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Abstract: Common volatile organic compounds(VOCs) such as toluene and methanol were removed successfully
from N, using a novel silicone-coated hollow fiber membrane module. This novel membrane is a thin film compos-
ite(TFC) and was highly efficient in removing VOCs selectively from a N, stream. This membrane had some in-
nate advantages over other silicone-based membrane in that the selective barrier was ultrathin(~1zm) and the po-
rosity of the polypropylene substrate was high which leads to a low permeation resistance. The substrate was very
strongly bonded to the coating layer by plasma polymerization and can withstand a very high pressure. A small
hollow fiber module having a length of 25cm and 50 fibers could remove 96~99% of toluene as well as methanol
vapors when the feed flow rate was up to 60cc/min. The percent removal of VOCs were even higher when the
feed inlet concentration was higher. This process is especially suitable for treating streams having a low flow rate
and high VOCs concentration. The permeances of VOCs through this membrane was in the range of 4~30x10*
gmol/sec - em?® - emHg for both toluene and methanol, and nitrogen permeance was between 3~9x 10~ ""gmol/sec -
cm® - emHg. High separation factor between 10~55 for toluene/N, and 15~125 for methanol/N, were obtained de-
pending on the feed flow rate ranges and feed VOCs concentration levels.
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1. Introduction

Although research on membrane gas separation
processes has been going on for more than 20
years, the research on vapor permeation/separa-
tion using membranes has a relatively short his-
tory. Membrane vapor permeation is quite similar
to pervaporation[1]. In pervaporation, the feed
mixture i1s a liquid and the component to be sep-
arated from a feed permeates through the mem-
brane and evaporated as a vapor. In membrane
vapor permeation, the feed mixture is in a gas/
vapor state and the component to be separated
from the feed is just permeating through the
permselective, nonporous membrane. The separa
tion of organic vapors by membranes is generally
a low-pressure membrane process[ 2 ].

The permeation of gases/vapors through a non-
porous membrane is generally analyzed by the
solution diffusion model. The effects of diffusivity
and solubility on the permeability are comparable
in the case of simple gases. The permeabilities of
simple gases such as He, H., 0, N, through a
nonporous polymeric membrane are generally not
a function of their concentration or partial pres-
sure in the gas phase. For rubbery membranes,
the permeabilities of the simple gases are taken
as constant[3]. For glassy membranes, the
permeabilities, although generally constant, are
considerably lower. For vapors, however, the
permeabilities are significantly higher than simple
gases In most polymers[4-7]. Transport of a
vapor through a rubbery polymeric membrane is
determined more by its solubility than by its
diffusivity. Higher permeability of the vapors is
first attributed to the higher solubility of the va
pors in the membrane. Further higher sorption at
high organic vapor pressures also leads to plasti-
cization of the membrane ; this will increase the
diffusivity of organic vapor through the plasti-
cized polymer matrix. Permeabilities of organic
vapors are therefore a strong function of their

partial vapor pressure in the gas phase ; it In
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creases drastically with increasing vapor concen-
trations.

It is well known that the nonporous silicone
rubbery membranes have an extremely high
permeabilities for VOCs and comparatively lower
permeabilities for nitrogen or oxygen. It is there-
fore one of the widely used membrane polymers
as far as the organic vapor separation is con-
cerned[ 8, 9].

The general objective of this study was to develop
selective permeation-recovery of VOCs from N,
via a novel highly VOC-selective silicone coated
hollow fiber membrane. This study explored
experimentally the extent of selective removal of
VOCs from N. and provided a basis for modeling
the separation performance of the hollow fiber

permeator.
2. Experimental

2.1 Membrane form, Structure and Operational
Mode

The membrane form, structure and operational
mode chosen for this study are likely to be opti-
mal. Hollow fibers provided high membrane sur-
face packing density. Celgard X-20 substrate is
cheap, strong, chemically resistant and has a
high porosity. The actual silicone membrane is
ultrathin, has a low permeation resistance but is
strongly bonded to the highly porous substrate to
handle high pressure drops. Feed gas flows
through the fiber bore to provide high separation,
no feed bypassing and high partial pressure driv-
ing force.

A schematic of VOC permeation at atmospher-
1c pressure using vacuum mode of operation and
a hollow fiber membrane module is illustrated in
Fig. 1.

2.2. Hollow Fiber Module Preparation
Three layer potting was carried out to prepare
a leak-free module. Fig. 2 shows the cross-sec

tion of one fiber and one module end containing
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Table 1. Specifications of the Module Prepared

175

£ of Effective Surface 1.D./0.D. of Coated Layer Average Average
# Fibers Fiber Area of the Fibers Thickness Support Support Pore
Length(cm) | Module(cm?) () (am) Porosity Size( m)
1 30 10 24.9 240,/290 ~1 0.4 0.03
50 25 103.8 240/290 ~1 0.4 0.03
50 12.7 52.7 240/290 ~1 04 0.03
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Fig. 1. Schematic of VOC separation from N, at
atmospheric pressure by permeation through
a hollow fiber module.
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Fig. 2. Schematics of silicone-coated fiber and pot-

ting.

three layers of potting. A two component RTV
118 translucent silicone rubber adhesive sealant
was applied as the first layer. After 1 day cure,
another two-component silicone rubber, RTV 615
mixed throughly using 10% by weight of the B
curing agent with the A silicone compound was
applied as a second layer. This compound devel-

() Mindute 3 '( Siticone Coatéd Fibers:)
#of Eihers:: 30; Effective Lwgth:s 18:om

b)-Module 2 { Silicone Coaed Fibers ¥
# of Fibers < 30, Efféctive Length 3 35 cni’

{€)- Module-3 ( Silicone Coated Fibiers ).
¥ 0F Fibers 136, Effectivé Longth :12.7 ab:

Fig. 3. Photograph of three membrane modules

used.

ops crosslinking via an addition hydrosililation
reaction. After a 4-day cure, epoxy(C-4 : resin,
D : deactivator, weight ratio : 4/1) was applied
as a third layer. This epoxy has also a good
resistance to the VOCs used in the experiments.
The specifications of the modules are given in
Table 1 and Fig. 3 shows the photograph of the
three membrane modules used in this study. Mod-
ule 2 was used throughout the experiments. The
smaller module 1 was used for the measurement
of permeability of VOCs as well as nitrogen.
Module 3 was used to determine the feasibility of

the process.

2. 3. Experimenta Apparatus

The nitrogen stream from a N, cylinder was
divided into two lines ; one was sent into the
VOC containing bubbler and the other line was
blended with the first VOC containing nitrogen

Membrane J. Vol. 6, No. 3, 1996
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Fig. 4. Schematic diagram of experimental setup for VOC permeation from N, using a rubbery membrane.

line to form the feed gas/vapor mixture. This feed
gas/vapor mixture was also divided into two
lines using two different valves. One line which
had a very small flow rate(lcc) of feed gas sam-
ple was directly connected to sample loop 1 of
the automatic gas sampler and the rest of the
feed mixture was sent through the membrane
module. The feed outlet flow line was connected
to the sample loop 2 of the automatic gas sam-
pler. Using two different valves, only lcc of feed
outlet sample was injected to the GC and the
rest of the flow was vented. In this way, both
samples(feed inlet and feed outlet) were analyzed
simultaneously during the experimental runs.

The membrane module was immersed in a con-
stant temperature water bath and the water tem-
perature was controlled by an attached heater.
For these experiments, the temperature of the
water bath was maintained at 30°C. The flow di-
rection in the shell side was countercurrent to
that of the feed side. In the cold trap, a mixture
of dry ice and acetone was used to condense the
VOCs inside the trap. A schematic diagram of

the experimental setup is shown in Fig. 4.

2. 4. Experimental Procedure
Module 1 having a smaller area was used to

measure the specific permeability(or permeance)
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of VOCs through the rubbery polymeric mem-
brane. In the case of toluene, the feed inlet con-
centration was varied from 650ppmv to 26,000
ppmv. It was important to maintain the feed tol-
uene concentration as constant as possible through-
out the module because the purpose of these ex-
periments was to obtain the relationship of per-
meance of toluene at given toluene concentration
levels.

The feed flow rate was varied from 10 to
600cc/min. At each flow rate, 4~5 different con-
centrations of organic vapors were used(2,000~
14,000ppmv for toluene and 400~50,000ppmv for
methanol). Feed gas/vapor mixture was intro-
duced to the tube side of the membrane permea-
tor and most experiments were performed at a
very high shell side vacuum level close to —29.9
inHg.
3. Results and Discussion

When nitrogen is present with an organic
vapor as a feed, nitrogen permeation will greatly
affect the selectivity. Pure nitrogen permeance
value through this membrane is an important
quantity. Different feed pressures were used on
the tube side of each module and the permeation
The

rate was measured from the shell side.
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Fig. 5. Permeance of toluene vaper as a function

of feed toluene concentration.

steady state permeation rate obtained from mod-
ule 2 had a value of 4~5cc/min. Based on these
experimental data, nitrogen permeance was calcu-
lated to be 3.9x 10 '’gmol/sec - cm® - cmHg.

The calculated permeance of toluene vapor
plotted as a function of the average feed side
concentration 1s shown in Fig. 5. The relation be-
tween Q and partial pressure of toluene vapor
could be best described by an exponential equa-
tion, Q=axexp (bxP-:x). Here P is a total
pressure and x is a mole fraction of toluene
vapor. Accordingly, P:x represents a partial
pressure of toluene vapor. The regression results
for a and b were 2.33x10 “gmol/sec - cm? -
cmHg and 12.1cmHg ', respectively. Such a be-
havior may provide the framework needed for fu-
ture modeling of VOC separation in such mem-
brane module. However, the higher partial pres-
sure of toluene in the permeate side suggests
that @, should be a function of permeate side
partial pressure as well ; or conditions must be
such that permeate side partial pressure should
be very small compared to feed side partial pres-
sure. Further attention has to be paid to any
possible boundary layer effects on the observed

toluene permeance since it is so high.
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Fig. 8. Permeate toluene concentration vs. feed
toluene concentration at variable feed flow
rates.

In the low feed flow rate range up to 60cc/min.,
there was no pressure drop in the tube side. Tol-
uene vapor mole fraction change between feed
inlet and outlet increased as the feed inlet tolu-
ene vapor concentration increased since the per-
meation of toluene vapor Increases strongly with
an increase in the partial vapor pressure differ-
ence across the membrane. Calculated values of
permeate side mole fraction of toluene vapor
were found to increase with the increase of the
feed inlet toluene vapor concentration(Fig. 6).

Fig. 7 shows the effect of feed toluene vapor
concentration on the permeate toluene vapor flux.
Toluene vapor permeation flux increased with an
increase in the feed toluene vapor concentrations
at a given feed flow rate. The toluene vapor
flux for a given driving force is expected to be
quite high due to the ultrathin nature of the sili-
cone coating layer since species flux through
such a membrane is inversely proportional to the
thickness of the coating layer. The microporous
polypropylene hollow fiber substrate has a high
porosity(~0.4) ; therefore this substrate will not
reduce the intrinsically high permeation rate
through the silicone rubber skin. Experimental

Membrane J. Vol. 6, No. 3, 1996
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Fig. 7. Toluene vapor flux vs. feed toluene con-
centration at variable feed flow rates.

toluene vapor flux data using a dry asymmetric
poly(ether imide) membrane was found to be 1.8
~3.0x 10 "gmol/cm? - min.(Feng et al, 1991)
which was similar obtained with a silicone coated
membrane. In higher feed toluene concentration
ranges at relatively higher feed flow rate, the
permeated toluene flux was higher in the silicone
coated membrane compared to the poly(ether
imide) membrane.

The permeance of nitrogen was found to be 3.8
x 10" '""gmol/sec - cm® - cmHg and it was almost
independent of the concentration(or partial pres-
sure) of toluene vapor in the low feed flow rate
ranges below 60cc/min.

Percent removal of toluene is plotted in Fig. 8

for changing feed toluene concentrations. For
feed flow rates below 60cc/min., 96~99% re-
moval of toluene vapor was achieved over the
whole feed concentration range ; this corre-
sponds to 1.2cc/min. per fiber feed flow rate for
a fiber length of 25cm. For feed toluene concen-
tration above 5,000ppmv and a flow rate of 30cc
/min., more than 98% removal of toluene vapor

was achieved. The percent removal of toluene
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Fig. 8. Percent removal of toluene vapor vs. feed
toluene concentration at variable feed flow

rates.

vapor was reduced at higher feed flow rates,
however, it was still considerable. For example,
around 80% of toluene in the feed stream was
removed at 150cc/min. of feed flow rate. The
percent removal at a given feed flow rate in-
creases with increasing feed inlet toluene vapor
concentration.

The separation factor, which is defined as the
ratio of permeances of toluene vapor and nitro-
gen, has been plotted in Fig. 9 as a function of
feed toluene concentration. Separation factor In-
creases slightly with increasing feed toluene con-
centration at a given feed flow rate. The calcu-
lated permeances of toluene vapor and nitrogen
used was based on the whole permeator(module-
averaged). Since toluene vapor concentration
change along the permeator is very large, the
calculated permeance of toluene vapor does not
have a specific meaning. The nitrogen flux was
similar in the low feed flow rate range ; the tol-
uene vapor flux was increasing with increasing
feed flow rate. The calculated permeance of tolu-
ene vapor was accordingly increased as the feed
flow rate increased which resulted in a higher

separation factor at higher feed flow rates.
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Fig. 9. Separation factor vs. feed toluene concen-
tration at variable feed flow rates.
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Fig. 10. Permeate methanol concentration vs. feed
methanol concentration at variable feed
flow rates.

In Fig. 10, permeate methanol vapor concentra-
tion is plotted as a function of feed methanol
concentration. At feed methanol vapor concen-
trations below 1%(10,000ppmv), the enriched
methanol vapor concentration in the permeate
was less than 20% ; in the case of high feed
methanol vapor concentration(around 5%) at a
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Fig. 11. Methanol vapor flux vs. feed methanol
concentration at variable feed flow rates.

relatively high feed flow rate, methanol vapor
concentration in the permeate side was as high
as 80%.

Permeation fluxes of methanol vapor is shown
in Fig. 11. Methanol vapor flux through the
membrane increased with the increasing feed
methanol vapor concentration as was observed
for toluene vapor. The interaction of the vapor
species with the silicone membrane causes the
swelling of the polymer which strongly influences
the sorption and diffusion behavior of the perme-
ating species. The increase of vapor species flux
with increasing feed vapor concentration becomes
even higher for the more selective membrane.
Percent removal of methanol vapor as a func-
tion of feed methanol concentration is illustrated
in Fig. 12. More than 96% of methanol vapor
was removed for feed flow rates below 60cc/min.
(1.2¢cc/min/fiber). When methanol vapor concen-
tration was above 1,000ppmv for a feed flow
rate of 30cc/min., more than 98% of methanol
vapor removal was achieved. Generally the per-
cent removal of methanol vapor was increased
with increasing feed methanol concentration ;
but at very high flow rates(above 300cc/min.) it

remained almost constant. As feed flow rate was

Membrane J. Vol. 6, No. 3, 1996
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Fig. 13. Separation factor vs. feed methanol con
centration at variable feed flow rates.

increased, percent removal of methanol vapor de-
creased.

Separation factor of methanol over nitrogen is
plotted in Fig. 13 for changing feed methanol
vapor concentration. Separation factor was gener-
ally higher at higher feed flow rates. In the low
ranges of methanol vapor concentration where
the nitrogen flux does not change much with the

Aedal, 4630 A 3E, 1996

methanol concentration, separation factor re-
mained similar at a given feed flow rate. In the
higher methanol vapor concentrations at high
feed flow rate, increasing methanol vapor flux
combined with decreasing nitrogen flux was yield-

ing a separation factor as high as 150.

4, Conclusions

The novel silicone-coated hollow fiber module
was very efficient in removing VOCs such as tol-
uene or methanol from N, stream. More than 96
% of VOCs were removed from a feed stream of
60cc/min. using a small module having a length
of 25cm and 50 fibers when the permeate side
was subjected to a high vacuum. These mem-
branes were especially suitable for higher feed
VOCs concentrations since the permeance of
VOCs appears to increase very rapidly with in-
creasing VOCs concentration.

The permeances of VQOCs were at least an
order of magnitude higher compared to nitrogen
permeance yielding a high separation factor in
the range of 10~125 depending on the feed flow
rate, VOCs and VOCs concentration levels. Higher
VOC-enriched permeate stream up to 80% could
be obtained from a N, feed containing a relative-
ly high concentration (5%) of methanol vapor.

The innate advantages of this membrane com-
pared to other membranes used in VOCs removal
and its optimal operating modes have resulted in
a highly efficient performance for removing
VOCs selectively from N, stream.
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