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A B S T R A C T

The membrane based pervaporation process for sulfur removal from gasoline has evoked a great deal of
attention due to its distinct advantages. Such advantages include: lower operating and energy costs,
easier scale-up, as well as higher selectivity. The separation mechanism of pervaporative desulfurization
is based on the sorption and diffusion differences between the components of the gasoline mixture. This
review aims to provide insight into the state of the art research activities related to pervaporative
desulfurization of gasoline using organic polymeric membranes. To obtain a comprehensive perspective
about the pervaporative desulfurization, other techniques of desulfurization are discussed briefly in the
introduction. The solubility parameter theory for membranes selection and the membranes material
modifications are also examined in this review. The effects of various factors including feed sulfur
content, operating temperature, permeate pressure and feed flow rate on desulfurization performance
are discussed.

ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Gasoline is a refined product of petroleum consisting of a mixture
of alkanes, C5-C14 olefins and cycloparaffins, as well as aromatics
compounds. Its composition depends on the crude oil used and is
usually made up of different blending components coming from
reforming, isomerization and fluid catalytic cracking (FCC) process-
es. Among them, FCCgasolinerepresents 30–40%of thetotal gasoline
pool, making it the most important sulfur contributor in gasoline.
Sulfur in gasoline can be found in different forms, such as sulfides,
thiols and mercaptans. Many reports in scientific literature have
confirmed that thiophenic sulfur represents over 80% of the total
sulfur content in FCC gasoline after the alkali cleaning process [1].
These organosulfur impurities generate sulfur dioxide after com-
bustion under high temperatures, which can contribute to acid rain
as well as poison many of the catalytic converters used in
automobiles [2]. A sulfur limitation of less than 10 ppm for gasoline
is imposed now in many countries [3,4]. The catalytic hydro-
desulfurization process (HDS) is traditionally used for gasoline
desulfurization, but this conventional process requires high temper-
atures ranging from 300 to 400 �C and high pressures ranging from
30 to 130 atmospheres of absolute pressure as well as high hydrogen
consumption. This process is very efficient for removing sulfides and
disulfides but less effective toward thiophene and its derivatives
such as dibenzothiophene and 4,6-dimethyldibenzothiophene. This
process is strongly inhibited by the hydrogen sulfide generated from
reactive sulfur compounds, and so shortening the catalyst’s life [5,6].
Additionally, thiscatalytic process results inasignificant reductionof
octane number after treatment due to saturation of olefins
molecules. Under these circumstances, many scientific papers have
not only focused on improving HDS catalysts and processes but also
on the developmentof alternative technologies. Manysolutions have
been proposed, such as alkylation-extraction, selective extraction,
selective oxidation and membrane separation. The objective of this
current study is to review the recent scientific and advanced
technologies in the field of pervaporative desulfurization using the
organic membranes, the factors affecting their performance and the
different pathways used to enhance their separation properties. This
will provide a better understanding of their performance and the
gaps and challenges that still have to be overcome for large-scale use
in industrial applications. We specifically choose to restrict our
review efforts to polymeric membranes due to their wide
accessibility to the entire chemist community including non-
specialist of membranes synthesis and particularly to researchers
involved in separating organic–organic liquid mixtures. The first
section presents an overview of reported literature on the
desulfurization methods that can replace the conventional hydro-
desulfurization process. In the second section, basic principles on
gasoline desulphurization by pervaporation and solubility parame-
ter theory for membrane are discussed successively. The third
section is devoted to membranes modifications and the factors
affecting membrane performance. Finally, the review will provide
remarks and recommendations on the topic.

2. Desulfurization methods

2.1. Desulfurization by alkylation

The catalytic alkylation reaction is based on increasing the
molecular weight and the boiling point of the organosulfur
compounds. This is done through alkylation reaction with olefins
present in the feed, using acidic catalysts. Once the boiling
temperature of the organosulfur species are shifted to a higher
value, the alkylated heavy organosulfur species can be removed
from gasoline by distillation. British Petroleum developed this
process under the name olefinic alkylation of thiophenic
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
org/10.1016/j.cep.2016.06.006
compounds [7]. It can be handled under relatively mild conditions,
with a minimal loss of octane number and without any hydrogen
consumption. The desulfurization efficiency can be enhanced by
increasing the alkylating agent/sulfur ratio [8–10]. The perfor-
mance of this process is influenced by side reactions such as olefin
polymerization and alkylation of aromatic hydrocarbons. In
addition, the challenge of adopting olefinic alkylation of thiophenic
compounds is the risk of corrosion and the toxicity produced by
alkylation agents, which must be addressed before commercializ-
ing this process. Another disadvantage is the decrease in olefin
concentration due to its reaction with the alkylating agents.

2.2. Desulfurization via extraction

The organosulfur compounds are more soluble in appropriate
solvent than other hydrocarbons; therefore, it can be removed
from gasoline via selective extraction using organic solvents.
Afterward, the organosulfur compounds can be removed from the
solvent by distillation to allow the solvent to recycle. This
procedure is preferable due to the low operating temperature
and relatively low pressure without hydrogen consumption. It also
is performed without the use of any catalyst. The chemical
structure of the gasoline compounds does not change during this
process. However, the choice of solvent is crucial as it makes the
process more efficient since the organosulfur compounds should
be fully soluble in the organic solvent. To make this process
feasible, the solvent should have a boiling temperature different
than that of the organosulfur species. The solvent should also be
non-toxic and cost effective to make the process economically
viable and more sustainable. Experimental results revealed that
desulfurization levels of 50–90% can be attained using polyethyl-
ene glycols, acetone, ethanol and nitrogen containing solvents
[11–14]. It is worth mentioning that a mixture of solvent such as
acetone-ethanol or a tetraethylene glycol-methoxytriglycol is
usually used to enhance the solubility of sulfur impurities
[11–14]. Unfortunately, the efficiency of this process is mainly
influenced by the solubility of the organic sulfur species and the
difficulty of making such a solvent mixture since its composition
depends significantly on the spectrum of the organosulfur species
present in the gasoline feed.

2.3. Oxidative desulfurization

Oxidative desulfurization combined with solvent extraction or
distillation is considered as an alternative technology compared to
the hydrodesulfurization process for effective desulfurization.
During oxidative desulfurization, the sulfur species are oxidized
using appropriate oxidants and converted to sulfoxides or sulfones.
Afterward, they are preferentially extracted from gasoline due to
their high relative polarity and high boiling point [15]. Several
oxidants are reported in literature, such as t-butylhypochlorite,
highly toxic RuO4 and H2O2-H2SO4 systems [16–19]. However,
oxidative desulfurization has several technical issues to overcome.
First, some oxidants lead to undesirable reactions that can reduce
the quantity and quality of the gasoline. Second, the selection of a
suitable solvent for the extraction is serious issue and should be
solved. Third, this process is not effective with FCC gasoline due to
the high olefinic content, which can react with oxygen atoms to
form epoxides. Lastly, the cost to treatsulfone waste should also be
taken into consideration when evaluating oxidative desulfuriza-
tion.

2.4. Biodesulfurization

Biodesulfurization is a process for reducing the organic sulfur
content from fossil fuels using enzyme-catalyzed reactions. This
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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catalytic process occurs using water and oxygen at room
temperature and without lowering the calorific value of the
gasoline [20,21]. The microbial desulfurization involves a sequen-
tial oxidation of the organosulfur compounds and the break of the
carbon-sulfur bonds. Many bacteria have been reported in the
literature converting dibenzothiophene and alkyl sulfides, whereas
fewer bacteria are found for benzothiophene and thiophene
[22–25]. Biodesulfurization seems to offer several advantages
compared to hydrodesulfurization. Importantly, this process does
not decrease the octane number in gasoline and does not require
high temperature or pressure. Despite impressive progress made
to improve this process, a number of challenges remain untapped
and many issues have to be solved before commercializing this
technology. The stability and lifetime of bacteria under variable
conditions in the refineries continues to pose difficulties as well as
the amount of bacteria needed in this process. In addition, the rate
of chemical reactions is faster when compared to the metabolism
rate of sulfur compounds.

2.5. Desulfurization by ionic liquids

Ionic liquids are non-volatile organic liquid salt and have
several advantages such as low vapor pressure in comparison to
polar organic solvents. They are immiscible with gasoline,
thermally stable and can be used in a wide range of temperature
values [26]. The ionic liquids can also extract aromatic sulfur from
gasoline at ambient temperature without any hydrogen consump-
tion [27,28]. The removal of sulfur organic compounds from
gasoline can be performed via a strong p–p interaction with ionic
liquids. The sulfides and alkylthiols are poorly extracted due to
their weak interaction with the ionic liquids. Interestingly, the
nitrogen compounds are found to be significantly better extracted
when compared to organosulfur compounds [29]. Many studies
confirm that the removal of sulfur compounds can modify the
content of aromatics in gasoline, which can be problematic for
maintaining octane number in gasoline [30–32]. Moreover, the
regeneration of ionic liquid is expensive, and often several
consecutive extractions are needed to reduce sulfur content from
300 to 10 ppm.

2.6. Desulfurization by reactive adsorption

Reactive adsorption, a process in which the sulfur organic
species are converted into hydrocarbons, is an alternative process
to reduce the sulfur content from gasoline [33,34]. The hydro-
carbons can be returned to the final product without any structural
modifications, whereas hydrogen sulfur is retained by the surface
of sorbents. The zinc oxide modified with transition metals such as
Nickel or Copper is the most important adsorbent mentioned in
literature [35]. Petroleum Co., USA, used the principal of reactive
adsorption to develop the so-called Phillips S Zorb process to
remove sulfur from gasoline and diesel fuels [36,37]. The S-Zorb
process consists of fluidized bed reactor technology conducted at
high temperature and high hydrogen pressure. The used adsorbent
is continuously removed from the reactor and transported into the
regeneration reactor to be treated. Thus, he sulfur is removed from
the surface of the adsorbent through burning and the formed SO2 is
sent to the sulfur plant. The adsorbent is then reduced with
hydrogen and recycled back to the reactor.

2.7. Pervaporative desulfurization

Membrane technology applied to petrochemical field can be
considered as an efficient approach for organic sulfur compounds
removal [38]. This technology has gained an increasing interest
attention during these last years because it offers many advantages
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
org/10.1016/j.cep.2016.06.006
compared to classical sulfur removal processes. This technology
consists of process pervaporation and vapor permeation involving
direct contact of the gasoline feed with the membrane processing
good selectivity to separate the organic sulfur compounds from the
sulfur enriched permeate fraction. The sulfur deficient retentate
fractions can be used directly into the gasoline pool whereas the
sulfur enriched permeate fractions need further treatment by
conventional process. The membrane has often composed of a dense
active layer and a porous support layer. Although the desulfurization
by pervaporation has extensively studied but its has been little used
industrially [39]. The main reason for that is the few number of
available membrane material and their limited performance.

3. Pervaporative process

3.1. Basics of pervaporation

Gasoline desulfurization by a membrane-based pervaporation
process is a newly emerging technology offering a number of
potential advantages when compared to a non-HDS separation
process [37,40]. This technology has gained increasing importance
in recent years due to its distinct advantages, such as: lower
operating and energy saving, ease of scaling up and manipulations,
as well as greater selectivity toward thiophene over olefins without
hydrogen consumption and the co-product of H2S gas. Using this
technique, the feed treatment is not needed and the desulfuriza-
tion can be achieved with little reduction of the octane number
after sulfur removal. Moreover, the pervaporation process has been
successfully used to separate liquid mixtures, which is difficult to
achieve by usual distillation because of the close boiling point of
liquid mixtures and its high sensitivity to heating. Presently, there
are two commercial applications of pervaporation-one is the
dehydration of alcohols and other solvents while the second
application is the removal of trace volatile organic substances from
water [41]. The pervaporative separation is a membrane process-
ing of mixtures of liquid, by partial vaporization through a dense
and nonporous membrane for selective permeation of one or more
components from a liquid mixture [42]. As a result, the more
permeable species in the permeate and the less permeable species
in the feed can be concentrated. Basically, a typical pervaporative
system includes a pervaporation cell where the membrane is held;
a condensation system; and a vacuum system to recover the
permeate (Scheme 1).

In this context, the S-Brane of Grace Davison Company and
TranSepTM of TransIonics Corporation represents the successful
membrane-dominated techniques for removal of sulfur from
gasoline stream in which all costs only account for 20% of the
conventional HDS process [42–45]. It is worth noting that the
pervaporative desulfurization can be used alone or coupled with
another desulfurization process.

The sulfur compounds pass preferentially through the dense
polymeric membrane and can be removed from the feed due to
their higher affinity and quicker diffusivity in the membrane.
During the desulfurization process, the different organosulfur
species of gasoline absorb into the membrane, diffuse through it,
desorb out the membrane, then evaporate and condense at the
cold permeate side of the membrane. For a continuous pervapor-
ative process, the gasoline feed must be placed in direct contact
with one side of the dense membrane, whereas a vacuum force
must be applied from the other side of the membrane to maintain
low absolute pressure at the downstream side of the membrane.

3.2. Pervaporation characteristics

The efficiency of a pervaporative operation can be evaluated in
terms of permeate mass flux (J) and the membrane selectivity [46].
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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The flux can be expressed and calculated through Eq. (1):

J ¼ m=Atð Þ ð1Þ
The weight of permeate passing through the active membrane

area A is represented by m, during the time t. Importantly, the mass
flux J, depends strongly on the operating temperature conditions of
the system [47]. The relationship between the permeation flux and
operating temperature conditions can be expressed through the
Arrhenius-type, following Eq. (2):

JP ¼ Ap exp
�Ep
RT

� �
ð2Þ

In this equation, JP is the permeation flux, AP is a constant, EP
represents the apparent activation energy for permeation, R is the
gas constant and T is the absolute temperature.

In general, there are two approaches to express selectivity: the
separation factor and the enrichment factor. The separation factor
is specific for a binary mixture, but the gasoline is a mixture of
more than hundreds components. The sulfur enrichment factor can
be used as an index of the separation selectivity for sulfur
components [48]. In a desulfurization system, the enrichment
factor is defined as the mass ratio of total sulfur content of feed
(Gp) divided by the total sulfur in the permeate (Gs), as shown in
Eq. (3).

E ¼ GP=GSð Þ ð3Þ
As there is commonly a tread-off between the permeation flux

and selectivity of membrane, another important parameter called
pervaporation separation index (PSI) has been generally used by
the scientific community to calculate the overall pervaporation
efficiency [49–52]. It is expressed through Eq. (4):

PSI ¼ J E � 1ð Þ ð4Þ
when E = 1, no separation occurs; a PSI of zero means either zero
flux or no separation.

4. Solubility parameter theory for membrane selection

Hildebrand first reported the solubility parameter (d) as the
square root of cohesive energy (Ecoh (J/mol) per molar volume, V
(cm3/mol) as showed in Eq. (5) [53–55]. The solubility parameter is
an effective way to characterize the interaction intensity between
the solvent and membrane. Hildebrand solubility can provide
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
org/10.1016/j.cep.2016.06.006
estimated information of the degree of interaction between
materials. Accordingly, it can be used to select an appropriate
membrane for pervaporation process. The solubility parameter
provides essential information, allowing the selection of suitable
polymer membranes to be able to achieve a particular pervapor-
ative separation.

d ¼ Ecoh
V

� �1=2

ð5Þ

Additionally, Hansen proposed an extension of the Hildebrand
solubility parameter by dividing it in to its fractional components.
The correlation can be expressed as shown in Eq. (6):

d ¼ d2d þ d2p þ d2h ð6Þ
with dh, dd and dp are solubility parameter, electrostatic and
hydrogen bond components of the solubility parameter, and the
dispersion, respectively. The Hansen solubility parameters are
empirically determined based on multiple experimental solubility
observations. It is an accurate tool to determine the suitable
polymers that can be used to make an effective pervaporative
separation [56].

The values of solubility parameters for some polymers and
gasoline components are given in Table 1. The solubility
parameters of thiophene species, which are the primary organo-
sulfur species in FCC gasoline, is about 19–21 (J/cm3)1/2. However,
solubility of the most hydrocarbon species is in the range of 14–15
(J/cm3)1/2. Additionally, the solubility parameters of most mem-
brane materials reported in literature for pervaporative separation
was about 20–26 (J/cm3)1/2. Importantly, the solubility parameters
of most membrane materials reported in recent literature were
closer to the thiophene species than to the hydrocarbon species in
gasoline, so they perform higher affinities to the thiophene species.

The composition of the membranes and their morphology are
key elements that need to be addressed in any pervaporative
process. Generally, the section of membranes is thought to be
based on four important features, namely: high chemical resis-
tance, high sorption capacity, good mechanical strength of the
polymer film in the solution and low cost. In addition, a good
interaction between the membrane and preferably one of the
components in the mixture is required for the appropriate
separation. Hence, the solubility parameter and the membrane
polarity are the two interested indices in the design of news
membranes [57,58]. The choice of membrane for the pervaporation
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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Table 1
Solubility parameters of polymeric membranes hydrocarbons and sulfur species in FCC [34,51].

Gasoline components and polymers d (J/cm3)1/2 Hydrocarbon d (J/cm3)1/2 Typical sulfur species d (J/cm3)1/2

Polypropylene 21.93 n-Pentane 14.4 Thiophene 20
polyethylene glycol 20.1 Isopentane 13.8 Methyl thiophene 19.6
Polyvinyl chloride 26.49 Hexane 14.9 Methyl thiophene 19.5
polyvinyl pyrrolidone 20.56 Heptane 15.3 Dimethyl thiophene 19.3
polyvinylbutyral 23.12 Octane 15.5 Trimethyl thiophene 19.2
PDMS 21.0 Isooctane 14.2 Diethyl thiophene 19.2
Polyurethane 20.98 Cyclopentane 16.6 Triethyl thiophene 19
Cellulose acetate 25.06 Cyclohexane 16.7 Thioether 16.9
Polyacrylonitrile 26.61 Methyl Cyclohexane 16.0 Dimethyl sulfone 29.8
Polystyrene 18.5 Benzene 18.7 Sulfide 16.9
Polyurea/urethane 20.98 Toluene 18.2 Disulfide 17.4
Polyimide 32.3 m-Xylene 18.2 n-Butyl sulfide 28.1
Polysulphone 21.4 o-Xylene 18.5 n-Butyl mercaptan 18.4
Polyvinyl alcohol 39.15 p-Xylene 18.1 Benzyl mercaptan 21.1
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process also depends strongly on the components to be separated.
As the gasoline is a complex mixture, the selection and the
modification of the membrane is very important to perform the
desulfurization of gasoline bypervaporation.

Polymer membranes such as poly(ethylene-glycol), polyimide,
and polyurea/urethane are commonly used for desulfurization
[1,53,59–63]. Yet, the polydimethylsiloxane (PDMS) is the most
preferred polymer as reported in the literature for pervaporative
desulfurization of gasoline. It has superior permeability to small
molecules, superior chemical and thermal stability, good pro-
cessability and has a relatively low price [63]. The polydimethyl-
siloxane belongs to a group of silicones usually made of silicon,
carbon and hydrogen as well as oxygen. PDMS consists of a flexible
(Si–O) backbone and a repeating (Si(CH3)2O) unit where their
number generally defines the molecular weight, and consequently
many of the viscoelastic properties of the PDMS-based mem-
branes.

According to solubility theory, the solubility parameter of PDMS
is near to the solubility parameter of thiophene and its derivatives
[63]. As a consequence, PDMS polymer will display priority in
selective dissolution of the sulfur components in gasoline. Despite
these remarkable properties, the pure PDMS membranes exhibit
relatively poor mechanical strength due to the high flexibility of
molecular chains. Although, various strategies have been
attempted to reinforce elastomeric PDMS to acquire better and
wider applications, requiring good mechanical properties.

5. Membrane material modifications

In general, differnts types of synthetic membranes are used in
separation such as dense, porous and asymmetric membranes.
During the separation process, the membranes can swell while in
contact with the feed solution. Thus, membrane modification is
necessary in order to reach high selectivity and high flux. Many
approaches such as grafting, cross-linking, blending as well as the
copolymerization have been reported in the literature to modify
the properties of the membranes. Many efforts have been also
made to incorporate the adsorptive fillers into polymeric
membranes. It improves the polymer chain rigidity and the
separation properties of the membrane by enhancing the sorption
capacity for desired component. Consequently, the high sorption
capacity of adsorbents and continuous operation of the membrane
separation process are combined perfectly in the hybrid mem-
branes. Many kinds of adsorbents have been used as fillers such as
zeolites, metals oxide nanoparticles, etc [64,65].

Chen and co-workers prepared two polyimides containing
fluorinated groups by condensation polymerization of 2,20-bis(3,4-
dicarboxyphenyl)hexafluoropropane dianhydride with 4,40-
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
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methylene diamine and diamino-3,30-dimethyldiphenylmethane
[61]. The flat asymmetric membranes of these materials were
successfully prepared by phase inversion method and the inner
structure was observed by method of SEM. The sulfur enrichment
factor and the permeation flux were in the range of 3.12–2.24 and
0.56–1.68 kg/m2h for a feed with sulfur content from 720 to
802 ng/mm and operation temperature between 40 and 77 �C,
respectively, for pervaporation n-heptane/thiophene mixtures.
Unfortunately, the membrane performance deteriorated signifi-
cantly with time.

White and co-workers used two polyurea/urethane multi-block
copolymers as active layers on a polytetrafluoroethylene substrate
for pervaporation desulfurization of refinery naphtha [66]. The
first membrane was formed by a solution containing toluene
diisocyanate terminated polyethylene adipate in 4-dioxane added
to another solution containing 4-40-methylene dianiline dissolved
in 4-dioxane. The resulting gel was casted on a 0.2 mm pore size
porous polytetrafluoroethylene membrane. The second membrane
was synthetized using the same procedure by replacing 4-dioxane
with a N,N-dimethylformamide solvent. The first membrane
displayed an enrichment factor of 7.53 using a feed of 1065 mg/g
thiophenic compounds, whereas an enrichment factor of 9.58 was
observed when the second copolymer was usedwith a feed of
419 mg/g thiophenic compounds.

In 2006, Lin and co-workers reported important results in the
field of desulfurization by pervaporation [53]. They investigated
the swelling and pervaporation efficiency of a polyethylene glycol
membrane (PEG) before and after cross-linking with maleic
anhydride. They found that the flux and enrichment factor were
26.36 kg/(m2h) and 1, respectively, for an unmodified membrane,
whereas these values were 63 kg/(m2h) and 3.05 for a cross-linked
PEG membrane. The sulfur enrichment factor increased with the
increase of the cross-linking agent loading and cross-linking time,
while the total permeation flux decreased. Nevertheless, the
decrease in the flux of sulfur components was slower due to their
higher affinity to the PEG membrane. When the cross-linking agent
loading increased to 18.18%, permeation flux decreased drastically
to 0.4 kg/(m2h); alternatively, the sulfur enrichment factor
increased to 5.13. It should be noted that using 16% of maleic
anhydride, the permeation flux and sulfur enrichment factor both
exerted a higher level. In this study, the effect of the cross-linking
time on pervaporation performance was also investigated. Indeed,
when the cross-linking time increased, the permeation flux
decreased firstly, then increased; opposite findings were observed
for the sulfur enrichment factor. This may be due to excessive
cross-linkingwhich shortens the length of chain links. At 60 min of
cross-linking, both the sulfur enrichment factor and flux reached
their highest values.
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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In another study, the same research group evaluated the deep
desulfurization of FCC gasoline of a cross-linked polyethylene
glycol membrane that was around 20 mm thick [1]. Except at
commencement, the flux and sulfur enrichment factor were
almost always stable during the long operation of 500 h, indicating
that this membrane possessed good resistance to pollution. The
equilibrium values of the flux and sulfur enrichment factor vary in
range of 0.5-0.6 kg/(m2h) and 4.1-4.5, respectively.

Qi and co-workers investigated the pervaporative desulfuriza-
tion of model gasoline composed of n-octane and thiophenes,
using 15-mm PDMS filled Ag2O [67]. The effect of several
parameters such as Ag2O loading and feed temperature on the
pervaporative were studied and evaluated. Transmission electron
microscopy (TEM) measurements showed that Ag2O particles were
highly dispersed in the polymeric phase and adhesive with the
PDMS matrix. Moreover, the optimization studies showed that
Ag2O-filling leads to an increase in the selectivity of thiophenes
due to the coordination of silver ion with C¼C double bonds in
thiophenes molecules. Due to the tortuosity effect of the
impermeable Ag2O particles dispersed in the membranes, the
total flux was also observed. When the feed temperature increased,
the total flux increased, but the selectivity to thiophenes decreased
simultaneously. Interestingly, the authors noted that when Ag2O
content in the membranes increased from 0 to 5 wt%, the total
fluxes decreased from 3.31 to 2.85 kgm�2h�1 at 50 �C, while the
corresponding enrichment factors increased from 3.55 to 4.46 for
thiophene and from 2.24 to 2.61 for 2-methylthiophene, respec-
tively.

In a subsequent study, the same research group evaluated the
15-mm PDMS filled by AgY zeolite particles in the separation of
thiopenes from mixture of n-octane, thiophene and 2-methyl-
thiophene [68]. Scanning electron microscope (SEM) analysis of
the membranes revealed that AgY zeolite particles were uniformly
dispersed into the polymeric phase. The effect of zeolite loading
and feed temperature on pervaporation process was investigated.
Experimental results showed that AgY zeolite in PDMS membranes
led to a significant increase in total flux with only a slight decrease
in enrichment factor for both the thiophenes in the mixed matrix
membranes. At 50 �C, with the AgY loading increment from 0 to
15 wt.%, the total flux increased from 3.31 to 8.15 kgm�2h�1, while
the corresponding enrichment factors slightly decreased from 3.55
to 3.45 and from 2.24 to 2.14 for thiophene and 2-methylthio-
phene, respectively. More importantly, the difference between
enrichment factors of non-filled and filled membranes became
unapparent at higher temperatures. However, at above 20% AgY
loading, the zeolite particles caused more defects in the
membranes, leading to low selectivity.

In a similar manner, Lin and co-workers studied the synthesis
and the use of PDMS filled with Ni2+Y zeolite for the pervaporation
removal of thiophene that was present in model gasoline
composed of thiophene and n-octane [69]. SEM analyses revealed
that zeolite particles were uniformly dispersed in the membrane
and had an average size of approximately 1–2 mm. Interestingly,
the permeation flux increased monotonically with the Ni2+Y
content, and a considerable increase in the enrichment factor was
found when the Ni2+Y content reached 5 wt%. When the Ni2+Y
content varied from 10 to 20 wt%, the enrichment factor started to
decrease, possibly due to the occurrence of defective voids within
organic-inorganic interface region. For 500 ppm sulfur in feed at
30 �C, the PDMS membrane containing 5.0 wt% Ni2+Y zeolite
exhibited the highest enrichment factor of 4.84 with a permeation
flux of 3.26 kgm�2h�1. For comparison, it is noticeable that the
enrichment factor and permeation flux for the unfilled PDMS were
2.9 and 2.3 kgm�2h�1, respectively. In addition, it was found that
the interfacial morphology strongly influenced the separation
performance of the hybrid membrane.
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
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Kong and co-workers recently reported an exciting application
of polyethylene glycol (PEG)/polyethersulfone (PES) composite
membranes in the desulfurization of FCC gasoline by pervapora-
tion [70]. The membranes were prepared using PEG as the active
layer, PES as the support layer and in the presence of different
amounts of maleic anhydride which was used as the cross-linking
agent to reduce membrane swelling [71,72]. The experimental
results revealed that increasing the amount of the cross-linking
agent up to 25% led to a decrease of the permeation to less than
0.6 kg/m2h, which is an undesirable amount from a scale-up
perspective of membrane technology. The authors further
evaluated the long-term stability of PEG/PES membranes (500 h)
with cross-linking agent amounts of 17% and 8%. When the cross-
linking agent amount was 17%, the pervaporation performance of
the composite membrane achieved a steady state for 6 h and
changed slightly for the remainder of time. Nevertheless, when the
cross-linking agent amount was 8%, the equilibrium was reached at
only 3 h, but after 100 h the permeation flux incremented while the
sulfur enrichment factor declined. These findings can be explained
by the swelling of the low-cross-linked membrane by gasoline.

Later, Lin and co-workers investigated the desulfurization
mechanism of typical gasoline composed of thiophene, n-heptane,
cyclohexane, cyclohexene and toluene. The study used commercial
polyethylene glycol membranes filled with various amounts of
maleic anhydride as the cross-linking agent [73]. They found that
the solubility, diffusion and permeation coefficients of typical
gasoline components obviously declined when the cross-linking
degree of polyethylene glycol increased.

In the same context, Chen and co-workers reported on the
preparation of cross-linked polyethylene glycol/polyetherimide
composite membranes (PEG/PEI) and their desulfurization perfor-
mance in ethyl thioether/heptane mixtures [74]. The scanning
electron microscope measurements revealed that thecross-sec-
tional structureof PEG/PEI composite membrane consisted of a
very thin layer and porous finger-like structure. The thickness of
the PEG layer was found to be around 6 mm. The experimental data
revealed that the flux and enrichment factor changedsignificantly
in the range of 12–14 wt% of the cross-linker until the cross-linking
agent reached its equilibrium saturation at 14 wt%. Moreover, the
variations of the flux and enrichment factor were remarkably
within 10 h of cross-linking time, while there wasalmost no change
after 20 h of cross-linking as the cross-linking reaction was
terminated.

It is worth noting that Lin and co-workers were able to prepare
a CuY zeolite-filled polyethylene glycol hybrid membrane for
sulfur removal from gasoline feed [75]. The sorption, diffusion, and
permeation coefficients of gasoline components using filled
membranes were significantly higher when compared to unfilled
membranes. The zeolite filling led to an increase of flux due to
zeolite porosity allowing more diffusion for smaller molecules
through mixed matrix membranes. Additionally, the sulfur
enrichment factor started to increase with zeolite loading and
then declined at higher zeolite loading. This could be attributed to
the combined influence of complexation force between zeolite and
thiophenes, as well as the opposing effect between flux and
selectivity. For instance, using 9 wt% CuY loading, a higher
permeation flux of 3.19 kgm�2h�1 and sulfur enrichment factor
of 2.95 were observed with a 1190 mg/g sulfur content level in
gasoline feed. This may be attributed to the combined influence of
complexation force between CuY zeolite and thiophenes, as well as
toopposing effects between flux and selectivity.

Kong and co-workers patented the preparation and the
pervaporation performance of a polyacrylonitrile-grafted modified
cellulose membrane for gasoline desulfurization [76]. The authors
claimed that while the polyacrylonitrile side chain played a
supporting role in the structure of a prepared membrane, the
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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cross-linked cellulose main chain inhibited the swelling of the
membrane, and the cellulose chain segment controlled the
permeation of the membrane. Additionally, the tuningof the
permeability and the selectivity were found to depend on the
change of contents of different chain segments.

In an interesting study, Qu and co-workers reported on the
effect of cross-linking on desulfurization mechanisms. They
investigated the sorption and diffusion behaviors of gasoline
components through hydroxyethyl cellulose membranes using
different amounts of 1,6-hexanediol diacrylate as the cross-linking
agent [77]. The authors disclosed that the swelling degree of
unmodified membrane in thiophene and toluene was infinite,
meaning that these species can dissolve the unmodified mem-
brane. Interestingly, an increase in the amount of 1,6-hexanediol
diacrylate seemingly reduced the sorption and diffusion rates of
gasoline components into the membrane and increased the
difference of solubility/diffusion parameters between thiophene/
hydrocarbon components. As was expected, the increase of cross-
linking content led to a decrease in the permeation flux and an
increase of the sulfur enrichment factor.

More recently, Liu and co-workers demonstrated that the
copolymerization of polyimide with polyethylene glycol enhanced
the permeation flux with a negligible effect on the sulfur
enrichment factor [78]. In this study, the effect of weight loading
of polyethylene glycol on the desulfurization performance was
investigated using model gasoline that was prepared with
1000 mg/g of sulfur content and membranes with a thickness
around 10 mm. By increasing the weight loading of polyethylene
glycol in the block copolymer, the permeation flux increased
whereas the sulfur enrichment factor decreased.

Liu et al. also reported that the deposition of a thin layer of
dopamine on TiO2 microsphere ensured a high loading of Ag+ on
TiO2 [79]. The dopamine was robustly anchored onto the TiO2

microsphere surface via favorable coordination chemistry, allow-
ing higher loading of Ag+ ions with a strong coordination bond with
amine groups of dopamine. Subsequently, the incorporation of
modified TiO2 microspheres into the PDMS matrix by physical
blending improved the stability of thereof. The obtained results
indicated that the Ag+ loading amount notably increased in the
presence of dopamine. The pervaporative desulfurization experi-
ments showed that increasing the Ag+/TiO2 microsphere weight
concurrently enhanced the normalized permeation flux and
enrichment factor of the membranes. This could be attributed to
the interfered polymer chain packing through the inorganic
particle incorporation and specific reversible chemical reaction
between Ag+ and thiophene. The membrane exhibited an optimum
desulfurization performance when the permeation flux, enrich-
ment factor and the weight fraction of Ag+/TiO2 microsphere were
attained 4.14 kgm�2h�1, 8.56, 5.0 wt%, respectively.

Zhang et al. fabricated a novel PDMS/poly(oligosilsesquioxanes)
(POSS) composite membrane for the separation of thiophene/n-
heptane,toulene/n-heptane and benzene/n-heptane mixtures [80].
By increasing the POSS loading into PDMS matrix, the sulfur
enrichment factor of separation for thiophene/n-heptane in-
creased. The enrichment factor of benzene and toluene displayed
a similar trend to that of thiophene. The total flux of separation for
thiophene/n-heptane increased up to 2 wt%, with the increase of
the POSS loading in PDMS matrix, and then decreased at a higher
POSS loading.

Jiang and co-workers synthesized PDMS–SiO2 hybrid mem-
branes via in situ biomimetic mineralization method [81]. It was
found that use of silica precursors such as tetraethyl orthosilicate
and tetramethylorthosilicate lead to the formation of a smaller
silica nanoparticle. This happened through the synergy of
polymerization of PDMS oligomers in the oil phase with silica
precipitation in the reverse micro-emulsion. Consequently, the
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larger interfacial area engendered more hydrogen bonds between
the silanol groups on the silica surface and the oxygen atoms on the
polymer chains, leading to the improved mechanical strength of
the membranes significantly. It was also reported that the
incorporation of silica into the PDMS matrix increased the size
and the number of free volume cavities that afford lower diffusion
resistance for penetrant molecules. The as-prepared membrane
exhibited an optimum desulfurization performance with perme-
ation flux of 7.36 kgm�2h�1 and the selectivity of 4.98 toward
thiophene in model gasoline.

Jiang and co-workers also synthesized different kinds of hybrid
membranes possessing high separation performance by incorpo-
rating metal ion-chelated dopamine nanoaggregates into PDMS
bulk matrix membrane [82]. The swelling-resistance and thermal
stability of the resulting membranes were notably enhanced due to
the improved cohesive energy and the chain rigidity accredited to
the hydrogen-bond interaction between the dopamine nano-
aggregates and PDMS. In this study, the Cu2+ ion exhibited the best
facilitated transporter compared to Ni2+ and Ce4+ ions, likely due to
the high loading amounts of Cu2+ ion and superior free volume
properties of the PDMS-dopamine/Cu membrane. At 30 �C and 40
Lh�1 of the feed solution, the membrane attained the permeation
flux of 7.42 kgm�2h�1 and the enrichment factor of 4.81 when the
dopamine/Cu loading reached 5.0 wt% exceeding the PDMS
membrane.

In a recent report, Liu and co-workers developed dopamine
(DA)-silver (Ag) nanoparticles and they subsequently embedded
them into PDMS matrix to prepare PDMS-DAAg hybrid membranes
for pervaporative desulfurization of model gasoline [83]. The
authors indicated that the silver element played two crucial roles
in the membranes. The first is that the Ag+ facilitated the transport
in the membrane due to continuous reversible interaction between
Ag+ and thiophene, leading to an increase of the overall selectivity
of membranes. The second role is that silver nanoparticles
rendered additional diffusion pathways for penetrants, which
increased the permeation flux through the membranes. Moreover,
the dopamine nanoparticles seemed to remove the voids of the
interface between the silver nanoparticles and the polymer matrix
through the formation of hydrogen bonds with hydroxyl of the
PDMS chain, as well as with the amino groups of 3-amino-
propyltrimethoxysilane (APTMS). Additionally, the dopamine
nanoparticles reinforced the chain rigidity and led to a strength-
ened sieving effect and improved selectivity. The amine group of
dopamine provided a lone electron pair to form coordinative bonds
with silver ions. In the pervaporative desulfurization, the hybrid
membrane with 5.0 wt% of DAAg nanoparticles exhibited an
optimum separation performance with permeation flux of 8.22
kgm�2h�1, which is three times higher than that of PDMS. The
enrichment factor reached 5.03, which is 50% higher than that of
PDMS. The enhancement of separation performance was mainly
due to the facilitated transport of thiophene by reversible
interaction between Ag+ and thiophene molecules, and the
moderate fractional free volume tuned by DAAg nanoparticles.
Moreover, the anti-swelling, mechanical properties and thermal
stability of the membranes were also enhanced.

The main objective of cross-linking the polymer is to make it
insoluble in the gasoline feed and to decrease its swelling in order
to derive good selectivity. The chemical structure of the polymer is
altered through the cross-linking process and different techniques
may be used to create cross-linking. Such techniques include both
a chemical reaction using a compound to connect two polymer
chains, or irradiation using high-energy ionizing radiation.
However, the cross-linkage and the degree of cross-linking should
be controlled thoroughly to avoid excessive cross-linking as it
makes the polymer membrane brittle with a loss in its dimensional
stability, which spoils the membrane applicability for
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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pervaporation. Many research groups have reported on cross-
linking modification of membrane material for gasoline desulfuri-
zation.

In a recent study, Wu et al. reported that the interfacial stability
between the PDMS active layer and the poly(ethersulfone) (PES)
support layer, as well as swelling resistance of the membrane, can
be improved by introducing a bifunctional aminosilane such as 3-
aminopropyltrimethoxysilane [84]. The authors indicated that the
introduction of APTMS lead to generate a cross-linked PDMS
matrix through the condensation of the silanol end groups of PDMS
with the methoxyl groups of APTMS as well as the anchoring PDMS
to the PES support layer through formation of hydrogen bonds
between the aminopropyl groups and the sulfone groups of PES.
Additionally, the APTMS is acting as a sticker by its aminopropyl
groups by the formation of van der Waals force and forming
hydrogen bonds with the sulfone groups of PES. The PDMS-APTMS/
PES membrane with an APTMS/PDMS weight ratio of 0.06
exhibited the highest permeation flux of 6.95 kgm�2h�1 with an
enrichment factor of 3.15, for a feed concentration of 1300 ppm
thiophene at 33 �C. The permeation flux decreased steadily by
increasing cross-linker content from 0.06 to 0.4 while the
enrichment factor first increased by increasing APTMS loading
from 0.06 to 0.1, then decreased. This behavior could be attributed
to an excess amount of cross-linker. This might be due to the fact
that as excessive amount of the cross-linker was added, a portion of
APTMS did not perform its cross-linking function but stayed in the
PDMS active layer and enriched around the interface of PDMS and
PES by forming hydrogen bonds between the amino groups of
APTMS and the sulfone groups of PES support.

Chen and co-workers described the synthesis and the use of
cross-linked polydimethylsiloxane-polyetherimide (PEI) compos-
ite membranes in pervaporative separation of n-heptane/thio-
phene mixtures [85]. SEM measurements revealed a clear
boundary between the PDMS top layer and the PEI support layer.
Meanwhile, the cross-sectional structure of the PDMS-PEI
composite membrane consisted of an ultrathin skin layer and a
porous finger-like structure. Additionally, the SEM images showed
that the thickness of the PDMS top layer was approximately 4 mm.
The effects of the amount of PDMS, cross-linking temperature,
amount of cross-linking agent, and cross-linking time on the
pervaporative efficiency were investigated. The authors concluded
that the flux decreased when the amount of cross-linking agent
increased. However, the enrichment factor increased when
concentration of the crosslinking agent reached 20 wt% and then
decreased. This could be attributed to a slower diffusivity speed of
thiophene in the membrane in comparison to that of n-heptane
[86]. They also indicated that increasing the cross-linking
temperature in the range of 50–120 �C led to an increase of the
permeation flux and the enrichment factor. According to the
authors, the cross-linking performed from 80 to 100 �C during 10 h
was more preferable, as almost no change in performance was
observed for cross-linking reaction of more than 20 h.

Jin and Co-workers reported the preparation and the use of
cross-linked PDMS/ceramic composite membrane for desulfuriza-
tion of model gasoline composed of n-octane and thiophene [87].
The SEM measurements showed that the active PDMS layer
uniformly coated uniformly the surface of the tubular ceramic
supports. The surface of the composite membrane was dense and
defect-free. In addition, the structures of Al2O3, ZrO2 and PDMS
layers were clearly observed. The PDMS layer was well adhered to
the porous ceramic support layer and has a thickness of about
8 mm. In regard to the results described, the total flux increased
with the increase of feed temperature and sulfur content, whereas
the sulfur enrichment factor decreased. In addition, the total flux
and sulfur enrichment factor improved with low permeate
pressure and high feed flow rate. The membrane exhibited a high
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
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total flux of 5.37 kg/m2h�1 and a corresponding sulfur enrichment
factor of 4.22 for 400 mg g�1 sulfur in feed under a pressure of
210 Pa at 303 K. These results indicate that the chosen membrane
has high potential towards sulfur removal from gasoline at room
temperature.

6. Factors affecting membranes performance

6.1. Operating temperature

Operating temperature is an important factor influencing the
membrane performance for desulfurization. It is generally
observed that increasing the operating temperature enhances
the permeation flux but decreases the enrichment factor and the
selectivity. This could be attributed two different factors as
significant pressure difference and thermal stability of the
membrane. The high vapor pressure difference between both
sides of the membrane produced by elevated temperature
enhanced the transport driving force [1]. Furthermore, the PDMS
polymer chains became more flexible at an elevated temperature,
leading to a larger free volume, and thus an increase in the mass
transfer coefficients of penetrants in the membrane.

The effects of feed temperature on pervaporation performance
using fluorinated polyimides membranes was also investigated
[61]. The obtained results revealed that by increasing the feed
temperature, both pervaporation flux and the sulfur enrichment
factors increase. These findings can be explained by the mobility of
polymer. Indeed, when the feed temperature was higher, the
mobility of glassy polyimide chains increased in order that the high
diffusion resistance of aromatic polyimide towards thiophene was
reduced and thiophene can easily diffused through the fluorinated
membranes. Therefore, the permeation of thiophene with large
volume can be facilitated and both increased permeation flux and
pervaporation selectivity are observed without trade-off behavior.

Lin and co-workers investigated the effect of the feed
temperature on pervaporative desulfurization of model feed
composed of thiophene and n-heptane using cross-linked PEG
membranes [1]. As was expected, when the temperature increased
in the range of 47–117 �C, the total permeation flux increased. The
sulfur enrichment factor firstly increased then decreased subse-
quently. At 85 �C, the sulfur enrichment factor reached its high
value. Indeed, the feed temperature improved the driving force of
the source of mass transfer and the saturated vapor pressure of
components at the permeated side and availed the components in
permeating through the membrane. In a similar manner, the
influence of the feed temperature on pervaporation performance
of polyethyleneglycol/polyurethane blend was also investigated in
a temperature range of 77–137 �C [88]. The same findings were
observed-the permeation flux increased when the feed tempera-
ture increased, while the sulfur enrichment factor increased firstly
and decreasedafterword.The results were similar with the
conclusion for PEG membranes [53]. Also, similar conclusions
were observed for the pervaporation performance of PEG
membranes filled with CuY zeolithe. At 110 �C, the sulfur
enrichment factor reached its highest value [75].

The research group of Li investigated the flux and the selectivity
for thiophene/n-octane and

2-methylthiophene/n-octane mixtures under different feed
temperatures between 30 and 70 �C, using PDMS-APTMS/PAN
hybrid membranes [89]. The authors observed higher yield in total
flux and lower selectivity towards thiophenes while increasing the
temperature. For instance, the total fluxes for thiophene/n-octane
mixture increased from 1.5 to 3.4 kgm�2h�1 when the temperature
increased from 30 to 70 �C, whereas the selectivity decreased
drastically from 4.9 at 30 �C to 3.9 at 70 �C. The same behaviors
were observed on 2-methylthiophene/n-octane mixture while
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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increasing the temperature from 30 to 70 �C; the flux increased
from 1.25 to 3.25 kgm�2h�1, but the selectivity decreased from 2.47
to 2.25. The increment of the total flux with temperature may be
due to the increase of the mobility of individual permeating
molecules and enhanced mobility of the polymer segments. The
increase in the degree of swelling of the membrane with a steady
increase in temperature resulted in more n-octane transport
leading to decrease the selectivity to thiophenes.

Similar results are observed by Qi and co-workers on the effect
of feed temperature on the pervaporative desulfurization efficien-
cy using Ag2O-filled PDMS membranes of model gasoline [67].
They revealed that the total flux and permeability increased with
the feed temperature, but the selectivity to thiophenes decreased
simultaneously.

Zhu and co-workers studied the PDMS–AgY for separation of
thiopenes from the mixture of n-octane, thiophene and 2-
methylthiophene, in the temperature range of 30–70 �C [68].
The experimental results indicated an increase in the total flux and
a decline of enrichment factors by rising the feed temperature.

Li and co-workers investigated the flux and sulfur enrichment
factor of PDMS-Ni2+Y zeolite membranes for the pervaporative
removal of thiophene from a model gasoline system under
different feed temperatures of 30–70 �C [69]. As expected, they
observed that the membrane exhibited increased permeation flux
but decreased enrichment factor when the operating temperature
increased.

Zhao and co-workers reported the separation of sulfur/gasoline
mixture using PDMS/PEI composite membranes by pervaporation
[90]. The effect of temperature on pervaporation performance with
PDMS/PEI composite membranes was studied at different temper-
atures, ranging from 30 to 80 �C. They confirmed that a higher feed
temperature yielded higher total flux and lower sulfur enrichment
factor. An explanation for this result is that higher temperature
enhances the mobility of polymer segments, which offers more
free volume for permeating molecules to occupy, and thus
facilitates their movement both in the bulk feed solution and
within the membrane.

Xu and co-workers also investigated the effects of the operating
temperature on the pervaporative desulfurization of model
gasoline composed of n-octane and thiophene using PDMS/
ceramic composite [87]. They reported that the total flux increased
with the temperature, whereas the sulfur enrichment factor
decreased. According to the authors, the improvement of the
swelling degree of the polymer membrane weakened the
difference of solubility and diffusion velocity; this resulted in
more n-octane transport, which led to a decrease in the sulfur
enrichment factor.

Using the model gasoline thiophene/n-octane binary mixture as
the model system, the effects of the operating temperature on the
desulfurization performance of the membranes were also investi-
gated by the same research group [82]. At temperatures ranging
from 27 to 42 �C, increasing the operating temperature enhanced
the permeation flux of the PDMS, PDMS-dopamine-5.0 and PDMS-
dopamine/Cu-5.0 membranes but reduced their enrichment factor.

Liu and co-workers studied the effect of operating temperature
on the permeation flux and enrichment factor in pervaporative
desulfurization of thiophene/n-octane mixtures using PDMS-DAAg
hybrid membranes [83]. They confirmed that the permeation flux
of the membranes augmented with higher operating temperature,
but the enrichment factor was decreased.

Using PDMS/PEI composite membranes having a thickness of
the PDMS layer of 7 mm, the research group of Li deeply studied the
effect of feed temperature on permeate total flux, partial flux and
enrichment factor for thiophene/n-heptane, 2-methylthiophene/
n-heptane, 2,5-dimethylthiophene/n-heptane, n-butylmercaptan/
n-heptane, n-butyl sulfide/n-heptane mixtures in the range of
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
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50–90 �C [54]. The results of pervaporation performance revealed
that as the feed temperature increased from 50 to 90 �C, the total
flux and partial flux increased, whereas the enrichment factor
decreased. The partial flux, total flux and enrichment factor of
sulfur species had the same order: n-butylsulfide < n-butylmer-
captan <2,5-dimethylthiophene <2-methylthiophene
<thiophene, which is in the reverse order of their respective
molecular weights.

6.2. Feed sulfur content

The sulfur level in gasoline varies from one refinery to another,
depending on the crude source and the refining process. As such, it
is essential to investigate the effect of varying feed sulfur content
on the pervaporative proprieties.

Lin and co-workers varied the sulfur content in a range of 100–
1800 mg/g then studied its effect on pervaporation properties of a
PEG membrane [59]. The experiment results demonstrated that
increasing aromatics, alkenes and sulfur contentin the feed
resulted in an increase of total flux and a decrease of the sulfur
enrichment factor owing to extensive membrane swelling.
However, alkanes and cycloalkanes had nearly negligible effects
on membrane swelling and pervaporation performance. Addition-
ally, the sorption selectivity decreased when the sulfur content
decreased in the feed. However, the influence of increasing sulfur
content on pervaporation performance reduced when the sulfur
content was 600 mg/g.

Qi and co-workers investigated the impact of a range of 500–
2500 mg/g sulfur content on pervaporation performance of model
gasoline composed of n-octane/thiophene and n-octane/2-methyl-
thiophene, using PDMS/PAN composite membrane [89]. They
found that a variation of feed composition had nearly negligible
influence on total fluxes and selectivity of PDMS membrane, while
the partial fluxes of thiophenes were proportional to the
concentrations of thiophenes present in the feed. This observation
could be related to the ultra-low feed concentration and a narrow
range of thereof. Importantly, the fluctuating concentration of
thiophene in the feed yields very limited impact on the transport of
n-octane through the membrane. On the other hand, the partial
fluxes of thiophenes were still proportional to the concentrations
of thiophenes in the feed.

Li and co-workers investigated the effect of sulfur content for a
range of 500–900 ppm in the n-octane/thiophene feed on the
pervaporation performance of PDMS-Ni2+Y zeolite hybrid mem-
branes [69]. The authors observed an increment of the permeation
flux and a decrease of the enrichment factor occurred with an
increase of the sulfur content in the feed. Interestingly, the
influence of increasing sulfur content on pervaporation perfor-
mance became less important when the sulfur content reached
800 ppm.

Wu and co-workers investigated the effect of thiophene loading
in a PDMS/PES membrane on the permeation; the study was
performed under the conditions of 33 �C on a range of 100–
2300 ppm [84]. Surprisingly, research found that by increasing the
thiophene content in the feed, the enrichment factor slightly
increased and the permeation flux slightly decreased. The behavior
could be attributed to the APTMS used as crosslinker of the top
layer that largely reduced the swelling of the membrane.

Zhao and co-workers varied the sulfur content in the PDMS/PEI
composite membranes with a range of 140–1200 ppm and studied
its effect on pervaporation propertie [89]. Interestingly, they found
a limited influence on the flux while varying the sulfur content in
the feed. This finding would be attributed to the complexity of the
gasoline, which is composed of alkanes, olefins, cycloparaffins,
aromatics and sulfur species. The sulfur enrichment factor was at
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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first increased when the amount of thiophene was added in the
gasoline, and then it varied slightly.

Cao and co-workers investigated the impact of sulfur content on
pervaporation properties in the range of 1100–2300 ppm, using
PDMS–DAAg [83]. As expected, the permeation flux increased
while the enrichment factor decreased by increasing the sulfur
content in the feed. According to the authors, this behavior might
be attributed to the augmentation of saturated vapor pressure of
thiophene on the upstream side.

The effect of sulfur content on the permeate partial flux and
enrichment factor for thiophene/n-heptane, 2-methylthiophene/
n-heptane, 2,5-dimethylthiophene/n-heptane, n-butyl mercaptan/
n-heptane, n-butylsulfide/n-heptane mixtures in a range of 50–
250 ng/ml was deeply investigated by Chen and co-workers, using
PDMS/PEI composites membranes [54]. The experimental results
revealed that increasing of the content from 50 ng/ml to 250 ng/ml
had only negligible influence on total fluxes, while the partial
fluxes of organic sulfur were proportional to the concentrations of
organic sulfur in the feed. However, the curve of the enrichment
factor declined slightly as the sulfur content increased, and then
the curve was nearly invariable. Partial flux of organic sulfur
species in the same organic sulfur content held the following
order: n-butylsulfide <n-butylmercaptan < 2,5-dimethylthio-
phene < 2-methylthiophene < thiophene. The enrichment factor
of organic sulfur species in the same organic sulfur content held
the following order: n-butylsulfide <n-butylmercaptan < 2,5-
dimethylthiophene < 2-methylthiophene < thiophene.

6.3. Permeate pressure

The potential chemical difference between the permeate-side
and the feed side created by the vacuum or the sweep gas to the
permeate-side of the membrane, is critical mass transfer driving
force for pervaporation process. The effect of permeate pressure on
pervaporation desulfurization performance is an important factor
to investigate for understanding membrane performance and to
provide necessary design data for technology scale-up.

Lin and co-workers studied the effects of permeate pressure on
the desulfurization performance of cross-linked polyethylene
glycol membranes [1]. They mentioned that at a lower permeate
pressure, the flux decreased when the permeate pressure rose and
as the driving force for the transport of components was reduced.
This finding is similar to that which was reported for polyethylene
glycol/polyurethane blend membranes and polydimethylsiloxane/
ceramic composite [59]. At a higher permeate pressure, the flux
decreased for the same reason mentioned above. Nevertheless, the
sulfur enrichment factor was sensitive to permeate pressure as it
increased firstly and decreased afterword. At a permeate pressure
of 10.5 mmHg, the sulfur enrichment factor showed its highest
value.

The effects of permeate pressure on pervaporation performance
of PEG/PU blend membranes was evaluated by Lin and co-workers
[68]. The experimental data obtained with 1200 mg/g of sulfur
content level in FCC gasoline feed at 110 �C of feed temperature
demonstrated that the flux and sulfur enrichment factor decreased
when the permeate pressure rose and as the driving force for
transport of the components was reduced. Contradictory results
were observed with fluorinated polyimides membranes [61].

To date, there are relatively few studies describing the effect of
permeate pressure on the performance of polydimethylsiloxane/
ceramic composite membranes. Xu and co-workers investigated
the effect of permeate pressure from 500 to 8200 Pa on membrane
performance [87]. Due to the reduction of the driving force of for
the transport of components, the study showed that the total flux
decreased significantly by increasing the pressure. In contrast, the
sulfur enrichment factor declined gently. The obtained results
Please cite this article in press as: A. Fihri, et al., Pervaporative desulfuriz
org/10.1016/j.cep.2016.06.006
revealed that low permeate pressure was beneficial to improve the
total flux and sulfur enrichment factor.

6.4. Feed flow rate

The increase of the feed flow rate was favorable to reduce the
concentration polarization and thickness of the liquid boundary
layer. The mass transfer resistance of the boundary layer was
lowered. Meanwhile, a reduction of concentration polarization
meant that thiophene concentration near the membrane surface
was close to that in the bulk, which could enhance sorption and
swelling of thiophene in the membrane. Consequently, both total
flux and sulfur enrichment factor rose slightly.

Lin an and co-workers reported that the flux and sulfur
enrichment factor both increased with the increase of the feed flow
rate from 0.03 to 1 L/h, owing to the decrease of concentration of
polarization and temperature polarization at 100 �C, 1 mmHg
permeate pressure and 1397.2 mg/g sulfur content level in the
model compounds feed composed of thiophene and n-heptane [1].

An original work of Xu and co-workers described the effect of
feed flow rate on pervaporation performance for desulfurization of
n-octane/thiophene using PDMS/ceramic composite membrane,
with a the feed flow rate ranging from 10 to 30 L/h [87]. They found
that the total flux and sulfur enrichment factor increased slightly
with an increase in the feed flow rate.

Similar effects on the permeation flux and enrichment were
observed by Wu and co-workers who used the PDMS/PES
membrane with the feed flow rates ranging from 30 to 60 L/h,
for a model gasoline feed with 1300 ppm thiophene [84].

Li and co-workers reported the impact of feed flow rate on
pervaporation performance for desulfurization in the range of 32–
62 L/h [69]. Using PDMS–5 wt% Ni2+Y zeolite, and contrary to the
above findings, the permeation flux increased from 2.9 to 4.4
kgm�2h�1, whereas the separation factor decreased from 4.90 to
3.65. Additionally, the enrichment factor was found to be
decreasing slightly with the increase of the feed flow rate. This
could be attributed to the significant influence of reduction in
concentration polarization on the penetrating of the solvent in the
membrane.

Additionally, Li and co-workers investigated the impact of the
feed flow rate on the on pervaporation efficiency of thiophene/n-
octane model gasoline in the range of 20–50 L/h, using PDMS-SiO2

nanocomposite membranes [81]. They found also that the total
flux increased slightly by increasing the feed flow rate. According
to the authors, the increasing of the feed flow rate rendered the
boundary layer to be thinner. Therefore, the mass transfer
resistance of the boundary layer on the upstream decreased,
which caused an increase in permeation flux. Importantly, the
increase of the permeation flux promoted the thiophene when
compared to n-octane molecules, which increased the enrichment
factor consequently. The enrichment factor decreased by increas-
ing the feed flow rate, it was probably due to the thickness
reduction of the boundary layer by decreasing the permeability
difference between thiophene and n-octane. Similar results were
reported by Cao and co-worker for the feed flow range of 20–50 L/
h, using PDMS-DAAg/5-5.0 and PDMS-dopamine/Cu for model
gasoline-thiophene/n-octane binary mixture [82,83].

7. Concluding remarks and outlook

As shown throughout this review, a noticeable progress has
been made during the last few years on the desulfurization of
gasoline by pervaporation. This process offers many advantages
such as operating at a lower temperature and thus saving energy,
the ease of scaling up and ability to manipulate and higher
selectivity. Another advantage is that the pervaporation process
ation of gasoline: A review, Chem. Eng. Process. (2016), http://dx.doi.
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can offer the possibility of removing sulfur from gasoline without
hydrogen consumption and can produce a slight reduction of
octane number. The current research on desulfurization of
gasoline by pervaporation is a newly introduced research subject
and is mainly focused on the process introduction, membrane
materials and optimization of operating parameters. However,
despite impressive progress in research, a number of issues
should be resolved in order to promote and deploy this
technology for industrial application. The optimization and
improvement of separation properties for the pervaporative
desulfurization process based on PDMS membranes still needs to
be improved. An in-depth understanding of the solution-diffusion
mechanism of the gasoline molecules is necessary to design an
ideal membrane with high separation efficiency. Additionally, the
effect of the concentration of the sulfur species on separation flux
is still unclear in research, and many studies should be performed
in order to overcome this issue by using different kinds of
gasoline that originate from different refineries. Thus, the
coupling of pervaporative with catalytic hydrodesulfurization
for gasoline desulfurization is another option to produce low
sulfur and high octane number gasoline. Also, in-depth studies
based on larger scale experiments should be performed in order
to evaluate this combination in terms of practical circumstances
of various refineries, total octane number loss, the economic
feasibility and practicability, as well as cost assessment. Although
there have been many advances dealing with pervaporative
desulfurization of gasoline in the last few years, there is still a
long way to go before achieving the optimized procedure. With
these present challenges combined with growing interest in the
desulfurization of gasoline by pervaporation, it is certain that this
new process will continue to be a fast-moving topic for the next
several years.
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