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A B S T R A C T

A pervaporation process was used to remove dissolved volatile organic compounds (VOC)
(benzene and toluene) from water using a hollow-fiber membrane module of silicone rubber with
a 60-mm membrane thickness and 0.37-m2 membrane area. The effect of water feed rate and feed
temperature on removal efficiency was investigated. For a feed concentration of 200 ppm, the
removal efficiency of benzene could reach 90% up to a water feed rate of 70 cm3/min, but the
removal efficiency of toluene was only 72% at a water feed rate of 50 cm3/min. When the feed tem-
perature was increased, the removal was more effective. A degassing experiment was performed
to test the effect of dissolved air on the removal efficiency. The existence of dissolved air enhanced
the removal efficiency of VOC from water. The permeabilities of VOC vapor with or without water
vapor were measured by a vapor permeation experiment. With water vapor, the permeabilities of
the VOC decreased. A calculation model based on the Henry constant and permeability was
proposed and predicted the experimental results well.
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1. Introduction

Most of the industrial countries encounter problems
caused by groundwater and surface water pollution by
volatile organic compounds (VOC). Conventional
methods for separation of VOC include air-stripping
[1], adsorption using activated carbon [2], biological
treatment [3], catalytic oxidation [4] and distillation.
These processes have drawbacks such as high-energy
consumption, costly regeneration steps, etc. In the last
10 years, much research on the separation of VOC from
water has focused on membrane technology such as
nanofiltration [5,6], reverse osmosis [7], pervaporation
(PV) [8–12], membrane distillation [13–15], membrane

air-stripping process [16,17] and the combination of a
membrane process with biological treatment [18,19].

Among these technologies, PV is a promising pro-
cess for the separation of VOC from water because of
the compact design, recycling of recovered VOC and
no emission problem. The PV is a separation process
in which a liquid mixture is separated by means of
selective vaporization through a non-porous mem-
brane [11]. The driving force of the permeation is the
difference in the vapor pressure between the feed
liquid and the permeated vapor.

The membranes used in the PV process are mostly
hydrophobic materials, which favor VOC preferential
permeation. The most used membrane is a silicone rub-
ber composite membrane, where silicone rubber is
formed onto a microporous support. The silicone
rubber has very good stability in operation and the�Corresponding author
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selectivity for VOC relative to water is high [11]. In
addition to the silicone rubber composite membrane,
there are several other membranes used in VOC
removal from aqueous solution. For example, Jian
et al. [20] have studied the separation of dilute
organic–water mixtures using a flat sheet membrane
module with a poly(vinylidene fluoride) membrane.
Ho et al. [21] have reported the removal of organics
from aqueous solution using a supported polyglycol
liquid membrane. Liu et al. [22] have done research
on separation of organics/water with a zeolite
membrane.

Among the research studies on VOC removal by
PV, a plate-and-frame module is commonly used, but
it is expensive and leakage through the gasket is a ser-
ious problem. A hollow-fiber module not only can
compensate for this disadvantage but also has unique
characteristics. An advantage of the hollow-fiber mod-
ule is the ability to pack a very large membrane area
into a single module.

In this study, a hollow-fiber silicone rubber mem-
brane module with a 60-mm thickness was used to
remove dissolved VOC in water at a low concentration
of 200 ppm by PV. The removal performance from
water of VOC, such as benzene and toluene, was mea-
sured. The effect of feed flow rate, feed temperature
and dissolved air in the solution on removal efficiency
was demonstrated. The calculation models were pro-
posed to explain the experimental results based on the
vapor permeability.

2. Experimental

2.1. PV

Fig. 1a shows the PV experimental setup for remov-
ing of VOC, benzene or toluene, from water. The
experimental apparatus consisted of a pure water ves-
sel (15 L), a VOC-saturated solution vessel (1 L), a
membrane module, a diaphragm vacuum pump
(N820.3, KNF Neuberger GmbH, Germany) and a trea-
ted water vessel.

The membrane module was a hollow-fiber mem-
brane module (M60-3000, Nagayanagi Co., Ltd, Japan)
with an effective length of 15.1 cm using 3,000 dense
silicone rubber hollow fibers of 60-mm thickness and
340-mm diameter. The membrane area of the module
was 0.37 m2.

The concentration of the VOC in the feed water was
about 200 ppm that was adjusted by controlling the
mixing fraction of the VOC-saturated solution. Pure
water was aerated with air constantly, and the feed rate
was changed from 20 to 150 cm3/min. The VOC solu-
tion was prepared prior to the start of the experiment

by mixing pure water with a small amount of benzene
or toluene for 24 h and the concentration on the vessel
nearly reached at its saturation concentration, which is
shown in Table 1.

To test the effect of dissolved air on the removal effi-
ciency, another experiment with a degassed feed was
done. For degassing the feed water, a membrane con-
tactor with a porous hydrophobic hollow-fiber mem-
brane (Liqiui-Cel G478, Celgard Inc., U.S.A.) and a
pump system were inserted into the water feed line
(the rectangular part in Fig. 1a). By evacuation with the
pump, the feed water was degassed after passing
through the membrane contactor. To determine the
degassing level, a DO meter was used. For pure water
feed, after degassing, the concentration of oxygen was
lowered from 8 to 9 ppm, which was the saturation
concentration, to below 0.2 ppm. After the degassed
water was mixed with the VOC-saturated solution, the
dissolved air concentration in the feed was around 10%

7

6

1

4 5

N2
3

2 GC
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of the saturation concentration, namely, 0.8 ppm-O2

and 1.5 ppm-N2.
The feed water containing VOC was fed to the

lumen side of the silicone rubber membrane module.
The shell side of the membrane module was kept at
1.75 kPa, which was nearly the saturated water vapor
pressure at the operation temperature of 293 K. For a
dissolved toluene feed, the experiment was done under
different temperature of 293–306 K.

The whole experimental run time was 1–3 h. For
each run, after a run of 30 min or more, water samples
at the inlet and outlet were taken from the sample ports
and analyzed by a FID gas chromatograph (GC-14B,
Shimadzu Corporation, Japan). The accuracy of the
GC analysis was under 5 ppm absolute VOC concen-
tration. The concentration at the inlet, Cf, and the outlet,
Co, was the average value of the sampling results for
several times. The VOC removal efficiency in this
report means decreasing the level from Cf to Co.

2.2. Vapor permeation

To measure the vapor permeability of VOC through
the silicone rubber hollow-fiber membrane, a vapor
permeation (VP) experiment was performed. The
experimental setup is shown in Fig. 1b. It consisted of
a mini hollow-fiber module (Nagayanagi Co., Ltd.
Japan), a water vapor saturator, a micro-feeder and a
vacuum pump.

The membrane material of the mini module was the
same as that of the module used in the PV experiment.
The mini hollow-fiber module with an effective length
of 5.2 cm was made up of 3,000 fine silicone rubber hol-
low fibers providing an area of 0.081 m2. The mem-
brane thickness was 20 mm. The outer diameter of
each fiber was 190 mm, and the inner diameter was
150 mm.

The feed vapor consisted of nitrogen and 0.06–0.8%
toluene or benzene vapor. Toluene or benzene was fed

by a micro-feeder and evaporated to be mixed with
nitrogen. The flow rate of nitrogen was 1 L/min. The
concentration of toluene or benzene was controlled
by the feed speed of the micro-feeder. Feed gas was
introduced to the lumen side of the hollow-fiber mem-
brane. The shell side was connected to a vacuum pump
to keep the pressure in the permeate side at 0.4 kPa.
The experiment was done at 293 K.

To test the effect of the co-permeating water vapor
on the VOC permeability, experiments with a feed con-
taining saturated water vapor were also carried out.
The feed nitrogen passing through the water vapor
saturator was mixed with VOC and was fed to the
membrane module. The concentrations of VOC at the
inlet and outlet in the feed side of the membrane mod-
ule were measured by a gas chromatograph (GC-14B
Shimadzu Corporation, Kyoto, Japan) with TCD.

2.3. Henry constant

The Henry constant of benzene or toluene dissolved
in water was measured by an aeration experiment
according to our previous study [15]. A 1 L -VOC aqu-
eous solution, the initial concentration of which was
500 ppm-VOC, was aerated with dry air at 293 K. The
water sample was collected every five minutes and was
analyzed by a gas chromatograph until the concentra-
tion became low. From the reducing curve of the con-
centration, the Henry constant was estimated.

3. Results and discussion

3.1. VOC removal by PV

Fig. 2 shows the experimental results of removal of
the dissolved benzene from water by PV at 293 K. Ben-
zene concentration at the inlet, Cf, and the outlet, Co, of
the membrane module were plotted vs the water feed
flow rate. For example, at an air-saturated water feed
of 100 cm3/min, the benzene concentration at the inlet,

Table 1
Parameters and properties

Benzene Toluene O2 N2 Water

H [kPa/ppm] 0.0061 (293K) 0.0021 (293 K)
0.0060 (298 K)
0.012 (302 K)
0.020 (305 K)

H’ [kPa/mol frac.] [27] 4.0 � 106 (293 K) 8.1 � 106 (293 K)
DAB [m2/s] (293 K) 1.02 � 10�9 9.15 � 10�10

Solubility [ppm] (293 K) 1,830 530
Q [kmol m/(s m2 kPa)] 3.0 � 10�12 2.9 � 10�12 1.2 � 10�13 [25] 6.7 � 10�14 [25] 5.5 � 10�12 [25]
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207 ppm, was reduced to 37 ppm at the outlet of the
membrane module. When the water feed rate was
under 30 cm3/min, the dissolved benzene at the outlet
was not detected. The removal efficiency could reach
above 90% up to a water feed rate of 70 cm3/min. With
the increasing water feed rate, the concentration of ben-
zene in water at the outlet also increased. The increas-
ing water feed rate lowered the removal efficiency.

When using a degassed or no-air contained feed, the
concentration of benzene at the outlet was found to
increase. For example, at a water feed rate of 40 cm3/
min, the concentration of benzene at the outlet
increased from 5 to 35 ppm. The dissolved air in the
feed water had an effect on the removal efficiency of
VOC from water. The presence of dissolved gas in the
feed water enhanced the removal efficiency.

The experimental results for the removal of toluene
from water by PV at 293 K are shown in Fig. 3. When
the water feed rate was 50 cm3/min, the removal effi-
ciency was only about 72%. The removal efficiency of
the module for benzene and toluene was different.
Under the same PV experimental conditions, the
removal efficiency of the module for toluene was low
compared to that for benzene. This is attributed to the
low Henry constant, H, of toluene as shown in Table 1.

The effect of feed temperature on the removal effi-
ciency is shown in Fig. 4 for a toluene aqueous solution
feed. With the increasing temperature, the concentra-
tion of toluene at the outlet of the membrane module
decreased. When the feed temperature reached 306 K,
the toluene in water could be removed thoroughly.

This meant that the increasing feed temperature
increased the removal efficiency of toluene, namely a
higher feed temperature was beneficial for the removal
of toluene. This is because increasing the feed tempera-
ture caused the equilibrium vapor partial pressure to
increase, consequently resulting in the driving force
increase.

3.2. Model calculation

A three-step mechanism will describe the mass
transfer process in the present PV process: (1) the
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diffusion of permeate component from bulk water to
the membrane surface (liquid phase resistance), (2) the
evaporation of components at the water–membrane
interface, where the VOC vapor, water vapor and air
exist at their partial vapor pressure, and (3) the VP
through the membrane material (VP). The permeate-
side mass transfer resistance could be negligible
because of the low-vacuum condition. The process
parameters of the steps are discussed as follows.

3.2.1 Liquid phase resistance

The flow condition of the feed water was laminar in
the hollow fiber. For a laminar flow with parabolic
velocity profile in a tube, the liquid-phase mass trans-
fer resistance of the feed side could be estimated by the
Hausen equation [23]:

Sh�d �
ðdLVOC=dAÞd
cDABðxi � xÞ ¼ 3:66þ 0:0668½ðd=lÞRedSc�

1þ 0:04½ðd=lÞRedSc�2=3
:

ð1Þ

The diffusivity of VOC in water, DAB, was estimated
according to the Wilke-Chang correlation [24] and is
listed in Table 1. For example, when the feed flow rate,
Lw, is 50 cm3/min and the bulk concentration of VOC,
C, is 107 ppm, the Reynolds number, Red, is 1.8 and the
Sherwood number, Shd

�, is 3.8. The calculated VOC
concentration in water at the membrane surface, xi, is
2.15 � 10�5, while the bulk concentration, x, is
2.45� 10�5. This means that the liquid-phase resistance
was around 10% of the total mass transfer resistance in
the present PV process.

3.2.2. Partial vapor pressure of VOC

The partial vapor pressure of dissolved VOC plays
an important role in the mass transfer process. Accord-
ing to Henry’s law, the partial vapor pressure of VOC
at the feed water surface is related to the concentration
of the VOC in water:

p�VOC ¼ HCVOC;i ¼ H 0xi; ð2Þ

where H is the Henry constant. The Henry constants
measured in this study are shown in Table 1. For
toluene, the Henry constants at different temperatures
are also shown. The water temperature has a large
effect on the Henry constant of the VOC.

3.2.3. Vapor permeability

The vapor permeability of benzene or toluene
through the silicone rubber hollow-fiber membrane

was measured in a VP experiment, and the results for
toluene vapor with and without water vapor are
shown in Fig. 5. The vapor concentrations in the feed
gas at the inlet and the outlet were plotted vs the feed
side average vapor concentration. When the vapor con-
centration in the feed gas, zf, was 0.0014, the concentra-
tion at the outlet, zo, was 0.000141. For the feed gas with
water vapor, when zf was 0.0016, zo was 0.000654. The
co-permeation of water vapor decreased the VOC
permeability.

The permeability for the VOC vapor, Q, was evalu-
ated by fitting a model calculation to the vapor permea-
tion result. The fitting model was based on plug-flow
in the feed side and complete mixing in the permeate
side as follows:

ðdFVOC=dAÞ ¼ �ðQVOC=dÞðphz� plypÞ; ð3Þ

ðdFN2
=dAÞ ¼ �ðQN2

=dÞðphð1� zÞ � plð1� ypÞÞ; ð4Þ

z ¼ FVOC=ðFVOC þ FN2
Þ; ð5Þ

where F was the feed flow rate of each component, and
z was the VOC mole fraction in the feed gas. The per-
meability of nitrogen was 6.7 � 10�14 kmol m/
(s m2 kPa) [25]. For the complete-mixing model in the
permeate side, the VOC mole fraction in the permeate
side, yp, was constant. This model will be applicable for
a small pressure ratio, where pl/ph was 0.005 in the case
of this measurement. The model equations were inte-
grated 0 to the permeation area, A, to result in an outlet
VOC concentration, zo. The permeability of VOC was
estimated by trial-and-error procedure.
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The relationship between vapor permeability and
its partial pressure is shown in Fig. 6. As shown by a
solid line in the figure, the permeability of vapor
usually depends on the partial pressure [26], but at less
than 1 kPa partial pressure, the vapor permeability
dependency of partial pressure was very small. The
existence of water vapor resulted in a drastic decrease
in the vapor permeability of toluene and benzene. The
concentration of water vapor in feed gas (2–3%) was
larger than that of the VOC vapor under the experi-
mental condition (0.1%). The water vapor in the mem-
brane material may reduce the solubility of organic
vapor to the membrane material. The existence of
water vapor in the permeation process may lower the
permeability of VOC vapor through silicone rubber.
The permeability value with water vapor will be used
in the model calculation.

3.2.4. Model calculation

For the present PV process for removing VOC from
water, the model calculation was based on a co-
current-flow model where both the feed stream and the
permeate stream were in plug-flow. The molar flow
rate of each component in the liquid feed side, Li, and
that in the permeate vapor side, Vi, are described in the
differential equations as follows:

ðdLVOC=dAÞ ¼ �ðQVOC=dÞðp�VOC � plyVOCÞ; ð6Þ

ðdLw=dAÞ ¼ �ðQw=dÞðp�w � plywÞ; ð7Þ

ðdLO2
=dAÞ ¼ �ðQO2

=dÞðp�O2
� plyO2

Þ; ð8Þ

ðdLN2
=dAÞ ¼ �ðQN2

=dÞðp�N2
� plyN2

Þ; ð9Þ

ðdVVOC=dAÞ ¼ �ðdLVOC=dAÞ; ð10Þ

ðdVw=dAÞ ¼ �ðdLw=dAÞ; ð11Þ

ðdVO2
=dAÞ ¼ �ðdLO2

=dAÞ; ð12Þ

ðdVN2
=dAÞ ¼ �ðdLN2

=dAÞ; ð13Þ

yi ¼ Vi=
X

Viði ¼ VOC;w;O2;N2Þ; ð14Þ

xi ¼ Li=
X

Liði ¼ VOC;w;O2;N2Þ: ð15Þ

The permeation rate, dLi/dA, depends on the vapor
permeability and the partial pressure difference
between the feed–membrane interface and the perme-
ate side. The permeabilities of water vapor, nitrogen
and oxygen through a silicone rubber membrane have
been measured in our previous study [25], which are
listed in Table 1. The VOC permeabilities were the
mean value of the measured permeabilities as shown
in Fig. 6, which are also listed in Table 1. The vapor
pressure of VOC, pVOC

�, was calculated from Eq. (2)
with the measured Henry constant. The pO2

� and pN2
�

were also calculated by the Henry constants shown in
Table 1. The model equations were integrated from 0
to the permeation area, A, and the results of the model
calculations are shown in Figs. 2–4.

In Fig. 2, the three model calculation results are
shown for the feed containing 200 ppm dissolved
benzene. Considering the liquid-phase mass transfer
resistance, Eq. (1), the present model is shown by the
solid line. If liquid-phase mass transfer resistance is
neglected, x¼ xi, the concentration of VOC at the outlet
could then be calculated from Eq. (6) to Eq. (15); the
result is shown by a dotted line (no liquid-phase resis-
tance). The liquid-phase resistance was around 10% of
the total mass transfer resistance, which had a minor
effect on the VOC removal efficiency in the PV process.

The model for the degassed feed also predicted the
effect of dissolved gas on the removal efficiency of ben-
zene from water. For the degassed feed model, the con-
centration of oxygen and nitrogen in the feed water
was treated as 0. The result is shown by a thin line
in the figure. The present model considering co-
permeation of dissolved air predicted a higher removal
efficiency of benzene compared to the degassed feed
model. This is due to the lowering of the partial vapor
pressure of the VOC component at the permeate side
caused by the permeation of dissolved air. The dis-
solved air in the feed will have an effect on the removal
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performance of the PV process for dissolved VOC at
low concentration. In the experiment, this effect was
larger than that predicted, probably because the con-
centration of dissolved air was larger than its satura-
tion concentration.

The result of the model calculation for toluene at
200 ppm in the feed water is shown in Fig. 3. It also pre-
dicted well the tendency of the removal of toluene from
water. For a low feed rate, the concentration at the
outlet was much lower than the model calculation
value. The most likely reason was that toluene was
probably adsorbed on the silicone rubber material of
the membrane module and that the 1–3 h run time was
not long enough. If the run time lasted longer, toluene
would appear at the outlet.

In Fig. 4, the model calculation result for the effect of
process temperature on the outlet toluene concentra-
tion is shown. As shown in Table 1, the Henry constant
and vapor pressure for toluene increases with tempera-
ture. For this reason, the removal efficiency of the PV
process will increase with the operation temperature.
The present model calculation predicted well the effect
of temperature.

4. Conclusions

The removal efficiency of dilute aqueous solutions
of VOC, benzene or toluene, through a fine silicone
rubber membrane and the effect factors of removal effi-
ciency were investigated. Feed water rate, feed tem-
perature and dissolved air in water had an effect on
the removal of VOC. Higher feed water rate negated
the removal of VOC from water. In contrast, higher
feed temperature was beneficial for the removal of
VOC. Dissolved air’s presence of in the water enhanced
the removal efficiency of VOC. Under the same experi-
mental conditions, the removal efficiency of the mod-
ule for benzene was better than that for toluene. The
results of vapor permeation experiments showed that
the presence of water vapor caused a drastic decrease
in the vapor permeability through the silicone rubber
membrane because water vapor in the membrane
material reduced the solubility of organic vapor in the
membrane material.

The model calculation based on the Henry constant
and permeability predicted well the experimental
results. The model explained the effect of the dissolved
air and the temperature on the VOC removal efficiency.

Symbols

A membrane area [m2]
C VOC concentration in water [ppm]

c molar density of feed liquid [kmol/m3]
DAB diffusion coefficient for dissolved VOC in

water [m2/s]
d tube (hollow-fiber) inner diameter [m]
F feed flow rate of nitrogen of VOC vapor

[kmol/s]
H Henry constant [kPa/ppm]
L component flow rate in liquid feed [kmol/s]
L’w feed flow rate of water [cm3/min]
l tube (hollow-fiber) length [m]
ph feed side pressure [kPa]
pl permeate side pressure [kPa]
p� vapor pressure of a component in aqueous

solution [kPa]
Q permeability of gas or vapor through silicone

rubber membrane [kmol-m/(s-m2-kPa)]
Red Reynolds number for flow in a tube [–]
Sc Schmidt number for dissolved VOC in water

[–]
Shd

� Sherwood number [–]
V component flow rate in permeate side

[kmol/s]
x VOC mole fraction in feed flow [–]
xi VOC mole fraction in water at membrane

surface [–]
y component mole fraction in permeate side

[–]
z VOC mole fraction in gas or vapor flow of

feed side [–]
d membrane thickness [m]
f feed
N2 nitrogen
O2 oxygen
o potentate or outlet of feed side
p permeate side
VOC benzene or toluene
w water
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