uniform-sized spherical silica particles embedded
omogeneously within the PDMS matrix. As shown in Fig. 1 (b–f),
he SEM observations revealed that the size and mass fraction of the
embranes with different spherical silica particle mass fractions (6.98%, 10.68% and

spherical silica particles could be modulated by simply changing
the R (water/surfactant mass ratio) value and the inorganic pre-
cursor amount. Therefore, two  points deserve further explorations
herein. The first point related to tailoring the particle sizes. Reverse
emulsions were dynamic systems where the surfactant geome-
try and affinity, solvent dielectric constant, water/surfactant ratio,
and the coalescence/aggregation probability of the reverse emul-
sion droplets governed the shape and size of the reverse emulsion
domains, as well as the phase stability [30–32].  When R decreased
from 0.75 to 0.45, the interfacial tension between the non-polar
and polar phase were further reduced and thus the sizes of the
reverse emulsion were decreased. Confined within the reverse
emulsion microspace, the resultant particle sizes were correspond-
ingly reduced from ca. 1 �m to 200 nm.  The second point dealt
with tailoring the mass fraction of inorganic component within
the polymer bulk. Inorganic precursor and protamine met  at the
w/o  interface of the droplets, and then the precursor underwent
hydrolysis and condensation reactions that resulted in the forma-
tion of monodisperse spherical particles of silica. The hydrolysis
reaction produced silanol groups, followed by co-precipitation with
protamine through electrostatic interactions [28]. A typical overall
reaction could be written as:

Si(OR)4 + 2H2O → SiO2 + 4ROH (4)

It was  thus feasible to tune the silica mass fraction by increas-
ing the TEOS with fixed R and protamine concentration, as shown
in Fig. 1(d–f). As testified by TGA (Fig. 2), nanocomposite mem-
branes containing silica particles were clearly observed up to
silica/polymer mass fraction of 14.88%. The PDMS control mem-
brane and three nanocomposite membranes containing 6.98%,
10.68% and 14.88% were designated as P1, P2, P3 and P4 in the sub-
sequent discussion. As shown in Fig. 3, the PDMS control membrane
(P1) was in the amorphous state. A previous literature reported that
silica particles mediated by protamine macromolecules was mainly
in amorphous state. The amorphous silica displayed characteristic

XRD peak at 2� ≈ 23◦ [28]. The spectra showed that the intensi-
ties of amorphous silica peak at 23◦ were notably enhanced with
increasing silica mass fraction, indicating the higher weight fraction
of SiO2 in the P2–P4 nanocomposite membranes.
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ig. 2. XRD patterns of PDMS control membrane (P1) and PDMS–SiO2 nanocom-
osite membranes (P2–P4).

.2. Biomimetic mineralization mechanisms in reverse
icroemulsion

Further studies were necessary for elucidating the role of
iomacromolecules during the biomimetic mineralization process.
he mesoporosity of the silica particles before/after calcination
600 ◦C) were evaluated by N2 adsorption–desorption mea-
urements. In both cases, N2 adsorption data featured type-II
sotherms (Fig. 4). The BET surface area of the calcinated sil-
ca and uncalcinated silica was 551.5 m2 g−1 and 8.7 m2 g−1. The

esopore diameter of the calcinated sample was  3.0 nm by
arrett–Joyner–Halenda (BJH) analysis, reflecting the template
ffect of protamine molecules [28]. Fig. 5a showed the fluores-
ence microscope images of the spherical silica particles catalyzed
y fluorescein isothiocyanate (FITC)-labeled protamine in reverse
mulsion. The uniformly dispersed green fluorescence demon-
trated the homogeneous distribution of the protamine within
he silica matrix. In the case of the macromolecule inducers,
Hydrolysis-Convection-Condensation” model was  used to account

or the silica synthesis in reverse microemulsion, as shown in Fig. 6.
EOS, initially dissolved in the oil phase, penetrated slowly the
il–water interface created by the surfactants. Hydrolysis of TEOS
nstantly took place once contacting macromolecule inducers in

ig. 3. TGA curve of PDMS control and PDMS–SiO2 nanocomposite membranes.
Fig. 4. Nitrogen adsorption isotherm and pore size distribution of (a) uncalcinated
and (b) calcinated particles.

the water phase. As Morse and coworkers [33] described, hydro-
gen bonding between the hydroxyl side chain of serine and the
imidazole side chain of histidine (a specific serine–histidine pair
in silicatein) increased the nucleophilicity of the serine oxygen.
An attack on the Si atom of the TEOS was facilitated to form a
transitory Si–O bond with the protein to initiate hydrolysis of the
TEOS at neutral pH. Therefore, it was plausible to assume that
protamine could form a similar nucleophilic zone and thus facil-
itated the hydrolysis of the TEOS. Protamine were cationic proteins
with high isoelectric point, the hydrolyzed TEOS anionic molecules
(pI of monomeric silicic acid was about 4 [34]) could then form
silica/protein nanocomposite at the water–oil interface, leading
to the sudden decrease of protein concentration. The proteins in
the bulk of water phase subsequently diffused to the water–oil
interface, while the silica/protein nanocomposite diffused into
the bulk of water phase by convection. Numerous silica/protein
nanocomposite subparticles underwent irreversible condensation
of adjacent surface hydroxyl groups to form nanocomposite par-
ticles till the hydrolyzed TEOS was exhausted. The macromolecule
inducers were removed by calcination, leaving uniform mesopores.
The templating effect of the macromolecule inducers could be thus
validated.
The chemical structure of the as-formed silica at the atomic
scale was  characterized by 29Si-NMR and shown in Fig. 5b. Sta-
tistically acceptable spectral deconvolution showed the samples
were composed of ca. 6.9% Q2, 14.1% Q3 and 79.0% Q4 Si species
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Fig. 5. (a) Fluorescence microscope images of the spherical silica particles catalyzed by FITC-labeled protamine in reverse emulsion. (b) 29Si NMR  of the spherical silica
particles.

d by m

(
n
c
a

(

T
w
t

3
n

i
b

control membrane and PDMS–SiO2 nanocomposite membranes
with different SiO2 content (corresponding to the membranes in
Fig. 1(d–f)). The higher the content of SiO2 in PDMS, the slower

Table 1
Free volume parameters of the PDMS control and PDMS–SiO2 nanocomposite
membranes.

SiO2 content [wt%] r3 [nm] I3 [%] FFV
Fig. 6. The formation mechanism of silica mediate

where Qn represented the resonance of a silicon atom bonded to
 ‘bridging oxygen’). The average Q4 chemical shift ı ≈ −110 p.p.m.
orresponded to an average Si–O–Si bond angle (ϕ) of about 147◦

ccording to the Eq. (4) [35]:

ı)(p.p.m.) = −0.59(ϕ) − 23.21 (5)

he high proportion of Q3 and Q4 up to 93.1% demonstrated that
ell-condensed silica was  generated under the catalysis of pro-

amine.

.3. Free volume and mechanical properties of the PDMS–SiO2
anocomposite membranes
Free-volume property could be regarded as one of the most
mportant properties of the nanocomposite membranes. Positron
eams was used to directly quantify the amount, size and size
acromolecule inducer in reverse microemulsion.

distribution of vacancy-type free-volume in the nanocomposite
membranes. The results of free volume pore radius and frac-
tional free volume (FFV) were summarized in Table 1 and Fig. 7.
Fig. 7a showed the positron annihilation lifetime spectra in PDMS
0.00 0.346 14.0 0.0243
6.98  0.346 14.5 0.0251

10.68  0.346 17.8 0.0309
14.88  0.346 21.5 0.0373
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Fig. 9. SEM images of the composite membranes (a) 
Free volume pore radius/nm

radius of PDMS control and PDMS–SiO2 nanocomposite membranes with different

the positron lifetime spectral decayed, which indicated that the
fractional free volume of the nanocomposite membranes became
larger. Fig. 7b represented the free volume pore size distribu-
tion of PDMS control membrane and PDMS–SiO2 nanocomposite
membranes, both calculated using MELT program. The incorpora-
tion of SiO2 considerably narrowed the free volume pore radius
distribution and increased the FFV of the nanocomposite mem-
branes, which was  most possibly ascribed to the disruption of SiO2
toward the polymer chain packing. It was  well known that PDMS
was  featured by its high FFV,  because its Si–O bond length was
1.64 Å, longer than that for the C–C bond (1.53 Å). Also, the Si–O–Si
bond angle was approximately 143◦, larger than the usual tetrahe-
dral value (ca. 110◦) [36]. Undoubtedly, rubbery PDMS composed
of nanovoids with a more uniform diameter, as demonstrated in
the current study, has great potential in the precise size exclu-

sive separation of molecules. The DMA  of the PDMS control and
nanocomposite membranes containing 14.88% silica depicted the
curves of the samples over a wide range of temperature. As shown
in Fig. 8, the storage modulus of the specimens increased with

P1, (b) P2, (c) P3, and (d) P4. Scale bars: 50 �m.
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Fig. 10. (a) Effect of silica mass fraction on the separation performance of the
PDMS–SiO2 nanocomposite membranes (feed temperature: 30 ◦C, flow rate: 40 L/h,
and  concentration: 500 ppm sulfur); (b) effect of operating temperature on the
pervaporation performance of PDMS–SiO2 nanocomposite membranes (flow rate:
02 B. Li et al. / Journal of Hazardou

igher content of SiO2, revealing that the interactions between
DMS segmental chains and SiO2 allowed a fine load transfer and
ndowed improved mechanical strengths. Due to the increase of
he fractional free volume, the glass transition temperature of the
anocomposite membranes appeared to slightly decrease.

.4. Separation property of the PDMS–SiO2 nanocomposite
embranes

In the present study, the separation performance (binary
ixture: n-octane/thiophene) of the PDMS–SiO2 nanocomposite
embranes was  investigated. Fig. 9 showed the complete cross-

ection of the composite membranes (P1–P4). The thickness of the
ctive layer was measure to be 10–12 �m.  As shown in Fig. 10a,
he normalized permeation rate of PDMS control membrane was
.61 × 10−5 kgm/m2 h, whereas the normalized permeation rate
f the nanocomposite membrane containing 14.88 wt%  silica was
ncreased to 10.76 × 10−5 kg m/m2 h; the enrichment factor of thio-
hene was only slightly decreased from 5.82 to 4.83. Compared
ith other membrane materials [7],  the current membrane exhib-

ted rather good overall separation performance. The separation
etween thiophene and n-octane could be described by solution-
iffusion mechanism. During pervaporation process, thiophene
as more permeating component through the membrane. The

DMS control membrane exhibited negative sorption selectivity
oward thiophene [37]. Compared with thiophene (20.0 MPa0.5),
he solubility parameter of PDMS (14.9 MPa0.5) was much closer to
hat of n-octane (15.0 MPa0.5), which governed n-octane to prefer-
ntially dissolve in PDMS matrix. However, the diffusion coefficient
f thiophene was  greater than that of n-octane due to the smaller
olecular size of thiophene (0.53 nm)  compared with n-octane

0.63 nm). Therefore, the preferential permeation of thiophene in
he PDMS control membrane or PDMS–SiO2 nanocomposite mem-
ranes should be ascribed to the diffusion process rather than
olution process. As proved by PALS, the incorporation of silica into
he PDMS matrix significantly enlarged the FFV.  Consequently, the
anocomposite membranes could offer more diffusion paths for
hose small penetrants. Because the free volume cavity size kept
lmost unchanged, the selectivity of the membrane was not sharply
ecreased.

It should be noted that the separation enrichment factor of 4–5
eant the permeate stream contained of about 2000–2500 ppm

hiophene from starting feed gasoline mixture containing 500 ppm
hiophene. If it was expected to obtain product oil with thio-
hene concentration of 50 ppm or less from the gasoline–thiophene
eed, actually, we could make flexible adjustments of membrane

odules according to the different requirements of the thiophene
oncentration in the product oil. For example, lower target thio-
hene concentration might require more membrane modules that
ere connected in series or larger membrane area in a single mem-

rane module. In addition, it should be mentioned that the coupling
f pervaporation membrane process and hydrodesulfurization
ight be more feasible in some situations where pervaporation

cted as the pretreatment step prior to hydrodesulfurization.
The effects of different operation conditions such as separation

emperatures and feed flow rate on the separation performance of
he membrane were investigated. Fig. 10b  presented the pervapo-
ation performance of the P2 membrane at temperatures ranging
rom 30 ◦C to 60 ◦C. An increase in operating temperature enhanced
he membrane permeation flux, however, reduced the enrich-

ent factor. On one hand, at higher temperature, the polymer

hains were more flexible, which might generate larger avail-
ble free volume of the membrane for diffusion. Hence, total flux
ncreased with feed temperature. On the other hand, because of the

ore serious swelling of membrane, the selectivity decreased. The

40  L/h, concentration: 500 ppm sulfur); (c) Arrhenius plots of pervaporation flux for
the  separation of thiophene/n-octane mixture by the PDMS–SiO2 nanocomposite
membranes; (d) effect of Reynolds number on the pervaporation performance of
PDMS–SiO2 nanocomposite membranes (feed temperature: 30 ◦C, concentration:
500 ppm sulfur).
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emperature dependence of the permeation flux could be expressed
y Arrhenius relationship:

P = AP exp
(−EA

RT

)
(6)

here JP was the permeation flux, AP was a constant, EP repre-
ented the apparent activation energy for permeation, and T was
he absolute temperature. As shown in Fig. 10c, the fitted appar-
nt activation energies from the slope were Eoctane = 6.24 kJ mol−1,
thiophene = 1.41 kJ mol−1 at 500 ppm feed sulfur concentration,
hich indicated that the transport of octane molecules through

he membrane was more sensitive to the operating temperature.
The effect of feed flow was presented using the Reynolds num-

er. The calculation process could be referred to previous literature
37]. As shown in Fig. 10d, the total flux increased at higher
eynolds number. With the increase of Reynolds number, the thick-
ess of boundary layer was decreased. Therefore, mass transfer
esistance in boundary layer at the upstream side of membrane
ecreased, which led to the increase of permeation flux. Enrichment
actor decreased from 5.4 to 4.1 with Reynolds number increas-
ng, possibly due to the weakened permeation difference between
hiophene and n-octane.

. Conclusions

This study tentatively proposed a novel and facile method
f one-step fabrication of PDMS–SiO2 nanocomposite mem-
ranes. The membranes displayed superior performance for the
emoval of organosulfur compounds from model FCC gaso-
ine by energy-saving and environment-benign pervaporation
rocess. Through the controlled biomineralization mediated by

norganic-precipitating molecules at w/o interface, the inor-
anic mineral formed could be homogeneously embedded into
olymer bulk matrix, rendering the nanocomposite membranes
ith tunable free volume properties and enhanced mechanical

tability. The as-prepared PDMS membranes exhibited the enrich-
ent factor of 4.83–5.82 with a normalized permeation rate of

.61–10.76 × 10−5 kgm/m2h for 500 ppm sulfur in feed (40 L/h)
t 30 ◦C. It could be conceived that the as-prepared hydropho-
ic/oleophilic nanocomposite membranes would find a variety of
pplications for the efficient removal of hazardous materials.
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