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Abstract—The main aim of this work is to develop a model of
hydrogen sulfide (H,S) separation from natural gas by using
membrane separation technology. The model is developed by
incorporating three diffusion mechanisms which are Knudsen,
viscous and surface diffusion towards membrane selectivity and
permeability. The findings from the simulation result shows that the
permeability of the gas is dependent toward the pore size of the
membrane, operating pressure, operating temperature as well as feed
composition. The permeability of methane has the highest value for
Poly (1-trimethylsilyl-1-propyne ) PTMSP membrane at pore size of
0.1nm and decreasing toward a minimum peak at pore range 1 to 1.5
nm as pore size increased before it increase again for pore size is
greater than 1.5 nm. On the other hand, the permeability of hydrogen
sulfide is found to increase almost proportionally with the increase of
membrane pore size. Generally, the increase of pressure will increase
the permeability of gas since more driving force is provided to the
system while increasing of temperature would decrease the
permesbility due to the surface diffusion drop off effect. A
corroboration of the simulation result also showed a good agreement
with the experimental data.

Keywords—Hydrogen Sulfide, Methane, Inorganic Membrane,
Organic Membrane, Pore Model

|. INTRODUCTION

ATURAL gas is used primarily as a fuel and as a raw

material in manufacturing. It is considered as an
environmentally friendly clean fuel, offering important
environmental benefits as compared to other fossils fuels.
Natural gas found at the wellhead is not pure although contains
primarily of methane. Natural gas that comes from the oil
wells typically termed as ‘associated gases. It is produced
during crude oil production and is the gas associated with the
crude oil. Natural gas from gas and condensate wells in which
there is little or no crude oil is termed as ‘non-associated
gases. Regardless of the sources of natural gas, once separated
from crude oil, it commonly exists in mixtures with other
hydrocarbons and some impurities of acid gases such as H,S,
N,, CO,, H,, Hg, H,0 and other substances.

Natural gas consists of 0-5 vol % of hydrogen sulfide and
according to US pipeline specification; natural gas must not
contain more than 2% CO, and 4ppm H,S before being
delivered to the customers[1].
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Due to the rotten smell provided by its sulfur content, the
gas commonly called ‘sour gases. ‘Sour gas is undesirable
because the sulfur compounds it contains can be extremely
harmful, even poisonous to breathe[2-3]. The team of
researchers reported that natural gas contained hydrogen
sulfide has a low BTU value and has to be upgraded by
removing the hydrogen sulfide. Therefore, before the
digtribution of natural gas is done, the separation of the
impurities, specificaly in this study refers to H,S is very
critical and must be the first priority in the gas processing. The
process for removing hydrogen sulfide from sour gas is
commonly referred as ‘ sweetening’ the gas [4].

Currently, gas absorption using amine solvent is used to
remove H.,S content [5]. However, few problems *regarding
amine adsorption occurred due to the contaminants in the inlet
gas which contains solid particles like iron sulfide and
corrosion particles which form when H,S comes in contact
with the equipment metallurgy and also foaming causes a
reduction in gas treating capacity, an increase in energy
consumption, and excessive amine losses [6]. The other
technology that has been used is cryogenic process which
involves extremely low temperature condition. However,
cryogenic plants are complex, require numerous moving parts
and have high capital and operating costs. Therefore, another
method of separation process has been greatly explored to
avoid the reliance on the adsorption separation and cryogenic
processes. Membrane has been a promising technology for this
purpose compared to the other methods due to several reasons
such as ease of instalation, ease of operation, low space
requirement make them the best alternative to be implemented
at offshore [7-8].

According to [9], inorganic membranes currently suffer
from severa disadvantages, such as low selectivity and low
permeability, which has thus far limited the performance of
these membranes. Organic polymer on the other side,
dominates materials for gas separation membranes. Many
polymers exhibit sufficient gas selectivity and they can be
easily processed into membranes.

The two most widely studied polyacetylenes are poly(1-
trimethylsilyl-1-propyne) (PTMSP) and poly(4-methyl-2-
pentyne) (PMP). Gas permeabilities in these materials are
orders of magnitude higher than those of conventional, low-
free-volume glassy polymers, and are even substantially higher
than those of poly(dimethylsiloxane), for many years the most
permeable polymer known. The extremely high free volume
provides a sorption capacity as much as 10 times that of a
conventional glassy polymer.

This combination of extraordinarily high permeabilities,
together with the very high free volume, hints at a pore-flow
contribution [10].
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PTMSP polymeric membrane selectively permeatesstarg The viscous flow provides the permeability of gaslenule

molecules of a gas mixture with moderate to higm@ance
and permselectivities over the smaller moleculdsis] a gas
stream enriched in the smaller components of tleal-t@as
mixture is produced as the high pressure effluastfgom the
PTMSP membrane system, while a gas stream enriohtbe

larger components of the feed-gas mixture is preduas a
low pressure effluent gas. It means very high ta&acof

hydrocarbon (methane) over hydrogen sulfide iskatdd by

the membrane at low gas pressure based on molegnaof

H,S and methane 3.373 and 3.8 A respectively. Thadgyh

sulfide enriched stream will be produced at thed fpeessure
[11].

The second membrane that is used in the simulatiadies
is inorganic membrane -Alumina. ¥ -Alumina membranes
are formed by colloidal deposition of Boehmite fmdet sols
on macro-porous supports, followed by thermal pseire

which results in transformation of Boehmite (AlOQir)o y.

Al,O; [12]. This inorganic membrane offers some advasgag

in term of operation at severe temperature andspres They
are generally chemically stable and can withstaader®
operating condition. However, inorganic membranesligely

to be 10 to 100 times more expensive than equivalen

polymeric membranes which make them not preferfdsi¢he
industry. This cost differential can only be toked in
applications in which polymeric membranes compyefail to
make the separation [13]. Table 1 shows the prigseof both
types of membranes.

TABLE |
PROPERTIES OF PTMSP AND)/ -ALUMINA
Properties (PTMSP) J -Alumina
Pore size range, (nm) 5-20 0.15-29C
Membrane thickness (f), pm  50-70 0.10
Porosity, £ 0.3-0.7 0.603
Tortuosity, T 1.5-25 1.658
Density (g/cm?) 2.2 3.41
Il. THEORY

Two models are used to describe the mechanism
permeation. He describes one of the model is thatian-
diffusion model, in which permeates dissolve in tiembrane

as a function of the membrane porosity, pore dizeyosity
and the viscosity of the gas but not pressure. g4jlained
that viscous flow can be modeled in the pore mendraith
pore size ranging from 1-7nm, as in this range ¢jas
molecules will collide each against each other niicequently
than their collision with the wall. According to ],
permeability of gas molecule through membrane poagsbe
described as follow:

. t
Pi - Qp m (1)
A, AP
Whereq, is given by
ERL 1
qp:T(PH_PL) (2)
H
Therefore permeability for viscous diffusion is givby;
. alP
pi,v (3)

B 8rlui RT

The permeability of gas predicted by using equaf®nis
limited to the condition when the mean free pathra¥el of
the gas molecule is smaller than the pore diam@iscous
mechanism) [16]. However, when the system temperati
held high and the pressure is held low, the meea [rath of
travel of the gas molecule became larger and thisioo
between gas molecules against wall predominatess,Th
Knudsen diffusion occurs [17] via the followingagbn;

oo 2r e g Y2
T er | RT/M

ofWhen the temperature of the gas is such that atisorpn
pore walls is important due to hindered pathwayeeixnental
results show that the preceding laws for the gaséow are

4)(

material and then diffuse through the membrane dawn no longer valid. For relatively low surface coneatibns, the

concentration gradient. The permeates are sepabsealse
of the differences in the solubilities of the méaky in the
membrane and the differences in the rates at wiiieh
materials diffuse through the membrane. The othedehis
the pore-flow model, in which permeates are trartegoby
pressure-driven convective flow through tiny poi®sparation
occurs because one of the permeate is excludéetétil) from

surface flux,Ns for a single gas is described by the two-
dimensional Fick’s law [9].

2
.2 Ds O f
Po=nE (1)L (5)
ol ZRT

some of the pores in the membrane through whickerothWhere,

permeates move.
diffusion and pore flow mechanisms lies in the tieta size
and permanence of the pores [10].

The difference between the sbolutio

—045(AH ads) i|

D, = 1.6>d.0"2e[ mRT (6)

For the pore models, the diffusion mechanisms @®t b The combination of those three diffusions will fesuithe
described by viscous diffusion, Knudsen diffusionl aurface  total permeability as follow;

diffusion.
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T RT i Mo z

Total flux of Gas in Mixture is calculated by usitiis
correlation;

R =x (R )ex, (P ®
Whichx;, x, P’i, P’ is mole fraction and permeability of each
gaseous respectively.

Separation factor can be used to describe the atémar
efficiency for a binary mixture, which is a measuwt the
enrichment of a gas component after it has pasbed
membrane. Reference [18-19] suggests the idealratépa
factor for a binary system as follow;

* P
a =—- 9)
P,

with P’ is the permeability of species i arR]' is the

permeability of species j.

IIl.  RESULT AND DISCUSSION

The permeability of single gases passing througé tt

membrane has been calculated by using equatiowh(ig for
binary mixture equation (8) has been used.

A.Permeability of Pure Gas: Effect of Membrane Paee S
on Gas Permeability

Effect of pore size on the mechanisms of flow for pure CH4 in
PTMSP membrane at T=303K,P=60atm

7E-10

2 GE-10
an

<

% SE-10

o

£

o bl —4+—Pv
£ 310 —m—Pkn
3 P

o 2E-10 >
s PT
& 1e10

o w1 T+
0105 1 15 2 25 3 35 45 5
nm

Fig. 1 Effect of pore size on the mechanisms of/flor pure CH in
PTMSP membrane at T=303K and P=60 atm.

Fig. 1 shows the effect of pore size on the medmsiof

surface with the concentration gradient betweerk byds
surface and the pore surface as the driving foitlee
difference of the absorbing rate for the two gaseeuhe key
for the separation to happen. At higher pore sizean be
observed that Knudsen diffusion started to increaskgive a
major effect on the total permeability of GHrhis is due to
the more mean freeways provided by higher pore feiz¢he
transport of gas molecules. The gas molecule esahyficollide
with wall of membrane pore and the amount of ciollis
exceeding the amount of collision between,@tblecules.

1 Effect of pore size on total permeability of CH4 and H2S in
PTMSP Membrane at T=303 K, P=60atm
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Fig. 2 Comparison for effect of pore size on thehamisms of flow
for H,S and CHin PTMSP membrane at T=303K and P=60 atm

In general, increasing the size of membrane pork wi
increase the permeability of gas since hinderedh [&tno
longer a restriction for the movement of gas thioogt the
membrane. However, it needs to be aware that when t
permeability of gas increase excessively, the stijoar factor
or selectivity of the gas will decrease as the medoility of
CH,is getting nearer to the permeability of3d This trend can
be screened from Fig. 2. The ideal separationroeduwhen
pore size is less than 0.5nm. After this value,pglemeability
of CH; and HS is following the same pattern can become
closer.

Fig. 3 shows the effect of operating pressure @n G,
permeability across PTMSP membrane. As the pressure
increased, the permeability of Cl$ also increased. Here we
can observe as the pore size increase, the dependdn
pressure is become apparent and at smaller poze(hEim),
the permeability of Chiis almost independent of pressure. The
increase of permeability of Chs very obvious when the pore
size is equals to 4nm. On other hand, the perrigati CH,
at pore size equals to 1nm is nearly constantrefsing the

flow for pure CHin PTMSP membrane. While increasing thepressure woud increase in the driving force whicikes the

pore size from 0.1 to 5 nm, the operating pressamd
temperature is kept constant at 60atm and 303Keotisely.
As can be observed from the figure, the surfactugldn is
dominant at smaller pore size which is in the raaf)@.1 to
0.2nm and it decrease as the pore size increase.

At small size of pore, the pathway of travel forsga
hindered. Under this condition, the gas molecubegehigher
tendency to diffuse from the bulk gas film (feed)the pore
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permeation of the gas molecules are more favorablegion
of larger pore size, Knudsen diffusion become damin
instead of surface diffusion.
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B.Permeability of Pure Gas: Effect of Pressure on Gas
Permeability

Effect of Pressure on total permeability of CH4 at different
pore size in PTMSP membrane at P=60atm
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Fig. 3 Effect of operating pressure to the permiglnif CH, for
PTMSP membrane at T=303K

C.Permeability of Pure Gas: Effect of TemperatureGas
Permeability

Effect of temperature on total permeability of CH4 at
different pore size in PTMSP membrane at P=60atm
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Fig. 4 Effect of operating temperature to the pexilgy of CH, at
P=60atm for PTMSP membrane

This follows the general trend, which describe thize
higher availability of mean free pathways will riisa higher
permeability of gas molecules.

D.Permeability of Gas Mixture

In general, to study about permeability of gas congmts in
a mixture, the average viscosity and interactiotwben gas
components need to be taken into account. Howexehor
has simplified the relation between pure gaseoud the
mixture as per equation (8). The feed compositionansists
of 80% CH, and 20% HS. The pure gaseous permeability and
gas mixture of a binary system are compared urteisame
operating conditions at different pore size. It t@nobserved
from fig. 5 that the gas mixture permeability |dyetween the
pure gaseous permeability. The behavior of gas umaxt
follows the behavior of pure gaseous dependent e t
percentage of gas in feed composition. The sanmldrare
obtained when operating pressure and temperatuegies.

Effect of pore size on total permeability of CH4 and H2S in
PTMSP Membrane at T=303 K, P=60atm
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Fig. 5 Pure gas permeability versus mixture ofggrsneability in
PTMSP and P=60 atm. and T=303K.

E.Separation Factor

When evaluating the accomplishment of the separatio

process, the separation factor is very essentjg¢casto be
taken into account. Higher separation factor waakllt in an

Fig. 4 shows the effect of temperature towards thgffective separation between the species in tharpimixture.
permeability of CH throughout PTMSP membrane at pressurgrom Fig. 6, the separation factor for £kth respect to kB

equals to 60 atm. It can be observed that the petaheability
of CH,is decreasing with increase of temperature.

This is due to surface diffusion effect of the gaslecules
when temperature varies which relates to adsorgtidhe gas
molecules on the pore size. This influence of gutsmm can be
described by using thermodynamic relation betweénb$s
free energy, enthalpy and entropxG= AH — TAS. In
adsorption procesaG is always negative, as well a8l and

is decreasing as the pore size increased due gchiedered
pathway.

Therefore, when the mean free path is increaseg tlkeno
restriction for the movement of gas through outrtfembrane.

As discussed earlier, this condition lead to lespasation
factor

as the permeability of GHs getting closer to the
permeability of HS.

AS. When temperature risesG becomes less negative and According to the industrial standard, the sepamafiocess
adsorption process is not favored. Knudsen andouisc Petween two gas species is possible if the separédctor is
diffusion shows insignificant changes when tempeeat larger than 7 [20]. Therefore, in condition of P=@ém,

increases.

When the pore size is being varies from 1 to 4 tim,
results show that the permeability of membrane Jattyer
pore size is higher.
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T=303K, the separation of .8 from CH, is possible when

pore size is smaller than 0.2nm. This is the optinmondition

for separation process using PTMSP membrane.
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Fig. 6 Separation factor for permeability of gasewith respect to
each other 4

A comparison between two membrane, PTMSP and o
alumina has been illustrated in Fig. 7. Both memésashow a [6]
similar pattern, separation factor decreasing With increase o
of pore size. It is apparent that the separatiastofafor
PTMSP is higher compared tealumina membrane. Other
effect of pressure and temperature has been ige¢st as (6]
well. However, the pattern of separation factorhwdifferent 9]
pressure and temperature is not given paramounttgesnd
thus, it is concluded that the optimum operatingdition is at
P=60atm and T=303K.

[10]

The permeability of gas mixture is lays between pliee
gaseous dependent on feed composition. The vaidagisult
shows that the model developed is accurate andpeie.
From the result obtained, it can be conclude thataptimum
condition for separation of gas using PTMSP gradumina is
at P=60atm, T=303K with pore size smaller than ®.2n
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