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Abstract: In order to adapt to new and more rigorous requérgs and to satisfy higher environmental
expectations, specifications on sulfur content asaline demands a reduction of its level to 10 pBuifur in
gasoline is a considerable source of sulfur oxiel@sssions. SQ which are formed during the combustion of
sulfur-containing fuels, are sulfates precursorhjctv contributes to the formation of acid rains dndher
acidification of soils and surface water. Sincdsuk present in gasoline in a form of differemngounds (such
as thiophene and its derivatives, mercaptans dfidegs) and different sulfur species show differaffinity with
membrane materials, it is very important to invgtié the efficiency of their removal separatelye Bim of this
research was to recognize the influence of typotedsen sulfur compounds present in gasoline on meemab
pervaporation behavior and the efficiency of suffpecies separation. The influence of process meamsuch as
feed temperature, feed concentration and downsti@a@ssure on the efficiency of thiophenes removainf
modeln-octane/sulfur compound mixtures by means of vacpamaporation method was also examined. During
the test, the hydrophobic PDMS-based composite memebwere applied. Binary mixtures of thiopherattane
and 2-methylthiophene/octane were used as a model gasoline. The cawitentfur from thiophenes varied from
0.05 to 0.13 mas. %. Feed temperature was ranged 30 to 50°C. The feed flow rate (80 m) was kept at
constant level.
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Introduction

Nowadays a lot of attention is being paid to théuation of sulfur concentration in
transportation fuels. In order to adapt to new mnade rigorous requirements and to satisfy
higher environmental expectations, specificationssalfur content in gasoline demands
a reduction of its level to 10 ppm [1].

Sulfur oxides, which are formed during the comharstf sulfur-containing fuels, are
sulfates precursors which contributes to the foimnadf acid rains and further acidification
of soils and surface water, as well as the formatibphotochemical smog. Moreover, their
presence in exhaust gases from vehicles contritotdbe larger emission of NCand
VOC'’s caused by the reduction of low-temperatutalgtc converters activity.

Trade gasoline is a blend of gasoline fractionsiogrnfrom various refinery processes
such as light straight run, catalytic reformingprigerization and fluid catalytic cracking
(FCC). Streams derived from reforming and isomeiora processes are generally
characterized by low sulfur content, as feedstdokthose units are light fractions from the
atmospheric distillation of crude oil [2]. Sulfurganic compounds tends to accumulate in
higher-boiling fractions like atmospheric residuedafractions obtained from vacuum
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distillation, which are feedstocks for FCC unitshefefore, FCC gasoline is the main
contributor of organosulfur compounds [3]. Althoughilfur is present in gasoline in the
form of different compounds, it occurs mainly inadjphenes, sulfides, mercaptans and
disulfides [2, 3].

A lot of effort is now spent on developing noveldarfficient hydrogen and
non-hydrogen desulfurization technologies, such sadective extraction, catalytic
extraction, selective oxidation, biodesulfurizatiafkylation-extraction, improved selective
hydroprocessing and pervaporative desulfurizatvi§¥S) [4, 5]. It should be noted, that
some of them, including pervaporation, has alreaahgressed beyond the lab-scale tests
stage. In comparison with the traditional and othen-hydrogen separation processes,
membrane separation offers many advantages ingudwer energy consumption and
operating cost, simple operation and control schemasy scale up and adaptability to
changes in process streams [6].

Pervaporation is a membrane technique, in whichist&edrder phase transition takes
place. In pervaporation separation a dense nondgomembranes are applied. The liquid
feed is contacted with the surface of the membrand a specific compound is
preferentially dissolved and transported acrossnieenbrane and then removed as vapour
at the downstream side of the module. As a re$ulieoseparation, feed solution is divided
into permeate and retentate streams. The vapoungage is enriched in the component
selectively transported through the membrane, wihiéeliquid retentate in the component
retained by the dense separation barrier. The wacparvaporation is carried out by
maintaining the downstream pressure, lower thars#teration pressure of the permeating
liquid solute at operating temperature [7]. Theralleaccepted mechanism explaining the
mass transport across the dense membrane is setlitiasion model [8].

Separation in the case of pervaporation is basetheraffinity between compound
being removed and membrane material. According he tnass transport model,
pervaporation process can occur only when a ceat@iount of a compound is dissolved in
the membrane material in the first stage of perraipmn separation. In the second stage,
diffusion through the membrane combined with ptazastion of its amorphous parts takes
place. Diffusion step with a step of the sorptietedmine the selectivity of the process.
The permeated compounds are then removed on tlesiopgide. The driving force for the
separation processe. the partial pressure gradient between feed anthgme site, is
maintained by constant withdrawn of the permeatedpounds from the membrane [8].

To ensure the efficient process performance, thieniah of an active layer needs to
show high affinity toward removed component. Hers@ubility parametes ((MPa)'?)
and membrane polarity are the two main factors dieethe preliminary evaluation of the
interaction between the polymeric membrane and compts of the mixture, as well as
development of the novel membrane materials. Theeramnilar the solubility parameters
of the polymer and solvent, the more soluble sdlethe polymer [9]. In order to remove
a specific component or group of compound from atuné, the polarity of those species
must be close to the polarity of the polymeric mateaised [10].

The aim of this research was to recognize the émite of typical chosen sulfur
compounds present in gasoline on membrane penégoitzehavior and the efficiency of
sulfur species separation. The influence of progesameters such as feed temperature,
feed concentration and downstream pressure onffibeecy of thiophenes removal from
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modeln-octane/sulfur compound mixtures by means of vacpemaporation method was
also examined.

Experimental
Materials

To prepare the model gasoline, thiophene (99.5%a gure, benzene free) obtained
from Acros Organics, 2-methylthiophene (98% puritytained from Sigma-Aldrich and
n-octane (pure p.a.) obtained from Chempur were .ugd@ physical and chemical
characteristics of the investigated are listedabl& 1. Composite membranes consisting of
a porous support with thin and dense poly(dimetlodane) separating layer were obtained
from PERVATECH, Netherlands.

Table 1
The physical and chemical characteristics of thestigated
Structural Molecular Vapour
Compound tormula weight Bp [°C] pressure | é [(MPa)Y}
[9/moal] [hPa]
Hydrocarbon n-octane CH(CH,)sCH; 114.23 125 14.7 15.5
thiophene Z/ \> 84.14 84 53 20
Sulfur S
compound 2. I\
methylthiophen Q\CHa 98.17 113 634 18.6

Bp - boilling point;é - Hansen solubility parameter

Feed and permeate samples analysis

During studies, SRI 8610C Instruments Gas Chromapdg equipped with a dual
FPD/ FID (flame photometric/flame ionization detaytdetector and a Restek DB-1 MTX
capillary column company (0.om, 0.53 mm x 60 m) was used. The sample volume was
0.6 um°. Samples were injected manually using a SGE AitalyScience micro-syringe
with a capacity of 5um®. Retention time for thiophene was 3.45 min, for
2-methylthiophene was 6.73 min. The retention tifme n-octane presented in samples
from PV desulphurization process was 7.98 min. Tdmperature of the injector and
detectors was 100 and 200°C, respectively. Themmolwas conditioned each time before
starting analysis. To ensure high purity of gaseflitional air and hydrogen filters were
installed.

Pervaporation experiments

The Sulzer lab-scale pervaporation setup, equippida test module with a diameter
of 9 cm and a membrane effective area of 55 was used for vacuum pervaporation
measurements (Fig. 1). To prevent the mechanigabda of a membrane, it was kept on
highly porous stainless steel support. The feedutispl, maintained at a constant
temperature by a thermostat (Thermo Electron CodehHaake DC 30), was circulated to
the upstream side of the cell using a recirculapamp. The permeated vapours were
condensed by a cold traps cooled by immersion wdbdlasks filled with liquid nitrogen,
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while retentate was returned to the feed tank. Bates were collected within a specified
time interval. The cold traps were then broughtaiom temperature prior to measure their
weight using a balance (RadWag PS 210/C/2). The breme upstream side was kept at
atmospheric pressure. A vacuum pump (Alcatel, m&dalcal 2015 SD) was used to create
a vacuum in the downstream side of the module arehsure the pressure gradient across
the membrane. The temperature was controlled thraugID controller device (Greisinger
Electornics GTH 1100/2 DIF). Sufficient feed floate was maintained using a circulation
pump. Total downstream pressure was measured byelactronic vacuum gauge
(Vacuubrand DRV 2).
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Fig. 1. Schematic diagram of the pervaporationesystl - thermostat, 2 - feed tank, 3 - circulatfmmp,
4 - pump regulator, 5 - rotameter, 6 - membraneul®d - vacuum pressure gauge, 8 - valve, 9 - cold
trap, 10 - liquid nitrogen bath, 11 - valve, 12acuum pump

Efficiency and selectivity of sulfur removal werevatuated basing on the
dimensionless separation facg(2). Yield of the pervaporation process was evaluated on
the basis of the permeation flux determined ad &otd partial one:

Jm=g2 (1)
where: m, - permeate weight [kgh, - membrane effective area Aot - time [h].
_ v/
=g ?

where: wf,wh - weight fractions of thiophenes and hydrocarbmspectively, in the
permeate [-]wf, wh - weight fractions of thiophenes and hydrocarlyespectively, in the
feed [-].

Results and discussion

Effect of sulphur content in feed

Differences in crude oil sulfur content mined frorarious sources made it very
important to investigate the impact of the concatidin of this element on membrane’s
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selectivity and transport properties and in consega - on the efficiency of sulfur
compound removal.

Two of typically presented in gasoline sulfur spgscii.e. thiophene and
2-methylthiophene, were selected to investigatedifferent sulphur compound removal
efficiency fromn-octane/sulfur species mixtures with PDMS-basedpmsite membranes.
The effect of sulfur concentration in the feed dw® tpervaporation performance was
investigated in the range of 0.05-0.13 mas. %.

The impact of thiophenes concentration in modeblijas on the total permeate flux
for both binaryn-octane/sulfur specie mixtures at the feed tempeszabf 30°C and
permeate-side pressure of 100 Pa is shown in Fijukes it can be seen, the variation in
thiophenes concentration in the feed had pracyical influence on the transport of
permeating compounds through the membrane. Thasigekhip resulted most likely from
the narrow scope of the concentration of thiopheane the fact, that the thiophene
concentration was very low as compared to hydramadontent. Taking into account the
solution-diffusion theory, the separation in pemagtion process is determined by the first
two stagesj.e. the sorption and diffusion of mixture component$. [Most likely the
concentration of sulfur compound was beyond theggarwhere the effect of swelling
caused by thiophene surpass the swelling phenomesnlied from hydrocarbon sorption in
PDMS layer [10, 11]. Nonetheless, partial fluxesolfur compounds were proportional to
the sulfur concentration, which leads to nearlyhamged values of thiophenes separation
factor (Fig. 3).
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Fig. 2. Effect of feed concentration on the totatrpeate flux at feed temperature of 30°C and peasmassure
of 100 Pa

Experimental results also showed, that PDMS menabrsn more selective to
thiophene than to 2-methylthiophene (Fig. 3) andmiy be mainly because of the
difference in molecular size and structure but alge to the difference in partial vapour
pressure, which is lower for 2-methylthiophene. tRemmore, thiophene shows higher
chemical affinity to the poly(dimethylsiloxane)pfn which the membrane active layer was
made (the solubility parameter for thiophené s 20.0 (MPa)?, for 2-methylthiophene is
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§ = 18.6 (MPa)?and for PDMS isy = 21.1 (MPa)?). Obtained results correspond with
results presented in the literature [11, 12].
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Fig. 3. Effect of feed concentration on the sepamafactor at feed temperature of 30°C and perenpassure of
100 Pa

Effect of feed temperature

The effect of operating feed temperature on thdcieficy of thiophene and
2-methylthiophene separation from model binary orie$ was investigated in the range of
30-50°C. Temperature dependence of total perméateahd partial fluxes of individual
compound for model mixtures are illustrated in Fegu4-6.
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Fig. 4. Effect of feed temperature on the totahpeate flux at feed concentration of 0.07 mas. % @ertheate
pressure of 100 Pa

Experimental data indicated an increase in the ftta (Fig. 4) and partial fluxes
(Fig. 6) with the rise of the feed temperatureFlgure 5, separation factors decline with
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the increase of feed temperature for bwibctane/sulphur compound mixtures. During the
pervaporation experiments, a trade-off phenomenetwéden flux and selectivity was
observed- as the feed temperature increased, the total fhiexeased but the sulfur
separation factor shows a digressive trend.

® n-octane/T B n-octane/2MT

@

E - - 2.68 251

&> 56 43 . 2.30 5 22
810

o 30 35 40 45 50

Feed temperature [°C]

Fig. 5. Effect of feed temperature on the sepamatéwtor at feed concentration of 0.07 mas. % aemnpate
pressure of 100 Pa
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Fig. 6. Effect of feed temperature on thiophenes &t feed concentration of 0.07 mas. % and peer@assure
of 100 Pa

Above mentioned relationships are thought to bersequence of two simultaneously
occurring phenomena [7]. First, operating tempeeataffects the driving force for
the mass transfer - the increase in the temperatstdts in higher partial vapour pressure
of components in the upstream side of the membamdeprovide a greater driving force
for the permeation of components since the dowastirgoressure remains practically
unaltered. Secondly, rise of the temperature amditly enhance the swelling of the
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membrane active layer, which, on the one hand i&aural” consequence of feed
components dissolution and on the other - can ggoresible for the decrease in thiophene
separation factor.

Effect of downstream pressure

Since the driving force of components permeatiompénvaporation is the difference
between the vapour pressure at feed and permeklteotihe membrane, the downstream
pressure is an important parameter that affectpénrmance of the PV process. On the
basis of the above statement, it can be expedtat partial fluxes will increase with the
decrease of the downstream pressure. It also dieedithe component concentration in the
permeate stream and affected the membrane setedfiyi Downstream pressure impact
on the total permeate flux and sulfur separatiatofafor model mixtures are illustrated in
Figures 7 and 8.
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Fig. 7. Effect of downstream pressure on the tdia at thiophenes concentration of 0.07 mas. % and
temperature of 30°C

The influence of permeate-side pressure on theaperation performance at 30°C and
thiophenes concentration of 0.07 mas. % was inyat&t in the range of 100-1000 Pa.
Experimental results indicated, that maximum phyi@ssure gradients obtained for the
minimum downstream pressure was the most benefigigl the permeate pressure of
n-octane/thiophene angoctane/2-methylthiophene mixtures was increadwesl tatal flux
decreased significantly. At the same time, theusudeparation factor was declined more
gently. Figures 7 and 8 indicates, that high vaculloav downstream pressure) had
a greater impact on total flux in comparison witiffer separation factor.
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Separation factor [-]
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Fig. 8. Effect of downstream pressure on the séipardactor at thiophenes concentration of 0.07 .n¥asand

temperature of 30°C

Conclusions

Experimental results indicated, that higher feadperature yielded higher total flux
and lower sulfur separation factor.

Simultaneously, the increase in total permeatior fesulted in the separation factor
decrease, which was caused by the decrease inetbetigty of the active layer
resulted from its enhanced swelling.

Partial fluxes of thiophenes were proportional te concentration in the feed.
However, the variation of thiophenes concentratiad almost imperceptible impact
on the total flux and selectivity.

Differences of chemical affinity of the investigdte thiophenes to
poly(dimethylsiloxane) leaded to various selecigdgtthereof within PDMS membrane
for both separated mixtures.

As the permeate pressure in desulfurization-ottane/thiophenes using a PDMS was
increased, the total flux was decreased signifigamhile the sulfur separation factor
was declined gently.
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ZASTOSOWANIE PERWAPORACJI DO ODSIARCZANIA BENZYNY -
EFEKTYWNO $C USUWANIA ROZNYCH ZWI AZKOW SIARKI

Instytut Inzynierii Wody i Sciekéw, Politechnikslaska, Gliwice

Abstrakt: Ze wzgbdu na rosgca $wiadomaé ekologiczm duza uwag pdswigca st jakasci paliw
transportowych, w tym zawakti siarki. Spalanie zwikéw siarki obecnych w benzynie stancwbddto emisji
SQO. Co wicej, obecnét tlenkéw siarki w spalinach przyczyniagsido zwikszonej emisji NQ i lotnych
zwigzkdw organicznych (VOC), spowodowanej atamiiem s¢ niskotemperaturowej aktywdad katalizatorow.
Dlatego regulacje prawne wprowadzone w krajach Wmagaj redukcji poziomu siarki w benzynie do 10 ppm.
Jakoze siarka wysfpuje w benzynie w postaciandych zwazkéw (takich jak tiofen i jego pochodne, merkaptany
i siarczki) oraz réne zwizki siarki wykazuj rézne powinowactwo wzgtem materialu membrany, bardzo
wazne jest, aby zbadaefektywnd¢ ich usuwania oddzielnie. Celem béadaylo okrdlenie wptywu typowych
wybranych zwazkéw siarki obecnych w benzynie na selekty®éinanembrany oraz wydajié separacji
zwiagzkOw siarki w procesie perwaporacji pniowej. Zbadano réwniewptyw parametréw procesu, takich jak
temperatura nadawy,egenie usuwanych zanieczyszazecisnienie po stronie odbioru permeatu na skutegzno
usuwania tiofenéw z modelowych mieszamioktan/zwizek siarki. W czasie badastosowano hydrofobowe
membrany kompozytowe na bazie poli(dimetylosilok§arNadaw stanowity dwuskiadnikowe mieszaniny
n-oktan/tiofen i n-oktan/2-metylotiofen. Zawarté siarki obecnej w tiofenach wahatag si granicach od
0,05 do 0,13% mas. Wplyw temperatury nadawy zbadarmakresie 30-50°C. Przeptyw nadawy (753t
utrzymywano na statym poziomie.

Stowa kluczowe:perwaporacja pediowa, odsiarczanie, tiofeny, benzyna



