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Abstract

The use of membranes in gas separations has grown at a very rapid pace in recent times. One particularly interesting application of gas
separation with membranes is the removal of dilute heavy organics from light gas streams such as the removal of solvents from the exhaust of
different process industries. For such applications separations are achieved using the solubility-selective mode in which preferential permeation
of the heavier organic molecules is desired. This article aims to review some of the recent advancements in the field of membranes for solubility-
based gas separations. The development of different inorganic, polymeric and hybrid membrane materials in light of the opportunities and
challenges are presented.
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. Introduction

Gas separation is an important unit operation employed
idely throughout the chemical industries. Examples include

he separation of air into oxygen and nitrogen and the removal
f volatile organic compounds from effluent streams. The tra-
itional methods used for such separations include cryogenic
istillation and adsorbent bed processes. In recent times, how-
ver membrane-based gas separation is becoming increas-

ngly popular due to its inherent advantages over the more
raditional methods. These include low capital and operat-
ng costs, lower energy requirements and generally ease of
peration.

A membrane may be simply defined as an interphase
etween two bulk phases[1]. During the last 30 years, the
se of membranes in separation processes has grown at a
ery rapid pace. Presently membrane-based processes are
eing used in a wide array of applications, such as micro-
ltration, ultrafiltration, nanofiltration, reverse osmosis and
lectrodialysis[1,2]. Gas separation in membranes occurs
ue to differences in permeabilities of the species flowing

through the membrane. With a few exceptions, membr
used for gas separation can be broadly categorized int
major classes: porous inorganic and dense polymeric.

Porous membranes have a well-defined static pore s
ture, which depending on the formation process can be h
connected and torturous or non-connected and straight.
in inorganic membranes can be classified according to
size as macropores (>500Å), mesopores (500–20̊A) or
micropores (<20̊A) [3].

Across these pore size regimes, gas transport in inor
membranes may occur via a host of different mechanism
brief description of the commonly occurring mechanism
given below:

(a) Molecular diffusion: In molecular diffusion, the mea
free path of the gas molecules is smaller than
pore size and diffusion occurs primarily throu
molecule–molecule collisions. In molecular diffusi
the driving force is the composition gradient. If a press
gradient is applied in such pore regimes bulk (lami
flow occurs, as given by Poiseuille’s equation. Such tr
∗ Tel.: +92 42 9203101; fax: +92 42 9203100.
E-mail address:ajavaid@ciitlahore.edu.pk.

port is often referred to asPoiseuille flowor viscous flow.
(b) Knudsen diffusion: This mode of transport is important

when the mean free path of the gas molecules is greater
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than the pore size. In such situations the collisions of the
molecules with the pore wall are more frequent than the
collisions among molecules. Separation selectivities with
this mechanism are proportional to the ratio of the inverse
square root of the molecular weights. This mechanism
is often predominant in macroporous and mesoporous
membranes[4–7].

(c) Surface diffusion: Surface diffusion occurs when the
permeating species exhibit a strong affinity for the
membrane surface and adsorb along the pore walls.
In this mechanism, separation occurs due to differ-
ences in the amount of adsorption of the permeating
species. Surface diffusion often occurs in parallel with
other transport mechanisms such as Knudsen diffusion
[5,6].

(d) Capillary condensation: Capillary condensation is one
form of surface flow where one of the gases is a con-
densable gas. Typically in mesopores and small macro-
pores, at certain critical relative pressures (that may be
determined by the Kelvin equation), the pore gets com-
pletely filled by the condensed gas. Due to the forma-
tion of menisci at both ends of the pore, transport can
take place through hydrodynamic flow driven by cap-
illary pressure difference between the two ends. This
mechanism of gas transport can be thought of as the
ultimate limit of the process of adsorption as pressure
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2. Theory of gas transport in membranes

In this section a simplified development of the theory of
gas transport across a membrane is presented. The focus is
on single gas species and several assumptions will be made
to simplify the presentation, but these are discussed later.

The diffusion of gas through the membrane can be
expressed by Fick’s first law:

J = −D

(
dC

dx

)
(1)

whereJ is the flux of the gas through the membrane,D, the
diffusion coefficient, and dC/dx is the concentration gradient
of the gas across the membrane. At steady state, the flux is
a constant. IfD is assumed to be constant, Eq.(1) can be
integrated to give:

J = D
Co − Cl

l
(2)

whereCo andCl are the concentration of the gas on the
upstream and downstream ends, respectively, andl is the
thickness of the membrane. At low pressures, Henry’s law
is often adequate to express the concentration of the gas in
the membrane:

C = Sp (3)
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is increased. In theory, capillary condensation ca
used to achieve very high selectivities, as the for
tion of the liquid layer of the condensable gas
block and prevent the flow of the non-condensable
[6–8].

e) Configurational or micropore diffusion: This type of dif-
fusion may be considered as surface diffusion in the
where the pore size becomes comparable to the mo
lar size. In this mechanism, diffusion is perceived a
“activated” process and separation is a strong func
of molecular shape and size, pore size, and interac
between the pore wall and gas molecules. This typ
mechanism is dominant in microporous zeolite m
branes and carbon molecular sieves[4,7].

In dense polymeric materials, solution-diffusion is wid
ccepted to be the main mechanism of transport[4,9–11].
his mechanism is generally considered to be a three
rocess. In the first step the gas molecules are abs
y the membrane surface on the upstream end. Th

ollowed by the diffusion of the gas molecules throu
he polymer matrix. In the final step the gas molec
vaporate on the downstream end. In glassy polymers
orption of gases becomes a complex process, whic
een described by a combination of Henry’s law and L
uir expressions. This has been referred to as “dual m

orption theory”[11]. Diffusion in glassy polymers is us
lly an activated process and, Arrhenius relations ma
sed to express the permeability, diffusivity, and solub
oefficients.
hereSis the Henry’s solubility constant andp is the pressur
f the gas. By substituting Eq.(3) into Eq.(2) we get:

= DS
(po − pl )

l
= P̄

(po − pl )

l
(4)

hereP̄ is permeability of the gas and according to Eq.(4)
an be defined as:

¯ = DS (5)

he permeability is therefore a product of the diffusivity
olubility coefficients of the gas species. In real systems
iffusion coefficientD and the solubility coefficientSmay
oth be function of concentration, so the theoretical ana
ecomes more complicated. However, the idea of the pe
bility being the product of a solubility term and a diffusiv

erm is quite general.
In gas separation with membranes, selectivity is defin

he ratio of the individual gas permeabilities. Based on si
as permeabilities of species “A” and “B” we may write

deal selectivity as:

A/B = P̄A

PB
= DA

DB

SA

SB
(6)

he selectivity can therefore be viewed as a function of
erences in both the diffusivity and solubility coefficients
he two gases.

Diffusivity-based gas separation is generally employe
hemically similar species like O2 and N2, where separatio
ccurs due to the preferential permeation of the smaller
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mobile species. In fact most membrane gas separation sys-
tems in operation are diffusivity-based. However, in certain
industrial and environmental applications, it is preferable to
achieve separation based on solubility differences.

3. Solubility-based gas separations

Differences in solubility arise from differences in the
molecular-level interactions of the membrane material with
the permeating species. The exploitation of “chemically spe-
cific” energetic interactions such as hydrogen bonding may
lead to greater selectivity; however, even simple van der
Waals dispersion forces, which tend to be stronger for the
larger molecules, may lead to significant selectivity. In cer-
tain applications, like the removal of volatile organic com-
pounds (VOCs) from effluent streams or the removal of higher
hydrocarbons from natural gas, process economics dictate
that membranes should be designed to preferentially perme-
ate the larger molecular weight species. In these examples
the heavier species are present in dilute concentrations and
preferential permeation of the heavier species translates into
lower surface area requirements; furthermore, the “cleaned”
lighter component is kept on the high-pressure side, which
may be advantageous[10].

Freeman and Pinnau outlined the design criteria for
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Table 1
Permeability and selectivity data for N2 and hydrocarbon gases through SSF
membranes[26]

Gas Permeability
(mol m s−1 m−2 Pa−1 × 1010)

Selectivity
(Pi/PN2)

N2 0.000251
CH4 0.00221 8.80
C3H8 0.000971 3.87
n-C4H10 0.000519 2.07

processes employed for the formation of amorphous microp-
orous inorganic membranes; however, among them the most
widely used are sol–gel method, chemical vapor deposition
(CVD) and pyrolysis method for the formation of carbon
membranes[12–14].

The sol–gel process involves the formation and deposi-
tion of a suitable sol, like a colloidal boehmite, onto a porous
support, followed by drying and thermal treatment[13–19].
The sol–gel technique has been widely adopted for the for-
mation of silica- and alumina-based inorganic membranes.
Supported carbon membranes are created by heating pre-
cursors like polyfurfuryl alcohol (PFA) or phenolic resins
at high temperature in an inert environment[12,20,21]. The
heat treatment leads to the formation of non-graphitizing
carbon, which is well cross-linked. Zeolite membranes are
generally formed by a hydrothermal deposition method on
suitable porous supports like�-Al2O3 [13,17,22–24]. The
main advantages of this class of crystalline inorganic mem-
branes are high chemical stability and very narrow pore size
distribution; however, it is very difficult to create a defect-free
zeolite membrane with practically useful thickness.

Inorganic materials like carbon molecular sieves and
zeolites can be used to achieve separation based on
diffusivity–selectivity[4,21]. In applications like the removal
of hydrogen from hydrocarbons, high hydrogen/hydrocarbon
selectivities can be achieved using carbon molecular sieves.
H e of
m by
c

ified
a ility-
b been
t rface
fl lting
i Sir-
c they
c aim
w pref-
e The
m d
s king.
T anes
f
G elec-
t ation
f and
olubility-selective polymeric membranes[10]. They poin
ut that for separation of dilute heavy molecular we
pecies from light gases, such as the removal of org
apors from air, generally the diffusivity selectivity is in fav
f the smaller more mobile species. Therefore, to achieve
ration in such cases with the preferential permeation o

arger species, one would like the polymer to have a
nough free volume so that the ratio of diffusivities of

wo species is driven close to unity. The solubility-selecti
s greater for the larger species simply due to van der W
nteractions, resulting in an overall higher selectivity for
arger species.

Both inorganic and polymeric membranes can be desi
o achieve solubility-based gas separations. Both mat
ave certain advantages and disadvantages and pre
esearch effort is concentrating on designing membrane
rovide high throughput and high selectivity.

.1. Inorganic membranes

Microporous inorganic membranes are usually amorp
n nature and formed from metals, ceramics, or pyroly
arbon[12,13]. To obtain high enough permeances for

norganic membranes to be practically useful, the memb
hickness needs to be quite small (on the order of micr
morphous inorganic materials do not typically have

nherent mechanical strength to form self-supported m
ranes in this size range, and therefore macroporous su
ade of alumina, zirconia, glass, or stainless steel are u
rovide the desired mechanical strength. There a numb
y

owever, one major problem associated with this typ
embrane is that it is very fragile and prone to fouling

ondensable species[4].
Microporous inorganic membranes have been mod

nd studied as possible materials for achieving solub
ased separation. The goals of these modifications have

o tune the pore size such that surface effects like su
ow and capillary condensation were enhanced, resu
n an increased flow for the larger species. Rao and
ar developed nanoporous carbon membranes, which
alled selective surface flow (SSF) membranes. Their
as to separate hydrogen–hydrocarbon mixtures by
rential adsorption and diffusion of the hydrocarbons.
embranes had pore sizes in the range of 5–6Å and achieve

eparation on the basis of selective adsorption and bloc
he permeability and selectivity data of the SSF membr

or nitrogen, and hydrocarbon gases is given inTable 1.
enerally, as higher molecular weight species were s

ively adsorbed, the membranes showed higher perme
actors for the hydrocarbons as compared to nitrogen
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hydrogen. The membranes performance showed a signifi-
cant improvement upon increasing the feed pressure due to
higher adsorption of hydrocarbons at higher partial pressures
[25,26].

Hassan et al. investigated the gas separation properties of
silica hollow fiber membranes with pore size ranging between
5.9 and 8.5̊A [27]. They conducted both single and mixed gas
experiments using light gases and hydrocarbons with kinetic
diameters ranging from 2.6 to 3.9Å. They observed large sep-
aration factors for carbon dioxide/methane mixtures, which
was attributed to surface diffusion as being the primary trans-
port mechanism. The mixed gas selectivity was higher than
single gas, which they concluded was due to the competitive
adsorption effects.

Huang et al. modified�-alumina membranes for recovery
of acetone from nitrogen by reducing the pore size to enhance
multilayer diffusion and capillary condensation transport
mechanisms[28]. The modified membranes showed higher
acetone permeability and higher separation factors as com-
pared to polymeric membranes; however, the performance
was strongly influenced by temperature and feed composi-
tion. Depending on the temperature and the feed composition,
the separation factor varied from being less than 10 to as high
as 1200.

Inorganic membranes typically have the advantage of
higher permeabilities as compared to polymeric membranes,
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Table 2
Permeability and selectivity data for N2 and hydrocarbon gases through
PDMS[31]

Gas Permeability
(mol s−1 m−2 Pa−1 × 1010)

Selectivity
(Pi/PN2)

N2 0.00154
CH4 0.00486 3.15
C3H8 0.0287 18.65
C2H4 0.0126 8.18
C2H6 0.0151 9.81

thetical “upper bound” in the relationship between perme-
ability and selectivity[29]. Much of the present research has
focused on pushing the polymer performance above the upper
bound and into the economically attractive region currently
enjoyed by inorganic membranes.

For solubility-based separations, Freeman and Pinnau
have suggested the possibility of having a positive cor-
relation between permeability and selectivity, which is in
contrast to diffusivity-based separation[10]. By observing
propane/methane selectivity as a function of propane perme-
ance through a number of polymers they demonstrated the
polymers that exhibited higher permeabilities for propane
were also more selective for propane.

For solubility-based separation, polydimethysiloxane
(PDMS) and poly(1-trimethylsilyl-1-propyne) have shown
promising results, primarily because they exhibit diffusivity
selectivity near unity for a wide range of gas species[10,30].
PDMS is a rubbery polymer silicone polymer that has one of
the lowest glass transition temperatures. PDMS therefore has
a very flexible backbone and exhibits diffusivity selectivity
near unity.

PDMS has been investigated extensively as a suitable
material for removal of different solvents from air or nitrogen.
Stern et al. carried out permeability studies of a number of
different gases through unmodified and structurally modified
PDMS[31]. Table 2details the permselectivity data obtained
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nd selectivities are high when certain transport mechan
re dominant. Inorganic membranes also exhibit good r

ance to harsh chemical conditions and can withstand
ressures and temperatures. However, one major draw
f inorganic membranes is that selectivity tends to be a s

unction of process conditions, especially temperature,
ure, and mole fraction of the condensable species in the

.2. Polymeric membranes

The use of polymer membranes has generated an
ncreasing interest in the field of gas separation[9,11]. Poly-

ers are available in a wide array of chemistries that ca
sed to suit particular applications. As with inorganic m
ranes, one would like to form the polymer layer with m
um possible thickness. Polymeric membranes are ther

ast on supports to form integrally skinned membranes. P
nversion is one of the commonly used processes to form
rally skinned polymeric membranes. In this process a s

nverted to form a porous three-dimensional macromole
etwork. There are four major categories of the phase i
ion process depending on whether the casting proced
et or dry, and whether the phase inversion is carried o
dry or wet medium[4,11].
For gas separation, the most desirable polymers are

hat provide both high permeability and selectivity.
iffusivity-based separations, polymers however show
as been commonly termed in literature as the “inv
ermeability/selectivity” behavior. Robeson investigated

nverse relationship and suggested that there exists a
y Stern et al. for nitrogen and hydrocarbon gases. Bak
l. studied the permeabilities of different solvents and n
en through a number of polymers including PDMS[32].
heir study showed that all the polymers selected sho
igh solvent/nitrogen selectivity. Considering the differ

actors involved in membrane formation, they concluded
DMS was the best material among the polymers teste
chieving solubility-based separations. Blume et al. stu

he permeation and sorption of a number of different g
hrough PDMS[33]. Their study showed a strong dep
ence of solvent permeabilities on the solvent concentr
nd they concluded that the solvent permeation was la
ependent upon the sorption of the solvent into the poly
immerle et al. studied the fluxes and separation factor
cetone–air mixture through PDMS–polysulfone compo
embrane at different solvent feed mole fractions and
eate pressures[34]. They also worked out the economics

uilding a solvent recovery system based on their memb
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Table 3
Permeability and selectivity data for N2 and hydrocarbon gases through
PTMSP[40]

Gas Permeability
(mol s−1 m−2 Pa−1 × 1010)

Selectivity
(Pi/PN2)

N2 0.0211
CH4 0.0516 2.44
C3H8 0.101 4.81
n-C4H10 0.264 12.51

system and calculated the time return of investment to be less
than 2 years.

Leemann et al. in a similar study investigated the perfor-
mance of PDMS membrane in the removal of toluene from
nitrogen. Their study showed that within certain regimes of
purity and flow the PDMS membrane system could be an
economical alternative to the conventional processes[35].
PDMS is currently being used commercially for the separa-
tion of VOCs from air.

PTMSP is a glassy polymer that was first synthesized by
Masuda et al. in 1985[36]. PTMSP has one of the high-
est free volume known of any glassy polymers, which has
been attributed to it unique structure[9,37–39]. PTMSP
has shown very high permeabilities and very low selectiv-
ities for lighter gases. For this reason initially PTMSP was
considered by Kesting and Fritzsche and by Stern as hav-
ing little use in gas separation[9,11]. However, the low
diffusivity–selectivity property of PTMSP makes it a good
candidate for solubility-based separation. Pinnau and Toy
studied the transport of light gases and organic vapors through
PTMSP [40]. They observed higher permeability coeffi-
cients for the more condensable gases than the lighter non-
condensable gases (Table 3). This behavior was attributed
to the dominance of the solubility effects in the transport of
gases through PTMSP. The mixed gas selectivities in gen-
eral showed higher values as compared to ideal selectivities
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on the unsaturated double bonds in the polymer backbone
[42].

3.3. Hybrid membrane materials

Another approach is to design organic–inorganic hybrid
membranes that combine the best characteristics of both
polymeric and porous materials. Different types of hybrids
have been proposed to enhance membrane performance.
Organic–inorganic hybrids have been formed by incorpo-
rating inorganic particles into a polymer matrix, covering
a porous substrate with organic–inorganic sol–gel materi-
als, forming layers of polymeric material on the surface of a
porous substrate, and by plasma polymerization on the sur-
face of an inorganic support[43–50].

One approach for generating organic–inorganic hybrids is
based on the tethering of organic compounds to the porous
surfaces of inorganic substrates. The chemical derivatization
of inorganic substrates to form self-assembled monolayers
(SAMs) has been a field of interest for a number of applica-
tions, such as wetting, electrochemistry, bioactive surfaces,
and catalysis[51]. More recently this approach has been
applied to membranes. Miller and Koros modified commer-
cially available mesoporous alumina membranes by chemical
vapor deposition of trichlorosilane oligomers on the mem-
brane surface[52]. Their aim was to reduce the pore size for
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uggesting blocking effects by the condensable specie
ng mixed gas permeation. Merkerl et al. performed m
as permeation of synthesis gas (syngas) on both PDM
TMSP[41]. Their study again showed that both PDMS
TMSP exhibit higher permeability for the more condens
as (carbon monoxide and hydrogen sulfide) as compa
ydrogen, and demonstrated the suitability of these mat

or solubility-based separations.
There are certain disadvantages in using polymeric m

ranes. Polymers exhibit high selectivities, but they ten
ave low throughput (compared to porous materials)

o their low free volume. Generally, polymers cannot w
tand high temperatures and harsh chemical environme
ell as inorganic membranes. PDMS has been shown
rone to plasticization, which may greatly reduce its se

ivity when exposed to actual gas mixtures[30]. A major
rawback of PTMSP is that this polymer, like most gla
olymers, is prone to aging effects and shows a dec

n permeability over time. This has been attributed to re
tion of the polymer chains and possible attack by impur
sieving (diffusivity-based) application and therefore t
sed aliphatic oligomers with a high degree of fluorine s
titution. They observed a permeability drop for all gase
ne to two orders of magnitude, and also a decrease
electivity for the lighter gases over the heavier, upon m
cation.

Paterson and co-workers published a series of pape
he surface modification of inorganic membranes[53–59].
heir modifications were based on wet chemistry ro
ather than the vapor deposition as employed by Miller
oros. In the first paper titanium membranes with an ave
ore size of 2 nm were modified with phosphoric acid
lkyl phosphonic acid derivatives[53]. They investigated th
ffects of such modification on bovine serum albumin (B
ltration and found an increase in the rejection with the m
fied membranes without loss in flow. They concluded
ith such modifications it was possible to change the na
f the inorganic surface from hydrophilic to hydrophobic

In Part II of Paterson et al.’s work, 5 nm alumina me
ranes were surface derivatized with PDMS silicone

54]. Due to the presence of surface hydroxyl group
he inorganic substrate they were able to chemically a
he silicone oil; infrared spectroscopy studies confirmed
resence of siloxane derivative on the alumina surface.
eation studies were conducted using light gases, ca
ioxide, methane and propane. After treatment the pe
nce of all gases went down about 4–5 orders of magni
he modified membrane in some cases (e.g. CO2/N2) exhib-

ted selectivities similar to a dense PDMS film, while in ot
ases (e.g. CH4/N2) showed significantly higher selectivi
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Table 4
Permeability and selectivity data for N2 and hydrocarbon gases through
hybrid membranes[57,58]

Gas Permeability
(mol s−1 m−2 Pa−1 × 1010)

Selectivity
(Pi/PN2)

N2 0.000480
CH4 0.00116 2.42
C3H8 0.00872 18.17
n-C4H10 0.018 37.50

They concluded that the membrane after modification no
longer remained porous and gas permeation was occurring
predominantly due to the solution-diffusion mechanism.

Octadecyltrichlorosilane (OTS) was used to modify 5 nm
alumina membranes in Part III of Paterson et al.’s study[55].
Trichlorosilane is a highly reactive functionality and reacts
readily with the surface hydroxyl groups of the alumina mem-
brane. Infrared spectroscopy again confirmed the attachment
of the oligomer, and gas permeation experiments similar to
ones conducted in Part II showed about three orders of drop in
permeance for all gases. Interestingly, however, no improve-
ment in propane/nitrogen selectivity was observed after this
modification.

In another study, Randon and Paterson modified 5 nm
alumina membranes withn-butyl phosphonic acid andn-
dodecyl phosphate[56]. Gas permeation experiments were
conducted using nitrogen and propane. By repeated treat-
ments with the C10 oligomer they were able to increase
C3H8/N2 selectivity to 16, which was a slight improvement
compared to polyethylene, the chemical analogue of the alkyl
chains.

However, what was very significant was that the modi-
fied membrane exhibited significantly higher propane perme-
ance. Their conclusion was that the modification had made
the membrane hydrophobic and improved the membrane’s
solubility-based separation characteristics.
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Fig. 1. Propane permeability comparison for different types of membranes
[26,31,40,57–58].

was almost 30 times lower than the one used by Leger et
al. X-ray photoelectron spectroscopy (XPS) characterization
confirmed the attachment of the oligomer to the membrane
surface, and results from the XPS depth profile showed the
oligomer covering mainly concentrated near the membrane
surface.

In Part II of their study Javaid and Ford described
the performance of OTS-modified with gas mixtures.
Propane/nitrogen and butane/methane gas mixtures were
used to evaluate the performance of the 5 nm OTS-modified
membrane. In general their study showed higher mixed gas
selectivities, which were attributed to competitive effects of
heavier species[58].

McCarley and Way, in a study similar, modified 5 nm
alumina membranes with C18 trichlorosilane[59]. They con-
ducted both single gas and mixed gas permeation experiments
at fixed trans-membrane pressures. The C18-treated mem-
brane showed a significant increase in ideal selectivity for
heavier gases (n-butane) over lighter gases (nitrogen and
methane) as given inTable 4. By measuring pure gas per-
meances as a function of critical temperature they showed
the relationship between the permeance and solubility of the

F rials:
Javaid et al. modified 5 and 12 nm alumina membr
sing different alkyl trichlorosilanes with chain lengths ra

ng from C4 to C28[57]. Their study showed a significa
ncrease in propane/nitrogen selectivity accompanied,
oss in permeance, after modification of the 5 nm m
ranes (Table 4). The selectivity increase was positiv
orrelated with chain length and was attributed to the e
ive filling of pores with oligomer. The membrane surf
ecame hydrophobic, and solution-diffusion becoming
ominant mechanism of transport in the modified membr

n comparison to PDMS, one of the best-known polymer
olubility-based separations, the hybrid membranes e
ted equal or greater propane/nitrogen selectivity althou
ower propane permeance. These results were in contr
he similar modification done by Leger et al. in which th
id not observe any increase in propane/nitrogen sele

ty [55]. This difference was attributed to differences in
ynthesis conditions, especially the trichlorosilane rea
oncentration. Javaid et al. employed a concentration
ig. 2. Hydrocarbon/nitrogen selectivity for different membrane mate
represents C3H8/N2 and represents CH4/N2 [26,31,40,57,58].
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gases in the membrane, concluding that transport across the
membrane was strongly dependent on preferential sorption.
The mixed gas analysis also in general showed an increase
in selectivity as compared to single gas measurements.

In general, all three membrane materials have shown
potential in achieving solubility-based gas separation. As
a comparison, propane permeability and propane/nitrogen
selectivity for inorganic SSF, polymeric (PDMS & PTMSP)
and hybrid membranes are plotted inFigs. 1 and 2. The
permselectivity data for PDMS and hybrid membranes is
comparable. The permeability for PTMSP is nearly an order
of magnitude higher than both PDMS and hybrid membranes;
however, the selectivity for propane/nitrogen is much lower.
The performance of the SSF membranes is much lower as
compared to the other membranes but the SSF membrane due
to their inorganic structure can easily sustain harsh industrial
environments.

4. Industrial applications

Membrane Technology and Research Inc., (MTR) has
developed a solubility-based membrane system, VaporSep,
for the recovery of VOCs from remediation off gases[60].
The membrane system consists of a rubbery polymer attached
t yer.
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6. Summary

Solubility-based gas separations for applications such as
the removal of VOCs from air, in recent times have become
important due to environmental and economic driving forces.
The main objective is to obtain membranes that exhibit high
permeability and high selectivity for the heavier species over
the light gases. Previous work has shown that a huge potential
exists for research and development in the field of membrane
technology with regards to solubility-based gas separations,
especially environmentally relevant gas separations.
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