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Abstract

Polyurethane/ poly vinyl pyridine (PU/PVP) composite membranes were prepared applicable to
desulfurization of gasoline. The prepared composite membranes were characterized using
scanning electron microscopy to ensure the fine dispersion of PVP in PU polymer and swelling
test was conducted to determine the potential applicability of composite membranes used in
desulphurization of gasoline. Hydrophilicity of the synthesized membranes were analyzed
through measuring contact angle, and a considerable enhancement in the hydrophilicity of mixed
matrix membranes was observed compared to the pure PU membranes. The performance
membranes were evaluated in pervaporation (PV) desulfurization of gasoline at different
operating conditions. Influence of operational parameters including feed flow rate, concentration
of sulfur in feed stream, and feed temperature on the pervaporation performance of prepared
composite membranes were studied. Permeation flux increased with increasing feed flow rate
and operating temperature while it remained almost constant with enhancement of sulfur content

in the feed. On the other hand, sulfur enrichment factor decreased with increasing sulfur content
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in the feed stream. In addition, a novel mathematical model was developed to simulate the
pervaporation system. The model was on the basis of solving the continuity equation for sulfur in

the feed side and membrane.

Keywords: Membrane Processes; Synthesis; Desulfurization; Pervaporation; Modeling;

1- Introduction

There are various types of sulfur compounds in gasoline such as sulfides, thiols, and mercaptans.
These sulfur compounds are converted into sulfur dioxide (SO,) during combustion of gasoline
in automobile engines. In addition, most refineries have to process high sulfur content in crude
oil due to lack of availability of lighter, low sulfur crude. Also, the environmental regulatory
restricts on sulfur emissions are continually being lowered; therefore, technical development for
deep desulfurization of gasoline to prevent adverse effects of sulfur compounds in fuels is urgent
and attracting increasing attention'™.

A number of remedies have been suggested to decrease the content of sulfur compounds in
gasoline; however none of them have been proven to be useful and efficient at industrial scale.
Hydro-treating of the feed is one of them most important processes for reduction of sulfur level
in gasoline appropriate level. However, installing the required hydro-treating capacity needs a
considerable capital expenses and causes the enhancement of operating costs’™.

Most separation processes at industrial scale are based on energy-extensive approaches including
evaporation, distillation and crystallization. The latter processes will face major issues by
increasing energy crisis worldwide. Among the different kinds of separation processes,

membrane systems have attracted much attention as an alternative to traditional separation
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systems. Membrane separation processes have benefits which make them attractive for
separation of liquid and gases mixtures. High separation efficiency, no waste streams, low
energy and operating expenses, and are suitable for heat-sensitive chemicals®’.

Desulfurization of gasoline can be implemented using membrane separation technology. Various
membrane technologies are used in separation and purification of liquid including microfiltration
(MF), ultrafiltration (UF), reverse osmosis (RO), electrodialysis (ED), and pervaporation (PV).
Among the membrane processes, pervaporation has attracted much attention in separation of
liquid mixtures due to its unique advantages compared to other ones. Pervaporation provides a
low-energy process in desulfurization of gasoline and the main energy is consumed in vacuum
section of process''™"’.

Separation of liquid mixtures into its constituents by pervaporation takes place by application of
a dense membrane. The transport of species through the membrane is occurred due to differences
in chemical potential of components across the membrane. The used membrane in pervaporation
could be either polymeric or ceramic depending on the required specifications. The governing

13, 20, 21 . -
772", In principle, in

separation mechanism in pervaporation is solution-diffusion mechanism
pervaporation the transport of molecules through the membrane involves three steps in series:
first selective sorption of molecules from feed into the dense membrane, second; diffusion of
molecules through the membrane matrix, and third; desorption into the vapor phase at permeate

% 2 Therefore, the transport rate of molecules through the membrane is functions of

side
solubility and diffusivity because the desorption step is fast due to the efficient vacuum at
downstream. Industrial applications of PV technology can be mentioned as removal of organic
components from aqueous wastes, dehydration of solvents, and separation of organic/organic

mixtures®® 2.
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In the recent years, various polymers such as polyurethane, polyimide, PDMS, polyethylene
glycol, poly phosphazene, polyvinylidene fluoride, polyhedral oligomeric silsesquioxane, and
polysulfon have been used as membrane material for sulfur removal from gasoline *'2*?’. Also,
various authors have worked to improve the membranes performance by blending the membrane
materials with various filler particles or other polymers, by optimizing the cross linking of

polymeric resins or by modifying the membrane via functionalizing them**~°

. To our knowledge,
there have been no reports of pervaporation for removing sulfur compounds from gasoline using
PVP/PU composite membranes. So, the aim of this work is synthesis and investigation of
PVP/PU composite membranes for removal of sulfur from gasoline in pervaporation system.

In the current work, PVP/PU composite membranes were synthesized for gasoline
desulfurization. Membrane characterization was conducted by scanning electron microscopy and
swelling test. With the refinery naphtha feed stream, the pervaporation and desulfurization
performance of the blend membranes under different conditions were investigated. All these
investigations provide helpful suggestions for the newly emerged membrane desulfurization
technology. Furthermore, a mathematical model is developed to simulate the pervaporation

system. The model is on the basis of solving conservation equations for sulfur in the membrane

module.

2- Experimental

2-1- Materials

Polyurethane and poly vinyl pyridine used for preparation of membranes were purchased from
Aldrich Company. PU is used in many industrial applications because they show wide

mechanical properties from rubber to plastic and resistance to different solutions. Refinery
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naphtha feed was obtained from Imam Khomeini Refinery (Shazand, Iran). Other chemicals used

were of analytical grade reagents and used as received without further purifications.

2-2-Membrane preparation

Polyurethane (PU) was dissolved into n-heptane to form a homogenous solution at room
temperature. Then poly vinyl pyridine (PVP) was added into the solution under stirring
condition. In order to promote the dispersion of polymer particles, the suspension was then
sonicated for 5 min. After filtration and degassing, the solution was cast onto a glass plate.
Afterward, the cast film was placed in the ambient air for certain period of time and then placed
in an oven to evaporate the residual solvent. Finally, the dried membranes were separated from
glass surface at room temperature and the homogeneous membrane was obtained. The
synthesized membranes have high quality and do not damage during the spreparation. Besides,
those have higher resistance towards gasoline. The structure of the synthesized membranes was

not change when they were placed in the gasoline for a week.

2-3-Membrane Characterizations

2-3-1- Scanning electron microscopy (SEM)

Scanning electron micrographs of composite membranes were performed on a Philips XL-30M
scanning electron microscope (SEM) instrument. All specimens were coated with a thin layer of
gold prior to analysis to prevent charging.

2-3-2- Contact angle measurement

The hydrophilicity of pure and mixed matrix membranes was evaluated by measuring the contact
angle formed between the membrane surface and water drop. The contact angle was measured by

using an optical contact angle goniometer from Dataphysics Instruments (OCA20) at room
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temperature which uses static sessile drop method for measuring contact angle. All contact angle
measurements were conducted via 5 pL of deionized water. The contact angle was measured at

two random locations for each sample and the average was reported.

2-4- Pervaporation experiments

To assess the performance of synthesized composite membranes in desulfurization of gasoline,
an experimental pervaporation setup was installed as illustrated in Fig. 1. Effect of feed
concentration and temperature on mass flux and enrichment factor of sulfur was investigated.
Feed solutions at different concentrations ranging from 220-800 ppm were prepared and fed to
the membrane module at a constant flow rate. The temperature of feed stream was adjusted
between 300 and 360 K using a constant-temperature heat bath. Pervaporation experiments were
conducted in cross-flow mode. The synthesized composite membrane was placed inside the
module with an effective area of 13.852 cm®. A rubber O-ring was used to provide a pressure
seal between the module and the blend membrane. Pressure at permeate side was maintained at
0.3 bar by an oil-sealed vacuum pump (JB, USA). Permeate vapors were condensed and
collected in a cold trap (glass vessel) kept inside a liquid nitrogen reservoir. The permeate
samples collected in the glass vessel were analyzed after weighting, using gas chromatography

method. Total permeation flux (J) was determined using equation (1):

J= (1)

where m (kg) is total mass of permeate collected through effective area of the composite
membrane A (m”) during the time interval 7 (h). In order to investigate the reproducibility of the

experimental results, all experiments are carried out two times.



Page 7 of 34

RSC Advances

The enrichment factor is qualitative criterion for evaluation of membrane separation

performance. It is can be written as follow:

E=—x2 )

where C ¢ (ppm) and C;, (ppm) are total sulfur content in feed and permeate streams.

Fig. 1: Experimental setup used for pervaporation desulphurization of gasoline.

2-5- Mathematical modeling

To prognosticate the separation performance of membranes, a 2D mathematical model is
developed in this study. The model is developed on the basis of solving conservation equations
for sulfur in the feed and membrane. Several researcher has been used from this model to
simulation of membrane processes’ >*. Fig. 2 depicts the domain used in the modeling of

system.

Fig. 2: Model domain used in the simulation.

As shown, feed solution containing sulfur and gasoline is passed in the feed side, the sulfur is
transferred against the membrane because of concentration difference and then diffuses through
the dense membrane, and finally sulfur desorbs into the permeate side. Thus, the model domain
is divided into three sub-domains, i.e. feed, membrane, and permeate.

The main equation that describes the transfer of sulfur from gasoline to permeate side is
continuity equation. This equation is derived from mass balance of sulfur within an element. The

differential form of continuity equation for sulfur is given as follow™ :
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v (-DYC CY) =R @)

where Cs, Dy, V, R; denote sulfur concentration (mol/m3), diffusivity of sulfur (mz/s), velocity
vector (m/s), and chemical reaction (mol/m’.s) respectively. It should be mentioned that the
chemical reaction is not considered in the simulation.

Eq. 2 is developed for feed and membrane compartments. To solve Eq. 2 for feed side, velocity
distribution is required. The velocity distribution in the feed side can be calculated via solving

the Navier-Stokes equations which may be written as follows®®*7 *:

~Vu(VV, +(VV ) )+p(V, V)V, +Vp=F
vy, =0

3)

where 1 denotes the dynamic viscosity (kg/m-s), Vy the velocity vector in y direction (m/s), p
the density of the fluid (kg/m3), p the pressure (Pa) and F is a body force term (N). Boundary
conditions for equations can be categorized according to their domains which are shown in Table
1.

The equations of model used with the boundary conditions were solved numerically via
COMSOL Multiphysics software. A system with the specifications of RAM 4.00 GB (2.98 GB
usable) and Intel® Core™ i5CPU M 480 @ 2.67GHz and 64-bit operating system was used to
solve the equations of model. The accuracy of numerical procedure was proved in the previous

o e 31,36,3845
publications ~ > 7",

Table 1: Boundary conditions for momentum and mass transfer equations

3- Results and discussion

3-1- SEM and contact angle characterization
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The synthesized membranes were characterized using scanning electron microscopy (SEM) to
observe the dispersion of PVP inside PU polymer matrix. Fig.3 illustrates SEM images of
synthesized membranes at various PVP loadings ranging from PVP/PU ratio of 0 to 1. As it can
be seen, From Fig. 3a no porous structure is visible on the surface of dense PU membrane.
Increasing PVP loading results in the enhancement of particles distribution in PU polymer matrix
which in turn reduces the separation performance of synthesized membranes. It is also seen that
increasing PVP content would result in agglomeration of PVP in the polymer. Agglomeration of
particles inside a polymer matrix is not favorable in synthesis of high-quality membranes. The
latter could results in increasing permeation, but separation factor decreases drastically.
Moreover, at high PVP loading, agglomerates with the size of 3 microns can be observed.

Fig. 4 presents the measured contact angle values for pure PU and mixed matrix membranes
(content of PVP). Compared with pure PU membrane, the contact angle of mixed matrix
membranes decreased distinctly, indicating that a more hydrophilic membrane has been
synthesized. In general, it was considered that the materials with lower water contact angle have
a better hydrophilic property % 50, the mixed matrix membranes exhibited a more hydrophilicity
in comparison with that of pure PU membranes. In addition, surface tension of pure PU and
mixed matrix membranes is shown in Table 2. According to Table 2, increasing content of PVP
in the mixed matrix membranes decreases surface tension. The latter means the hydrophilicity of
mixed matrix membrane increases with enhancement of PVP content in the mixed matrix

membranes.

Fig. 3: SEM images of synthesized composite membranes at different PVP loadings. a: pure

PU; b: PVP/PU=0.2; c: PVP/PU=0.4; d: PVP/PU=0.6; e: PVP/PU=0.8; f: PVP/PU=1.
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Fig 4: Contact angles of 0% PVP, 40% PVP, 80% PVP.

Table 2: Surface tension of 0% PVP, 40% PVP, 80% PVP.

3-2- Effect of feed temperature

The enrichment factor and mass transfer flux as function of feed temperature are shown in Fig. 5.
The range of temperature from 300 to 360 K was considered in the experiments to evaluate the
effect of feed temperature. As observed, the permeation flux increases by increasing feed
temperature. This is because the transport mechanism in pervaporation systems using dense

. . . . . 47. 48
membranes is the solution-diffusion mechanism *”

. Increasing temperature would result in
enhancement of solubility and diffusivity of sulfur in the composite membrane (PVP/PU=0.2).
Also, free volume in polymer structure increase with increasing temperature which makes easy
transfer of molecule from one side to other side. Consequently, increasing of flux leads to higher
amount of non-sulfur hydrocarbon molecules penetrate in to the permeate side which cause

reduction of enrichment factor (see Fig. 5). The maximum enrichment factor is obtained at feed

temperature of 300°K.

Fig. 5: Effect of temperature on mass flux and enrichment factor. Sulfur concentration in

the feed =200 ppm, (PVP/PU=0.2).

3-3- Impact of PVP concentration on desulfurization

10
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Effect of PVP concentration on the mass transfer flux and enrichment factor of sulfur is depicted
in Fig. 6. PVP/PU membranes were prepared at different concentrations ranging from the
PVP/PU ratio of 0-1. The amount of water in feed solution is 100 ppm which it is half of the

sulfur content in the feed stream. Due to hydrophilic nature of PVP *-!

, increasing PVP content
in membrane causes the water flux compared to sulfur flux increases drastically. Consequently,
the enhancement of water flux results in decreasing sulfur mass flux through the membrane. In
addition, adding PVP to membrane leads to the reduction of interaction between organic
compounds and PVP. So, the tendency of feed which is mostly organic compounds to permeate
though membrane decreases. On the other hand, enrichment factor fluctuates between 1.11 and
1.57. Finally, PVP/PU ratio of 0.2 is considered as the best PVP concentration. In addition, with
increasing PVP concentration from 0 to 20 percent the amount of enrichment factor increase
from 1.111 to 1.57. This can be explained by solubility parameters of typical sulfur species and
PVP. Solubility parameters of PVP and sulfur species are 20.56 and 19-20 respectively. So, more

sulfur compounds penetrate through membrane because more similar solubility parameters lead

to the enhancement of sulfur species affinity to the composite PVP/PU membrane >*,

Fig. 6: Effect of the PVP amount on pervaporation performance.

3-4-Effect of sulfur content in the feed

Effect of sulfur content in the feed on mass transfer flux and enrichment factor are depicted in
Figs. 7 and 8. The concentration of sulfur in the feed solution changes from 220 to 800 ppm at
feed temperature of 298K. As it can be observed, concentration of sulfur has considerable effect

on enrichment factor especially at lower feed concentrations. From Fig. 7, an increase of sulfur

11
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content in the feed results in a sharp decrease of sulfur enrichment factor. It should be pointed
out that hydrocarbon compounds are normally difficult to diffuse into the non-swollen
membranes while they can diffuse easily through swollen membrane. Therefore, sorption
selectivity toward sulfur decreases with increasing sulfur content in the feed. From Fig. 8, it can
be due to the occurrence of swelling balance in the membrane and the saturated sulfur
concentration on the surface of the membrane, flux factor changes slightly with the increasing

sulfur content of feed.

Fig. 7: Effect of sulfur content on enrichment factor. T=25°C.

Fig. 8: Effect of sulfur content on permeation flux. T= 25 °C.

3-5- Effect of feed flow rate

Mass transfer flux of sulfur increases with enhancement of feed flow rate as shown in Fig. 9, due
to the decrease of concentration polarization and temperature polarization. Generally,
concentrations of sulfur compounds on the membrane surface which are more permeable
components are lower than that in the bulk of solution. A reduction of concentration polarization
means that sulfur concentration near the membrane wall was close to its amount in the bulk. The
increase of sulfur concentration on the membrane surface with the feed rate enhances sulfur
compounds sorption and swelling in the membrane so that results in increasing mass transfer
flux. The results indicated that the operation of pervaporation system at high flow rate was more

favorable.

Fig. 9: The effect of feed flow rate on mass flux.

12
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3-6- The percentage of swelling of the membrane at different PVP/PU ratio

The percentage of swelling at various PVP/PU ratios ranging from 0 to 1 is shown in Fig. 10.
According to the swelling test, the membranes are weighted every 1 hour for 5 hours. The
membranes are placed in the solvent for 72 hours to ensure reaching steady state conditions. It is
clearly seen that a reducing trend can be observed for swelling with increasing PVP content in

the membrane. The latter could be attributed to the increasing hydrophilicity of membrane.

Fig. 10: The percentage of membrane swelling at different PVP/PU ratios.

3-7- Modeling results

3-7-1- Concentration distribution of sulfur

Sulfur concentration distribution in the feed and membrane sides is shown in Fig. 11. The
concentration is exposed in dimensionless form. It can be seen that the feed solution including
sulfur/gasoline enters the pervaporation system where the sulfur has a maximum concentration
(Cp). Sulfur is transferred from bulk feed to the membrane wall because of the concentration
difference as driving force in the feed side. The diffusion and convection are the sulfur
mechanisms transfer in the feed side. The sulfur is then penetrated through the dense membrane
via diffusion mechanism. Finally, sulfur is evaporated by the induced vacuum at the membrane-
permeate interface. The sulfur concentration at permeate-membrane interface is assumed to be

negligible because of low pressure induce via vacuum pump.

Fig. 11: Concentration distribution of sulfur in the feed and membrane compartments.

13
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4- Conclusions

Refinery naphtha feed desulfurization of gasoline can be accomplished by pervaporation
processes using a blend PU/PVP membrane. Contact angle and surface tension results revealed
that adding PVP to PU membrane leads to the reduction of contact angle and surface tension
which confirm hydrophilicity of synthesized mixed (PVP/PU) membranes. Permeation mass flux
decreased with increasing sulfur content in feed stream while an enhancement was observed with
the feed temperature increase. Sulfur enrichment factor maintained constant firstly and decreased
when temperature rose. Permeation flux was shown to increase with increasing feed flow rate in
the membrane module. Permeation flux was not changed while sulfur enrichment factor
decreased as the feed sulfur content increased in the feed stream. Furthermore, a mathematical

model was developed to simulate the separation of sulfur from sulfur/gasoline solution.

Nomenclature

A effective area of membrane (m?)

C, concentration of sulfur (mol/m3 )

Cyteed concentration of sulfur in the feed (mol/m3 )
Cs-membrane concentration of sulfur in the membrane (mol/m3 )
Cy inlet concentration of sulfur (mol/m?)

D diffusion coefficient (m?/s)

F body force (N)

J total permeation flux (kg/m>.h)

L module length (m)

m partition coefficient of sulfur between feed and membrane (-)

14
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Abbreviations
PU

PVP

PV

FEM

Greek symbols
o,

U

Subscripts

w

m

S

References
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pressure (Pa)

chemical reaction (mol/m’.s)
gas constant (J/mol.K)

time (s)

velocity vector (m/s)

axis coordinate (m)

axis coordinate (m)

polyurethane
poly vinyl chloride
pervaporation

finite element method

density of feed solution (kg/m®)

viscosity of feed solution (kg/m.s)

water
membrane

Sulfur
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Figure Captions:

Fig. 1: Experimental setup used for pervaporation desulphurization of gasoline.

Fig. 2: Model domain used in the simulation.

Fig. 3: SEM images of synthesized composite membranes at different PVP loadings. a: pure PU;
b: PVP/PU=0.2; c: PVP/PU=0.4; d: PVP/PU=0.6; e: PVP/PU=0.8; f: PVP/PU=1.

Fig 4: Contact angles of 0% PVP, 40% PVP, 80% PVP.

Fig. 5: Effect of temperature on mass flux and enrichment factor. Sulfur concentration in the feed
=200 ppm, (PVP/PU=0.2).

Fig. 6: effect of the PVP amount on pervaporation performance.

Fig. 7: Effect of sulfur concentration on enrichment factor. T=25°C.

Fig. 8: Effect of sulfur concentration on permeation flux. T= 25 °C.

Fig. 9: The effect of feed flow rate on mass flux.

Fig. 10: The percentage of membrane swelling at different PVP/PU ratios.

Fig. 11: Concentration distribution of sulfur in the feed and membrane compartments.
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Table captions:
Table 1: Boundary conditions for momentum and mass transfer equations

Table 2: Surface tension of 0% PVP, 40% PVP, 80% PVP.
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Fig. 2:
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Fig. 3:
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Fig. 4:
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Fig. 6:
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Fig. 7:
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Fig. 8:
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Fig. 9:
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Fig. 10:
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Fig. 11:
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Table 1:
Position Feed side (Mass) Feed side (Momentum) Membrane (Mass)
aC'v—memhmne
y=0 Cs-feed=C, V.=V, —— e = ()
oy
oC_,. oC .
y:L s— feed — 0 VyZO s—membrane __ O
oy oy
=0 Convective flux P=Pam -
X=a Csfeed:Cs—membrane/ m Vy:0 Cs—membrane:Csfeed Xm
x=b - - Cs—membrane -P/RT
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Table 2:
Sample Surface tension Unit
0% PVP 77.1 (mN/m)
40% PVP 55.6 (mN/m)
80% PVP 51.1 (mN/m)




