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ABSTRACT

In this research for fabricated the composite membranes usage a blend of polymers that are comprised
of PDMS (polydimethylsiloxane), PEG (poly ethylene glycol), PES (polyether sulfone) and PAN (poly
acryl nitrile) with crosslinking TMOS (tetramethyl orthosilicate) as crosslinking agent for decrease
sulphur of diesel Isfahan oil Refinery company. Total sulphur of diesel as feed to membrane module is
6380ppm. In the research, four kinds of membrane including PDMS, blend of PDMS with PEG, blend
of PDMS with PES and blend of PDMS with PAN are used. The process variables in this research are
pump pressure of membrane module (5-9 Bar), crosslinking agent consumption (1.5 and 3 wt. %),
crosslinking temperature (65-85¢) and crosslinking time (0.5-2.5 hours). According to the research, it is
observed that by increasing pump pressure, crosslinking agent consumption and -crosslinking
temperature, the sulfur content of retentate stream decreases if other variables remain constant.
However, the conditions are different for the crosslinking time; when crosslinking time increases from
0.5 hours to 1.5 hour, the sulfur content of retentate stream decreases but when the time increases to 1.5
hours and other variables remain constant, sulfur content increases.

Keywords: poly dimethylsiloxane-crosslinking agent-crosslinking temperature-crosslinking time-retentate

INTRODUCTION (RSH), sulfides (R;S), disulfides (RSSR),

thiophene, and the derivatives thereof °.A basic
method for removal of sulfur from gasoline is
catalytic hydrodesulphurization (HDS). HDS
of FCC gasoline is a straight forward way for
reducing the sulfur to the
levelsevenbelow1ppm.However, it needs high
investment and operating costs, and also there
is one big disadvantage; this technology
suffers from a significant loss in the octane
number caused by saturation of olefins.
Therefore, more efforts are being made to
develop novel non-HDS methodologies’, such
as bio-HDS, selective oxidation, selective
extraction, catalytic extraction, alkylation-
extraction, improved selective hydro
processingg, and membrane separation. Two
main  biochemical  pathways in  bio
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Sulfur limits of less than 30 ppm were
introduced for gasoline in most developed
countries to meet Environmental Protection
Agency regulations, while new approaches for
deeper desulfurization may become necessary
in near future (<10 ppm sulfur)'”. Commercial
gasoline is a complex mixture composed of
alkenes, Cs—Cjsolefins, cycloparaffins, and
aromatics. It is made up of products of
isomerization, reforming and fluid catalytic
cracking (FCC) units. FCC gasoline, which has
ash are of 30—40%inthetotalgasolinepool, is
the most important sulfur contributor in
gasoline (up to 85-95%). Typical sulfur
compounds in gasoline include mercaptane
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desulfurization have been reported: ring-
destructive (degradation) and sulfur-specific
(desulfurization). The former is not
commercially useful for the petroleum industry
because water-soluble sulfur compounds are
produced and the carbon skeleton of sulfur
compounds is used by the bacteria, which it
reduces the fuel calorific value™'’. Oxidative
desulfurization (ODS) combined with liquid
extractions is considered one of the novel
processes to reduce refractory sulfur-
containing compounds. However, it is not
successful with FCC gasoline due to the high
olefinic content that tends to react with oxygen
atoms to form epoxies. The oxidized and non-
oxidized components must be separated from
the feed by applying several extraction,
washing, absorption, and distillation
operations''.these consecutive separation steps
make the process complicated and expensive.
As a non-HDS  method, adsorption
desulfurization has some problems to be
solved. When the selectivity is low, the
adsorbents are easy to be regenerated. As the
selectivity increases, the spent adsorbents
become more and more difficult to be
regenerated'>'*.  Solvent extraction and
calcinations in the air are two methods to
regenerate the desulfurization adsorbents.
Compared to the traditional and non-HDS
separation processes, membrane separation
offers many advantages including higher
separation efficiency, lower energy
consumption and operating cost, simple
operation and control scheme, ease of scaling
up, and adaptability to changes in process
streams'”!” . These promising advantages make
membrane separation an attractive process for
many of research works in recent studies. As
the work on membrane separations began in
the early 1960s, a wide range of materials
including Zeolite, polymers, dense metals,
ceramics, and biological materials have been
applied for manufacturing of the membranes.
However, polymers are the most widely used
materials for membrane manufacturing at
present'®, because of significant advantages of
the polymers including low cost, permeability,
mechanical stability, and ease of process
ability'®. Three important features of chemical
resistance, sorption capacity, and mechanical
strength of the polymeric film are the main
parameters in selection. Hence, solubility
parameter > and membrane polarity are the
two interesting indices in a development of the
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novel membrane materials. PDMS has been
demonstrated as one of the most widely

utilized membrane materials for liquid
hydrocarbon desulfurization?'**, owing to
its outstanding aging resistance,

thermal/chemical stability, good process

ability, in particular, and its superior
permeability to small molecules.
Moreover, according to solubility

parameter theory, the solubility parameter
(©) of PDMS (O= ~ 21.0) is close to the
solubility parameter of thiophene and its
derivatives (© varied from ~ 19 to ~
20*°.Consequently, PDMS polymer will
display the priority in the selective
dissolution of the sulfur components in
liquid hydrocarbon. Pure PDMS
membranes, however, have relatively poor
mechanical strength due to the high
flexibility of molecular chains. A number
of strategies have been attempted to
reinforce elastomeric PDMS in order to
acquire better and wider applications. In
recent years, elastomeric polymer—
inorganic Nano composites have been the
subject of a huge scientific interest.
Theoretically, by introducing inorganic
fillers into elastomers, the Nano
composites will exhibit dramatically
improved bulk proper- ties. However, the
reinforcement of PDMS via physical
incorporation of inorganic particles has
severe challenges. On one hand, the
significant difference in hydrophobicity
makes it rather difficult to achieve
homogeneous hybridization between the
PDMS continuous phase and the inorganic
dispersed phase via simple physical
blending. The accompanying local stress
and interface defects may substantially
worsen the mechanical properties of the
Nano composite membranes. On the other
hand, since PDMS is usually dissolved in
the non-aqueous oil-based solvent, it is
quite difficult and even impossible to
manipulate the simultaneous hydrolysis—
condensation of silicon precursors and
cross-linking of PDMS oligomers in a
homogenous phase. In the present paper,
the reverse osmosis membranes based on
PDMS, PEG, PES, PAN/PES, PVP layers
are designed to separate sulfur compounds
from diesel of Isfahan oil Refinery

Company.
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Experimental
Experimental setup
The experimental setup is shown in figure 1.
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Figure 1
The schematic diagram of the reverse osmosis setup

The feed tank (positionl) contains around 3
liters diesel with 6380 PPM total sulfur. The
leftover diesel after every complete usage of
related membrane 1is drained and after
introducing fresh diesel into tank, test under
determinate conditions is done by using fresh
membrane in module. In position 2, there is a
pump to build up pressure in the rig and to
deliver diesel at different flow rates and
defined pressure limit (5-9bar) to the
membrane unit (position 5).A needle valve
(position 3) was installed to determine and
adjust the diesel flow to the membrane unit,
the module was made of stainless steel and
membranes with an active surface 85 em®can

be investigated. Pressure indicators (position 4
and 6) monitor the pressure of the diesel flow
and that of the retentate flow respectively. The
needle valve in position 7 was installed to
control the flow of retentate. The membrane
was pre-wetted by feed one hour before
running the operation to achieve steady states
in the system. The experiments were
performed for 4 hours; the operational
temperature was set in the range of 30-50¢.

Membrane material

Tetramethyl orthosilicate (the corresponding
average molecular weight was around
150,Merk,Germany),polydimethylsiloxane
oligomer (the viscosity was 5000 mpa.sec and
the corresponding average molecular weight
was around 40000,Aldrich,USA),poly ethylene
glycol ( the corresponding average molecular
weight was around
4000,BASF,Germany),polyethersulfone ( the
corresponding average molecular weight was
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around 58000,flakes,BASF,Germany),poly
acryl nitrile ( the corresponding average
molecular weight was around
45000,Merk,Germany),polyvinylpyrrolidone
as pore former(K90,the corresponding average
molecular weight was around
360000,Merk,Germany),N,N-Dimethyl
acetamide as solvent for fabricated of support
layer (Merk,Germany),dibutyltin  dilaurate
(Fluka,Switzerland),ammonia  as inducer
(Merk,Germany),a symmetric poly ester ultra-
filtration membranes used as
support(PlasmaChemGmbH,Germany), n-
heptane as solvent (Romil,UK),span80 as
surfactant (Merk,Germany) and De-ionized
water from a Millipore ultrapure water system
as non-solvent was used in all the experiments.

Membrane preparation

Certain amount of Span 80 as surfactant,
silicon precursor(TMOS)(1.5 and 3 wt.%), as
well as PDMS and PEG oligomer were
dissolved in n-heptane at room temperature to
make a homogeneous solution. The weight
ratio between solvent and polymer is amount
5.5 and weight ratio between all polymers in
study is 1/1.Inducer aqueous solutions were
suspended with a concentration of 0.5 molar
(ammonia was dissolved in a 25 mill molar
Tris-HCI1 buffer solution at neutral PH). And
then specific amount of the above aqueous
solution was drop wise added into the oil
solution under vigorous mechanical stirring.
Weight ratio between polymer, TMOS,
dibutyltin  dilaurate and Span 80 s
10/1/0.2/0.2. After stirring for 30 minute, small
amount of dibutyltin dilaurate was added.
After degassing, the solution was cast onto the
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support layer with casting knife; the solution
for the support layer was prepared by
precipitation  via  immersion technique.
dissolving 15wt.% of PES and 3wt.% of PVP
in DMAc, the homogeneous solution, cost on a
symmetric poly ester ultra-filtration
membranes, was immersed immediately in
distilled water for remove the remaining
DMAc. For prepare other support layer,
dissolving 12wt. % PES, 3wt. % PEG, 3wt. %
PVP in DMAc. The membranes were first
dried in air for 24 hours and then thermally
annealed at 65- 85¢ to accomplish Cross-
linking and evaporate the residual solvent.
After that, the membranes were washed by De-
ionized water and finally placed between
sheets of filter paper and dried. All samples
were stored in dust free and dry environment
before the performance of membranes were
measurements. Another set of samples was
done in parallel using the same procedure,

c

o=

Cr

Solvent swelling measurements were

carried out by using pre weighed dry
membranes of the different weight of

crosslinking agent (M, ), immersing them

in pure heptane until equilibrium swelling

Mgsp = p
¥

Two important parameters which contribute to
separation performance in membranes are solubility
parameter and membrane polarity. Solubility
parameter, O ((J/cm?)*?), was firstly defined by

v

This parameter, as an index of characterizing
interaction intensity, can be used for selection
of the membrane’s material in the PV process.
The relative permeating capability of the
components, which mainly depends on the
chemical and physical properties of the
membrane, is a determinant parameter to
achieve separation goals. Balance and dynamic
state effects, i.e. the assignment of components
in free solution and membrane phase as well as
flow and diffusion of the components
determine the permeation rate of a certain
compound through a specific membrane. These

Life Science

ISSN 2250-0480

Ecoh

VOL 7/ ISSUE 1/JANUARY 2017

except that PEG omitted from medium and
replace with PES and PAN membranes.

RESULTS AND DISCUSSION

In this research by using reverse osmosis
module and by means of PDMS, PEG PES and
PAN membranes and also by using TMOS as
crosslinking agent and n-heptane as solvent,
the total sulfur of finish diesel decreased from
6380 PPM to around 1600 PPM. Some of the
membrane separation processes are based on
the affinity of a specific compound or a class
of compounds to the membrane. The
permeated compounds are then removed on the
opposite side. There are two common
representations of selectivity: separation factor
and enrichment factor. The sulfur enrichment
factor (o) is defined as the ratio of the sulfur

content in the permeate, Cpdivided by the
feedc,, %

sulfur content 1in the

(1

to be reached. The membranes were then
pat dried and immediately weighted
(M, ..)- The swelling degree (Mgp) of the

membranes was then calculated by**:

M—l“;:“"d” <100 (2

Hilde-brand as the square root of cohesive

energy, E_,; (J/mol) per molar volume, V

C
(cm’/mole): 2%

3)

two effects both are affected by the attraction and
repulsion between permeation components and the
membrane”.The more proximity between solubility
parameters of the two substances means better
mutual solubility'®****!. For a ternary system,
including component ‘i’, component 'j', and the
membrane, the component which is preferably
transported needs to have strong dissolution
performance and closer solubility parameter with
the polymer molecule. Solubility parameters of
PDMS, PEG, PES, PAN, thiophene species and
most hydrocarbon species in the diesel are,
21.01,20.1,18.5,26.61,19-21 and 14-15 (J/cm?)*?
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respectively?’~*?> The distinct difference in
solubility parameter between the two typical
species is just the key to fulfill the separation.
The second parameter, which contributes to the
separation performance, is membrane polarity. In
order to separate a specific component in a feed
mixture, the polarity of one of the components must
be close to the polarity of the membrane'®.For
example, the PEG  membrane  polarity
(40.6kcal/mole)™®, is close to the polarity of
thiophene (35.4kcal/mole). Therefore, thiophene
permeates preferably through the membrane
compared to the typical hydrocarbons in FCC
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gasoline with polarities in the range of 30-34
kcal/mole.”

The process variables in this research are

Pump pressure of membrane module (5-9 Bar),
crosslinking temperature (65-85¢), crosslinking
time the range of which is 0.5-2 hours, and
finally mass consumption of TMOS as
crosslinking agent in fabrication of membrane in
range of 1.5 and 3 wt. %.In fig.2 to fig.10, the
purpose of the 'T', 'P' and ’t’ is crosslinking

at1.5wt.% of TMOS,T=70¢,t=1h

400

temperature, pressure of membrane module
pump and crosslinking time respectively.
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=
=

o v
=1
=2 o
==

total sulfur in
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Figure 2
Variation of total sulfur in retentate with
Pressure of membrane module

Fig.2 shows the changes of total sulfur in
retentate stream by pump pressure of membrane
module for a situation in which 1.5 wt.% of
TMOS are used to make respective membranes
as a crosslinking agent. According to this figure,
the highest effect of membrane module pump
pressure on the reduction of sulfur in retentate
stream is for case of blending of PDMS and PEG
polymers is used to make the membranes, and
reason this is which usage of blending techniques

at 3wt.% of TMOS,T=70°Ct=1h

00 %

1800 —s—3

2200

1600
1400

total sulfur in retentate (ppm)

pressure|Bar)

of polymers cause improved properties of
membranes which selectivity with respect to
sulfuric compounds is significant. Due to the
synergistic effect between the polymers,
PDMS/PEG blended membrane shows excellent
desulfurization  performance  with  liquid
hydrocarbons feed by exploiting properties of
both PEG and PDMS (strong affinity to sulfur
compounds and similar solubility parameter).’*’

=4=PDM5
—i-PDMS+PEG
-PDMS+PES

= PDM5 +PAN

Figure 3
Variation of total sulfur in retentate with
Pressure of membrane module
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Fig.3 shows the changes of total sulfur in
retentate stream by pump pressure of membrane
module for a situation in which 3 wt. % of
TMOS is used to make respective membranes as
a crosslinking agent. Changes in fig.3 are
relatively similar to fig.2, except that in this
situation, changes occur more severely. Due to
increasing the mass consumption rate of cross
linking agent, swelling degree of membrane is
reduced. As a result, the selectivity of membrane
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will be increased comparing to sulfuric
substances, so, much more sulfur can be
separated from input diesel (to membrane
module) through permeate stream. Based on fig
.3, (similar to fig. 2), the most significant effect
of membrane module pump pressure on the
reduction of available sulfur in retentate flow is
for a situation in which a blending of PDMS and
PEG polymers is used to make the membrane. Its

reason was discussed previously.

at 1.5wt.% of TMOS t=1h,P=Thar
5 & 200 B=PDMSHEG
$T o *—-‘hv——:—o
-8
84 1600 ——POMSHPAN
" 1400
60 65 70 7 80 85 40
crosslinking temperature(&)
Figure 4

Variation of total sulfur in retentate
With crosslinking temperature

Fig.4 shows the changes of total sulfur in
retentate stream by crosslinking temperature for
a situation in which 1.5 wt. % of TMOS is used
to make respective membranes as a crosslinking
agent. According to fig.4, generally, by
increasing crosslinking temperature in four
membranes, total sulfur in retentate stream is
decreased. According to this figure, the highest
effect of crosslinking temperature on the
reduction of sulfur in retentate stream is for the
case of blending of PDMS and PEG polymers

used to make the membranes. To interpret the
reason, we can use fig. 9 and fig. 10, based on
these figures, by increasing crosslinking
temperature, swelling degree of membranes is
decreases, as a result, the selectivity of
membranes with respect to sulfuric compounds
increases, so sulfur enrichment factor relating to
the membrane increases. With all these
interpretations, the quantity of available sulfur in

retentate flow decreases.

at 3wt.% of TMOS ,t=1h,P=Thar
€€ 200 = POMS
22
52 2000 ¢‘=-o-.._=.=____, —B-PDMSHPEG
L POMSHPES
% E ISDD ._‘.'-‘——__.__ﬂ
- === PDMS+PAN
1700
60 65 0 75 80 85 90
crosslinking temperature(&)
Figure 5

Variation of total sulfur in retentate
With crosslinking temperature
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Fig.5 shows the changes of total sulfur in
retentate stream by crosslinking temperature for
a situation in which 3 wt. %of TMOS is used to
make respective membranes as a crosslinking
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agent. Changes in fig.5 are relatively similar to
fig. 4, except that in this situation, changes occur
more severely than before. Its reason was
discussed previously.

1800
0 0/5 1 1/5

crosslinking time(h)

atl.5wt.% TMOS,T=70¢ , P=7har
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N i — = PDMS
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g - ——t— ~8-PDMSHPEG
€ 4+~ POMSHPES
H 1900

e e POMS4PAN
]
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Figure 6
Variation of total sulfur in retentate with crosslinking time

Fig.6 shows the changes of total sulfur in
retentate stream by crosslinking time for a
situation in whichl.5 wt. % of TMOS is used to
make respective membranes as a crosslinking

P=D.S

Z
cim

), ‘D’ (:ﬁ) and ‘S’
(mole %) are Permeability, diffusion and sorption
coefficients respectively. According to fig.6, with
increasing crosslinking time from 0.5 hour to 1.5
hours in fabrication of membranes, 'D', 'S' and 'P'
coefficients related to hydrocarbon molecules of
diesel decreased, while above coefficients for sulfur
molecules of diesel increased, and thus further

In equation (4), ‘P’ (

sanolely

at 3wt.% of TMOS T=70¢,P=7bar

2100

1950

1800
0 0/5 1 1/5

total sulfur in retentate(ppm)

crasslinking time(h)

2050
2000
1300
1850 l\.__/

z
cm

agent. The permeability coefficient, 'P' ), can

s.mollh
compute from the flowing mathematical expression
which is the basic permeability equation for non-
concentration dependent Fickian diffusion: *®*%40

(4)

sulfur molecules separate from diesel by membrane
or videlicet sulfur enrichment factor is increased.
Now with the increase of this parameter from 1.5
hour to 2.5 hours, respective coefficients (D, S, and
P) related to sulfur molecules of diesel decreased
and thereupon less sulfur molecules from diesel
separate by membrane or videlicet sulfur
enrichment factor is decreased.

=+=POMS

=f=PDMS+PEG
PDMS+PES

===POMS+PAN

2 25 3

Figure 7
Variation of total sulfur in retentate
With crosslinking time
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Fig.7 shows the changes of total sulfur in
retentate stream by crosslinking time for a
situation in which 3 wt. % of TMOS is used to
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agent. Changes in fig.7 are relatively similar to
fig. 6, except that in this situation, changes occur
more severely than before. Its reason was

make respective membranes as a crosslinking discussed previously.
i T=70¢,t=1h,P=Thar
E
a 0 —4=PDMS
g 200
£ 2100 &Qﬁ ~8-POMSHPEG
£ 2000 POMSHPES
= 1000
£ 100 —— = PDMSHPAN
2 1700
2
= 0 1 2 3 4 5
3
b wt.%of TMOS
Figure 8

Variation of total sulfur in retentate with
Weight of crosslinking agent

Fig. 8 shows the changes of total sulfur in retentate
stream along with the percent weight consumption
rate of cross linking agent for a balanced and
specific state at the pressure of membrane module
with 7 bars, cross linking time with 1 hour and
cross linking temperature 70¢, for each four
considered membrane. According fig.8, with
increasing the consumption of crosslinking agent in
the fabrication of membranes, total sulfur in the
retentate stream is decreased and videlicet
according equation (1), sulfur enrichment factor is
increased. This conclusion could be observed in
experimental work(fig.11),with consumption of
TMOS as crosslinking agent, the mobility of
macromolecules and chain segments are weakened

at 1.5 wt.% of TMOS ,t=1h

75

70 s

o \\h\.
70 75 80 &5

Mg

60 65

temperature crosslinking(&)

and thus inter-chain free volume is diminished that
discourages the permeation of small molecules. The
phenomenon is more apparent with increase of
crosslinking agent .*”~%***! The effect of TMOS as
crosslinking agent on the selectivity enhancement
and also on restriction of swelling in the membrane
with 8 micro meter PDMS active layer was
investigated .** As expected, the sulfur enrichment
factor increased by increasing the amount of
crosslinking agent. However, it is necessary to
avoid excessive crosslinking, as it makes the
polymer membrane brittle with a loss in its
dimensional stability, which spoils the membrane
applicability for membrane process.'®

—4=PDMS
=H=PDMS+PEG
PDMS+PES

e POMS+PN

90

Figure 9
Variation of percent swelling degree
With temperature crosslinking

Fig.9 shows the changes of swelling degree of the membranes by crosslinking temperature for a
situation in which 1.5wt.% of TMOS are used to make respective membranes as a crosslinking agent.
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0, -
at3wt.% of TMOS t=1h N
5
% =B=PDMSHPEG
Eﬁ 75 POMS+PES
2 p e . ——PDMSPAN
60 65 70 75 80 85 a0
crosslinking temperature
Figure 10

Variation of percent swelling degree with
Temperature crosslinking

Changes in fig.10 are relatively similar to fig. 9, except that in this situation, changes are occurred more
severely than before. Its reason was discussed previously.

i
o =

i
1o
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i
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Amount of crosslinking agoent wi. W)

- L]
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v v
1”22 14

v
1%

v v
18 20

Amount of crosslinking agent (Wi, >5G)

Figure 11
Variation of enrichment factor with amount
of crosslinking agent (@), )"

Fig. 11a shows the changes of enrichment factor by
the consumption mass rate of cross linking agent
for the separation of thiophene from the five
element mixture by PEG membrane.Fig.11b shows
the changes of enrichment factor by the mass
consumption rate of crosslinking agent for
separating ethyl thioether from heptane by PEG
membrane. According to fig. 1la, by increasing
consumption rate of crosslinking agent, thiophene
enrichment factor increases. Due to increasing the
mass consumption rate of cross linking agent,
swelling degree of membrane is reduced so the

Life Science

selectivity of membrane will be increased
compared to sulfuric substances. As a result,
much more sulfur can be separated from input
diesel (to membrane module) through permeate
stream. Based on fig. 11b, it is concluded that by
increasing the mass consumption rate of
crosslinking agent, ethyl thioether enrichment
factor increased ,but, in some part of the above
diagram (over 16%wt.), the alteration diagram turns
to be linear, which may be due to lower diffusion
rate of ethyl thioether into the membrane compared
to normal heptane.
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Figure 12
Variation of swelling degree with
Crosslinking temperatureM

Fig.12 shows the changes of swelling degree of
membranes by cross linking temperature in toluene.
According fig.12, in general state, with increasing
the temperature crosslinking, swelling degree of the
membranes decreases. Such observations have been
ascribed to a reduced chain length of the oligomers
between cross-links®, this shortening of the chains
between cross-links enhances the elastic resistance

" i
L] ] Lt ]

Cowrasmsliboimg: timnas (ovs o)

w w v
- ~ o L

w
F

to the swelling stress and therefore lowers the
degree of swelling.**” In the study on
desulfurization mechanism of PDMD and PEI (poly
ethylene imine) composite membranes with 4 micro
meter active layers *, they observed that
enrichment factor is increased by increasing the
crosslinking temperature in the range of 50¢-120¢

({5

A L 1.5
L] L2

)

ELY e A a0

Crosslinking time (h)

Figure 13
Variation of enrichment factor with crosslinking time (a)z 7 (b)30

Fig. 13a shows the changes of enrichment factor by
the crosslinking time for the separation of
thiophene from the five-element mixture.Fig.13b
shows the changes of enrichment factor by the
crosslinking time for separating ethyl thioether
from heptane by PEG membrane. According
fig.13a, by increasing crosslinking time to 60
minute, thiophene enrichment factor increases. This
is due to this fact that' P, D' and 'S' parameters
relating to thiophene element increase. This means
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more amounts of thiophene can be separated by
membrane, now, by increasing cross linking time
from 60 minute to 120 minute, the thiophene
enrichment factor decreases, because 'P', 'D' and 'S’
parameters related to thiophene element decrease.
According to fig.13 b, by increasing crosslinking
time to 12 minutes approximately, the ethyl
thioether enrichment factor increases, because as it
was discussed before, 'P', 'D' and 'S' parameters
related to ethyl thioether element increased. Now,
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by increasing cross linking time from 12 minute to
36 minute, the changes of ethyl thioether
enrichment factor turn to be constant, because, 'P',
'D' and' S' parameters related to ethyl thioether
element become constant and it will no longer
follow cross linking time. Therefore, at t=36
minute, ethyl thioether enrichment factor is
constant at its maximum state with the approximate
quantity of 7.The driving force for any permeating
component '1' is y; (feed) - p; (permeate), where 'u'
is the chemical potential. This difference in

Elp:
T,.x—

Where, v,Is the partial molar volume of component

1" in the mixture. Integration of equation (5), from
the standard pressure (P’= 1 bar) to Pr (pressure at
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chemical potentials is usually achieved by a
permeate pressure much lower than the feed
pressure. The resulting driving force causes each
component to permeate with an individual velocity
from the feed to permeate. Therefore, at steady
state, the compositions of the feed and permeate
differ from each other. In reverse osmosis, high
pressure is applied to the liquid-feed side and,
therefore, we have to take into account the pressure
dependence  of the chemical potential,

feed side) and assuming that wv;is independent of
pressure gives:

.Ufep ﬂ:F[FD =1 .Em‘:r] + y:F(PF_ FD] p: £ +RT Lﬂ[‘ipxap] + ﬂzF(PF_ PD] ("5]

The chemical potential ;" of component 'i' inside the membrane must also be determined at Pp:

pl =™ + RT Ln(87Y M) + v (P — P%)  (7)

The above equation, &7"and ¢ , activity

coefficient is based on molar concentration and
molar concentration respectively. Assuming that
v, =v= v.and taking into account that u’t = 2

, the equilibrium condition p:E-F = ,u:i- ,gives Sf' =
SL (where SE is the liquid solubility coefficient of
component 1).

RT Ln(8™ My +v! (Pr — P®) = RT Ln(85%x

ﬁszipexp[

In reverse osmosis, the pressure drop from the feed
side to the permeate side is located at the phase
boundary between the membrane and the liquid
permeate. Therefore, equality of the chemical
potential requires:

fb]"‘ yi[FF_ FD] (8)

v (Pp—PFpl] _ oM
RT ] =9, ®)

L

Where Pj is the pressure in the liquid permeate (usually 1 bar) and subscript P denotes the permeate.

Assuming that Fick's law is valid inside the membrane,

if il i(Pp — Pp)
Jo = 28t — cif) = sty ~ sabexp [~ Qo)
Where D,,, is the diffusion coefficient of 'i of top layer of the membrane (with units

component in membrane (with units m*s™) ,J, is
the flux (with units mol m? s™) and z,, is thickness

Life Science

meter) IfS5 &~ §L =51 an

approximation for many cases,**

acceptable
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Equation (11) shows that [, is enhanced as P;
becomes larger than Ps.According fig.2 and fig.3,

with increasing pump pressure of module
membrane, total sulfur in the retentate stream is
decreased.  According to equation (11), with
increasing Pp (pressure at feed side), J; (flux at

permeate side) is increased and thus further sulfur

ISSN 2250-0480
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(11)

RT

molecules separates from diesel and weight fraction
of sulfur in retentate stream is decreased. The
specification of finish diesel of Isfahan oil refinery
(general diesel) and diesel from retentate stream of
membrane module (processed diesel) at P=7bar,
T=85¢, t=1 hour with 3wt. % of TMOS is shown in
table 1.

Tablel
Specification of general diesel and processed diesel

Specifications dimensions general diesel processed diesel

IBP C 155 157

10% C 190 193

20% C 211 209

30% C 226 221

40% C 246 225

50% C 270 246

60% C 288 269

70% C 307 289

80% C 326 320

90% C 348 348

FBP C 381 381

Cetane index - 50.9 52.6
Specific gravity(60F/60F°) - 0.8840 8316
Flash point [¢ 62 60
Viscosity at 40¢ mm?~/sec 2.4 2.4
Cloud point [¢ ) -4

Total Sulfur content PPM 6380 1702

By comparing Specification of general diesel
and processed diesel, it is observed that the
main specifications of processed diesel, such
as Cetane index, cloud point, and total sulfur
are better than general diesel.

CONCLUSIONS

Crosslinking the polymer in the membrane
technology makes it insoluble in the feed
mixture and decreases its swelling in order to
derive a good selectivity. The effect of the
pump pressure of membrane module,
crosslinking agent consumption, crosslinking
temperature, and crosslinking time in decreasing
sulfur of finish diesel Isfahan oil refinery by
PDMS, PEG, PES and PAN membranes was
investigated. It was found out that by increasing

Life Science

module pump pressure, crosslinking agent
consumption, and crosslinking temperature, the
sulfur content of retentate stream decreases if
other variables remain constant. However, for
crosslinking time, the conditions are different;
when crosslinking time increases from 0.5 hour
to 1 hour, sulfur content of retentate stream
decreases but when the time increases to 1.5 hour
and other variables remain constant, sulfur
content increases.

ACKNOWLEDGMENTS

The authors acknowledge the Isfahan oil refinery
and ‘Laboratory of Isfahan Oil Refinery
Company for their Support of this work.

Chemistry



Research Article

REFERENCES

1.

10.

1.

12.

13.

Al-Malki A. Desulfurization of gasoline and
diesel fuels, using non-hydrogen consuming
techniques (Doctoral dissertation, King Fahd
University of Petroleum and Minerals).

Song C, Ma X. New design approaches to
ultra-clean  diesel fuels by  deep
desulfurization and deep dearomatization.
Applied Catalysis B: Environmental. 2003
Mar 10;41(1):207-38.

Ito E, Van Veen JR. On novel processes for
removing sulphur from refinery streams.
Catalysis Today. 2006 Sep 15;116(4):446-60.
Wang W, Wang S, Liu H, Wang Z.
Desulfurization of gasoline by a new method
of electrochemical catalytic oxidation. Fuel.
2007 Dec 31;86(17):2747-53.

Al-Malki A. Desulfurization of gasoline and
diesel fuels, using non-hydrogen consuming
techniques (Doctoral dissertation, King Fahd
University of Petroleum and Minerals).

Qi R, Wang Y, Li J, Zhu S. Sulfur removal
from gasoline by pervaporation: The effect of
hydrocarbon  species.  Separation  and
purification technology. 2006 Oct
31;51(3):258-64.

Qi R, Wang Y, Chen J, Li J, Zhu S.
Removing thiophenes from n-octane using
PDMS-AgY zeolite mixed matrix
membranes. Journal of membrane science.
2007 May 31;295(1):114-20.

Plantenga FL, Leliveld RG. Sulfur in fuels:
more stringent sulfur specifications for fuels
are driving innovation. Applied Catalysis A:
General. 2003 Aug 8;248(1):1-7.

Mohebali G, Ball AS. Biocatalytic
desulfurization (BDS) of petrodiesel fuels.
Microbiology. 2008 Aug 1;154(8):2169-83.
Mohebali G, Ball AS, Rasekh B, Kaytash A.
Biodesulfurization potential of a newly
isolated bacterium, Gordonia alkanivorans
RIPI90A. Enzyme and Microbial
Technology. 2007 Mar 5;40(4):578-84.

Ali MF, Al-Malki A, El-Ali B, Martinie G,
Siddiqui  MN. Deep desulphurization of
gasoline and diesel fuels using non-hydrogen
consuming techniques. Fuel. 2006 Aug
31;85(10):1354-63.

Hernandez-Maldonado AJ, Yang RT. New
sorbents for desulfurization of diesel fuels via
n-complexation. AIChE Journal. 2004 Apr
1;50(4):791-801.

Hernandez-Maldonado AJ, Yang RT.
Denitrogenation of transportation fuels by

Life Science

L-

ISSN 2250-0480

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

34

VOL 7/ ISSUE 1/JANUARY 2017

zeolites at ambient temperature and pressure.
Angewandte Chemie. 2004 Feb
13;116(8):1022-4.

Salem AB, Hamid HS. Removal of sulfur
compounds from naphtha solutions using
solid adsorbents. Chemical engineering &
technology. 1997 Jun 1;20(5):342-7.

White LS, Wormsbecher RF, Lesemann M,
inventors; WR Grace & Co.-Conn., assignee.
Membrane separation for sulfur reduction.
United States patent US 7,048,846. 2006 May
23.

Han B, Li J, Chen C, Wickramasinghe R.
Computer simulation and optimization of
pervaporation process. Desalination. 2002
Sep 10;145(1):187-92.

LiJ, Chen C, Han B, Peng Y, Zou J, Jiang W.
Laboratory and pilot-scale study on
dehydration of benzene by pervaporation.

Journal of membrane science. 2002 Jun
30;203(1):127-36.
Smitha B, Suhanya D, Sridhar S,

Ramakrishna M. Separation of organic—
organic mixtures by pervaporation—a review.
Journal of Membrane Science. 2004 Sep
15;241(1):1-21.

Liu C, Wilson ST, Lesch DA, inventors; Uop
Llc, assignee. UV-cross-linked membranes
from polymers of intrinsic microporosity for
liquid separations. United States patent US
7,758,751. 2010 Jul 20.

Shimidzu t, yoshikawa m. Alkali-metal ions
selective  transport membrane and an
evaluation of membrane property. Nippon
Kagaku Kaishi. 1983 Jan 1(6):958-60.
Yoshikawa M, Ochiai S, Tanigaki M, Eguchi
W. Application and development of synthetic
polymer membranes III. Separation of
water-ethanol mixture through synthetic
polymer membranes containing ammonium
moieties. Journal of Polymer Science Part C:
Polymer Letters. 1988 Jun 1;26(6):263-8.
Yoshikawa M, Ogata N, Shimidzu T.
Polymer membrane as a reaction field. IIL.:
Effect of membrane polarity on selective
separation of a water—ethanol binary mixture
through synthetic polymer membranes.
Journal of membrane science. 1986 Feb
28;26(1):107-13.

Yoshikawa M, Yokoi H, Sanui K, Ogata N,
Shimidzu T. Polymer Membrane as a
Reaction Field II. Efl'ect of Membrane
Environment on Permselectivity for Water—

Chemistry



Research Article

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ethanol Binary Mixtures. Polymer journal.
1984;16(8):653-6.

Mortaheb HR, Ghaemmaghami F,
Mokhtarani B. A review on removal of sulfur
components from gasoline by pervaporation.
Chemical Engineering Research and Design.
2012 Mar 31;90(3):409-32.

Lin L, Zhang Y, Kong Y. Recent advances in
sulfur  removal from  gasoline by
pervaporation. Fuel. 2009 Oct
31;88(10):1799-809.

Lin L, Zhang Y, Kong Y. Pervaporation
separation of n-heptane/thiophene mixtures
by polyethylene glycol membranes: modeling
and experimental. Journal of colloid and
interface science. 2009 Nov 1;339(1):152-9.
Lin L, Kong Y, Wang G, Qu H, Yang J, Shi
D. Selection and crosslinking modification of
membrane material for FCC gasoline
desulfurization. Journal of Membrane
Science. 2006 Nov 15;285(1):144-51.

Chen J, Li J, Qi R, Ye H, Chen C.
Pervaporation performance of crosslinked
polydimethylsiloxane membranes for deep
desulfurization of FCC gasoline: 1. Effect of
different sulfur species. Journal of Membrane
Science. 2008 Sep 1;322(1):113-21.

Lin L, Kong Y, Xie K, Lu F, Liu R, Guo L,
Shao S, Yang J, Shi D, Zhang Y.
Polyethylene  glycol/polyurethane  blend
membranes for gasoline desulphurization by
pervaporation technique. Separation and
Purification Technology. 2008 Jul
15;61(3):293-300.

Chen J, Li J, Chen J, Lin Y, Wang X.

Pervaporation separation of ethyl
thioether/heptane mixtures by polyethylene
glycol membranes. Separation and
Purification ~ Technology. 2009  May
7;66(3):606-12.

Zellers ET. Three-dimensional solubility

parameters and chemical protective clothing
permeation. 1. Modeling the solubility of
organic solvents in Viton® golves. Journal of
applied polymer science. 1993  Oct
15;50(3):513-30.

Barton AF. CRC handbook of solubility
parameters and other cohesion parameters.
CRC press; 1991 Oct 29.

Lin L, Zhang Y, Li H. Pervaporation and
sorption behavior of zeolite-filled
polyethylene glycol hybrid membranes for
the removal of thiophene species. Journal of
colloid and interface science. 2010 Oct
1;350(1):355-60.

Life Science

ISSN 2250-0480

34.

35.

36.

37.

38.

39.

40.

41].

42.

43.

L-35

VOL 7/ ISSUE 1/JANUARY 2017

Jonquiéres A, Roizard D, Cuny J, Lochon P.
Solubility and polarity parameters for
assessing  pervaporation and  sorption
properties. A critical comparison for ternary
systems alcohol/ether/polyurethaneimide.
Journal of membrane science. 1996 Nov
27;121(1):117-33.

Tanaka k. Signalling by modulation of
intermolecular interactions. Engineering of
Crystalline Materials Properties: State of the
Art in Modeling, Design and Applications.
2007 Dec 14:429.

Lin L, Kong Y, Zhang Y. Sorption and
transport behavior of gasoline components in
polyethylene glycol membranes. Journal of
Membrane Science. 2008 Nov 15;325(1):438-
45.

Lin L, Wang G, Qu H, Yang J, Wang Y, Shi
D, Kong Y. Pervaporation performance of
crosslinked polyethylene glycol membranes
for deep desulfurization of FCC gasoline.
Journal of Membrane Science. 2006 Sep
1;280(1):651-8.

Aminabhavi TM, Khinnavar RS. Diffusion
and sorption of organic liquids through
polymer membranes: 10. Polyurethane,
nitrile-butadiene rubber and epichlorohydrin
versus aliphatic alcohols (C 1-C 5). Polymer.
1993 Mar 31;34(5):1006-18.

Devi DA, Smitha B, Sridhar S, Jawalkar SS,
Aminabhavi TM. Novel sodium
alginate/polyethyleneimine polyion complex
membranes for pervaporation dehydration at
the azeotropic composition of various
alcohols. Journal of chemical technology and
biotechnology. 2007 Nov 1;82(11):993-1003.
Robeson LM. Correlation of separation factor
Versus permeability for polymeric
membranes. Journal of membrane science.
1991 Oct 1;62(2):165-85.

Kong Y, Lin L, Zhang Y, Lu F, Xie K, Liu R,
Guo L, Shao S, Yang J, Shi D. Studies on
polyethylene glycol/polyethersulfone
composite membranes for FCC gasoline
desulphurization by pervaporation. European
Polymer Journal. 2008 Oct 31;44(10):3335-
43.

Xu R, Liu G, Dong X. Pervaporation
separation of n-octane/thiophene mixtures
using polydimethylsiloxane/ceramic
composite membranes. Desalination. 2010
Aug 31;258(1):106-11.

Chen J, Li J, Qi R, Ye H, Chen C.
Pervaporation separation of thiophene—
heptane mixtures with polydimethylsiloxane

Chemistry



Research Article

44.

45.

(PDMS) membrane for desulfurization.
Applied biochemistry and biotechnology.
2010 Jan 1;160(2):486-97.

Berean K, Ou JZ, Nour M, Latham K,
McSweeney C, Paull D, Halim A, Kentish S,
Doherty CM, Hill AJ, Kalantar-zadeh K. The
effect of crosslinking temperature on the
permeability of PDMS membranes: evidence
of extraordinary CO 2 and CH 4 gas
permeation. Separation and Purification
Technology. 2014 Feb 10;122:96-104.

Chass¢ W, Lang M, Sommer JU, Saalwéchter
K. Cross-link density estimation of PDMS
networks with precise consideration of
networks defects. Macromolecules. 2011 Dec
22;45(2):899-912.

Life Science

L-

ISSN 2250-0480

46.

47.

48.

36

VOL 7/ ISSUE 1/JANUARY 2017

Stafie N, Stamatialis DF, Wessling M. Effect

of PDMS cross-linking degree on the
permeation performance of PAN/PDMS
composite nanofiltration membranes.

Separation and purification technology. 2005
Oct 15;45(3):220-31.

Yoo SH, Cohen C, Hui CY. Mechanical and
swelling properties of PDMS interpenetrating
polymer networks. Polymer. 2006 Aug
9;47(17):6226-35.

Prausnitz JM, Lichtenthaler RN, de Azevedo
EG. Molecular thermodynamics of fluid-
phase equilibria. Pearson Education; 1998
Oct 22.

Chemistry



