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bstract

In order to gain a better understanding of the membrane’s role in the whole process of mass-transfer in membrane gas–liquid contacting systems,
VDF microporous hollow fiber membranes have been fabricated using three different dope solutions containing N-methyl-2-pyrrolidone (NMP)
nd different additives. The resultant hollow fibers with different structures were used to make membrane modules, which were then applied as
as–liquid membrane contactors for CO2 absorption in water. The membranes were characterized and the effect of membrane structure on the
ass-transfer was analysed accordingly.
It was found that the additives used imposed a significant effect on the final membrane structure under the same spinning conditions. Compared

ith distilled water, phosphorous acid and glycerol showed a stronger pore-inducing ability. As a result, the membrane #1 or #2 made by the dope
ith phosphorous acid or glycerol as an additive had a larger pore size and a higher value of MWCO. The finger-like pores also occupied a larger
ortion on the membranes #1 and #2 than on the membrane #3, which used distilled water as an additive. Moreover, the membranes #1 and #2
resented a much wider pore size distribution than the membrane #3.

The different membrane structures turned out to affect CO2 absorption performance when used as contactors. Since the ratio of the membrane
esistance over the overall mass-transfer resistance was increased in the order of #1 < #2 < #3, with respect to the reductions of MWCO and the
nger-like pore portion of these three membranes in the same sequence, the CO2 absorption performance was in the sequence of #1 > #2 > #3. In
ddition, it was noticed that all the membranes exhibited considerable membrane resistances from 22% to 36% though the model system used was
ure CO2 absorption in distilled water. The partial wetting was probably caused by the capillary condensation of water vapour in the membrane

ores instead of water penetration, as the experiment shows that the CO2 flux of three PVDF membranes was kept almost unchanged over 15
ays of operation. In comparison with a commercial double skin layer PVDF membrane, it was found that the membrane with an inner skin-free
tructure plus a porous substrate is favourable to be used in the membrane gas–liquid contacting process.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrophobic microporous membranes have attracted

ncreasing attention in recent years for use as contactors in chem-
cal absorption to remove CO2, H2S, SO2 from flue and natural
ases [1,2], and in membrane distillation processes for desali-
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brane contactors; Carbon dioxide capture

ation [3,4]. Despite certain downside such as the addition of
n extra mass-transfer resistance caused by the membrane, the
icroporous hollow fiber membrane contactors offer a lot of

dvantages including individual gas and liquid flow channels, a
ompact modular structure to provide huge gas–liquid interfaces
nd operational flexibility to scale up or down [1].
For a gas–liquid absorption process, an aqueous absorbent
ows on one side of the membrane while the feed gas flows on the
ther side of the membrane. The microporous membrane pores
an be filled either by the liquid or by the gas or by both of them.

mailto:rwang@ntu.edu.sg
dx.doi.org/10.1016/j.memsci.2006.08.029
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t is well recognized that if the membrane pores are gas-filled, i.e.
he operation is at the non-wetted mode, the system can achieve
igher performance by taking the advantage of the higher gas
iffusivity [2,5]. Therefore, hydrophobic materials are preferred
o be used to make membranes so that the aqueous absorbent
olution tends to be repelled at the hollow fiber membrane pore
ouths.
Among various hydrophobic polymers, polypropylene (PP)

nd polytetrafluoroethylene (PTFE) are the most popular mem-
rane materials. However, since PTFE and PP membranes are
sually produced by stretching or thermal methods, the rel-
tively low porosity of PP and PTFE membranes restricts a
ignificant increase on absorption flux. Consequently, the main
dvantage of the microporous hollow fiber membrane, i.e. a high
rea-to-volume ratio, cannot be fully exerted. In fact, hydropho-
ic microporous hollow fiber membranes with high porosity
an be formed by a simple and convenient method of non-
olvent induced phase inversion separation (NIPS) process, and
embrane structure and morphology can also be optimized

y adjusting various preparation conditions if a suitable sol-
ent can be found for the selected polymer. Although PTFE
nd PP are excluded on account of their insolubility in com-
on solvents, polyvinylidene fluoride (PVDF), another strong

ydrophobic polymer with excellent chemical and thermal resis-
ances, has been successfully employed for making membranes
y this approach [6–8].

Unlike symmetric PTFE and PP membranes, the PVDF hol-
ow fiber membrane prepared by the NIPS process can exhibit
n asymmetric structure with a dense selective layer plus a
orous substrate. The membrane pore size and pore size distri-
ution in the dense layer, which is normally in direct contact
ith the liquid, are important factors associated with mem-
rane wetting problem except for the membrane surface property
hydrophobicity), the nature of the liquid-phase and operating
onditions [9]. In addition, the most of mass-transfer resistance
n the membrane is attributed to the dense layer, while the
orous substrate only provides mechanic support and fractional
esistance.

To determine the membrane mass-transfer resistance, Wilson
lot is one of the methods which are widely applied in membrane
ontactor systems. Rangwala [10] determined PP membrane
ass-transfer coefficient for CO2 capture with water and other

bsorbents by using Wilson plot method. Prasad and Sirkar [11]
lso used the same approach to determine the membrane resis-
ance in liquid extraction process for both hydrophobic and
ydrophilic hollow fiber membranes. The recent report from
avroudi et al. [12] examined the change of mass-transfer resis-

ance with time for CO2 absorption in water in PP hollow fiber
embrane module. It was found that the experimental absorp-

ion flux declined significantly with time, which was attributed to
radual partial pore filling by liquid. The partially wetted mem-
rane led to an increase of membrane resistance being 21–53%
f total resistances.
In the present work, PVDF material was selected to pre-
are three different dope solutions containing N-methyl-2-
yrrolidone (NMP) and different additives for hollow fiber fabri-
ation. The resultant hollow fibers were used to make membrane
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odules, which were then applied as gas–liquid membrane con-
actors for a model system of CO2 absorption in water. The
ifferent membrane structures resulted from the addition of dif-
erent additives in the polymer dopes were characterized and
iscussed. The analysis of membrane mass-transfer resistance
f in-house made PVDF membranes was also carried out in
rder to gain a better understanding of the membrane’s role in
he whole process of mass-transfer in the membrane contactors
nd guide further improvement on PVDF membrane fabrication.

. Theory

.1. Resistance-in-series model

Fig. 1 depicts the mass-transfer mechanism of a non-wetted
gas-filled pores) gas–liquid membrane contactor. It can be seen
hat the feed gas has to encounter with three resistances in
eries, i.e. gas phase boundary layer, membrane and liquid-
hase boundary layer. Thus, the resistance-in-series equation
s employed to describe the mass-transfer in the system, which
an be written as follows [13]:

1

Kol
= 1

kl
+ Hdo

kmdln
+ Hdo

kgdi
(1)

here Kol is the overall mass-transfer coefficient based liquid-
hase (m s−1), k1, km, kg are the individual mass-transfer coef-
cient of liquid-phase, membrane and gas phase, respectively.
represents Henry’s constant and is 0.831 for water [14]. di,

o, dln are the inner, outer and logarithmic mean diameters of
embrane, respectively.
The overall mass-transfer coefficient, Kol, can be calculated

ased on experiments by the following equation [15]:

ol = Ql(Cl,out − Cl,in)

AT�Cl,av
(2)

he logarithmic mean concentration, �Cl,av, is expressed as

Cl,av = (HCg,in − Cl,out) − (HCg,out − Cl,in)

ln(HCg,in − Cl,out)/(HCg,out − Cl,in)
(3)

here AT is the gas–liquid contact area; Cl,in, Cl,out liquid-phase
nlet and outlet concentrations; Cg,in, Cg,out gas phase inlet and
utlet concentrations, Ql is the liquid volumetric flow rate.

.2. Individual mass-transfer coefficients

The Lévêque’s correlation is widely used to predict accu-
ately the tube side mass-transfer coefficient [1,16]:

h = 1.62

(
d2

i V

LD

)1/3

(4)
here Sh is Sherwood number, D the diffusion coefficient of the
uid in the tube, L the tube length and V is the fluid velocity.

There are many correlations proposed to determine the shell
ide mass-transfer coefficient [11,16,17]. However, each of them
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Fig. 1. Mass-transfer regions and resistanc

s applicable to a certain limited range of operation. In general,
t can be expressed in the following form:

h = aReαScβ (5)

here Re and Sc are Reynolds and Schmidt numbers, respec-
ively. For the liquid flow in the shell side of membrane, Eq. (5)
an be simplified to

l = C1V
α (6)

s for the membrane mass-transfer coefficient in a completely
on-wetted case, it can be calculated using the following equa-
ion [12]:

m = Dg,effεm

τmlm
(7)

here Dg,eff is the effective diffusion coefficient of pure gas filled
nto the pores. It is calculated from the summation between the

olecular self-diffusion coefficient and the diffusion coefficient
hich is the interaction of gas molecules and membrane wall.

m, τm, and lm are the porosity, tortuosity, and thickness of the
embrane, respectively.

.3. Wilson plot

The Wilson plot is drawn by 1/Kol versus 1/Vα based on Eqs.
1) and (6). The value of α is chosen for achieving the best
traight line. In the gas–liquid membrane contacting process, if
he resistance in the gas phase is much smaller than the total
esistance, the H/kg in Eq. (1) becomes negligible. Thus, the
nterception of the Wilson plot represents the value of membrane

ass-transfer resistance.

.4. Pore size and pore flux distributions of hollow fiber

embranes

The most common form of the two-parameter log-normal
istribution function, f(d), is taken to describe the pore size dis-

M
s
(
t

eries in non-wetted membrane contactors.

ribution of the membrane:

(d) = 1

ln(σ)d
√

2π
exp

[
−1

2

(
ln(d/D∗)

ln(σ)

)2
]

(8)

he pore flux distribution function ff(d) can be given accordingly

f(d) =
(

d

D∗

)4 1

ln(σ)d
√

2π

× exp

[
−1

2

(
ln(d/D∗)

ln(σ)

)2

− 8(ln σ)2

]
(9)

here D*, σ are the geometric mean diameter and the geometric
tandard deviation, respectively.

Since the retention coefficient of a solute R(a) can be derived
heoretically based on the pore size distribution parameters,
r gained from the measurement of the rejection character-
stics of dextran through the membrane, D* and σ can be
btained by solving the minimization problem (Eq. (10)) using
he Levenberg–Marquardt algorithm [18]:(

N∑
i=1

{R(ai)|Exp. − R(ai)|Cal.}2

)∣∣∣∣∣
MIN

→ (D∗, σ) (10)

. Experimental

.1. Membrane material and chemicals

The membrane material, PVDF (Kynar grade 740, molec-
lar weight: 156,000, pellet form), is a commercial polymer
nd was purchased from Elf Autochem (USA). N-Methyl-
-pyrrolidone (NMP, >99.5%, CAS#: 872-50-4) supplied by

erck was used as a solvent. Phosphorous acid (98+%, A John-

on Matthey Company, Alfa Aesar, Lancaster) and glycerol
99.0%, Cica-Reagent, Kanto Chemical Co. Inc., Japan) were
he non-solvent additives. Some dextran (C6H10O5)n samples
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ith different molecular weights (1500–400,000; CAS# 9004-
4-0; from Fluka and Sigma) were used to characterize the
olecular weight cut-off (MWCO) of hollow fiber membranes.
ll the reagents were used as received.

.2. Fabrication of asymmetric PVDF hollow fiber
embranes

Hollow fiber membranes were formed by NIPS process.
hree batches of polymer dope solutions were prepared. The
ifference of the three dope solutions lies in the addition of
ifferent additives: one consists of 17 wt.% PVDF, 3 wt.% phos-
horous acid and 80 wt.% NMP; another consists of 17 wt.%
VDF, 3 wt.% glycerol and 80 wt.% NMP; the third is 17 wt.%
VDF, 3 wt.% distilled water and 80 wt.% NMP. The polymer
opes were dissolved at 90 ◦C by stirring for several days until
omogenous and stable solutions were formed. The resulting
olution was filtered to remove remnant contaminants, then,
egassed about 24 h at room temperature. The dope after treat-
ent was connected with N2 gas cylinder that offered cer-

ain pressure to extrude the dope out the spinneret, and then
o be immersed into tap water. A mixture of distilled water
20 wt.%) and NMP (80 wt.%) was used as the bore fluid, or
lse reported. The selection of such a solvent content in the bore
uid is aimed to yield hollow fiber membranes with an open
nd porous inner skin layer. It is possible to produce micro-
orous membranes by adding solvent to the coagulation bath
19] and the phase inversion was initiated when the water weight
raction (WH2O/(WH2O + WNMP)) is about 9.0–9.5 wt.% for the
VDF/NMP/H2O system [18]. In order to prevent shrinkage of

he nascent membrane during drying process, the hollow fiber
embranes were subjected to solvent exchange, this was, the
embrane was immersed in turn into water/ethanol (1:1), pure

thanol, ethanol/n-hexane (1:1) over 24 h. In the process, water
n the membrane pores was gradually replaced with ethanol
r other mixtures possessing lower surface tension. The mem-
ranes were subsequently dried at room temperature before
haracterization tests.

.3. Measurement of hollow fibers’ pure water flux and
WCO

The wet hollow fibers were cut into a length of 30 cm, and
mall test modules were made with 8–10 pieces of fibers in a
lass tube with an effective length of 25 cm. The Milli-Q ultra-
ure water was circulated through the shell side of the membrane
odules to test the pure water flux. The details of test procedure
ere described in Ref. [18].
The membrane pore size was characterized based on the fil-

ration of a dextran solution containing approximately 1500 ppm
f mixed dextran in salt-free Milli-Q water. The molecular
eight distribution of the mixed dextran varies from 1000 to
00,000 Da. In this experiment, the feed flux was controlled

t around 1.1 L/min and the operation pressure was controlled
t 0.5 bar to eliminate concentration polarization. The dextran
olecular weight distribution in the feed and permeate solutions
ere measured by gel permeation chromatography (GPC) on a

w
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aters chromatography system (the ultrahydrogel columns 120,
50, 500). The details of the experiments can be found elsewhere
18].

.4. Measurement of CO2 absorption in the membrane
ontactor

The glass modules containing 15 pieces of PVDF fibers with
n effective length of 25 cm were also prepared as membrane
ontactors for CO2 absorption experiments. Prior to the test, the
odules were heated around 110 ◦C for overnight to remove
oisture. Pure CO2 was used as the feed gas while the N2

aturated distilled water was employed as the absorbent. The
iquid passed through the shell side and the gas flowed counter-
urrently through the lumen side of the hollow fibers, as the
elective layers of PVDF hollow fibers were in the outer surfaces.
xperimental data were recorded after the contactor system was
tabilized. The detailed experimental setup and test procedures
ould be found elsewhere [20].

.5. Scanning electron microscopy (SEM) and membrane
orosity measurements

The morphologies of the hollow fiber membranes were cap-
ured using SEM. The dried membrane samples were broken
n liquid nitrogen and then dried again at 80 ◦C in a vacuum
ven for 1 day. The membrane samples were sputtered with a
hin layer of gold using a SPI-Module sputter coater. The cross-
ection and inner surface of hollow fiber membranes were exam-
ned using a JEOL JSM-5310LV scanning electron microscope
SEM).

The membrane porosity, εm, was defined as the volume of
he pores divided by the total volume of the membrane. It can
sually be determined by gravimetric method, measuring the
eight of liquid (here isopropyl alcohol from VWR company,

nalytical reagent) contained in the membrane pores:

m = (w1 − w2)/Di

(w1 − w2)/Di + w2/Dp
(11)

here w1 is the weight of the wet membrane; w2 the weight of
he dry membrane; Di the isopropyl alcohol density; Dp is the
olymer density.

. Results and discussion

.1. Effect of polymer dope component on the hollow fiber
embrane structure

The morphology of hollow fiber membranes formed by NIPS
ethod strongly depends upon polymer dope components and

reparation conditions. Fig. 2 shows cross-section structures of
hree in-house made PVDF hollow fibers from different prepara-
ion systems and one commercial PVDF sample as a reference,

hile Table 1 lists corresponding dope information and spinning

onditions. The commercial sample denoted as membrane #T,
hich had double dense skin layers because of water being the

oagulant and the bore fluid, was kindly provided by Tianjin
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ig. 2. Cross-section images of four PVDF hollow fiber membranes (membran

otian Membrane Eng. & Tech. Co. Ltd., China. It can be seen
hat when a mixture containing 20 wt.% of distilled water and
0 wt.% of NMP was used as the bore fluid, the membranes did
ot exhibit inner dense skin layers, as shown in the pictures of
he membranes #1 to #3. The internal skin removal was ascribed
o the slower phase inversion in the fiber inner side caused by
he weak internal coagulant. Meanwhile, the existence of outer
ense skin layer was still captured for water was used as an
xternal precipitant. Moreover, a close look revealed that the

nger-like pores on the membrane #1 are much longer than that
n sample #3. Since all the fabrication conditions were kept the
ame except for the type of additive used, the difference in the
embrane structure should be attributed to the additive.

i
i
m
m

able 1
pinning conditions of batches #1 to #3

Batch #1

pinning dope composition 17% PVDF; 3% phosphorous
acid; 80% NMP

ore fluid (w/w) NMP/H2O: 80/20
xternal coagulation bath Tap water
ope flow rate (g/min) 14
ore fluid rate (mL/min) 4
ir gap (mm) 5
pinning dope temperature (◦C) 25
ore temperature (◦C) 25
xternal coagulation temperature (◦C) Room temperature
a commercial sample and membranes #1 to #3: in-house made hollow fibers).

It is well known that the formation of asymmetric membranes
epends on both thermodynamic and kinetic parameters. The
hree additives, phosphorous acid, glycerol and water, are non-
olvents to the PVDF. Their additions into the polymer dope
ill reduce the thermodynamic miscibility of the dope solution

nd thus enhance the liquid–liquid-phase separation (thermo-
ynamic effect). On the other hand, the additives also increase
he dope viscosity, which affects the mutual diffusion between
he solvent and non-solvent (kinetic effect). In addition, the

ncrease in dope viscosity also indicates the existence of stronger
nteractions among the components of the polymer dope (ther-

odynamic effect). Therefore, the impact of the additive on the
embrane structure is due to the combined factors [21].

Batch #2 Batch #3

17% PVDF; 3% glycerol;
80% NMP

17% PVDF; 3% distilled
water; 80% NMP

NMP/H2O: 80/20 NMP/H2O: 80/20
Tap water Tap water
14 14
4 4
5 5
25 25
25 25
Room temperature Room temperature
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Table 2
Characters of in-house made PVDF membranes

Membrane Outer radius (�m) Inner radius (�m) Pure water flux
(L m−2 h−1 atm−1)

MWCO (Da) Pore size distribution
(calculated)

Porosity εm (%)

D* (nm) σ

#1 414 257 90 290,000 20.0 1.216 76.02
#2 485 286 52 110,000 9.25 1.385 74.02
#
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3 514 300 28

Our experiments show that when a 3.0 wt.% additive was
dded into the dope, the dope viscosity was increased in
he sequence of dope #1 (phosphorous acid) > dope #2 (glyc-
rol) > dope #3 (water), which reveals that there was a strongest
nteraction among phosphorous acid, NMP and/or PVDF. In fact,
hosphorous acid and NMP formed a stronger acid–base com-
lex than water and NMP. The MWCO data in Table 2 suggest
hat the membrane #1 possessed the largest pore size on the outer
urface, which promoted more intensive influx of external coag-
lant (water) into the dope. With a more rapid phase inversion
ate, the finger-like pores tended to grow into a deeper sublayer.

Fig. 3 shows the inner surfaces of the membranes #1 to #3 in
omparison with that of the membrane #T. The in-house made

embranes presented bigger pore conformation than the mem-

rane #T which used water as the bore fluid. The inner surfaces
f the membranes #1 to #2 presented more porous structures
han the membrane #3, which implies that phosphorous acid and

s
c
r
#

Fig. 3. Inner surfaces of four PVDF hollow fiber membranes (membrane #T: a co
45,000 11.1 1.088 69.88

lycerol possessed a stronger pore-inducing ability than water
t current experiment conditions.

.2. Pore size and flux distributions of PVDF hollow fiber
embranes

Fig. 4 depicts the rejection characteristic of in-house made
VDF hollow fiber membranes. The MWCO was around 290,
10 and 45 kDa for the membranes #1, #2 and #3, respectively,
hich are tabulated in Table 2 along with the pore size distri-
ution parameters (D*, σ) and porosity of the three membranes.
t can be seen that the geometric standard deviation (σ) of the
embrane #3 using 3 wt.% distilled water as the pore former was
maller than that using phosphorous acid or glycerol at the same
oncentration as the pore former, which suggests a much nar-
ower pore size distribution of membranes obtained from batch
3 dope. This result can be observed more directly from Fig. 5.

mmercial sample and membranes #1 to #3: in-house made hollow fibers).
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Fig. 4. Rejection characterization of in-house made hollow fiber membranes
(�: membrane #1, �: membrane #2, and ♦: membrane #3).
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ig. 5. The pore size distribution f(d) of in-house made hollow fiber membranes.

Fig. 6 illustrates the pore flux distributions of the three mem-
ranes. The peaks of the flux distribution curve ff(d) shifted
owards right side of x-axis compared with the pore size distri-
ution curve f(d), suggesting that the small portion of big pores

ade a considerable contribution to the flux. Besides, the pore
ux was spread apart much wider if the pore size distribution
as wide. That was why the pure water flux of the membrane
2 was larger than that of the membrane #3, though the mean

ig. 6. The pore flux distribution function ff(d) of in-house made hollow fiber
embranes.

c
F
t
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s

ig. 7. Effect of liquid velocity on the CO2 flux of four different PVDF mem-
ranes (pure CO2–pure water system).

ore size of the membrane #2 was a bit smaller that that of the
embrane #3.

.3. Effect of the hollow fiber membrane structure on
ass-transfer resistance

Membranes prepared with different dope solutions showed
ifferent structures, which turned out to affect CO2 absorption
erformance when used as contactors. Fig. 7 shows CO2 flux ver-
us liquid velocity for four different types of PVDF membranes.
he CO2 flux increased with an increase in liquid velocity for
ither membrane, as the consumed distilled water by CO2 was
eplaced by more fresh water when the absorbent was supplied
t a higher speed. In addition, it was observed that for in-house
ade PVDF hollow fiber membranes, the CO2 absorption per-

ormance was in the sequence of #1 > #2 > #3 with respect to the
ame order of MWCO of these three membranes. Moreover, the
embrane #1 presented even better performance than the mem-

rane #T though the membrane #T has the largest mean pore
ize, as given in Table 3. Obviously, an inner skin-free structure
ith a sufficient fraction of pores in the substrate is favourable

o the gas transport.

The effect of membrane structure on the system performance

an be indicated quantitatively by the membrane resistance.
ig. 8 shows the Wilson plot of 1/Kol versus V−0.93 for the four

ypes of PVDF membranes. The α value of 0.93 was found to

ig. 8. Wilson plot of four different PVDF membranes (pure CO2–pure water
ystem).
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Table 3
Analysed membrane resistances from Wilson plot method (pure CO2–pure water system)

Type of membranes Characteristics of membranes Overall mass-transfer
resistancea

Rtotal = 1/Kol (s/m)

Analysed membrane
resistance
Rm = Hdo/kmdln (s/m)

Rm/Rtotal (%) Mean pore
size (�m)

#T PVDF asymmetric double skin layers 47,653 13,565 28.5 0.20b

#1 PVDF asymmetric single skin layer 28,589 7,930 27.7 0.020
#2 PVDF asymmetric single skin layer 51,101 18,295 35.8 0.009
#3 PVDF asymmetric single skin layer 67,879 26,558 39.1 0.011
#4 [15] PP symmetric structure 21,669 4,733 21.8 0.04b

#5 [12] PP symmetric structure 25,500c 5,500 21.6 0.05b
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MWCO (Table 2) and the finger-like pore portion (Fig. 2) of
these three membranes in the same sequence. With the reduc-
tion of the membrane pore size, the membrane porosity tended to
decrease as shown in Table 2. A similar observation was reported
a Rtotal was achieved at V = 0.25 m s−1.
b Provided by manufacturers.
c Achieved at Ql = 5.67 × 105 m3/s.

resent the best straight line of Wilson plot:

membrane #1 :
1

Kol
= 5691.0V−0.93 + 7930.9,

R2 = 0.981 (12)

membrane #2 :
1

Kol
= 9037.5V−0.93 + 18295,

R2 = 0.991 (13)

membrane #3 :
1

Kol
= 11383V−0.93 + 26558,

R2 = 0.994 (14)

membrane #T :
1

Kol
= 9390.7V−0.93 + 13565,

R2 = 0.993 (15)

ang and Cussler also correlated 1/Kol with V−0.93 to describe
he gas absorption in the membrane module where the liquid
as in shell side flow parallel to the fibers [16]. Based on
qs. (11)–(15), the membrane mass-transfer coefficients can be
btained via the interceptions of these equations.

The membrane resistances of the membranes #1 to #3 and
T are summarized in Table 3. For comparison, the membrane
ass-transfer resistances of two PP membranes were also listed

n the table. For PP membrane #4 [15], the membrane mass-
ransfer resistance was calculated using their experimental data,
ut α = 0.33 based on Lévêque’s correlation was selected to be
he power of liquid velocity to provide a best straight line with
2 = 0.99, as distilled water was fed through the lumen side of

he fibers. As for PP membrane #5 [12], the membrane mass-
ransfer resistance was cited directly, which was obtained at the
owest liquid flow rate of their experiments.

Surprisingly, from Table 3 it was noticed that all the mem-
ranes exhibited considerable membrane resistances though the
odel system used was pure CO2 absorption in distilled water.

he membrane resistances of the PVDF membranes #T and #1

o #3 occupied around 28–36% of the total resistances. Even for
he commercial Celgard PP membranes, around 22% of the total
esistances were attributed to the membrane. In fact, according to

F
C

q. (7), if the membrane is completely gas-filled, the membrane
esistance should be less than 0.5%. Clearly, all the membranes
ere partially wetted by water. However, our experiment (Fig. 9)

hows that the CO2 flux of three PVDF membranes was kept
lmost unchanged over 15 days of operation.

Basically, water can enter a porous material either as liquid
r vapour. While the first case is a result of capillarity and/or
nfiltration, the latter can be achieved by capillary condensa-
ion in pores [22]. PVDF and PP materials are hydrophobic in
ature and the pores sizes of these membranes are also quite
mall except for the membrane #T. Based on the result shown
n Fig. 9, it is unlikely that distilled water have penetrated into
he membrane pores through the surface. The partial wetting
as probably caused by the capillary condensation of water
apour in the membrane pores [9] and an equilibrium was then
chieved within the initial short period of operation. As such,
hese PVDF membranes could maintain constant long-term per-
ormances after an initial flux drop. Mavroudi et al. reported
hat the initial wetting of the PP membrane might happen within
–3 h when contacting with water [12].

Referring to Table 3 again, the ratio of the membrane resis-
ance over the overall mass-transfer resistance was increased in
he order of #1 < #2 < #3, corresponding to the decreases of the
ig. 9. Performance of three PVDF membrane modules over 15 days (pure
O2–pure water system and V = 0.15 m s−1).
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Nomenclature

AT mass-transfer area based on outside surface area
of gas–liquid contact (m2)

Cl concentration of carbon dioxide in the
liquid-phase (mol m−3)

�Cl,av logarithmic mean concentration difference of
carbon dioxide in the
liquid-phase (mol m−3)

Cg concentration of carbon dioxide in the gas phase
(mol m−3)

di inside diameter of membrane (m)
dln logarithmic mean diameter of membrane (m)
do outside diameter of membrane (m)
D diffusion coefficient of carbon dioxide in the

liquid-phase (m2 s−1)
Di isopropyl alcohol density (kg/m3)
Dp polymer density (kg/m3)
D* geometric mean diameter (nm)
f(d) pore size distribution function
ff(d) pore flux distribution function
H Henry’s constant
kg individual mass-transfer coefficient of gas phase

(m s−1)
kl individual mass-transfer coefficient of

liquid-phase (m s−1)
km individual mass-transfer coefficient of membrane

(m s−1)
Kol overall mass-transfer coefficient (m s−1)
lm thickness of the hollow fiber (m)
L effective length of the membrane module (m)
Ql liquid volumetric flow rate (m3 s−1)
R correlation coefficient
R(a) rejection coefficient of a solute with diameter a

for a membrane
80 S. Atchariyawut et al. / Journal of M

n a literature [23]. This factor promoted an increase on the mem-
rane resistance. In addition, the smaller pore size is favourable
o the capillary condensation of water vapour based on Kelvin
quation, which predicts that undersaturated vapours will con-
ense in channels of sufficiently small dimensions [22].

It was also observed that the membrane #T possessed a similar
ortion of membrane resistance as the membrane #1 though it
ad the largest mean pore size. The double skin layers on the
embrane #T are believed to exert a significant resistance to

he mass-transfer, in contrast to the least membrane resistance
f around 22% presented by symmetric PP membranes without
ny dense skin layer. Nevertheless, the critical entry pressure
f the absorbent solution into the membrane pores will sharply
ecrease with an increase on the membrane pore size, resulting in
he deterioration of the long-term performance of the membrane

odule. Given attention to the membrane resistance and the
embrane wetting by penetration, it seems that the membrane
ith a dense skin layer plus a porous substrate has the potential

o keep an ideal long-term performance under a high absorption
ux.

. Conclusions

PVDF microporous hollow fiber membranes have been fabri-
ated using three different dope solutions containing N-methyl-
-pyrrolidone (NMP) and different additives. The resultant hol-
ow fibers with different structures were used to make membrane
odules, which were then applied as gas–liquid membrane

ontactors for CO2 absorption in water. The membranes were
haracterized and the effect of membrane structure on the mass-
ransfer was analysed accordingly.

It was found that the additives used imposed a significant
ffect on the final structure of the hollow fiber membrane under
he same spinning conditions. Compared with distilled water,
hosphorous acid and glycerol showed a stronger pore-inducing
bility. As a result, the membrane #1 or #2 made by the dope
ith phosphorous acid or glycerol as an additive had a larger
ore size and a higher value of MWCO. The finger-like pores
lso occupied a larger portion than on the membrane #3, which
sed distilled water as an additive. Moreover, the membranes #1
nd #2 presented a much wider pore size distribution than the
embrane #3.
The different membrane structures turned out to affect CO2

bsorption performance when used as contactors. The CO2
bsorption performance was in the sequence of #1 > #2 > #3,
s the ratio of the membrane resistance over the overall mass-
ransfer resistance was increased in the order of #1 < #2 < #3,
ith respect to the reductions of MWCO and the finger-like
ore portion of these three membranes in the same sequence. In
omparison with a commercial double skin layer PVDF mem-
rane, it was found that an inner skin-free structure with a porous
ubstrate is favourable to the gas transfer.

In addition, it was noticed that all the membranes exhibited

onsiderable membrane resistances from 22% to 36% though
he model system used was pure CO2 absorption in distilled
ater. The partial wetting was probably caused by the capillary

ondensation of water vapour in the membrane pores instead of
rane Science 285 (2006) 272–281

ater penetration, as our experiment shows that the CO2 flux
f three PVDF membranes was kept almost unchanged over 15
ays of operation.
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V velocity (m s−1)
w1 weight of the wet membrane (kg)
w2 weight of the dry membrane (kg)

Greek letters
α constant
β constant
εm porosity of the membrane
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