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a  b  s  t  r  a  c  t

A  novel  membrane  adsorption  process  was  proposed  for the  sulfur  removal  from  fuels.  The  mixed  matrix
membranes  (MMMs)  adsorbents  composed  of  polyimide  (PI) and  various  Y zeolites  were  prepared.
By  the  detailed  characterization  of  FT-IR,  morphology,  thermal  and  mechanical  properties  of  MMMs
adsorbents,  combining  the  adsorption  and  desorption  behavior  research,  the  process–structure–function
relationship  was  discussed.  Field-emission  scanning  electron  microscope  (FESEM)  images  show  that
the functional  particles  are  incorporated  into  the  three-dimensional  network  structure.  MMMs  adsor-
bents with  40%  of  zeolites  content  possess  better  physical  properties,  which  was  confirmed  by
mechanical  strength  and  thermo  stability  analysis.  Influence  factors  including  post-treatment,  con-
tent  of  incorporated  zeolites,  adsorption  time,  temperature,  initial  sulfur  concentration  as  well  as
sulfur  species  on  the  adsorption  performance  of MMMs  adsorbents  have  been  evaluated.  At 4  wt.%
eolites
olyimide

zeolites  content,  adsorption  capacity  for NaY/PI,  AgY/PI  and  CeY/PI  MMMs  adsorbents  come  to
2.0,  7.5  and  7.9 mg  S/g,  respectively.  And  the  regeneration  results  suggest  that  the  corresponding
spent membranes  can recover  about  98%,  90%  and  70%  of  the  desulfurization  capacity,  respec-
tively.  The  distinct  adsorption  and  desorption  behavior  of  MMMs  adsorbents  with  various  functional
zeolites  was  markedly  related  with  their  various  binding  force  and  binding  mode  with  sulfur  compounds.
. Introduction

During recent years, increasing attention has been paid to the
nvironment issue caused by sulfur compounds in transportation
uels which is the main source of SOx in air. Numerous governments
orldwide will adopt new regulations which limit the sulfur con-

entration in fuel at 10 ppm or less in the near future [1,2]. On the
ther hand, hydrocarbon fuels are ideal hydrogen source of fuel cell
ystem. However, even the trace of sulfur compounds in fuels can
oison the catalysts and electrodes in fuel cell stack, which needs to
educe the sulfur level in hydrocarbons fuels to less than 0.1 ppmw
3,4].

It is well known that sulfur removal from fuel can be achieved by
atalytic hydrodesulfurization (HDS). However, this conventional

ydrotreating process results in a significant reduction of octane
umber due to the saturation of olefins. Meanwhile, it is diffi-
ult for HDS to remove thiophenic species, which are main sulfur
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compounds in fuels [5–7]. Under above circumstances, quite a
number of novel non-HDS desulfurization methods have emerged,
including oxidation [8],  extraction [9],  biodesulfurization [10],
adsorption [11–14] and membrane desulfurization [15], etc. Among
these processes, the adsorption approach is rather attractive,
because it does not need to consume H2 and can be operated at
ambient or rather low temperature and pressure. However, the now
developed adsorption desulfurization process was usually in fixed
bed or fluid bed operation. During those operation circumstances,
the leakage of absorbent particles with flowing fuel is inevitable. To
prevent the leakage of particles, the size of used absorbent parti-
cle is usually requested at larger level, which means lower specific
surface for adsorption.

In current work, the membrane adsorption process has been
proposed for the sulfur removal from fuels. Membrane adsorp-
tion can take advantage of adsorption process and membrane
technique. The inorganic adsorbent particles can be incorporated
into the three-dimensional network structure of porous polymeric
membranes, hence the mixed matrix membranes (MMMs) adsor-

bents. Membrane adsorption process with MMMs  adsorbents can
prevent the leakage of adsorbent particles and also grant the size
of them at micrometer level, which means the larger specific sur-
face area. On the other hand, for membrane adsorption process, it is

dx.doi.org/10.1016/j.jhazmat.2011.12.015
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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dx.doi.org/10.1016/j.jhazmat.2011.12.015
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Fig. 1. Flow diagram for MMM

onvenient to carry out on-site operation for future scale-up appli-
ation. During recent years, the reported desulfurization research
ased on membrane technique involves pervaporation [16] and
embrane extraction [17], etc. Until recently the report about the
embrane adsorption for desulfurization is quite insufficient.
In this study, the mixed matrix membrane adsorbents for desul-

urization have been prepared using polyimide (PI) as matrix
aterial and various Y zeolites as adsorptive functional materi-

ls. The effects of post-treatment, content of incorporated zeolites,
dsorption time, temperature, initial sulfur concentration as well
s sulfur species type on the adsorption performance were inves-
igated. By the detailed analysis of FT-IR, morphology, thermal and

echanical properties of MMMs  adsorbents, the process-structure-
unction relationship was obtained.

. Materials and Methods

.1. Materials

NaY zeolites, used as a starting material for making ion-
xchanged zeolites, was purchased from QiLu Petrochemical
atalyst Plant (China). Thiophene and dibenzothiophene (typi-
al sulfur species) were from Chengdu Kelong Chemical Reagent
orporation and Shouerfu Reagent Corporation, respectively.
-Heptane and n-octane (typical hydrocarbons) were from Tian-

in Kemiou Chemical Reagent Corporation, respectively. Silver
itrate and cerium nitrate was from Tianjin Yingda Chemical
eagent Corporation and Tianjin Jinke Fine Chemistry Institute,
espectively. Other reagents were from Sinopharm Chemical
eagent Corporation. All chemicals used were of analytical
eagent (A.R.) grade and used without further purification. The
onomer of 3,3′,4,4′-benzophenonetetracarboxylic dianhydride

BTDA) was from Beijing Multi. Technology Co., Ltd., 4,4′-diamino-
,3′-dimethyldiphenylmethane (DMMDA) from Shanghai EMST
orporation. And the monomers were purified by recrystallization.
,N-dimethylformamide (DMF) was purified on distillation under

educed pressure.

.2. Mixed matrix membrane adsorbents preparation

Fig. 1 shows a flow diagram for the MMMs  adsorbents prepa-
ation procedure. The detailed methods and conditions for every
nvolved procedure are presented in the following sections.

.2.1. Synthesis of polyimide
BTDA–DMMDA polyimide was prepared by a two-step solution-

midization route. The diamine was dissolved in DMF, and then
he diamine was gradually added into the solution. The mole ratio
nd solid content of diamine/dianhydride mixture were 1:1 and

3 wt.%, respectively. The mixture reacted for 10 h at room tem-
erature producing a viscous polyamic acid solution. The chemical

midization was carried out with acetic anhydride and pyridine at
oom temperature for 14 h. The reaction mixture was then added to
rbents preparation procedure.

ethanol solution. The precipitate was collected by filtration, washed
with water, and dried in vacuo at 150 ◦C to obtain the solid of poly-
imides.

2.2.2. Ion-exchange zeolites preparation
Liquid-phase ion-exchange process was  used for the prepara-

tion of AgY zeolites. NaY zeolites were used as the starting material.
NaY particles were added to silver nitrate solution in a stirred
vessel. The mixture was stirred for certain time. After the ion-
exchange treatments, the samples were filtered, washed, and dried
at 80 ◦C. The silver ion loaded zeolites were calcined at 400 ◦C for
3 h. The optimal preparation conditions for AgY zeolites have been
determined through the orthogonal experiments with adsorption
capacity as investigation index. The optimal preparation condi-
tions for AgY were as follows: 0.15 mol/L of silver nitrate solution,
1.0 of Ag+/Na+ mole ratio, 5 h of ion-exchange time and 20 ◦C of
ion-exchange temperature. CeY zeolites were prepared following
the same procedure mentioned above. Cerium nitrate solution was
used for the liquid-phase ion-exchange process. The corresponding
optimal preparation conditions for CeY were as follows: 0.10 mol/L
of cerium nitrate solution, 10 of Ce3+/Na+ mole ratio, 4 h of ion-
exchange time and 90 ◦C of ion-exchange temperature.

2.2.3. Fabrication of mixed matrix membranes
Certain contents of zeolites were dispersed into the mixed sol-

vent (DMF + THF (tetrahydrofuran)) in a stirred vessel. The mixture
was  stirred 4 h and then sonicated for 0.5 h to break the clusters of
particles and to assure the particles well dispersed. Then PEG-400
was added to the mixture in order to improve the membrane mor-
phology. Finally, PI, which has been dried in a vacuum oven at 120 ◦C
for 24 h, was  gradually added to the mixture and stirred for 24 h to
ensure complete dissolution of polymer. Before casting, the solu-
tion was  degassed. All membranes were made by phase inversion
technique. The solution was  cast on a glass plate and immersed into
a water coagulation bath. During this process, solvent exchange
occurred and the solidified membrane formed with porous struc-
ture. To ensure that all of the solvent in the membrane structure
was  removed, membranes were immersed in the water bath for
24 h. Before performance investigation, the solvent post-treatment
and baking post-treatment of MMMs  adsorbents needs to be carried
out, and the specific post-treatment conditions will be mentioned
in Section 3.2.1. Membranes were prepared with zeolites loadings
of 0 wt.%, 18 wt.%, 30 wt.%, 40 wt.% and 50 wt.%.

2.3. Adsorption experiments

Adsorption experiments were performed by a batch method. An
organic solution consisting of n-heptane and thiophene was used as
model gasoline fuel, and n-octane and dibenzothiophene as model

diesel fuel. The model solution and certain amount of membranes
were mixed in a conical flask in shaking machine for a desired time
at given temperature of 25, 40 and 60 ◦C. The liquid phase was  sep-
arated from the membrane adsorbent, and the sulfur concentration



206 L. Lin et al. / Journal of Hazardous Materials 203– 204 (2012) 204– 212

ectra 

i
I
m

2

w
t
fl
i
t
M
T
c

2

o
m
a
c
(
m
w

Fig. 2. Surface morphology and FT-IR sp

n the solution was analyzed by Micro-Coulometric Analysis
nstrument (Jiangsu, China). The adsorption capacity with unit of

g S/g was calculated.

.4. Desorption/regeneration experiments

Regeneration of spent adsorbent was performed by solvent
ashing. In the solvent washing method, ethanol used as desorp-

ion agent was mixed with spent MMMs  adsorbents in a conical
ask in shaking machine at 65 ◦C. The sulfur concentration of wash-

ng solvent is analyzed using the sulfur analyzer at intervals until
he concentration is stable. The adsorption capacity of regenerative

MMs  adsorbents was tested to compare with the fresh samples.
he regeneration was repeated five times to investigate the practi-
al application potential of MMMs  adsorbents.

.5. Characterization

The infrared spectra of prepared MMMs  adsorbents were
btained by KBr method on a TENSOR37 FT-IR. The microscopic
orphology of zeolites and various membrane samples was  char-

cterized by field-emission scanning electron microscope (FESEM),

arried out on Hitachi S-4800 at 10 kV. Thermal gravimetric analysis
TGA) was performed on both the raw PI membranes and zeolites/PI

atrix membranes using NETZSCH STA 409 PC/PG. The samples
ere heated from 35 to 800 ◦C at a heating rate of 10 ◦C/min,

5001000150020002500300035004000

50wt.% zeolites/PI membrane

40wt.% zeolites/PI membrane

30wt.% zeolites/PI membrane

18wt.% zeolites/PI membrane

PI membrane

T 
%

Wavenumber/cm-1

Fig. 3. FT-IR spectra of raw PI and zeolites/PI MMMs  adsorbents.
of zeolites: (a) FESEM; (b) FT-IR spectra.

under nitrogen atmosphere, with a nitrogen flow rate of 50 mL/min.
The mechanical properties of the MMMs  adsorbents with different
loading of zeolites were tested with M350-10 kN testing machine
(Testometric Company).

For convenient comparative analysis on the physical properties
of MMMs  adsorbents, the surface morphology and FT-IR spectra
of zeolites were presented in Fig. 2. Fig. 2(a) presents the regular
surface morphology with polyhedral shape, with about 5–8 �m of
particle diameter. From the FT-IR spectra in Fig. 2(b), the charac-
teristic peak of various Y zeolites was at 1036 cm−1 corresponds to
the stretching vibrations of the zeolites structure framework. The
IR analysis demonstrated that no change occurs on the bands of
the AgY and CeY compared with original NaY-zeolites, which indi-
cating that the ion-exchange modification by silver ion and cerium
ion on NaY has little influence on the chemical structure of zeolites
framework.

3. Results and discussion

3.1. Characterization

To observe clear process-structure-function relationship, the
non-functionalized PI membranes and functionalized zeolites/PI
MMMs  adsorbents have been characterized by FT-IR, morphology,
thermal and mechanical properties.

3.1.1. FT-IR analysis
FT-IR spectra of raw PI and zeolites/PI MMMs  adsorbents are

shown in Fig. 3. For the raw PI membranes, the band at 1774 cm−1

(characteristic imido II band) and 1717 cm−1(characteristic imido
III band) corresponds to the symmetrical and asymmetrical stretch-
ing vibrations of the two C O groups at five-membered imine ring,
respectively. The band at 1368 cm−1 can be assigned to the stretch-
ing vibration of C N group, which is characteristic imido III band.
The characteristic imido IV band can also be found at 719 cm−1,
which corresponds to the deformation vibration of imine ring. From
the spectra of zeolites/PI MMMs  adsorbents, all characteristic imido
bands are retained. By the comparative analysis, a new kind of
peak appears at 990–1010 cm−1 for the MMMs  adsorbents, which
corresponds to the stretching vibrations of the zeolites structure
framework (as seen in Fig. 2). From Fig. 3, the intensity of zeolites
characteristic peak increases with the increasing zeolites content
in MMMs  adsorbents.
3.1.2. Morphology analysis
For the membrane adsorption process, it is obvious that the mor-

phology strongly affects the transport properties of small molecules
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Fig. 4. FESEM images of cross-sections of raw PI and zeolites/PI MMMs  adsorbents: (1) 0 wt.%, (2) 18 wt.%, (3) 30 wt.%, (3) 40 wt.%, and (5) 50 wt.% taken at various magnification.
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Fig. 5. Thermal degradation of raw PI and zeolites/PI MMMs  adsorbents.

n MMMs  adsorbents. The cross-section morphology at various
agnifications of raw PI and zeolites/PI MMMs  adsorbents have

een observed, and the FESEM images are shown in Fig. 4.
The FESEM images in Fig. 4 show that raw PI membranes as well

s the MMMs  adsorbents have abundant finger-like and sponge-
ike pores, which is sound structure to ensure the contact between
he incorporated zeolites particles and liquid fuel flowed through.
rom the MMMs  adsorbents images in Fig. 4, the zeolites parti-
les are dispersed and incorporated in the polymer matrix, and the
articles tend to be re-agglomerated when the filling amount of
eolites in MMMs  adsorbents is increased.

Obvious changes can be seen from the images of MMMs  adsor-
ents with the increasing zeolites content. The finger-like pores
ecome fewer and irregular, especially when the zeolites content
omes to 50%. At 50% of zeolites content, part of the molecular
nterface and network between the polymer and particles becomes
isconnected, even defect has appeared, which means the poor
echanical strength and practical applicability. Distributing filler

articles into three-dimensional network structure throughout the
MMs  adsorbents is a key factor to achieve outstanding separation

roperties. From FESEM images it is concluded that MMMs  adsor-
ents with 40% of zeolites content possess better conditions. This
ill be further proven by practical performance investigation as
ell as mechanical strength and thermo stability analysis.

.1.3. Thermal properties analysis of MMMs  adsorbents
The thermal properties of raw PI and zeolites/PI MMMs  adsor-

ents were characterized by TGA analysis, and the results are
llustrated in Fig. 5.

From Fig. 5, the weight loss (TG) and derivative weight loss
DTG) curves of raw PI membrane shows one major weight loss
t 570.6 ◦C, corresponding to the thermal decomposition temper-
ture. For MMMs  adsorbents with various zeolites contents, two
eaks appear. They are 92.7 ◦C and 577.3 ◦C for 18 wt.% hybrid mem-
rane, 96.1 ◦C and 582.3 ◦C for 30 wt.% hybrid membrane, 98.7 ◦C
nd 581.1 ◦C for 40 wt.% hybrid membrane, 93.9 ◦C and 577.1 ◦C for
0 wt.% hybrid membrane, respectively. The weight loss at about
2–99 ◦C is attributable to the desorption of the adsorbed water in
eolites, and the values of the weight loss (3.47%, 7.19%, 10.04%,
0.67%) increases with the increasing zeolites content (18 wt.%,
0 wt.%, 40 wt.%, 50 wt.%) in MMMs  adsorbents. The above conclu-
ion verifies more zeolites particles existed in MMMs  network with
igher zeolites content, which is in good accordance with the FT-IR
nalysis (Fig. 3) as well as the FESEM images (Fig. 4).

It is obvious from Fig. 5 that the thermal decomposition tem-

eratures of MMMs  adsorbents (except for the membranes with
0 wt.% zeolites content) are higher than that of raw PI membrane.
he interaction between organic PI material and inorganic zeolites
estricts the thermal motion of polymer, and increases the needed
Fig. 6. Effect of content of incorporated zeolites on the mechanical properties of
MMMs  adsorbents.

energy for the movement and segmentation of polymer chains,
which enhances the thermal stability of membranes. However,
the MMMs  adsorbents with 50 wt.% of zeolites content have lower
decomposition temperature than raw PI and other MMMs  adsor-
bents. As mentioned during FESEM analysis, overmuch inorganic
particles in polymer tend to agglomerate, which can not assure
the effective inorganic/organic interfacial binding, even defect has
appeared.

3.1.4. Mechanical properties of MMMs adsorbents
The effect of content of incorporated zeolites on the tensile prop-

erties of MMMs  adsorbents is shown in Fig. 6.
As shown in Fig. 6, it can be observed that both the tensile

strength and modulus of MMMs  adsorbents increased first and
declined then with the increasing contents of incorporated par-
ticles. Obviously, the addition of inorganic particles enhanced the
mechanical strength of the MMMs  adsorbents within certain range.
However, the strength of the MMMs  adsorbents decreased signif-
icantly when the content of incorporated particles is 50%. When
the content of incorporated particles is at lower level, the poly-
mer  is the main composition part of the hybrid membrane, and the
zeolites particles can be incorporated into polyimide membrane
matrix very well, which assured the sound interfacial behavior of
inorganic/organic phase. When the content of incorporated parti-
cles come to 50%, the interfacial defects between inorganic particles
and polymer appear, which brought the significant negative influ-
ence on the tensile strength of the prepared MMMs  adsorbents.
The conclusion corresponds to the discussions on morphology and
thermal properties analysis.

In summary, the MMMs  adsorbents with 40 wt.% of filling con-
tent, which incorporate abundant zeolites particles, show sound
morphology, thermal and mechanical properties. During the fol-
lowing performance research, MMMs  adsorbents with 40 wt.% of
zeolites content are used if no special clarification.

3.2. Adsorption studies

Detailed adsorption studies have been carried out on the
prepared MMMs  adsorbents to discuss their adsorption behav-
ior. The schematic diagram of membrane adsorption process is
shown in Fig. 7. The functional particles are incorporated into
the three-dimensional network structure. When the liquid fuel
passes through the interconnected pores, the sulfur compounds

are adsorbed onto the surface of functional particles and poly-
mer pores, hence the desulfurization realizes. The effects of
post-treatment, content of incorporated zeolites, adsorption time,
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Fig. 7. The schematic diagram of membrane adsorption process.

emperature, initial sulfur concentration as well as sulfur species
ype on the adsorption performance will be investigated.

.2.1. Effect of post-treatment of MMMs  adsorbents on
dsorption performance

As illustrated in the flow diagram for MMMs  adsorbents prepa-
ation procedure, the post-treatment of MMMs  adsorbents needs
o be carried out before performance investigation. Table 1 shows
he effect of post-treatment of MMMs  adsorbents on adsorp-
ion performance. The experiments were conducted at 25 ◦C with

odel fuel (thiophene and n-heptane) feed. MMMs  adsorbents
ith 40 wt.% AgY content were used as representative samples. The
MMs  adsorbents were first post-treated by ethanol solvent, and

hen baked. The specific conditions of post-treatment are listed in
able 1.

From Table 1, the post-treatment of MMMs  adsorbents can
ncrease the adsorption capacity effectively. Under subsequent bak-
ng post-treatment at 90 ◦C, the solvent post-treatment increases
dsorption performance of MMMs  adsorbents significantly. It can
e seen from Table 1 that the adsorption capacity obtains obvious

ncrease through baking post-treatment at 250 ◦C. In fact, dur-
ng the preparation process of MMMs  adsorbents, the coagulation
ath is water, which is usually unfavorable for the adsorption.
he adsorbed water and intercalated water within zeolites pores
an occupy the available surface for adsorption, even hinder the
ntrance of sulfur compounds into zeolites pores. Solvent post-
reatment can replace and remove part of adsorbed water, while
ost of the intercalated water within zeolites needs to be expelled
y baking post-treatment at higher temperature.

The baking post-treatment requires the MMMs  adsorbents to
e thermal-resistant, which is one of the reasons why  PI is used

Fig. 8. Cross-section of MMMs  adsorbents th
Fig. 9. Effect of the content of incorporated zeolites on adsorption capacity of MMMs
adsorbents.

as matrix material in this research. It is well known that PI has
excellent thermal resistance, which has also been verified by the
thermal properties analysis in Section 3.1.3. It is noteworthy that
the microscopic morphology of MMMs  adsorbents through baking
post-treatment at 250 ◦C remains regular without collapse struc-
ture, as is shown in Fig. 8.

3.2.2. Effect of content of incorporated zeolites on adsorption
performance

The zeolites particles are the functional particles which were
used to remove the sulfur compounds from liquid fuel by adsorp-
tion. Fig. 9 presents the effect of the content of incorporated zeolites
(NaY, AgY and CeY) on the adsorption capacity of MMMs  adsor-
bents. The experiments were conducted at 25 ◦C with 500 mg/L of
initial sulfur concentration.

From Fig. 9, it can be seen that the adsorption capacity of the
MMMs  adsorbents increases with the increasing content of various
incorporated zeolites particles. Obviously, more zeolites particles
meant more contact area of sulfur compounds to them, hence
higher adsorption performance. Considering the practicability, it
is not suggested to adopt higher content of incorporated particles
since they can bring negative influence on the mechanical strength
of MMMs  adsorbents, as is mentioned in Section 3.1.4.
From Fig. 9, when the content of incorporated zeolites is 40%, the
corresponding adsorption capacity for NaY/PI, AgY/PI and CeY/PI
MMMs  adsorbents come to 2.0, 7.5 and 7.9 mg S/g, respectively.
The results indicated that the adsorption performance of functional

rough baking post-treatment at 250 ◦C.
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Table  1
The effect of post-treatment of MMMs  adsorbents on adsorption performance.

Solvent post-treatment Baking post-treatment Adsorption capacity (mg S/g)

Whether or not Time (h) Baking temperature (◦C) Time (h)

No – 90 12 0.9
Yes  4 90 12 3.6
No – 250 4 7.5
Yes 4 250 4 7.6

Fig. 10. Known adsorption configurations of thiophenic compounds with metal species on the surface of zeolites.

Table  2
Adsorption performance comparison for zeolites and membranes.

PI membranes AgY/PI MMMs
adsorbents

AgY

Adsorption capacity
(mg  S/g
membrane)
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articles has been increased significantly through silver and cerium
on-exchange modification on NaY zeolites.

The distinct adsorption performance of MMMs  adsorbents with
arious functional zeolites was markedly related with the bind-
ng force between sulfur compounds and the functional particles.
or NaY, desulfurization relies on the physical adsorption of zeo-
ites pore channels, which bind with sulfur by weak Van der Waals
orce. That weak binding causes low adsorption selectivity for sul-
ur, hence the low desulfurization performance. However, for the
on-exchange modified AgY and CeY zeolites, the adsorption mech-
nism is different. In fact, thiophenic sulfur compound has two
one pairs of electrons on the sulfur atom: one pair lies on the six-
lectron � system and the other lies in the plane of the ring. As
s shown in Fig. 10,  thiophene can act either as an n-type donor by
onating the lone pairs of electrons that lie in the plane of the ring to
he adsorbent (direct S-M � bond) or as a �-type donor by utilizing
he delocalized � electrons of the aromatic ring (� bond) to form

 �-type complex with the metal ions. Ag+ can combine with thio-
henic sulfur mainly by � bonds and form �-type complexes (�4

r �5 configurations), while Ce4+ prefers to combine by the direct
 bond (�1S or S-�3 configurations) [18]. Obviously, the strength

ollows the order: S-M coordination > �-complexation > Van der
aals force, which corresponds to the distinct adsorption perfor-
ance for MMMs  adsorbents with various functional zeolites.
It is interesting to discuss the adsorption contribution. Table 2

resents the performance comparison among AgY zeolites, AgY/PI
MMs  adsorbents and PI membranes. From Table 2, compared
ith zeolites and MMMs  adsorbents, PI membranes have lower

dsorption capacity, which means that the sulfur adsorption
erformance of MMMs  adsorbents mainly depends on the incor-
orated zeolites. The base PI membrane matrix contributes to the
mmobilization of zeolites and to the three-dimensional porous
hannel. Meanwhile, the theoretical adsorption capacity of AgY/PI
MMs  adsorbents is 18.8 mg  S/g zeolites, which is lower than the
Fig. 11. The adsorption curves of MMMs  adsorbents under various temperatures.

experimental value of AgY (21.6 mg  S/g zeolites). In fact, for the
MMMs  adsorbents with 40 wt.% AgY content, part of the zeolites can
be imbedded into the base membranes and be absent contact with
the sulfur compounds. Therefore, the effective content of zeolites
can not reach to 40 wt.%.

3.2.3. Effect of adsorption time
The adsorption curves of MMMs  adsorbents under various tem-

peratures are presented in Fig. 11.  The experiments were conducted
at 500 mg/L of initial sulfur concentration level of model fuel (thio-
phene and n-heptane). MMMs  adsorbents with 40 wt.% AgY content
were used as representative samples.

It is observed from Fig. 11 that the adsorption capacity of the
MMMs  adsorbents increases first and then tends to adsorption
equilibrium with the increasing adsorption time. The thiophene
adsorption was fast, and the adsorption equilibrium is achieved
at 50 min, 31 min  and 20 min  under 25 ◦C, 40 ◦C and 60 ◦C,
respectively. The increased adsorption time means more sulfur
compounds adsorbed onto MMMs  adsorbents, hence the increasing
adsorption capacity. At higher experiment temperature, the satu-
ration adsorption capacity was  lower, which is resulted from the

thermodynamic adsorption process (intrinsic exothermic [19]) of
thiophene species on functional zeolites incorporated in MMMs
adsorbents.
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Table  3
Adsorption performance comparison for different sulfur compounds.

Sulfur species Structure Charge on S atom Feed type Feed composition Adsorption capacity (mg S/g)

Thiophene −0.159 Model gasoline Thiophene/n-heptane 7.5
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.2.4. Effect of initial sulfur concentration on desulfurization
erformance

Considering the various sulfur content level of worldwide
efineries, Fig. 12 reveals the desulfurization performance of MMMs
dsorbents under various initial sulfur concentrations. The exper-
ments were conducted at 25 ◦C with model fuel (thiophene and
-heptane) feed. MMMs  adsorbents with 40 wt.% AgY content were
sed as representative samples.

It is observed from Fig. 12 that the MMMs  adsorbents can
educe the sulfur concentration to less than 1 mg/L for the fuel feed
ith 100 and 300 mg/L of initial sulfur concentration. At 80 min

f adsorption time, the adsorption capacity of MMMs  adsorbents
nder 500 and 1000 mg/L initial sulfur concentration was  7.5 and
.0 mg  S/g, respectively. Under same MMMs  adsorbents amount
nd fuel volume, higher sulfur concentration in feed means eas-
er touch of sulfur compounds with MMMs  adsorbents than that
nder lower sulfur concentration, hence the different adsorption
apacity at the same adsorption time.

.2.5. Adsorption performance comparison for different sulfur
ompounds

Type of sulfur compounds in fuel is also important investiga-
ion subject for the desulfurization technology. Relevant research
20,21] reveals that primary sulfur species in gasoline and diesel
uel are thiophenic sulfur compounds. The main goal for desulfur-
zation of liquid fuel is to remove the thiophene species. Table 3
hows the adsorption capacity of MMMs  adsorbents for differ-
nt sulfur species. The experiments were conducted at 25 ◦C with

00 mg/L initial sulfur concentration level. MMMs  adsorbents with
0 wt.% AgY content were used as representative samples.

As depicted in Table 3, the adsorption capacity of MMMs  adsor-
ents for dibenzothiophene is higher than that for thiophene, which
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ig. 12. Effect of initial sulfur concentration on desulfurization performance of
MMs  adsorbents.
iesel Dibenzothiophene/n-octane 8.3

is consistent with the higher electron density of S atoms for diben-
zothiophene. The results suggest that the MMMs  adsorbents have
higher desulfurization performance for diesel fuel. Based on molec-
ular orbital calculations, Yang et al. [22] showed that the methyl
groups in the substituted thiophenic compounds can enhance the
electron back-donation process during �-complexation and, thus,
results in higher energies of adsorption

3.3. Desorption studies

One of the challenging problems on adsorptive desulfurization
is regeneration of the MMMs  adsorbents. Generally, there are two
techniques for regeneration of the adsorbent, the thermal treating
and the solvent washing. In this study, desorption attempts have
been conducted for MMMs  adsorbents incorporated with various Y
zeolites by solvent washing, which is convenient for on site opera-
tion during future scale-up of membrane adsorption process. There
are some other advantages of solvent washing for the regenera-
tion of spent MMMs  adsorbents. On the one hand, regeneration
by solvent washing is an environmentally benign method because
it avoids the emissions of SOx generated by oxidative regenera-
tion or H2S generated in the reductive regeneration [23]. On the
other hand, the organic sulfur compounds can be recovered by
separating them from the solvent and the concentrated sulfur com-
pounds can be treated in small HDS reactors to remove sulfur and
the remaining organic moiety can be blended with the fuel. The
adsorption capacities of the regenerated MMMs  adsorbents under
various regeneration times are given in Fig. 13.

From Fig. 13,  the adsorption capacity of the MMMs adsorbents
decreases after the first regeneration, and then remains stable
during the successive regenerations. Comparing with the fresh

MMMs  adsorbents, the spent membranes with incorporated AgY,
CeY and NaY zeolites can recover about 90%, 70% and 98% of the
desulfurization capacity, respectively. The desorption efficiency
of MMMs  adsorbents with typical Y zeolites follow the order:
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Fig. 13. Effect of regeneration times on the adsorption capacity of MMMs  adsor-
bents.
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aY > AgY > CeY, which is the reverse as that found in adsorption
apacity (Fig. 9). The different desorption efficiency of various zeo-
ites can be explained in terms of the binding force between sulfur
ompounds and the incorporated zeolites. As discussed in Section
.2.2, the strength of the binding force follows the order: S-M coor-
ination > �-complexation > Van der Waals force. It is more difficult
o break the stronger binding force, hence the more difficult des-
rption.

. Conclusions

Sulfur removal from transportation fuels has gained increasing
ttentions. In current work, a novel membrane adsorption process
as proposed for the sulfur removal from fuels. The MMMs  adsor-

ents for desulfurization have been prepared using PI as matrix
aterial and various Y zeolites as adsorptive functional materi-

ls. By the detailed characterization of FT-IR, microscopic structure
orphology, thermal and mechanical properties of MMMs  adsor-

ents, combining the adsorption and desorption behavior research,
he process-structure-function relationship was discussed. From
ESEM images it is concluded that MMMs  adsorbents with 40% of
eolites content possess better conditions, which was  confirmed
y mechanical strength and thermo stability analysis. Influence
actors including post-treatment, content of incorporated zeolites,
dsorption time, temperature, initial sulfur concentration as well
s sulfur species on the adsorption performance of MMMs  adsor-
ents have been evaluated. The adsorption capacity of MMMs
dsorbents increased with the increasing filling content and initial
ulfur concentration as well as decreasing temperature. At 40 wt.%
eolites content, the adsorption capacity for NaY/PI, AgY/PI and
eY/PI MMMs  adsorbents come to 2.0, 7.5 and 7.9 mg  S/g. MMMs
dsorbents have higher desulfurization performance for diesel fuel
han that of gasoline. The regeneration results suggest that the
pent membranes with incorporated AgY, CeY and NaY zeolites
an recover about 90%, 70% and 98% of the desulfurization capac-
ty, respectively. The distinct adsorption and desorption behavior of

MMs  adsorbents with various functional zeolites was markedly
elated with their various binding force with sulfur compounds.

cknowledgements

The authors acknowledge support of this work by National Natu-
al Science Foundation of China (no. 21006070) and Tianjin Natural
cience Foundation, China (nos. 11JCZDJC23700, 11JCZDJC21200).

his project is also supported by Research Fund for the Doctoral
rogram of Higher Education (no. 20091201120002) and State Key
aboratory of Hollow Fiber Membrane Materials and Processes
Tianjin Polytechnic University).

[

erials 203– 204 (2012) 204– 212

References

[1] H.R. Mortaheb, F. Ghaemmaghami, B. Mokhtarani, A review on removal of sul-
fur  components from gasoline by pervaporation, Chem. Eng. Res. Des. (2011),
doi:10.1016/j.cherd.2011.07.019.

[2] E. Ito, J.A. Rob van Veen, On novel processes for removing sulphur from refinery
streams, Catal. Today 116 (2006) 446–460.

[3] X.W. Zhang, S.H. Chan, G.J. Li, A review of integration strategies for solid oxide
fuel  cells, J. Power Sources 195 (2010) 685–702.

[4] O.V. Rheinberg, K. Lucka, H. KÖhne, Selective removal of sulphur in liquid fuels
for  fuel cell applications, Fuel 87 (2008) 2988–2996.

[5] J. Wang, F. Xu, W.J. Xie, The enhanced adsorption of dibenzothiophene
onto cerium/nickel-exchanged zeolite Y, J. Hazard. Mater. 163 (2009)
538–543.

[6] M. Montazerolghaem, A. Rahimi, F. Seyedeyn-Azad, Equilibrium and kinetic
modeling of adsorptive sulfur removal from gasoline by synthesized Ce-Y zeo-
lite, Appl. Surf. Sci. 257 (2010) 603–609.

[7] S. Brunet, D. Mey, G. Pérot, On the hydrodesulphurization of FCC gasoline: a
review, Appl. Catal. A: Gen. 278 (2005) 143–172.

[8] M.F. Ali, A. Al-Malki, S. Ahmed, Chemical desulfurization of petroleum fractions
for  ultra-low sulfur fuels, Fuel Process. Technol. 90 (2009) 536–544.

[9] M.F. Ali, A. Al-Malki, B. El-Ali, Deep desulphurization of gasoline and diesel fuels
using non-hydrogen consuming techniques, Fuel 85 (2006) 1354–1363.

10]  M.  Rashtchi, G.H. Mohebali, M.M.  Akbarnejad, Analysis of biodesulfurization of
model oil system by the bacterium, strain RIPI-22, Biochem. Eng. J. 29 (2006)
169–173.

11] Y. Wang, F.H. Yang, R.T. Yang, Desulfurization of high-sulfur jet fuel by ð-
complexation with copper and palladium halide sorbents, Ind. Eng. Chem. Res.
45  (2006) 7649–7655.

12] L.G. Lin, Y.Z. Zhang, H.Y. Zhang, Adsorption and solvent desorption behav-
ior  of ion-exchanged modified Y zeolites for sulfur removal and for fuel cell
applications, J. Colloid Interface Sci. 360 (2011) 753–759.

13] M.L.M. Oliveira, A.A.L. Miranda, C.M.B.M. Barbosa, Adsorption of thiophene and
toluene on NaY zeolites exchanged with Ag(I), Ni(II) and Zn(II), Fuel 88 (2009)
1885–1892.

14] S. Nair, B.J. Tatarchuk, Supported silver adsorbents for selective removal of
sulfur species from hydrocarbon fuels, Fuel 89 (2010) 3218–3225.

15] L.G. Lin, Y.Z. Zhang, Y. Kong, Recent advances in sulfur removal from gasoline
by pervaporation, Fuel 88 (2009) 1799–1809.

16] L.G. Lin, Y. Kong, Y.Z. Zhang, Sorption and transport behavior of gasoline
components in polyethylene glycol membranes, J. Membr. Sci. 325 (2008)
438–445.

17] X. Yang, Y.M. Cao, R. Yang, Study on highly hydrophilic cellulose hollow
fiber membrane contactors for thiol sulfur removal, J. Membr. Sci. 305 (2007)
247–256.

18] X.L. Ma,  L. Sun, C.S. Song, A new approach to deep desulfurization of gasoline,
diesel fuel and jet fuel by selective adsorption for ultra-clean fuels and for fuel
cell applications, Catal. Today 77 (2002) 107–116.

19] L.J. Song, Z.L. Sun, L.H. Duan, Adsorption and diffusion properties of
hydrocarbons in zeolites, Microporous Mesoporous Mater. 104 (2007)
115–128.

20] C.L. Yang, D.H. Xia, Distribution of sulfur compounds in the full range FCC
gasoline, J. Fuel Chem. Technol. 29 (2001) 256–258.

21] A. Stanislaus, A. Marafi, M.S. Rana, Recent advances in the science and tech-
nology of ultra low sulfur diesel (ULSD) production, Catal. Today 153 (2010)
1–68.

22] F.H. Yang, A.J. Hernandez-Maldonado, R.T. Yang, Selective adsorption of
Technol. 39 (2004) 1717–1732.
23] S. Velu, S. Watanabe, X.L. Ma,  Regenerable adsorbents for the adsorptive desul-

furization of transportation fuels for fuel cell applications, Prepr. Pap.-Am.
Chem. Soc. Div. Fuel Chem. 48 (2003) 526–528.

dx.doi.org/10.1016/j.cherd.2011.07.019

	Sulfur removal from fuel using zeolites/polyimide mixed matrix membrane adsorbents
	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Mixed matrix membrane adsorbents preparation
	2.2.1 Synthesis of polyimide
	2.2.2 Ion-exchange zeolites preparation
	2.2.3 Fabrication of mixed matrix membranes

	2.3 Adsorption experiments
	2.4 Desorption/regeneration experiments
	2.5 Characterization

	3 Results and discussion
	3.1 Characterization
	3.1.1 FT-IR analysis
	3.1.2 Morphology analysis
	3.1.3 Thermal properties analysis of MMMs adsorbents
	3.1.4 Mechanical properties of MMMs adsorbents

	3.2 Adsorption studies
	3.2.1 Effect of post-treatment of MMMs adsorbents on adsorption performance
	3.2.2 Effect of content of incorporated zeolites on adsorption performance
	3.2.3 Effect of adsorption time
	3.2.4 Effect of initial sulfur concentration on desulfurization performance
	3.2.5 Adsorption performance comparison for different sulfur compounds

	3.3 Desorption studies

	4 Conclusions
	Acknowledgements
	References


