J. KAPRA Vol, 12, No. E(199%) pp.19~28

Technical Paper |

Pore Condensation-Based Separation of VOCs
by a Microporous Ceramic Membrane

Jun-Seok Cha

Atmospheric Chemistry Division
Air Quality Research Department
National Institute of Environmental Research
(Received 8 June 1996; accepted 2 October 1996)

Abstract

A pore condensation-based separation technique was studied experimentally using toluene and xylene in

a nitrogen stream. The removal rate of toluene and xylene on a microporous ceramic membrane was

enhanced by increasing the partial pressure difference across the membrane, but the selectivity was reduced
with increasing flux of nitrogen. This was found both in vacuum and pressure modes of operation. The
experimental results from this study suggest that the pores near the inlet portion of the module were filled
with the organic solvent while the pores near the exit section of the module were slightly opened as the
solvent concentration was depleted along the module. The transport mechanism is most likely a com-
bination of surface flow and pore condensation. The removal rate and separation factor of xylene in module
2 were quite high compared to those for toluene. In the case of xylene, the rate of N, permeation was
reduced considerably relative to toluene, resulting in a much higher separation factor. Condensibility of
xylene appeared to be higher than that of toluene, the potential for pore condensation-based separation of

xylene was also found to be higher than that for toluene.
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1. INTRODUCTION

Transport of gases and vapors through a
solid nonporous polymeric membrane occurs
by solution-diffusion mechanism in which
the species dissolve in the upstream inter
face of the membrane, diffuse through it,
and finally desorb at the downstream inter-
face of the membrane (Stern and Frisch,
1981). When the membrane has micropores
or pores, the mechanisms of Knudsen diffu-
sion, surface diffusion, pore condensation,
Poiseuille flow, molecular sieving or any
combination of them are operative. The
transport regime is determined amongst
others by the nature of ihe gas, the pre-
ssure, the temperature and the nature of

the membrane both in terms of its pore
structure and chemical interaction charac-
teristics.

In membranes with small pore diameters,
it is possible to induce multilayer adsorp-
tion and ultimately pore condensation lead-
ing to pore blockage by the condensed film
of the vapor. When the partial pressure of
the species is below that required by pore
condensation, the separation factor is de-
termined by relative diffusion rates bet-
ween the two species, In the case of pore
condensation, the transport of the non-con-
densible species through the pore is deter-
mined by its permeability in the condensed
liquid. Since the permeation of non-con-
densible species through the condensed Ii-
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quid film is much lower than the transport
of that liquid by the appropriate driving
force, the obtained permeate will be highly
enriched in the condensible vapor species.
Considering the relative permeabilities of
the two species, very high separation fac-
tor can usually be obtained as a result of
this mechanism.

This study explores the possibility of us-
ing pore condensation-cum-surface diffu-
sion phenomenon to remove condensible org-
anic vapors from gas streams, specifically,
volatile organic compounds (VOCs) of impor-
tance in pollution control.

2. THEORETICAL BACKGROUND

There are a number of theoretical aspects
to considerable degrees of complexity in
pore condensation separation of a vapor
from a gas mixture. These include pore
condensibility criterion, flux and selectivity
of different species, site-competition among
different vapor species, permeation, and
permeator models.

If the liquid is confined in a small pore,
the vapor pressure over the meniscus is
lower than the normal vapor pressure of
the liquid. The smaller the radius of the
pore, the greater the vapor pressure lower-
ing, The relation between the saturated
vapor pressure P, of species i over a pla-
nar interface to that pressure(P:) in a capil-
lary of radius r, is given by the Kelvin
equation:

pRT P 27y cosé

—_—In —= - —— (1)
M P, s

Where, p is the density of the conden-
sate, R is the gas constant and T is the
absolute temperature, M is the molecular
weight of the condensate. ¥, 6, and r, re-
present the interfacial tension, contact angle
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and the radius of the pore, respectively.

When all capillaries are filled with the
condensate, the saturation vapor pressure
of the liquid inside the pores is reduced
and a new driving force caused by the ac-
tion of surface tension at the meniscus ari-
ses. This is called capillary suction pres-
sure or capillary force (P.) and this pres-
sure can be calculated by a force balance
at one end of a cylindrical pore filled with
a condensate as follows:

(27ry)y cos® = —P.(77,%)
_ 2y cos8
¥p

P = (2)

This equation is known as Laplace equa-
tion, Combining equation (2) with the previ-
ous Kelvin equation (1), one gets

M TP,

P. = (3)

Here the new driving force for the capill-
ary condensate flow inside the pore is the
capillary pressure drop (4P.) or sometimes
called capillary potential (Carman, 1952):

pRT P P, _
w p Thp) =y

PpRT P
P,
(4)

4P, =

Here P, and P, are gas phase pressures
at upstream and downstream side, respec-
tively. If there is a gradient of the gas-
phase total pressure, both the gradients of
the capillary force and the gas-phase total
pressure act as driving forces in the trans-
fer of the capillary condensate and the
flow of capillary condensate is like a vis-
cous flow. The capilllary pressure drop
(4P.) is several hundred times greater
than the gas phase pressure drop applied
(Lee and Hwang, 1986).
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3. EXPERIMENTAL
3. 1 Materials

A tubular microporous ceramic membrane
tube known as Membralox® was obtained
from ALCOA separations technology com-
pany. This tubular ceramic membrane is
comprised of a rigid body of a-alumina su-
pport which has a coarse porosity and pore
size (10~15mm) and a y-alumina mem-
brane skin having 50A pore diameter in the
inner surface layer. Toluene and p-xylene
was selected to represent two of the freq-
uently used industrial solvents. Physical
properties of gas/vapors used in this study
are given in Table 1. The specifications of
ALCOA tubular ceramic membrane are
shown in Table 2, the specifications of the
two modules used in the experiments are
shown in Table 3. Fig. 1 shows a photo-
graph of the tubular ceramic membrane
and the modules used in these experi-

Table 1. Physical properties of gases and vapors.

ments,
3. 2 Experimental Procedure

3. 2. 1 Vacuum mode of operation

The experimental setup for vacuum mode
of operation is shown in Fig. 2. Pure nitro-
gen from a cylinder was introduced into a
bubbler which contained VOCs at a cont-
rolled rate using an electronic mass flow
transducer-controller (MFTC), The VOC-
containing nitrogen stream was then passed
through the feed side of the tubular cera-
mic membrane module, A MFTC with digi-
tal-readout devices was used to adjust the
feed flow rate. All experiments were done
at room temperature. A vacuum pump was
connected at both ends of the permeate
side to provide a driving force for organic
vapor permeation,

The feed inlet flow rates were made to
change from 20 to 220 cc/min and the per-
meate side vacuum levels were to vary

Molecular Boili Vapor Liquid Surface Normalized
Gas/Vapors Weight Point (?g) Pressure Density Tension Vapor Pressure
g (mmHg) (g/cm?) (dyne/cm) (P:./P.)*
Nitrogen 28.0 -195.8 - - -
Toluene 92.1 110.6 28.4 0,862 27.9 0,382
p—Xylene 106.2 138.4 8.76 0.861 28.0 0.328
*: Calculated based on Kelvin equation at 25°C.
Table 2. Specifications of tubular ceramic membrane.
Layer Material _ Pore Porosity (%) Thickness (um)
Diameter (um)
0.005 50 5
Membrane 2 v-AlO; 0.2 35 30
3 0.8 40 50
Support a-AlO; 10~15 40~45 1500
Table 3. Specifications of the two modules used.
Module Inside Qutside Wall Effective Surface
Number Diameter (mm) Diameter (mm) Thickness (mm) Length (mm) Area (cm?)
1 7.0 10.0 1.5 60,0 15.85
2 7.0 10.0 1.5 225.0 59.45

J. KAPRA Vol. 12, No. E(1996)



22 Jun-Seok Cha

@ o &12a71 S0k m

(a) Microporous Tubular Ceramic Membrane
{ ALCOA, Membralox )

(b) Module | ( Teflon Houslag )
Effective Leagth : 6.0 cm

(<) Module 2 ( Staialess Steel Housing )
Effective Length : 22.5 cm

Fig. 1. Photograph of the tubular ceramic membrane and modules.

Alcoa
MFC Ceramic
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M1 [t -
M RM SP W SP
Cv J 1) BFM
Nitrogen - 3 SP Y
Cylinder - ol —-] i
5 RV Rv
BFM
Bubbler cT
Containing VP
VOCs
Fig. 2. Experimenial setup for vacuum mode of operation.
BFM :Bubble Flow Meter PG :Pressure Gauge CT :Cold Trap RM:Rotameter
CV  :Check Valve RV :Regulating Valve MFC :Mass Flow Controller
SP  :Sampling Port MFT :Mass Flow Transducer VG :Vacuum Gauge
QF :0il Filter VP  :Vacuum Pump
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from —127mmHg up to —-635mmHg. Feed
side pressure was kept constant at atmos-
pheric pressure. Once the feed side flow
and the desired vacuum level on the per-
meate side were achieved, 1.0 c¢.c. of feed
inlet and outlet samples were taken perio-
dically with GASTIGHT syringe and injec-
ted into the GC until steady values were
obtained. A flame ionization detector and a
Chromosorb W-HP column were used for
the analysis of solvent vapor concentration.

3. 2. 2 Pressure mode of operation

In the pressure mode of operation, a
back pressure regulator controlling the up-
stream pressure was placed after the mem-
brane module to create the proper pressure
level, therefore serving as the driving force.
The nitrogen stream containing VOCs pass-
ed through the feed side of the membrane
module, The feed side pressure was varied
from 10 to 30 psig and the permeate side
was maintained at atmospheric pressure.
One end of the permeate side was closed
so that the permeate flow is countercurrent
to that of feed flow: 1.0 cc of the feed
inlet and outlet as well as the permeate
samples were taken and analyzed using a
GC.

The experimental feed concentration ran-
ges were slightly higher than theoretical
pore condensation concentration in both sol-
vents, Table 4 provides the experimental
feed concentration ranges for two solvents

Table 4. The concentration range of experimental feed

vapors.
Saturated Pore Exp.
Solvents Conc. Condensation! Feed Conc.
(ppmv) |Conc. (ppmv)| Range (ppmv)
Toluene 37,4212 14, 300° 15,000~ 29,000
p-Xvlene 11,526 3,779 4,000~ 6,000

4 1 Calculated using saturated vapor pressure data
(Perry & Green, 1984).

b 1 Calculated based on Kelvin equation at room tem-
perature (25°C).

used in the experiments,

4. RESULTS AND DISCUSSION
4. 1 Vacuum Mode of Operation

In the vacuum mode of operation, feed
side pressure was kept constant at atmos
pheric pressure while the permeate side
pressure was reduced in subsequent experi-
mental runs by increasing the level of vac-
uum, In most cases, the percent removal
of toluene as well as its separation factor
decreased as the total feed flow rate in-
creased at a particular permeate side pres-
sure. Inlet toluene concentration levels used
here (around 27,000 ppmv) were higher than
that predicted by Kelvin equation for pore
condensation (14,300 ppmv).

In module 2, the difference between the
feed inlet and outlet flow rates increased
as the feed inlet flow rate increased. As
the total flow rate increased, more nitro-
gen passed through the pores, which will
lead to the reduction of the separation fac-
tor. The percent removal of toluene incr-
eased as the permeate side pressure was
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Fig. 3. Percent removal of toluene vs. feed flow rate
at varying permeate-side pressure.

J. KAPRA Vol. 12, No. E(1996)



24 Jun-Seok Cha

lowered. The percent removal of toluene in
module 1 was always 2~3 times higher
than that of a module 2 at a given opera-
ting condition (see Fig. 3). However, the
separation factor was significantly less in
module 1 compared to module 2. This was
mainly due to the much higher flux of
both toluene and nitrogen through the pores
in module 1 under same operating condi-
tions.

As the permeate side pressure decreased
(increasing vacuum), percent removal of
toluene increased, However, the separation
factors were far lower in both modules, At
150 mmHg permeate side pressure, percent
removal of toluene was over 90% at a small
feed flow rate but the separation factor
was limited to ca. 2.0 only due to a high
nitrogen permeation rate.

In module 2, permeator outlet toluene
concentration was in most cases higher
than the theoretical pore condensation con-
centration. This implies that the vapor
transport mechanism can be considered as
pore condensation., However, the nitrogen
permeation rate through the pores are still
considerably high, especially when the per-
meate side pressure is very low. In other
words, there are some pores in the mem-
brane partially or totally open which allows
nitrogen permeation through them. It is
likely that the membrane pores near the
inlet portion of the permeator are rather
easily filled with the solvent, and the pores
near the exit section of the permeator will
be opened as the solvent concentration is
depleted along the permeator.

In module 1, the percent VOCs removal
was very high compared to module 2. The
separation factor, however, was usually
lower than that of module 2. Fig. 4 shows
the separation factor in both modules as a
function of the feed flow rate, In addition,
the permeator outlet toluene concentration
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in most cases was much lower than the
theoretical pore condensation concentration.
For this reason, the nitrogen permeation
was always higher than that in module 2,
which also reduces the separation factor. It
is difficult to assume the existence of pore
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Fig. 4. Separation factor (tol/N;) vs. feed flow rate at
varying permeate-side pressure.
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g. 5. Percent removal of xylene vs. feed flow rate
at varying permeate-side pressure.
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Fig. 6. Separation factor (xy!/N;} vs. feed flow rate at
varying permeate-side pressure.

condensation in module 1 since the theo-
retical separation factor in the Knudsen
flow regime is about 1.8 which is similar
to some of the results presented here.

Similar experiments were made with xy-
lene using two modules. Feed solvent con-
centrations were above the concentration
required for the pore condensation. Three
different levels of permeate side vacuum
were applied, the feed side was maintained
at atmospheric pressure. Percent removal
of xylene was generally higher in module 1
compared to module 2, and separation fac-
tor was smaller in module 1 as was found
for toluene. Nitrogen permeatin rate in
module 1 was quite high as was the case
for toluene, however, the nitrogen flux in
module 2 was considerably lower compared
to the case of toluene. Fig. 5 and 6 show
the percent removal of xylene and separa-
tion factor as a function of feed flow rate.
The blocked fraction of the membrane tube
length can be considered much higher in
this case than that for toluene,

In module 1, percent removal was rela-

tively high, but separation factor was still
small due to the nitrogen leakage through
the pores. This is similar to that observed
for toluene. It can be assumed that some
pores of the module 1 were partially open
through which the nitrogen was leaking. In
the case of module 2, percent removal of
xylene was of similar level as toluene, but
the separation factor was enhanced by less
permeation of nitrogen through the mem-
brane. From the values of separation fac-
tor obtained at this stage, it is still diffi-
cult to assume that all pores in the mem-
brane are filled with condensate. It is most
likely that the pore size distribution is very
narrow in ceramic membranes, there is
still a possibility that some pores with big-
ger size may not be completely filled with
the condensate at particular partial vapor
pressure, Therefore, the vapor species may
be transferred partially as a pore conden-
sate and also partially as a surface flow.

4. 2 Pressure Mode of Operation

In the pressure mode, the feed toluene
concentration was generally lower than
that in the vacuum mode at a similar total
feed flow rate, the feed toluene concentra-
tion was even lower at higher feed-side
pressure. In this case, permeate side was
maintained at atmospheric pressure while
the feed side was pressurized using a back
-pressure regulator up to 30 psig.

The effect of feed-side pressure on the
separation performances is shown in Fig. 7
and 8. Module 2 was used in this case. As
shown in Fig. 7, increasing feed pressure
improved the percent removal of the sol-
vent through an increase in the driving
force. The effects of regulating the feed
side pressure on separation factor are illu-
strated in Fig. 8. A higher feed pressure
generally yielded lower values of separation
factor. For the same permeate side pres
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Fig. 7. Percent removal of toluene vs. feed flow rate
at varying feed-side pressure.
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Fig. 8. Separation factor {tol/N,) vs. feed flow rate at
varying feed-side pressure.

sure, a higher feed pressure in the feed
side allowed enhanced permeation of sol-
vent and nitrogen through the non-blocked
portion of the membrane module. Since the
feed solvent concentration was even lower
than pore condensation concentration in
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some cases (especially at higher feed side
pressure, 20~ 30 psig), it is reasonable to
assume that there were both blocked and
non-blocked portion of the membrane mod-
ule with solvent.

In general, an increase in membrane effec-
tive length (or effective surface area) re-
duces the ratio of the blocked to the non-
blocked portion of the membrane module,
thus reducing the separation performance.
These results also imply that pore conden-
sation is not the only transport mechani-
sm. Possible explanations for this behavior
are such that: (1) low feed solvent concen-
tration for pore condensation to occur; (2)
long a module to block all pores of the
membrane. Such a behavior is due to a
combined effect of surface flow and pore
condensate flow. Higher separation factor
can be obtained with a high feed solvent
concentration and a relatively shorter mem-
brane module. For the pressure mode of
operation, the toluene permeance was found
to be in the order of 107° gmol/sec - cm? -
cm Hg,

Judging from the experimental data, it
can be concluded that the pore condensa-
tion phenomenon is more favored by xy-
lene than by toluene. Many factors can be
pointed out: first of all, pore condensation
concentration predicted by Kelvin equation
is much lower for xylene compared to that
Furthermore slightly bigger
size of the xylene molecule compared to to-
luene may result in pore filling with fewer
adsorption layers., The site-competition
between the two different vapor species
with the y-alumina pore surface will defini-
tely affect the separation performances. In
addition, the condensibility of xylene is
greater than that of toluene.

Some experiments were also performed
at constant values of feed flow rate, feed
and permeate side pressures for approxima-

for toluene,
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tely 8 hours. Percent removal and separa-
tion factor were plotted in Fig. 9 and 10,
respectively as a function of elapsed time,
Experimental data showed that a constant
value of solvent removal and separation
factor could be obtained after 4~5 hours.

5. CONCLUSIONS

Experimental aspects of a pore condensa-
tion-based separation technique were studied
for the removal of VOCs from N: using a
microporous ceramic membrane. The in-
creasing partial-pressure difference across
the membrane vields a higher removal rate
of VOCs but lower separation factor in va-
cuum as well as pressure modes of opera-
tion, There seemed to be some pores in
the membrane permeator partially open
which allows nitrogen permeation. It is
likely that the membrane pores near the
inlet portion of the permeator can easily be
filled with the solvent and that the pores
near the exit section of the permeator will
be opened as the solvent concentration is
depleted along the permeator. Accordingly,
the transport mechanism of gas/vapor
through this microporous ceramic mem-
brane can be considered as an interplay of
surface flow and pore condensate flow,
The condensibility of xylene appeared to
be higher than that of toluene leading to
better performance. Pore condensation
study by modifying/reducing the pore size
of ALCOA ceramic membrane or using
other membranes having a smaller pore
size can be suggested for future studies of
pore condensation-based separation of VOCs
from No.
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