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ABSTRACT: The free-volume depth profile of asymmetric polymeric membrane systems prepared by interfacial
polymerization is studied using positron annihilation spectroscopy coupled with a variable monoenergy slow
positron beam. Significant variations ofS, W, andR parameters from the Doppler broadened energy spectra vs
positron incident energy up to 30 keV and orthopositronium lifetime and intensity are observed at different doping
times of triethylenetetraamine (TETA) reacting with trimesoyl chloride (TMC) in an interfacial polymerization
on modified porous polyacrylonitrile (PAN) asymmetric membrane. The positron annihilation data are analyzed
in terms of free-volume parameters as a function of depth from the surface to nano- and micrometer regions of
asymmetric membranes. A multilayer structure is obtained in polymerized polyamide (PA) on modified PAN
membranes (m-PAN): a nanometer scale skin polyamide layer, a nanometer to micrometer scale transition layer
from dense to porous m-PAN, and the porous m-PAN support. The results of free-volume parameters and obtained
layer thicknesses are compared with the flux (permeability) and water concentration in permeate (selectivity)
through the pervaporation separation of 70 wt % 2-propanol aqueous solution. It is found that the water
concentration in permeate is mainly controlled by the free-volume properties of skin polyamide and weakly
related to the transition layer from the skin to porous m-PAN. The obtained layer structures of asymmetric polymeric
membranes are supported by the data obtained by AFM, SEM, and ATR-FTIR.

Introduction

A typical polymeric membrane system has a multilayered
structure usually consisting of a thin surface layer, an intermedi-
ate layer, and a base substrate.1 Each layer of the membrane
system performs special functions and interacts with the other
layers to achieve the main desired attributes of separation and
filtration purposes.2-5 For example, in the present day, a well-
known asymmetric membrane for pervaporation process consists
of a thin skin layer of polyamide (PA), which can be prepared
by interfacial polymerization, a transition layer, and the sup-
porting porous polymeric membrane.6 The skin layer and also
possibly the transition layer are thought to play a key role in
the process of molecular diffusion and separation functions in
pervaporation performance.2,6

While polymeric materials and layer systems have been used
a long time for separation, purification, and storage, the basic
understanding of physical structures and membrane interactions
is still primitive.1-6 There is limited understanding of the causes
for performance in polymeric membrane systems, i.e., perme-

ability and selectivity, at the molecular level.7 Existing methods
of assessing membrane performance are chiefly macroscopic
approaches by a trial and error method, such as measuring
macroscopic properties such as modulus, thermal stability, flow
flux, and separation factors, etc.1-7 Most knowledge of mem-
branedevelopment isbasedontheseevaluationsofperformance1-7

or by theoretical approaches.8,9 Therefore, the origins of
molecular transport phenomena are not yet fully ascertained for
membrane systems. Only recently molecular spectroscopic and
microscopic methodologies have been used to investigate the
underlying causes of molecular transport phenomena in multi-
layer membrane systems.10,11

Analytical techniques which monitor the physicochemical
parameters that occur during the preparation of membrane
systems include spectroscopy methods, such as Fourier trans-
form infrared (FTIR) and Raman spectroscopy,10,12 where
configurational and conformational variations are detectable.
Resonance methods, such as nuclear magnetic resonance
(NMR)13,14 and electron spin resonance (ESR),15,16 can detect
local environments at the molecular level. Parameters in
chemical properties are often correlated with changes in physical
properties. Characterization of physical structures for a multi-
layer system of membranes has been pursued by scattering and
microscopy methods, such as scanning electron microscopy
(SEM),17,18 transmitting electron microscopy (TEM),19 atomic
force microscopy (AFM),20-22 X-ray,23,24electron, neutron, and
ion diffractions, etc.25-27 Each of these analytical techniques
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has its advantages and shortcomings in structural determination
and elemental sensitivity. A multitechnique approach appears
to be very fruitful. While X-ray diffraction and small-angle
neutron scattering (SANS) are commonly used to measure defect
and open space dimensions, they are limited to the larger
dimensions (>nm). On the other hand, atomic probes, SEM,
and AFM are powerful tools for detecting static defects near
the surface. One important approach is to study the free-volume
properties of polymeric membrane systems, the very origins of
physical structure of polymers, i.e., from the Å to 1 nm level
and 10-6 - 10-15 s time scale of motion28,29

The concept of correlating the physical defects at the atomic
and molecular level, such as vacancy, free volume, holes, voids,
interfaces, and surfaces, with membrane performances, such as
permeability and selectivity, for optimal design of membranes
is the central idea in this line of research. In this study, we
employed a special physical technique, positron annihilation
spectroscopy (PAS),30 to measure physical properties of defects,
i.e., free volumes at the atomic and molecular levels as a
function of chemical changes and molecular modifications in
an interfacial polymerized membrane system.

PAS31 is a special nondestructive evaluation (NDE) technique
for materials characterization which uses the positron (antielec-
tron). Positron-electron annihilationγ-rays reveal useful in-
formation about the electronic and defect properties of materials
under study. The unique repulsive force between the positron
and the ion cores of materials makes the positron ideal for
probing defects at the atomic and molecular levels. During
the recent decades, PAS was developed as a useful tool
to probe the microscopic properties of polymeric materials.32

One of the great successes in this line of research is the direct
determination of polymer free-volume and hole properties at
an atomic scale (0.2-2 nm). However, most existing PAS
studies focused on the bulk of polymers in measuring positron
annihilation lifetime (PAL). Recent investigations in membrane
systems using PAS have been reported and discussed mainly
in the average bulk properties using the conventional PAL
technique.33-46

Current positron spectroscopy uses a variable monoenergy
positron beam (from the electronvolts range to several kilo-
electronvolts)47,48 coupled with PAL and momentum density
measurements, and is capable of probing defect profiles from
the surface, interfaces, and to the bulk. In this paper, we report
a systematic investigation of both Doppler broadening energy
spectroscopy (DBES) and PAL spectroscopy coupled with a
variable monoenergy positron beam in one of the important
membrane systems for pervaporation application, i.e., polyamide
(PA) on modified asymmetric polyacrylonitrile (PAN) mem-
brane.6,49 In addition to the use of PAS technique, we recognize
the importance of using conventional techniques to provide
physical and chemical information including, ATR-FTIR,
SEM, AFM, and pervaporation performances of flux (perme-
ability) and water concentration in permeate (selectivity), to
provide more complete information in the same membrane
systems.

Experiments

The currently studied polyamide membrane is a composite system
with an asymmetric layer structure: a polyester nonwoven base
substrate (ca. 150µm thick), a porous supporting PAN (polyacry-
lonitrile, ca. 50µm thick), and the top skin layer of interfacial
polymerized polyamide (PA) as schematically shown in Figure 1.
The porous support of PAN membrane was prepared by casting
15% PAN resin (supplied by Tong-Hua Synthetic Fiber Co. Ltd.
Taiwan) in the solventN-methyl-2-pyrrolidone (NMP) on the

polyester nonwoven substrate with a 200µm knife gap, then were
immersed into water bath to precipitate. The resulting asymmetric
PAN membranes (pore size 1-10 µm) were washed in water
overnight and then were dried at ambient temperature. The
asymmetric PAN membrane was posttreated in 2 M NaOH solution
for 2 h at 50°C. Fraction of the-CN groups of PAN supporting
substrate can be converted into-COOH groups after the treatment
of NaOH solution to enhance the interfacial polymerization reaction
as monitored by ATR-FTIR. The average porosity of modified
PAN was determined to be 82% from the density measurement.
This modified (hydrolysis) asymmetric membrane is labeled as
m-PAN.

The modified PAN porous membrane support (m-PAN) was
washed in a water bath for several hours, and then dried at room
temperature (rt). The polyamide active skin layer was synthesized
using an interfacial polymerization technique on the m-PAN
membrane support. A 2 wt % aqueous solution of TETA (trieth-
ylenetetraamine, purchased from Merck Co. USA) was doped onto
the surface of the modified PAN support at 50°C and as a function
of doping times from 1 to 30 min, which are expected to vary
membrane performance and structures. The m-PAN support soaked
with the amine solution (aqueous phase) then was immersed into
toluene solution (organic phase) containing 1 wt % TMC (trimesoyl
chloride, purchased form Aldrich Chemical Co. USA) at rt for 3
min for interfacial polymerization. The excess amount of amine
(TETA) solution remaining on the m-PAN membrane after
interfacial polymerization was washed away and removed. The
polymerization reaction and polyamide membrane preparation
process are schematically shown in Figures 2and 3, respectively.
The polyamide composite membrane systems were prepared at
different TETA doping times (1-30 min) at 50°C. The resulting
membranes were washed in methanol overnight to remove any
unreacted residual chemicals. After removal of toluene solution,
the thin-film composite membranes obtained then underwent heat
treatment in an oven at 70°C for 1 h toattain the desired stability
of the formed structure for characterization experiments. For the
positron beam experiments, all samples were measured at the dry
state under the high vacuum (10-8 Torr). In the conventional PAL

Figure 1. Schematic diagram for a multilayer asymmetric membrane
system for the pervaporation and for positron annihilation studies. The
top polyamide is synthesized from interfacial polymerization, the
supporting membrane is polyacrylonitrile (ca. 50µm), and the base
substrate is nonwoven polyester (ca. 150µm).

Figure 2. Schematic equation for interfacial polymerization reaction
between triethylenetetraamine (TETA, aqueous phase) reacting with
trimesoyl chloride (TMC, oil phase) to form polyamide (PA).
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experiments, three wet samples were kept at the wet condition
without changing water content in the process of PAL measurements
(typically 3-4 h).

The layer thickness and surface morphology of the prepared PA
on m-PAN and the m-PAN membrane were measured by AFM
(Digital Instruments Nanoscope IIa tapping mode) and SEM
(Hitachi model S-4800).

The performance of synthesized polyamide composite mem-
branes was measured in the pervaporation of 70 wt % 2-propanol
aqueous solution at rt. The feed solution is in direct contact with
polyamide membrane and the flux is determined by the weight of
permeate through pumping on the nonwoven side of the membrane.
The composition of the feed solution and the concentration of
permeate were determined using gas chromatography (GC Chro-
matography 8700 T, China). Detailed description of pervaporation
measurements could be found in our previous work.49

The chemical structure of interfacial polymerized polyamide (PA)
on the m-PAN supporting membrane is schematically shown in
Figure 4. The functional groups of the prepared PA and m-PAN
support are characterized by ATR-FTIR (Perkin-Elmer Spectrum
One) at rt FTIR spectra of the m-PAN and one of interfacial
polymerized PA (5 min doping TETA) on m-PAN as shown in
Figure 5.

TheSparameters of Doppler broadening energy spectra (DBES)
were measured as a function of positron implantation energy (depth)
at rt using the slow positron beam (0-30 keV) at the University of
MissourisKansas City.50,51The DBES spectra were recorded at rt
as a function of positron energy from 100 eV to 30 keV. The DBES
spectra were measured using an HP Ge detector (EG&G Ortec.
with 35% efficiency and energy resolution of 1.5 keV at 511 keV
peak) at a counting rate of approximately 2500 cps. The total
number of counts for each DBES spectrum was 2.0 millions. The
obtained DBES spectra were characterized by anS parameter,
defined as a ratio of integrated counts (areaA of Figure 6) between
energy 510.3 and 511.7 keV (S width) to total counts after the
background was properly subtracted. Since theS parameter
represents 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.52-54 When the positron and Ps are localized in a hole or
free volume with a finite size, the observedSparameter is a measure
of the momentum broadening according to the uncertainty prin-
ciple: a larger hole results in a largerS parameter value and the

amount of parapositronium (singlet state). TheSparameter has been
successfully used in detecting the free-volume depth profile in
polymeric systems.52-54

Two other parameters from DBES are also reported here: (1)
the high momentumW parameter, which is defined as a ratio of
integrated counts (areaB of Figure 6) between energy 508.0 and
509.4 keV (leftW width) and energy 512.6 and 514.0 keV (right
W width) to total counts after the background was properly
subtracted, and (2) the 3γ to 2γ annihilation ratioR parameter,
which is defined as the ratio of the total count from the valley region
with an energy with a width between 364.2 and 496.2 keV (which
is from 3γ annihilation) and the total count from the 511 keV peak
region with a width betweenE1 ) 504.35 andE2 ) 517.65 keV
(which is from 2γ annihilation). The R parameter provides
information about the existence of large pores (nm toµm),
where o-Ps undergoes 3γ annihilation whileS, and W are from
p-Ps and o-Ps undergoing 2γ radiation (pick-off annihilation) in
free volumes (Å to nm). The definitions ofS, W, andR from DBES

Figure 3. Preparation procedure of polyamide (PA) asymmetric membrane by interfacial polymerization between triethylenetetraamine (TETA,
aqueous phase) reacting with trimesoyl chloride (TMC, oil phase) on modified PAN (polyacrylonitrile) surface, which is from hydrolysis of PAN
membrane.

Figure 4. Schematic diagram of chemical structure for synthesized
polyamide (PA) from interfacial polymerization between triethylene-
tetraamine (TETA, aqueous phase) reacting with trimesoyl chloride
(TMC, oil phase) onto the surface of modified porous polyacrylonitrile
(m-PAN membrane).
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are schematically shown in Figure 6. The detailed description of
the beam andS, W, andRparameter measurements could be found
elsewhere.30,47,48

Positron annihilation lifetime experiments were performed using
both a variable monoenergy 30 keV positron beam at UMKC50,51

and a high intense slow positron beam at the National Institute of
Advanced Industrial Science and Technology (AIST) in Tsukuba,
Japan.55 We also used the conventional PAL method32 to measure
the free-volume properties in the bulk (thick film∼1 mm)
membrane samples. The PAL data contain quantitative information
on the free-volume properties in polymeric systems from the
surface, interfaces, and to the bulk. The lifetime resolution was
450-800 ps and 250-500 ps for a counting rate of 100-500 cps
and 1000-2500 cps at UMKC’s and at AIST’s slow positron beam,
respectively. Each PAL spectrum contains 2 million counts. The
obtained PAL data were fitted into four lifetime components using
the PATFIT program56 and also into continuous lifetime distribu-
tions using three existing programs: CONTIN,57 LT,58 and MELT.59

While the latter three programs provide similar results, we only
present the smoothed lifetime distributions from MELT analysis
here. In PATFIT analysis, the longest lifetime component (8-40
ns) from the beam experiments at a small intensity 0.3-5% (10-
0.3 keV positron energies) was attributed to o-Ps annihilation in
the beam chamber from backscattered positrons and surfaces. PAL
spectra in an interfacial polymerized polyamide (5 min TETA
doping time) on m-PAN membrane at different positron energies
(depths) are shown in Figure 7. It is seen that both o-Ps lifetime
and intensity vary as a function of incident positron energy due to
different layer structure, chemical composition, and polymeric
properties at different depths from the surface.

Analyzed results of positron lifetimes (τ1, τ2, and τ3) and
intensities (I1, I2, and I3) from PAL spectra are attributed to the
positron and positronium annihilation in polymeric membrane
materials. The shortestτ1 ) 0.125 ns (constrained in our final
PATFIT analysis) is from p-Ps annihilation,τ2 ∼0.45 ns is from
the positron annihilation, andτ3 is due to o-Ps annihilation. Since
Ps is known to preferentially localize in defect sites,60 particularly
in the free volume before annihilation takes place, parameters from
o-Ps annihilation have been successfully used to obtain the electron
properties and depth profiles of free volumes in thin film
polymers.61-64 The o-Ps lifetimeτ3 is on the order of 1-5 ns in
polymeric materials, the so-called pickoff annihilation with electrons
in molecules32 and is used to calculate the mean free-volume
radiusR (Å to nm) based on an established semiempirical correlation
equation65-67 from a spherical-cavity model.

When a positron enters the polymeric surface, it loses its energy
via inelastic collision processes within the time scale of 10-12 s,
and its energy distribution could be expressed by a Makhovian
implantation profile. The mean depthZ of the polymeric materials

Figure 5. ATR-FTIR spectra for modified polyacrylonitrile (m-PAN) membrane and for polyamide (PA) from interfacial polymerization between
triethylenetetraamine (TETA) reacting with trimesoyl chloride (TMC) on m-PAN.

Figure 6. Doppler broadening energy spectrum (DBES, top) and
definitions ofS, W, andR (3γ/2γ ratio) parameters from DBES.S is
ratio of total counts from central region,W is the ratio of wing region,
to the total 511 keV annihilation counts, respectively, whileR is the
ratio of 3γ/2γ annihilation.
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where the positron annihilation occurs is calculated fromE+ using
eq 1 below:47,48

whereZ is expressed in nm,F is the density in g/cm3, andE+ is
the positron incident energy in keV. The corresponding distribution
of the depthZ is broadened with the increase of positron energy
E+ and the depth resolution is better near the surface than in the
bulk. A typical depth resolution is estimated to be about 10% of
the depth of interest.

Results and Discussion

I. Modified PAN Membrane and Polyamide. In order to
study the interfacial polymerized polyamide (PA) membrane
system, we have performed the DBES data in PA and modified
(hydrolysis) PAN (m-PAN) membranes as a function of positron
incident energy (0-30 keV) at rt At the same time, we also
performed PAL experiments in the base materials, PAN
membrane, m-PAN membrane, and polyamide (PA) resin in
both dry and wet (after soaking in 70% 2-propanol aqueous
solution for 24 h) states. The base materials of PAN and m-PAN
were prepared in similar method as membranes except on the
glass substrate instead of nonwoven polyester base substrate.
We peeled off the prepared membranes, packed the samples
(porosity 82%) at a thickness of>1 mm, which is sufficient to
absorb all positrons emitted from22Na source. Table 1 lists the
analyzed PAL results of those six materials in the currently
studied membrane system. For porous membranes PAN and
m-PAN, which contain high porosity (82%) with a pores size
on the order ofµm, we observed additional small fraction of
very long o-Ps lifetime (120-140 ns) with intensity of 1.0, and
1.5 ( 0.4%, respectively from long gated PAL spectra (500
ns). The very long o-Ps lifetime is contributed from those large
pores (µm) and their lifetime is beyond the sensitivity of current
PAL to distinguish their sizes. Our focus is on the third
component, i.e.,τ3 and I3, to calculate the free-volume hole
properties according to the established correlations from the
pick-off annihilation.32,65-67

It is seen in Table 1 that the o-Ps lifetime (τ3) from of those
sixpolymericmaterialsareinthevaluesofsimilarpolymers33-45,68-70

as o-Ps pick-off annihilation and the corresponding free-volume
radius ranges from 0.25 to 0.40 nm. It is interesting to observe

that polyamide has a smaller free volume than both PAN and
m-PAN. To understand the free-volume size distributions in
those polymers, we have analyzed the positron lifetime distribu-
tions and theτ3 results (with corresponding free-volume radius
distributions) are shown in Figure 8 for both dry and wet
samples. The shapes of o-Ps lifetime distributions are similar
while both the lifetime values and widths of the distributions
are in the order of PAN> m-PAN > PA. In the same graph,
we also show the kinetic radii of water71 and 2-propanol72 to
compare with the free-volume radius distributions in those base
polymers obtained by PAS. It is interesting to observe that PA
radius lies apart from and between the kinetic radius of water
(1.3 Å) and of 2-propanol (2.9 Å). On the other hand, the free-
volume radius distributions of both PAN and m-PAN are all
larger than both water and 2-propanol. The selectivity for
permeatants in polymeric membranes has been traditionally
understood in terms of molecular interactions with polymers.
The current PAS studies could provide a new approach in terms
of size selectivity of free volume for permeatants to explain
the effective selectivity of polyamide used in pervaporation
applications (water concentration in permeate>95%) for water/
2-propanol separation and the low water concentration in
permeate observed in m-PAN membranes without PA (<50%).
For diffusivity, we expect that pervaporation performance, i.e.,
water concentration in permeate, for membrane with an
interfacial polymerized PA layer may be correlated with the
free-volume data. In Table 1, we also report the o-Ps results in
the wet states of membrane and PA polymers in which
pervaporation measurements were performed. We found that
the wet m-PAN has a largerτ3 (3.295( 0.018 ns) than the dry
membrane (2.572( 0.031 ns). On the other hand, we found
that the soaking in 2-propanol aqueous solution for 24 h has
very little effect on the o-Ps lifetime in the bulk polyamide (τ3

) 2.081( 0.021 ns,) 2.099( 0.015 ns for dry, and wet PA,
respectively). The observed largeτ3 in wet m-PAN may be due
to the contribution of the soaked 70% 2-propanol aqueous
solution, which has a largeτ3 ()3.552( 0.021 ns, withI3 )
16.44( 0.15%) and also possibly the swelling of free-volume
in wet m-PAN by the interaction between 2-propanol or water
with the m-PAN. We further dried the wet m-PAN membrane
sample and then measured PAL again. We found that the PAL
result (τ3 andI3) returns to the values as listed in Table 1 of the
original dry m-PAN sample. This shows that the m-PAN
membrane retains its chemical compositions and layer structures
after pervaporation applications.

We also performed the AFM and SEM on both m-PAN and
polymerized PA/m-PAN membranes to measure the surface
morphology and the cross sections. Figures 9-11show the
surface images and cross sections from AFM and SEM
experiments. From AFM data (part b of Figure 9), we observe
that the mean-squares surface roughness (Rms) in m-PAN is
relatively small, 24.8 nm, which could be due to the reaction
of NaOH with PAN. On the other hand, the roughness in
polymerized PA/m-PAN surfaces is relatively large. For ex-
ample, in the PA surface with 5 min of TETA doping (part d
of Figure 9),Rms is 87.2 nm. The results of surface roughness
from AFM are listed in Table 2. It has been reported that the
flux of pervaporation in the similar membrane systems increases
as the surface roughness increases due to the increase of skin
surface area.73 The relative roughness and skin layer thicknesses
will be compared with PA interfacial polymerized membrane
and discussed in the next section.

The SEM cross section images of PA and m-PAN are rather
interesting as shown in Figures 10 and 11. In the m-PAN

Figure 7. 7. Normalized positron annihilation lifetime (PAL) spectra
at different positron incident energies in an interfacial polymerized
polyamide (with 5 min of TETA doping time) on m-PAN. One channel
corresponds to 25 ps.

Z(E+) ) (40/F)E+
1.6 (1)
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membrane, we observe a skin layer on top of porous m-PAN
membrane as indicated in Figure 10 (top). The thickness of this
skin surface layer in m-PAN is found to be 402( 70 nm (from
an average of five measurements). From the contrast of the
images, this skin layer shows a density greater than the porous
layer beneath it. Its density is found to be close to the density
of the bulk m-PAN as to be confirmed from positron data next
that this layer has a density as the bulk value of m-PAN, i.e.,
F ) 1.2 g/cm3. From the SEM data, we also observe the pore

size of m-PAN inside the dense skin layer is between 1 and 10
µm. From SEM cross sections near the surface, we also see
that there is certain intermediate depth (nano- to micrometer)
between the dense skin layer and the porous m-PAN layer (50
µm). We call this intermediate depth a transition layer from
the dense skin of m-PAN to the porous m-PAN. From SEM
images, we estimated the thickness of this transition layer in
m-PAN to be on the order of 1µm. We also see the inner layer
with a high porosity in the SEM cross-section image (Figures
10 and 11). SEM images of m-PAN are compared with the PA/
m-PAN membranes in Figure 11. The indicated skin thickness
from SEM cross section in PA/m-PAN membrane shown in
Figures 10 and 11 are the synthesized PA layer on top of the
dense skin of m-PAN. For example, in a 5-min TETA doping
membrane, the PA thickness was determined to be 326( 10
nm as indicated in Figure 10 (bottom) and Figure 11. The layer
thickness from SEM for different TETA doping times will be
discussed in the next section along with the positron data.

We have performed DBES experiments as a function of the
depth in two base membrane materials, the m-PAN membrane
and the polyamide resin. The data ofS vs positron incident
energy (or depth) are shown in Figure 12 (top). From thoseS
data we have the following observations: (1)Snear the surface
increases sharply as the positron energy increases; (2)Sreaches
a maximum and then decreases for m-PAN before plateau, while
for PA there is no peak; and (3)S values for m-PAN are all
larger than those for PA.

First, the third observation on the trend ofS values m-PAN
> PA could be understood from the origin ofS, which is mainly
due to the para-Ps (singlet positronium) contribution of positron
annihilation near the annihilation energy 511 keV.52-54 This
trend is also seen in the o-Ps parameters obtained by the positron
annihilation lifetime experiments (Table 1).

Next, the sharp increase ofS near the surface is a typical
phenomenon for polymeric materials due to annihilation of
positronium, which is known to have a very short diffusion
length in polymeric materials, on the order of 1-20 nm.60,74A
peak inS vs depth variation is an indication of a multilayer
structure in the system from annihilation characteristic difference
between those layers. We have employed a computer program
VEPFIT,75 which takes the Makhovian distribution of positron
energy into consideration and also includes the surface annihila-
tion and epithermal positron/Ps diffusion into its fitting algo-
rithm. We have tried to fit two-, three-, and four-layer models
in the VEPFIT analysis. The two-layer model could not give
good enoughø2 values, which are all consistently greater than
10.0 for m-PAN and thus do not give an acceptable model for
m-PAN data. While the four-layer model gives slightly better
ø2 values than the three-layer model, the fitted results are
unstable and the resultant error bars are larger than the fitted
layer and diffusion lengths. We found that the results from three-
layer model fits have goodø2 values (<2.5) and give stable

Table 1. Positron Lifetime Results in Base Materials for Membrane Systemsa

sample τ2 (ns) I2 (%) I3 (%) τ3 (ns) R (Å) FFV (%)

polyamide (PA)-dry 0.417( 0.012 62.2( 0.5 7.73( 0.2 2.081( 0.021 2.92( 0.07 1.45( 0.29
m-PAN membrane-dry 0.469( 0.032 53.6( 0.3 9.33( 0.2 2.268( 0.018 3.08( 0.03 2.06( 0.21
PAN membrane-dry 0.465( 0.035 58.9( 0.3 6.82( 0.2 2.572( 0.031 3.32( 0.04 1.89( 0.21
polyamide (PA)-wet 0.468( 0.010 57.9( 0.5 7.86( 0.2 2.099( 0.021 2.99( 0.07 1.50( 0.29
m-PAN membrane-wet 0.460( 0.021 66.6( 0.3 12.88( 0.2 3.295( 0.018 3.82( 0.03 5.42( 0.21
PAN membrane-wet 0.480( 0.030 60.9( 0.3 12.03( 0.2 3.449( 0.023 3.92( 0.04 5.45( 0.21

a Notes: (1) The shortest lifetime timeτ1 was fixed to 0.125 ns in PATFIT analysis. (2) m-PAN membrane is the modified (hydrolysis) PAN
membrane for PAN membrane reacts with 2 M of NaOH solution. (3) Wet samples were soaked the same dry samples in 70% 2-propanol aqueous solution.
(4) R, and FFV are the mean free-volume radius, and the relative free-volume fractions, respectively estimated from o-Ps data according to semiempirical
equations.32,65-67

Figure 8. Mean free-volume radius and o-Ps lifetime distributions in
dry (top plots) and wet states (bottom plots) of bulk polyamide (PA),
porous PAN, m-PAN porous membranes. Kinetic radii of water and
2-propanol were taken from refs 71 and 72, and the numbers in each
distribution are the mean radii obtained from the mean lifetimes of
MELT59 analysis.
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results and reasonable error bars. Therefore, we report here the
results of three-layer fits in Table 3 for m-PAN membrane and
discuss the layer structures based on three-layer model results.
On the other hand, forSdata in PA, the two-layer model gives
good and reasonable results. Fitted lines from VEPFIT analysis
are also plotted in Figure 12, which shows the good fits of the
three-layer model for m-PAN membrane and the two-layer
model for PA resin, respectively.

The top layer for m-PAN (with a thickness of 200( 117
nm) is identified as the dense skin layer as we also found that
the best fit density of this layer is 1.2( 0.1 g/cm3, which is the
same value as the bulk m-PAN resin. Its positron/Ps diffusion
length, 61.7( 16.7 nm, is slightly longer than most neat
polymers (1-20 nm),60,74indicating that the skin may be denser
than bulk m-PAN resin. The reason for the best fit density 1.2
( 0.1 g/cm3 may be due to a combination of surface roughness
(with some open space and less dense) and the dense skin (with
a density possibly greater than 1.2( 0.1 g/cm3). The length of
the intermediate (transition) layer is found to be much larger,

2.6 ( 1.6 µm with a density of 1.0( 0.1 g/cm3, which is in
between the bulk m-PAN (1.2( 0.1 g/cm3) and the porous
m-PAN beneath it. The third layer is identified as the porous
m-PAN, which has a fitted density of 0.7( 0.1 g/cm3, which
is still larger than the 0.22 g/cm3 as measured in the porous
m-PAN (82% average porosity). This indicates that the structure
of m-PAN between 2 and 10µm is still not as porous as the
average porosity of the entire m-PAN membrane. The fittedS
parameters for the second layer and the third layer are close to
each other and it indicates that there is a progressive transition
in the porosity from the second layer to the third layer in the
m-PAN membrane.

This layer analysis fromSdata is further supported by theR
data vs the depth as shown in Figure 12 (bottom plot) sinceR
is a measure of relative amount of 3γ annihilation which could
be contributed only from o-Ps in vacuum or in large pores. As
shown in theR plot, we observe large values near the surface
and also inside the m-PAN membrane. For PA, since there are
no large pores inside the polymer, we observe a flat value ofR

Figure 9. AFM images of the PAN, modified PAN (m-PAN) and polyamide (PA) on the m-PAN asymmetric membrane. Key: (a) PAN membrane,
(b) m-PAN membrane, (c) PA/m-PAN with 1 min TETA doping time, (d) PA/m-PAN with 5 min TETA doping time, (e) PA/m-PAN with 10 min
TETA doping time, and (f) PA/m-PAN with 30 min TETA doping time.
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at the depth inside the surface (a few nanometers). In the
m-PAN, we observe a slow increase ofR from about 200 nm
and then largely increase at about 500 nm from the surface.
This is due to the contribution of o-Ps from the pore starting
500 nm beyond the dense skin layer of m-PAN. The increasing
Rparameter between 0.5 and 2.0µm is identified as a transition
layer between the dense skin and porous m-PAN membrane.
The plateau ofR from the depth greater than 3-4 µm in Figure
12 (bottom plot) shows the contribution from large pores (µm)
due to 3γ annihilation of o-Ps.

From the results ofS vs depth analysis, theR vs depth, and
with the aid of SEM images, we obtain the layer structure for
the m-PAN membrane as schematically shown in Figure 13. It
is worthwhile to note that while the skin layer thickness from
PAS and SEM images show a consistent result in the membrane
layer structures,S data provides additional information about
the gradient of porosity or density as a function of the depth
and also is able to resolve a transition layer between the skin
and porous layers. This observed transition layer on the order
of a few micrometers, which has not been observed previously
by other techniques, has been used in the theoretical models
for mass transport phenomena.8,9

II. Interfacial Polymerized Polyamide/m-PAN Mem-
branes. Interfacial polymerization occurs when TETA in the

aqueous phase reacts with TMC in the oil phase and then
produces a skin polyamide layer on top of the m-PAN
membrane. The layer structure of the interfacial polymerized
PA membrane varies as a function of experimental parameters,
such as time of doping in aqueous phase, temperature of doping,
chemical structures of amines and organic chlorides and their
weight percent.6,49 In this study, we chose the experimental
parameter as the period of doping time of TETA in m-PAN
membranes at 50°C. We measured the DBES as a function of
positron energy to 30 keV in the interfacial polymerized
membranes prepared with four different periods of TETA doping
time (1, 5, 10, and 30 min). Figure 14 shows the obtainedS
parameter vs the positron incident energy or the mean depth
by using an established eq 1 for four doping times at 50°C.
We have the following observations: (1)Svalue is small near
the surface and then increases as the depth increases. (2) There
is a kink, i.e., nearly flat value ofSvs the depth some distance
from the surface of the membranes, i.e.,< 0.2 µm and the
location of the kink shifts to the surface as a function of TETA
doping time. (3)Sincreases to a maximum as the depth increases
and the peakSvalue increases with the doping time. (4) After
the peak,S slightly decreases as a function of depth and
eventually allS at different doping times converge at a depth
about 2µm.

To understand the variations ofS vs depth, we follow the
same procedure above similar to the m-PAN membrane by using
the VEPFIT analysis.75 Although theS-depth variations (Figure
14) for PA/m-PAN membranes are seen to be different from
those from the m-PAN membrane (Figure 12), particularly
additional kinks (nearly flat S) near the surface, we found that
the best fitted results as judged from goodø2 values (ø2< 2.5)
and reasonable error bars are also from the three-layer model
fits. On the basis of the same justifications that in four-layer
fits, error bars of layer and diffusion lengths are larger than the
lengths, we adopt the three-layer results for the following
discussions. The resultingS, positron diffusion lengths, layer
thicknesses, and densities from three-layer fits are listed in Table
4, and the fitted lines are also shown in Figure 14.

To interpret theS variation in terms of layer structure in
interfacial polymerized membrane systems, we should consider
their chemical compositions along with the physical structures
of each layer. There are two possible types of chemical
compositions from the surface to 10µm, i.e., polyamide (PA)
and m-PAN. First, since we know that theS values have an
order of m-PAN> PA in the above section (Figure 12), it is
reasonable to assume the kink ofS near the surface is due to
the presence of interfacial polymerized PA. The contribution
of PA is expected to decrease as the depth increases into the
inner layers.

Next for the second layer, we proceed with the interpretation
similar to that discussed in the m-PAN membrane. We assign
the intermediate layer as a transition layer from the dense skin
to the porous m-PAN since the peak values ofS near 0.3-0.7
µm (Figure 14) are approaching the same peak value (0.48) of
the m-PAN (Figure 12). A shift of the peak position to the depth
in PA/m-PAN over the m-PAN is due to the presence of
additional thickness from PA on PA/m-PAN membrane. Fur-
thermore, for the third (inside the peak) layer, we assign it as
a layer as the porous m-PAN membrane. This assignment of
layer 1, 2, and 3 as skin PA, dense to porous m-PAN, and porous
m-PAN, respectively, could be confirmed from three ways: (1)
The plots ofS (peak parameter) vsW (wing parameter) andR
(3γ/2γ ratio) from DBES; (2) the PAL data as a function of the
depth; and (3) by the aid of the SEM and AFM images.

Figure 10. SEM cross section images of the m-PAN (top) and
polymerized PA (with 5 min TETA doping) on m-PAN membrane.
The indicated thickness in m-PAN (top) is for the dense skin m-PAN
while the thickness for the bottom image is for the PA skin layer (with
5 min TETA doping) from interfacial polymerization on top of dense
skin of m-PAN and porous m-PAN. The magnification is×10 000 and
the pore size for m-PAN is between 1 and 10µm.
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Figure 15 shows twoSvsWplots from the five sets of DBES
data, i.e., 0 (unreacted), 1, 5, 10, and 30 min of TETA doping
times. In DBES,W is a parameter from the wing regions of
511 keV annihilation radiation (Figure 6) and it is an indication
of types of chemical elements or defect types in DBES
data.31,47,48As shown in Figure 15 from S/W plots, we could

identify two regions of data, which show two slopes, one group
near left top region (largeW/smallS) and the other at the right
bottom region (smallW/large S). Two lines fitted into these
two regions are shown in Figure 15 for both m-PAN and PA/
m-PAN membranes. The intercepts coincide with the locations
where we observe the largest transitions ofSvs depth (Figures

Figure 11. SEM images of m-PAN and polymerized PA (1-30 min of TETA doping time) on m-PAN membrane. The magnification is×10 000.
The indicated thickness of top layer for m-PAN (b) is the dense m-PAN skin while those for polymerized PA on m-PAN (d, f, h, and j) are the PA
layer on top of the dense m-PAN.
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12 and 14) i.e. at the boundary of layers one and two. A break
in the S/W plot (top plot of Figure 15) for m-PAN indicates a
transition from the dense skin structure to the porous m-PAN
membrane. For PA/m-PAN (bottom plot of Figure 15), a
different slope indicates a chemical composition transition in
the depth profile, which is a transition from PA to m-PAN.

Next, Figure 16 shows a plot ofR parameter (3γ/2γ ratio)
vs the positron energy (depth) from the four sets of DBES data
in 1, 5, 10, and 30 min TETA doping times. SinceR shows the
relative amount of 3γ annihilation from large pores or vacuum,
we observe a large value ofR at the surface and inner
micrometer depth. InR plots of Figure 16, we observe an
increase ofR in the depth between 0.4 and 3µm, which

Table 2. Surface Roughness Values of PAN, m-PAN and Polyamide
(PA)/m-PAN Asymmetric Membranesa

membranes Rms (nm) Ra (nm) Rmax (nm)

PAN 28.5 24.0 180.7
m-PAN 24.8 20.4 119.1
PA/m-PAN (1 min) 99.4 80.9 617.8
PA/m-PAN (5 min) 87.2 67.8 603.1
PA/m-PAN (10 min) 29.6 24.6 195.9
PA/m-PAN (30 min) 64.9 52.5 383.4

a Note: Rms, Ra, and Rmax are mean-squares, average, and maximum
roughness, respectively, from AFM images.

Figure 12. S (top) andR (bottom) parameters vs positron incident
energy (or depth) in PA resin and m-PAN membrane. The lines forS
parameters are fitted results from VEPFIT75 analysis in three-layer and
two-layer model for m-PAN, and for PA, respectively. Vertical dot
lines indicate the boundaries from layer to layer in m-PAN.
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coincides with the locations of a large variation ofSparameter
vs depth plot as seen in Figure 14. The large pores inside a few
micrometers with large pore sizes on the micrometer scale
contribute to a further increase ofR as the depth increases. The
gradual increase ofR with the increase of the depth indicates a

Figure 13. Schematic diagram of three layer depth structure obtained
from VEPFIT analysis75 of S parameter from DBES in the m-PAN
membrane. The top layer is the dense skin of m-PAN, the second layer
is a transition layer from dense skin to porous m-PAN, and the deep
layer is the porous m-PAN.

Figure 14. S parameters vs positron incident energy (or depth) in
interfacial polymerized PA on m-PAN membrane at different times of
TETA doping. The lines are from VEPFIT75 fitted results in a three-
layer model.
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progressive transition from the dense layer to the porous m-PAN
membrane as a function of depth in the region of micrometer

depth. Although the trend ofR variations with respect to the
depth is similar for different TETA doping times and details
are different.R data in Figure 16 provide evidence to support
our assignments that the materials in layer 2 and layer 3 are
m-PAN, where the amount of large pores progressively increases
as a function of the depth.

To further identify the types of materials in each layer, we
performed PAL experiments as a function of positron energy
in one of interfacial polymerized PA membrane, i.e., 5 min
TETA doping, which shows a clear kink (nearly flat region) of
the first layer inS data (Figure 14). The analyzedτ3 and I3 vs
positron incident energy are shown in Figure 17. The raw PAL
spectra are shown in Figure 6 as acquired at the AIST slow
positron beam, where they have a better lifetime resolution and
counting rates. It is worthwhile to mention that we have
confirmed this set of PAL data using both the UMKC beam
and also a newly built beam at Chung Yuan Christian University
in Taiwan. As shown in Figure 17, we observe a sharp increase
of I3 near the surface which is a general phenomenon for the
short diffusion length of o-Ps in polymeric materials. This
feature is also seen in theS variation, which indicates p-Ps
diffusion near the surface (Figure 14).

The values and variation ofτ3 as a function of depth could
be used to interpret the material types since PA and m-PAN
have different o-Ps pick-off annihilation lifetimes as shown in
Table 1. First we have observed a longer o-Ps lifetime near the
surface due to o-Ps annihilation near the surface with a rough
surface. In the depth between 1 and 3 keV, where we observed
a kink (nearly flat region) ofS vs depth in Figure 14, we also
observe a dip of o-Ps lifetime (τ3 ) 1.76 ( 0.04 ns) in this
region and then an increase ofτ3 to a plateau of 2.1 ns. This is
the trend that we would expect for a transition from PA to
m-PAN because PA has a smaller free volume than m-PAN. It
is noted that the observed lifetimes from beam experimentsτ3

are not identical to the bulk lifetimes as presented in Table 1
because the slow positron beam is probing the membrane layers
with a range of depth (depends on the positron energy) while
the conventional PAL probes the average bulk lifetime. The
positron energy distributions and dispersions of the measured
depth are quite different between the beam and the conventional
PAL experiments. The identification of the top layer as PA and
the transition layer mainly as m-PAN is further supported by

Figure 15. SvsWplot in the m-PAN membrane (top) and in interfacial
polymerized PA/m-PAN membrane at 5 min TETA doping time
(bottom). The lines were from two linear regressions fitting the data
into two regions and the intercept indicates a significant transition from
one layer to the other.

Figure 16. Rparameters (3γ/2γ annihilation ratio) vs positron incident
energy (or depth) in interfacial polymerized PA on m-PAN membrane
at different times of TETA doping. Vertical dot lines indicate the
boundaries from layer to layer.

Figure 17. o-Ps annihilation lifetime (τ3) and intensity (I3) vs positron
incident emery (depth) in an interfacial polymerized PA on m-PAN
membrane (5 min TETA doping time). Lines were drawn through data
for eye-guide only.
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the observed o-Ps intensity (I3) increases in Figure 17 from 8.0%
to 9.33%, which is also consistent with the increase of o-Ps as
shown for the bulk polymers from PA to m-PAN (Table 1). It
is also noted that a kink in theI3 plot of Figure 17 is similar to
that in theS vs depth plots (Figure 14) becauseS is mainly
contributed from p-Ps annihilation whileI3 is from o-Ps
annihilation.

From the PAS data analyzed above, we have the assignments
of layer materials as a function of depth from the surface as
follows: PA (top layer), dense skin to porous m-PAN (transition
layer), and porous m-PAN (third layer). We proceed to obtain
the layer structure of interfacial polymerized PA membranes
along with the AFM, and SEM data (Figures 9-11). From AFM
images (Figure 9), we observed a smooth surface in m-PAN,
and rough surfaces for interfacial polymerized PA membranes.
The surface becomes less rough as a function of TETA doping
time. Table 2 lists the measured surface roughness,Rms (mean
square),Ra (average), andRmax (maximum) from AFM images
from Figure 9. It is interesting that we observed that the trend
of surface roughness with respect to TETA doping time is
similar to the result of thickness of the skin layer in that both
roughness and PA thickness decrease as a function of TETA
doping time.

Next, we examine the cross section of the interfacial
polymerized membranes by measuring SEM images as shown
in Figures 10 and 11. We measured the top layer thickness as
shown in Figures 10 and 11 and have three observations: (1)
The skin layer, which is PA, is found to become thinner as a
function of TETA doping time. (2) The apparent thickness of
the second layer for the TETA-doped membranes is greater than
the m-PAN membrane but there is a decreasing trend in the
thickness of the transition layer as the TETA doping time
increases.

The first observation is consistent with that of the observed
top layer thickness fromS parameter as a function of doping
time. We plot this relationship relation between the skin
thicknesses obtained by SEM andS parameter by the positron
method and the TETA doping times as shown in Figure 18. It
is interesting to observe a consistent result in the skin thickness
obtained from two different methodologies although the absolute
value of skin layer from SEM is seen to be slightly longer than
that from PAS data. It should be noted that the skin thickness
in SEM is a sum of formed skin PA l(as seen with surface
roughness) and some swelled skin of m-PAN after TETA
soaking effect, while inSdata the skin is only due to PA which

has a much lower value ofS as a kink in theS vs depth plots
(Figure 14).

It is interesting to observe a decrease of top layer PA thickness
as a function of TETA doping time during the process of
interfacial polymerization. It appears that as the time of TETA
doping is longer, the amount of aqueous phase is getting deeper
inside the dense layer of m-PAN and with more amount of
TETA inside. The interfacial reaction (Figure 2) is a very fast
reaction, and the product of polymerization, polyamide, will
resist any further contact between TETA and TMC for further
reaction. This is because PA has a small free volume (Table 1
and Figure 8) and the large reacting molecules such as TETA
or TMC could not permeate through formed PA. In the case of
longer doping TETA time, which has a higher concentration of
TETA in the dense skin region of m-PAN, it will quickly form
a thin impermeable layer of PA to resist further polymerization
reaction. On the other hand, in the case of a short doping time,
which has a less amount of TETA content in the m-PAN, will
have less resistance to polymerization reaction and may allow
to proceed further reaction and that would eventually lead to a
thick PA layer on top of the dense m-PAN skin in the final
membrane formation.

The second observation of an increase in the apparent second
layer in TETA doped compared with the m-PAN membrane is
also consistent with theS-parameter analysis that the skin
m-PAN layer increases after TETA doping. For example,L1,
the top layer thickness in the m-PAN is only 200( 117 nm
(Table 2) while the second boundary length (which includes
L1), L2, varies from 734 to 4210 nm in interfacial polymerized
PA membranes (Table 3). Due to the indistinguishable nature
of the dense m-PAN skin and porous m-PAN in the transition
layer from the VEPFIT analysis ofSparameters in PA/m-PAN
membranes, we should not take the resolvedL2 to quantitatively
compare with the SEM images in this layer. One plausible
explanation in the observed increase of the transition layer is
due to the swelling effect of TETA soaking on the skin layer
of m-PAN and the subsequent emersion of toluene in the
polymerization processes. The TETA doping has apparently
protected the original dense skin layer of m-PAN (ca. 400 nm)
and the transition layer to be less reactive with TMC. The longer
boundary length (L2) in a shorter period time of TETA doping
could be due to the similar resistant effect of the formation of
the PA top layer.

On the basis of the PAS data (both DBES and PAL) and
AFM, SEM data, we thus obtain the layer structure of PA/m-
PAN membrane as: the top layer as PA, the second transition
layer as dense to porous m-PAN, and the third layer as porous
m-PAN. The obtained layer structure is schematically shown
in Figure 19.

III. Membrane Performance and Free-Volume Depth
Parameters.We have measured pervaporation performance of
70 wt % 2-propanol aqueous solution through the polyamide
composite membranes, i.e., flux and water concentration in
permeate. In Figure 20, we plotted the variation of flux and
water concentration in permeate vs TETA doping time in the
process of interfacial polymerization. It is seen that the flux is
dramatically decreased by a factor of 4 with the presence of
PA and the water concentration in permeate is also greatly
improved from 46% to 95%. As shown in Figure 20 and Table
4 while the variation of TETA doping in PA polymerization
could further improve the water concentration in permeate from
95.9% to 98.4% with different doping times while the flux has
a reverse tend between 1102 and 1306 g/m2h, which are still
relative low in pervaporation applications. SinceSdata contains

Figure 18. Skin layer thickness vs TETA doping time in PA on
m-PAN membranes obtained fromSparameter of positron annihilation
(PAS) and from SEM images. The data for 0 min were the thickness
for the dense skin m-PAN while the rest were for PA on m-PAN.
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free volume information for polymeric systems, we proceed to
examine the relationship between analyzed positron annihilation
parameters in different layers and the membrane performance
in pervaporation.

First, we plotted the top layer thickness (L1) and theS1 from
theS-parameter analysis vs the flux and water concentration in
permeate as shown in Figure 21. We found that the water
concentration in permeate increases as a function of top layer
PA thickness while the flux does not show a clear trend. The
reasons of selectivity been controlled by the PA top layer are
because PA has a free-volume size in between that of water
and of 2-propanol (Figure 8) and also with a narrow free-volume
size distribution. The current positron result is a good demon-
stration that PAL could provide a direct avenue to separate
different types of molecules with different sizes and to select
the desired molecules or to design the appropriate polymeric
materials with the desired free-volume size distributions. The
correlation between the PA thickness (L1) and water concentra-
tion in permeate is shown as lines drawn through the data points
in Figure 21 (top) in spite of the fact that PAS experiments
were performed under vacuum while pervaporation measure-
ments were performed under solvents. This direct relationship
is due to the fact that the free-volume size distributions of both

wet and dry states PA are similar (Table 1 and Figure 8) yet
still far apart from the kinetic diameters of water and 2-propanol
(Table 1). The weak anticorrelations or no correlation between
S1 and water concentration in permeate (as shown in the
connecting lines through the data points in the lower plot of
Figure 21) are probably due to the resolving limit in the current
VEPFIT analysis that the contribution of surface annihilation
and back scattering of positrons and Ps to the top layer and
also possibly a gap in physical properties between the nano-
scopic (PAS) and macroscopic measurements (flux in pervapo-
ration) in this membrane system.

Next, we examine the positron parameters of the second layer
and any relationships with pervaporation performance. We
plotted both second layer thickness, i.e.,L2 - L1 and S2

parameters vs flux and water concentration in the permeate in
Figure 22. We observe a slight correlation between the second
layer thickness and water concentration in permeate as shown
in the connecting lines in the upper plot of Figure 22. Similar
to L1, a decrease of the second layer thickness as a function of
TETA doping time may be also a result from the interfacial
polymerized PA layer, since in VEPFIT analysis, the second
layer includes the dense skin part of m-PAN. The lack of
correlation betweenL1, S1, or S2 and the flux and betweenS2

and the water concentration in the permeate is probably due to
the small variation of flux values at different doping times in
this series of experiments and the limited experimental precisions
in the current data. Further experiments with a large variation
of flux and water concentration in the permeate by changing
other experimental parameters, such as the TETA doping
temperature or by changing chemical functional groups may

Figure 19. Schematic diagram of three-layer depth structure obtained
from VEPFIT analysis75 on S parameter of DBES data for PA on
m-PAN membranes. The top layer is PA, and the second layer is a
transition layer from dense to porous m-PAN, and the deep layer is
the porous m-PAN membrane. The vertical dot line indicates the second
layer includes sub-layers of the dense m-PAN and porous m-PAN in
the three-layer VEPFIT analysis.

Figure 20. Flux and water concentration in permeate vs TETA doping
time from pervaporation measurements in interfacial polymerized PA
on m-PAN membrane systems. Lines connecting data points are for
an eye guide only.

Figure 21. Flux and water concentration in permeate vs the top layer
thickness L1(top) andS1 parameter (bottom) from positron experiments
in interfacial polymerized PA on m-PAN membrane systems. Lines
connecting data points are for an eye guide only.
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be useful to address the relationship between flux (permittivity)
and free-volume data in the future.

In summary, among data of flux, water concentration in
permeate, and layer parameters from PAS data, we have
observed a good correlation between the PA thickness and the
water concentration in permeate, a slight correlation between
the transition layer thickness and water concentration in
permeate, weak anticorrelation or no correlation between fitted
Sparameters of each layer and water concentration in permeate,
and no obvious correlations between the flux and positron
parameters in this series of different TETA doping times of PA/
m-PAN membrane systems.

Conclusion

Positron annihilation spectroscopy coupled with a variable
energy slow positron beam has been used to determine the layer
structures and free-volume properties in an asymmetric polya-
mide membrane system prepared by interfacial polymerization.
We found a three-layer structure in the m-PAN membranes, a
dense skin (200-400 nm), a transitional layer from dense skin
to porous m-PAN (0.3-3 µm) and a porous m-PAN layer. In
interfacial polymerized PA membranes, we found a top PA layer
on the order of 50-300 nm, and its thickness decreases with
the TETA doping time. The thickness of this PA top layer plays
a key role in the pervaporation performance, significantly
increases water concentration in permeate for PA/m-PAN
membrane systems. We also found that a progressive transition
layer of PA/m-PAN layer (0.5-4 µm) exists, and it may play
a secondary role in the pervaporation performance. These
analyzed layer structures from PAS are compared with SEM

and AFM images, which support the obtained results. Positron
annihilation lifetime spectroscopy is a useful tool for quantitative
analysis of free-volume size and distributions, which are
important information to select the size of transporting molecules
in pervaporation processes and to provide guidance for the
design of multilayer thin-film polymers for membrane separation
applications. It is our hope that combing PAS and the slow
positron beam technique will provide an avenue to improve the
membrane performance through a high degree of interaction,
correlation, and comparison with physical, chemical, and
engineering properties from conventional methods.
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