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To investigate the variation in the fine structure of polyamide thin-film composite (TFC) membranes
prepared via two different interfacial polymerization conditions (IP-I and IP-II), experiments on Scanning
Electron Microscopy (SEM), Atomic Force Microscopy (AFM), water contact angle, and positron annihila-
tion spectroscopy (PAS) coupled to a slow positron beam were conducted. Polyamide TFC membranes were
prepared via the interfacial polymerization reaction between triethylenetetramine (TETA) and trimesoyl

chloride (TMC) on the surface of a modified polyacrylonitrile (mPAN) membrane. Compared with the
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polyamide TFC membrane prepared via IP-I, the polyamide layer prepared via IP-Il showed a shorter S
plateau length (thinner thickness), a higher o-Ps intensity I3 value (higher free-volume concentration), and
a smaller o-Ps lifetime 73 value (smaller free-volume size), resulting in higher permeation rate and sepa-
ration factor obtained from the pervaporative separation of a 70 wt% isopropanol aqueous solution at 25 °C.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Interfacial polymerization is based on a reaction that forms
a polymer film at the interface between two immiscible phases. In
each of these phases, a highly reactive monomer is dissolved.
Polyamide TFC membranes, which are prepared by the interfacial
polymerization of amines and acyl chlorides on porous support
membranes, are studied usually in reverse osmosis [1-5] or nano-
filtration [6-10] processes. However, there have been few reports on
pervaporation [11,12].

Polyamide TFC membranes are multilayered. Characterization of
multilayered membranes includes mostly chemical and physical
structures. Characterization of chemical structures using instru-
ments such as Fourier Transform Infrared Spectroscopy (FTIR)
[13,14] and Electron Spectroscopy for Chemical Analysis (ESCA) [15],
results in the detection of configuration and conformational varia-
tions. Characterization of physical structures using instruments
such as Atomic Force Microscopy (AFM) [16,17], Scanning Electron
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Microscopy (SEM) [16] and Transmission Electron Microscopy
(TEM) [18] results in the probe of properties such as morphology
and surface roughness. Each analytical technique has its advantages
and shortcomings in structural determination and elemental
sensitivity. It is essential to characterize multilayered membranes
by using several techniques. A novel physical technique, positron
annihilation spectroscopy (PAS), can be utilized to measure physical
properties of membranes with multiple layers, such as free volumes
[19,20] at the atomic and molecular levels as a function of chemical
changes and molecular modifications at different depths in
a multilayer system. PAS is a potential physical technique. This is
because many studies on the physical properties of polymeric
materials probed by PAS have been investigated recently [21-26].
However, there are few studies on polymeric TFC pervaporation
membranes investigated with PAS [20,27,28].

In this study, the polyamide TFC membranes were prepared via
two different interfacial polymerization conditions (IP-I and IP-II) of
triethylenetetramine (TETA) and trimesoyl chloride (TMC) on
a modified asymmetric polyacrylonitrile (mPAN) membrane and
were applied in pervaporation separation process. How to prepare
a high performance pervaporation membrane via the simplest
interfacial polymerization process parameters, such as the sup-
porting membrane and membrane-making conditions, reaction
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time, monomer concentration, and post-treatment conditions, is the
main goal and original idea of our present study. In the case of IP-I,
a dry mPAN membrane was used to prepare a polyamide TFC
membrane for pervaporation. This TFC pervaporation membrane
prepared via IP-I exhibited good separation performance, but it
required higher monomer concentration, longer polymerization
time, and even more severe annealing condition, in comparison to
the membrane fabricated via IP-Il. However, in the case of the
revised conditions IP-II, as opposed to IP-I, only lower monomer
concentration and shorter polymerization time at room tempera-
ture were required to prepare a high performance polyamide TFC
pervaporation membrane. Based on the TFC membrane having good
pervaporation performance, it is interesting to understand the
correlation between the polyamide fine structure and the different
interfacial polymerization conditions (IP-I and IP-II) by means of
a positron annihilation study. Thus, the effect of the interfacial
polymerization conditions on the variations in the fine structure and
the free volume of the polyamide TFC pervaporation membrane was
detected by Doppler broadening energy spectroscopy (DBES) and
positron annihilation lifetime spectroscopy (PALS) which were
conducted by using a variable monoenergy slow positron beam. The
results of PAS were correlated with the pervaporation performance
of the polyamide TFC membranes. The effect of the interfacial
polymerization conditions on the morphologies of the polyamide
TFC membranes was also investigated with SEM and AFM.

2. Experimental
2.1. Materials

Polyacrylonitrile (PAN) polymer was supplied by Tong-Hua
Synthesis Fiber Co. Ltd. (Taiwan). N-methyl-2-pyrrolidone (NMP)
of reagent grade was used as the solvent for PAN. Triethylenetetr-
amine (TETA) was purchased from Merck Co. Trimesoyl chloride
(TMC) was purchased from TCI Co. TETA and TMC were used as
monomers for the polyamide active layer. Distilled water was used
in preparing amine aqueous solution, and reagent grade toluene
was used as the solvent for acyl chloride. Isopropanol used to mix
feed solutions for pervaporation experiments was purchased from
Echo Chemical Co., Ltd. in Taiwan.

2.2. Preparation of asymmetric modified PAN (mPAN) porous
membrane support

In preparing the flat asymmetric PAN porous membrane by
a continuous procedure, an NMP solution containing 15 wt% PAN
polymers was cast onto a polyester nonwoven substrate with
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a casting knife of 200-um gap. The cast membrane was precipitated
by immersion in a bath of water. The resulting asymmetric PAN
porous membrane was washed in water overnight and was then
stored in a bath of water prior to its use.

The asymmetric modified PAN (mPAN) porous membrane was
prepared by immersing the asymmetric PAN membrane support in
a 2-M NaOH solution at 50 °C for 2 h. Partial -CN groups of the
asymmetric PAN membrane can be converted into -COOH and
-CONH groups after the hydrolysis with NaOH solution. The
resulting mPAN porous membrane was washed in a water bath for
several hours, and was then stored in another water bath before its
use for interfacial polymerization.

2.3. Preparation of polyamide TFC membrane

Interfacial polymerization conditions I (IP-I) is illustrated in
Fig. 1(a). In IP-I, the time of contact between the surface of the dry
mPAN membrane and the 2 wt% TETA aqueous solution at 50 °C is
300 s. The excess amount of the TETA aqueous solution that
remains on the surface of the mPAN membrane is removed. To
carry out interfacial polymerization, the mPAN membrane soaked
with TETA aqueous solution is immersed in a toluene solution
containing 1 wt% TMC at atmospheric temperature for 180 s. After
removal from the toluene solution, the resulting polyamide TFC
membrane undergoes heat treatment in an oven at 70 °C for 60 min
to attain the desired membrane structure. Finally, the resulting
membrane is washed in methanol.

Interfacial polymerization conditions II (IP-II) is illustrated in
Fig. 1(b). In IP-II, the wet mPAN membrane was immersed in
a 0.1 wt% TETA aqueous solution at atmospheric temperature for
5 s. The excess amount of the TETA aqueous solution that remained
on the surface of the mPAN membrane was removed. Then to carry
out interfacial polymerization, the surface of the mPAN membrane
soaked with TETA aqueous solution was contacted with a toluene
solution containing 0.05 wt% TMC at atmospheric temperature for
10 s. The resulting polyamide TFC membrane was dried at atmo-
spheric temperature and then washed in methanol.

2.4. Characterization

The chemical structures of the active layers of the TFC
membranes were studied by using FTIR-ATR (Perkin Elmer Spec-
trum One) spectroscopy. The surface and cross-sectional morphol-
ogies of the polyamide TFC membranes were observed with SEM
(HITACHI S-3000N and S-4800). The surface roughness and area of
the polyamide TFC membranes were probed by using an AFM
(Digital Instruments, DI-NS3a USA) with scanning area of
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Fig. 1. Illustration of (a) IP-I and (b) IP-IL.
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5 um x 5 pm. In order to understand the surface hydrophilicity of
the polyamide TFC membranes, the water contact angle was esti-
mated with the Automatic Interfacial Tensiometer (FACE Mode 1
PD-VP).

2.5. Positron annihilation spectroscopy (PAS)

A newly built slow positron beam with variable mono energy at
the R&D Center for Membrane Technology, Chung Yuan University,
Taiwan was used for this study to investigate the free-volume
variation and the boundaries in a multilayer structure of poly-
amide TFC membranes. This slow positron beam measures
a parameter as a function of positron incident energy (0-30 keV),
and the investigation with the use of such beam was conducted at
room temperature under a vacuum of ~ 108 torr. This new radio-
isotope beam uses 50 mCi of 2?Na as the positron source. Two
positron annihilation spectrometers were installed in this
beam—Doppler broadening energy spectroscopy (DBES) and posi-
tron annihilation lifetime spectroscopy (PALS). These spectrometers
use the secondary electrons emitted from the sample surface as the
starting signal. The DBES spectra were measured using an HP Ge
detector at a counting rate of approximately 2000 cps. The total
number of counts for each DBES spectrum was 1.0 million counts.
The PALS data were measured using a BaF, lifetime detector at
a counting rate of approximately 200-300 cps. Each PALS spectrum
contains 2.0 million counts. PALS can quantitatively detect the
variation in the free volume. From the analysis of positron annihi-
lation lifetime spectrum, positron lifetimes (71, 72 and t3) and rela-
tive intensities (I3, I; and I3), which result from the positron and
positronium annihilation in polymeric membranes, can be deter-
mined. The lifetime 73 from pick-off annihilation of ortho-positro-
nium (o-Ps) and electron, which is on the order of 1-5 ns in
polymeric membranes, is related to the size of the free volume [20].
73 is usually used to calculate the mean free-volume radius. I3 may
directly indicate the concentration of the free volume because of the
amount of the formed Ps annihilating with the electrons in micro-
cavities may correspond to the free volume. That is, an increase in I3
is approximately equivalent to an increase in the concentration of
the free volume. Therefore, 13 and I3 from PALS can be used to
explore the depth profiles of the size and concentration distribu-
tions of the free volume in polymeric TFC membranes. All of the
positron annihilation lifetime spectra were analyzed by a finite-
term lifetime analysis method using the PATFIT program. Doppler
broadening energy spectra were described by using the line-shape S
parameter, which indicates the variation in free volume qualita-
tively. The multilayer structures were obtained by the VEPFIT
program analysis of the S parameter. The S parameters (which are
defined as the ratio of low momentum part of the peak region to the
total 2y annihilation near 511 keV energy) of Doppler broadening
energy spectra (DBES) were measured as a function of depth using
the slow positron beam (0-30 keV). Since the S parameter repre-
sents the relative value of the low momentum part of positron-
electron annihilation radiation, it is sensitive to the change of the
positron and positronium (Ps) states due to microstructural
changes. When the positron and Ps are localized in a free volume
with a finite size, the observed S parameter is a measure of the
momentum broadening according to the uncertainty principle:
a larger free volume results in a larger S parameter value. The S
parameter has been successfully used in detecting the free-volume
depth profile in polymeric systems [20,21,24].

2.6. Pervaporation measurement

The pervaporation separation of alcohol aqueous solutions
through polyamide TFC membranes was conducted. The

pervaporation apparatus was described in our previous study [29].
The feed solution was contacted directly with the membrane. The
effective area of the membrane for pervaporation was 11.64 cm?.
The operating temperature (feed solution temperature) was 25 °C.
The concentrations of the feed solution and permeate were measured
by gas chromatography (GC; China Chromatography 8700 T). The
permeation rate (P) and the pervaporation separation factor of water/
alcohol (a4 ) were calculated from the following equations:

w
P:A_t (1)

_ Yw/Ya
AW/A = X X (2)

where W is the weight of the permeate, A is the effective membrane
area, t is the sampling time, Xw and Xa are the respective weight
fractions of water and alcohol in the feed, Y\ and Y are the
respective weight fractions of water and alcohol in the permeate.

3. Results and discussion
3.1. Chemical structure

FTIR-ATR spectra for pristine PAN membrane support, modified
PAN (mPAN) membrane support (result of PAN treatment in 2 M
NaOH solution at 50 °C) and polyamide TFC membranes prepared
via IP-II and IP-I are shown in Fig. 2. Compared with the spectrum
for the PAN membrane (Fig. 2(a)), the mPAN membrane has four
peaks at wave numbers 3300-3400, 1738, 1664 and 1564 cm~}, as
shown in Fig. 2(b). The first two peaks correspond to -OH and C=0
of carboxyl acid group, respectively. The last two peaks correspond
to C=0 (amide I) and -NH (amide II) of acryl amide group,
respectively. Such spectra revealed that partial -CN groups of PAN
membrane were converted to ~-COOH or -CONH; groups, as a result
of PAN hydrolysis in NaOH solution.

Compared with the spectrum for the mPAN membrane, the
peaks of C=0 (amide I) and -NH (amide II) of amide group shift
from 1664-1668 cm~' and from 1564-1558 cm ™', respectively, as
shown in the spectra for the polyamide TFC membrane prepared
via IP-II (Fig. 2(c)). The spectrum for the polyamide TFC membrane
prepared via IP-I (Fig. 2(d)) also exhibits two peaks at wave
numbers 1638 and 1547 cm ™}, corresponding to C=0 (amide I) and
N-H (amide II) of amide group, respectively. The spectra in Fig. 2
confirmed that the TFC membrane’s active layer is composed of
polyamide.
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Fig. 2. FTIR-ATR spectra for (a) pristine PAN membrane support, (b) modified PAN
(mPAN) membrane support (result of PAN treatment in 2 M NaOH solution at 50 °C)
and polyamide TFC membranes prepared via (c) IP-II and (d) IP-1
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Table 1

1373

Comparison between two different interfacial polymerization (IP) conditions in terms of operating and processing conditions and of resulting pervaporation performances of

polyamide TFC membranes.

P Support Amine aqueous solution Acyl chloride organic solution Temp./time of Permeation Separation
. o b 2 b
conditions ;rtlaetr;lbrane Process Tamn | Coefine B Tame, | Gonefiime heat treatment (°C/h)  rate” (g/m“h)  factor’ (awater/ira)
(°C) (wt%/[sec) (°C) (wt%/sec)
[ Dry Contact 50 2/300 Immersion  r.t? 1/180 70/1 1102 + 24 167.6 + 12.1
1l Wet Immersion  r.t? 0.1/5 Contact r.t? 0.05/10 r.t?1 1296 + 82 736.5 + 1764

¢ r.t.: room temperature.

b pervaporative separation of 70 wt% isopropanol (IPA) aqueous solution at 25 °C.

3.2. Influence of interfacial polymerization conditions on polyamide
TFC membranes’ morphology and pervaporation performance

Table 1 shows a comparison between two different IP conditions
in terms of operating and processing conditions and of the resulting
pervaporation performances of polyamide TFC membranes. It was
found that the polyamide TFC membrane prepared via IP-II showed
superior pervaporation performance than that prepared via IP-I. In
IP-1, the dry asymmetric mPAN membrane was used as support for
preparing the polyamide TFC membrane. As such, it was difficult for
the monomer (TETA) dissolved in the aqueous solution to penetrate
into the denser skin layer of dry asymmetric mPAN membrane,
even though the mPAN membrane was soaked with the monomer
of higher concentration in the TETA aqueous solution and then
immersed in the organic solution of higher TMC concentration at
a longer polymerization time. The resulting membrane was dried at
a post-annealing temperature of 70 °C for 1 h. The process of
forming the polyamide active layer via IP-I has still some difficulty
to produce a membrane of a form conducive for obtaining good
pervaporation performance.

In IP-II, the wet asymmetric mPAN membrane was used as
support. When the wet asymmetric mPAN membrane was
immersed in the TETA aqueous solution, the TETA monomers could
easily penetrate into the membrane by capillary phenomena and
could easily fill the cavities throughout the membrane, even though
the concentration of the TETA aqueous solution was lower. The

CMT 1.0kV 5. 4mm x10.0k SE(

whole surface of mPAN membrane being uniformly filled with TETA
monomers was beneficial to prepare a defect-free polyamide active
layer by just contacting the surface with the lower TMC concen-
tration in the organic solution at a shorter polymerization time in
the case of IP-Il. The resulting membrane was allowed to dry
naturally without undergoing an annealing process.

Fig. 3 shows the SEM images of the polyamide TFC membranes
prepared via different IP conditions. The surface and cross-sectional
SEM images of the polyamide TFC membranes prepared via IP-I are
shown in Fig. 3(a) and (c). It was found that the polyamide layer
prepared via IP-I show a rough profile of peak-and-valley structures
with some defects present. This might be the result of the uneven
distribution of the TETA monomers on the surface of the mPAN
membrane during interfacial polymerization. However, a defect-
free and a thinner polyamide layer was obtained in IP-II, as
shown in Fig. 3(b) and (d). They show a smooth profile composed of
well-dispersed tiny nodules beneficial to obtain good pervapora-
tion performance. This might be the result of the uniform distri-
bution of the TETA monomers on the surface of the wet mPAN
membrane during interfacial polymerization.

The AFM images of the polyamide TFC membranes prepared by
different IP conditions are shown in Fig. 4. Compared with the
polyamide TFC membrane prepared via IP-II (Fig. 4(b)), that
prepared via IP-I displays a higher surface roughness as is shown in
Fig. 4(a). The surface roughness of the polyamide TFC membranes
based on Fig. 4 is given in Table 2. It reveals that the polyamide TFC

CHT WD10.2mm 10.0kV x10k

Fig. 3. SEM images of polyamide TFC membranes prepared via IP-I ((a), (c)) and IP-II ((b), (d)).
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Fig. 4. AFM images of polyamide TFC membranes prepared via IP-I (a) and IP-II (b).

membrane prepared via IP-I shows higher data on root mean square
roughness (Rys), average roughness (R;), maximum roughness
(Rmax) and surface area than that prepared via IP-II. These results
might be due to the variation in the uniformity of the TETA mono-
mers distribution on the surface of the mPAN membrane, brought
about by the two different interfacial polymerization conditions.

From the results of SEM and AFM analyses, the two different
interfacial polymerization conditions utilizing the same monomers
cause the variation in the roughness of the polyamide active layers.
To complement the SEM and AFM data, the water contact angle for
the polyamide TFC membrane was measured and the values are
included in Table 2. The water contact angle data reveal that the
polyamide TFC membrane prepared via IP-I show a lower water
contact angle than that prepared via IP-II. This result corresponds
very well to the results from SEM and AFM analyses. These afore-
mentioned results are in line with a defect-free and a thinner layer
of the polyamide TFC membrane prepared via IP-II, and such
characteristics are beneficial to obtain a higher permeation rate and
separation factor. In this regard, it is interesting to understand to
a greater extent the effect of the variation in the fine structure in
the depth profile of the polyamide TFC membrane on the perva-
poration performance in the following experiments.

3.3. Positron annihilation spectroscopy (PAS) of polyamide TFC
membranes prepared via different polymerization conditions

To investigate the free-volume variation and the depth profile of
the polyamide TFC membranes, PAS experiments were carried out
by means of a slow positron beam. The S parameter as a function of
the positron incident energy from DBES for the polyamide TFC
membranes prepared via IP-I and IP-II is shown in Fig. 5. Compared
with the S parameter for the membrane prepared via IP-II, the
observation drawn from the S parameter for the polyamide TFC
membrane prepared via IP-I reveals a very small plateau existing
near the membrane surface, as shown in Fig. 5(b).

From the results of the S curves in Fig. 5, the rapid increase in the
S value near the membrane surface at the positron incident energy

Table 2
Surface roughness, surface area, and water contact angle for polyamide TFC
membranes prepared via IP-I and IP-II.

IP procedure Rins R, IR Surface Water

(nm) (nm) (nm) area (um?) contact angle (°)
I 87.2 67.8 603.1 29.23 721 £ 28
11 213 17.5 114.6 25.11 79.7 £ 1.5

Rms: root mean square roughness.
R,: average roughness Ry,x: maximum roughness.

value of lower than about 0.5 keV is a typical phenomenon of
positronium annihilation. After its rapid increase, the S value comes
to a plateau, increases, and then decreases with increasing positron
incident energy. The variation in the S parameter, resulting from the
variation in the fine structure such as free volume, indicates
a multilayer structure of the polyamide TFC membrane, based on
the positron annihilation characteristic differences between the
layers. To illustrate the variation in the S parameter along the depth
of the composite membrane, the S parameter data as a function of
the positron incident energy were fitted by the VEPFIT program
analysis. We tried to fit 3-layer and 4-layer models from the VEPFIT
analysis to analyze the layer boundary for each S curves for IP-II and
IP-I prepared TFC membranes. We found that the S curves for IP-I
and IP-II fit using a 3-layer model and a 4-layer model, respec-
tively, showed good average x? values (<2.5) and gave stable results
and reasonable error bars as a result of the fitting process (S curve
for IP-1I prepared TFC membrane fit using a 3-layer model showed
poor resolution). The resulting fitted lines are also plotted in Fig. 5,
from which we can clearly see good fitting results of the three-layer
and four-layer models for the polyamide TFC membranes prepared
via IP-I and IP-1I, respectively. As a result of the VEPFIT analysis, the
polyamide TFC membrane prepared via IP-1I was divided into four
layers whose boundaries are demarcated with three vertical broken
lines, as shown in Fig. 5(a). The multilayer structure is described in
the following order: (I) The top layer is the polyamide thin layer. (II)

S parameter
I
~
(2]
(3
1

C

0 5 10 15 20 25 30
Positron incident energy (keV)

Fig. 5. S parameter as function of positron incident energy for polyamide TFC
membranes prepared via IP-II (a) and IP-I (b). Lines drawn through data for S
parameter are fitted results from VEPFIT program analysis. Vertical broken lines
demarcate boundaries from layer to layer.
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The second layer is the dense skin layer of mPAN. (IIl) The third
layer is a transition layer from the dense skin layer to the porous
support layer of mPAN. (IV) The fourth (bottom) layer is the porous
support layer of mPAN. However, the polyamide TFC membrane
prepared via IP-1 was divided, also as a result of the VEPFIT analysis,
into just three layers separated by two vertical broken lines to mark
the boundaries, as shown in Fig. 5(b). The multilayer structure is
described in the following order: (A) The top layer is polyamide
layer. (B) The second layer is a transition layer from the dense skin
to the porous mPAN support. (C) The third (bottom) layer is the
porous mPAN support. Therefore, the fine structure of the poly-
amide TFC membranes could not be identified based from the
VEPFIT analysis.

In general, the length of the S plateau in DBES indicates the
thickness of the layer. The higher the S value, the greater is the free
volume. The effective selective layer of the TFC membrane is the
polyamide layer. Fig. 5(a) indicates that the polyamide layer
prepared via IP-II shows a higher S value and a shorter S plateau
length. However, the opposite trend was observed in the case of the
polyamide layer prepared via IP-I (Fig. 5(b)). It indicates that the
former TFC membrane has a greater free volume and a thinner
thickness than that of the latter TFC membrane. This causes the
polyamide TFC membrane prepared via IP-Il to have a higher
permeation rate than that prepared via IP-I. Nevertheless, the
polyamide TFC membrane prepared via IP-II shows a higher sepa-
ration factor than that prepared via IP-1, as is shown in Table 1. This
result can not be explained reasonably by using just the S param-
eters from DBES. To understand more extensively the variations in
the fine-structures of the polyamide layers prepared by the two
different interfacial polymerization conditions, the o-Ps lifetimes
(t3) and their corresponding intensities (I3) in the polyamide layers
were investigated by PALS coupled to a slow positron beam. The o-
Ps lifetime (73) and its corresponding intensity (I3) correspond to
the size and the concentration of the free volume, respectively.

Fig. 6 plots the o-Ps lifetime (73) as a function of the positron
incident energy for the polyamide TFC membrane prepared via IP-I
and IP-II. Fig. 6(a) shows a rapid drop of 73 near the membrane
surface at the positron incident energy lower than 0.5 keV. This is
a typical phenomenon of positronium annihilation due to the back-
diffusion and -scattering of the o-Ps from the surface to the vacuum.
A zone with lower 73 values at positron incident energies from 0.5
to 1.5 keV corresponds to the polyamide layer. At positron incident
energies higher than 1.5 keV, t3 curve jumps to higher values

5.0
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Fig. 6. o0-Ps lifetime (r3) as function of positron incident energy for polyamide TFC
membranes prepared via IP-1I (a) and IP-I (b).

18

16

14 4

12

o-Ps Intensity (%)
[e°]
l

o 4+———1 11—
4 0 1 2 3 4 5 6 7 8 9 10 11

Positron incident energy (keV)

Fig. 7. 0-Ps intensity (I5) as function of positron incident energy for polyamide TFC
membranes prepared via IP-II (a) and IP-I (b).

because the positron penetrates into the dense layer of the mPAN
support membrane. The o-Ps annihilation trend of IP-I (Fig. 6(b)) is
similar to that for the TFC membrane prepared via IP-II.

Fig. 7 presents the o-Ps intensity (I3) as a function of the positron
incident energy for polyamide TFC membranes. It shows that the I3
curve corresponding to the concentration of the free volume in the
polyamide layer prepared via IP-II is higher than that for the
polyamide layer prepared via IP-I. To understand the relationship
between the free volume size distribution and the pervaporation
performance of polyamide TFC membranes, the positron lifetime
distributions and the 73 results at 1 keV positron incident energy
(with the highest density) were analyzed with the use of positron
annihilation spectroscopy (Fig. 7); the analysis is shown in Fig. 8. It
shows that the lifetime distribution curves shift to lower lifetime
direction, while the wet mPAN membrane was used as the support
(IP-II). The free volume radius of the TFC membrane prepared by IP-
I and IP-Il was 2.73 A and 2.66 A, respectively. In line with this
finding, the effect of TFC membranes prepared via the different IP
conditions on the size and the concentration of the free volume is

Radius (A)
1.66 2.85 3.63 4.23
0.7 T T v T 66 A" T T T v
o8 —— 1P
7 (@) — IP-II
0.5 —
0.4 | A -
. ]
2 03 0) g
0.2 —
0.1 4 |
0.0 4——
T T T T T T T T T T T T T
0.0 1.0 15 2.0 25 3.0 3.5 4.0

Lifetime (ns)

Fig. 8. o-Ps lifetime distribution data for polyamide TFC membranes prepared via IP-II
(a) and IP-I (b) (PDF: Probability Density Function).



1376 S.-H. Huang et al. / Polymer 51 (2010) 1370-1376

Table 3
0-Ps lifetimes (73) and their intensities (I5) in polyamide layers prepared via IP-I and
IP-II at 1keV positron incident energy.

IP conditions 73 (ns) I3 (%)
I 1.85 8.1
11 1.80 12.5

given in Table 3. It indicates that the polyamide layer prepared via
IP-1I shows a smaller size (13) and a higher concentration (I3) of the
free volume than that for the TFC membrane prepared via IP-I.
These resulting characteristics cause the separation factor and the
permeation rate for the polyamide TFC membrane prepared via IP-
II to be higher than those for the TFC membrane prepared via IP-I
(Table 1).

4. Conclusion

In this study, polyamide TFC membranes were successfully
prepared via two different interfacial polymerization procedures
for reacting TETA and TMC on the surface of mPAN membranes.
Based on the results of the SEM, AFM, and water contact angle
experiments, the polyamide TFC membrane prepared via IP-II
showed lower surface roughness, lower surface area, and lower
hydrophilicity than that prepared via IP-I. The results of the posi-
tron annihilation studies indicated that thinner thickness, smaller
free-volume size, and higher free-volume concentration were
obtained for the polyamide layer prepared via IP-II. And from the
results of the pervaporative separation of a 70 wt% isopropanol
aqueous solution at 25 °C, the respective separation factor and the
permeation rate for the polyamide TFC membrane prepared via IP-
Il were higher than those for TFC membrane prepared via IP-1.

Acknowledgements

The authors wish to sincerely thank the project Toward
Sustainable Green Technology in Chung Yuan University, Taiwan,

under grant CYCU-98-CR-CE, the Ministry of Economic Affairs, the
Ministry of Education Affairs, and the National Science Council of
Taiwan for financially supporting this work.

References

[1] Verissimo S, Peinemann K-V, Bordado J. ] Memb Sci 2005;264:48-55.
[2] Wei ], Jian X, Wu C, Zhang S, Yan C. ] Memb Sci 2005;256:116-21.
[3] Louie JS, Pinnau I, Ciobanu I, Ishida KP, Ng A, Reinhard M. ] Memb Sci
2006;280:762-70.
[4] Li L, Zhang S, Zhang X, Zheng G. ] Memb Sci 2007;289:258-67.
[5] Ghosh AK, Jeong B-H, Huang X, Hoek EMV. ] Memb Sci 2008;311:34-45.
[6] Chen SH, Chang DJ, Liou RM, Hsu CS, Lin SS. ] Appl Polym Sci 2002;83:1112-8.
[7] Verissimo S, Peinemann K-V, Bordado J. ] Memb Sci 2006;279:266-75.
[8] Yang F, Zhang S, Yang D, Jian X. ] Memb Sci 2007;301:85-92.
[9] Buch PR, Mohan DJ, Reddy AVR. ] Memb Sci 2008;309:36-44.
[10] Liu M, Yu S, Zhou Y, Gao C. ] Memb Sci. 2008;310:289-95.
[11] Kim J-H, Lee K-H, Kim SY. ] Memb Sci 2000;169:81-93.
[12] Huang SH, Li CL, Hu CC, Tsai HA, Lee KR, Lai JY. Desalination 2006;200:387-9.
[13] Rao AP, Joshi SV, Trivedi JJ, Devmurari CV, Shah VJ. ] Memb Sci 2003;211:
13-24.
[14] Singh PS, Joshi SV, Trivedi JJ, Devmurari CV, Rao AP, Ghosh PK. ] Memb Sci
2006;278:19-25.
[15] Zhou Y, Yu S, Liu M, Gao C. ] Membr Sci 2005;270:162-8.
[16] Kwak S-Y, Jung SG, Yoon YS, Ihm DW. ] Polym Sci Part B Polym Phys
1999;37:1429-40.
[17] Freger V. Environ Sci Technol 2004;38:3168-75.
[18] Freger V. Langmuir 2003;19:4791-7.
[19] Kim SH, Kwak SY, Suzuki T. Environ Sci Technol 2005;39:1764-70.
[20] Chen HM, Hung WS, Lo CH, Huang SH, Cheng ML, Liu G, et al. Macromolecules
2007;40:7542-57.
[21] Jean YC, Zhang R, Cao H, Yuan JP, Huang CM, Nielsen B, et al. Phys Rev B
1997;56:R8459-62.
[22] He C, Hamada E, Suzuki T, Kumaki T, Kobayashi H, Kondo K, et al. Appl Surf Sci
2004;221:444-9.
[23] Li Y, Zhang R, Chen H, Zhang ], Suzuki R, Ohdaira T, et al. Biomacromolecules
2003;4:1856-64.
[24] Algers ], Suzuki R, Ohdaira T, Maurer FHJ. Polymer 2004;45:4533-9.
[25] Jean YC, Zhang ], Chen H, Li Y, Liu G. Spectrochim Acta A 2005;61:1683-91.
[26] Jean YC, Hung WS, Lo CH, Chen H, Liu G, Chakka L, et al. Desalination
2008;234:89-98.
[27] Chen HM, Liu G, Chakka L, Huang SH, Lee KR, Lai JY, et al. Phys Status Solidi C
2007;4:3739-42.
[28] Huang SH, Hsu (], Liaw DJ, Hu CC, Lee KR, Lai JY. ] Memb Sci 2008;307:73-81.
[29] Teng MY, Lee KR, Fan SC, Liaw DJ, Huang ], Lai JY. ] Memb Sci 2000;164:241-9.



	Positron annihilation study on thin-film composite pervaporation membranes: Correlation between polyamide fine structure and different interfacial polymerization conditions
	Introduction
	Experimental
	Materials
	Preparation of asymmetric modified PAN (mPAN) porous membrane support
	Preparation of polyamide TFC membrane
	Characterization
	Positron annihilation spectroscopy (PAS)
	Pervaporation measurement

	Results and discussion
	Chemical structure
	Influence of interfacial polymerization conditions on polyamide TFC membranes’ morphology and pervaporation performance
	Positron annihilation spectroscopy (PAS) of polyamide TFC membranes prepared via different polymerization conditions

	Conclusion
	Acknowledgements
	References


