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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 8f 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-ATHR.

Introduction ability and selectivity, at the molecular leveExisting methods
of assessing membrane performance are chiefly macroscopic
approaches by a trial and error method, such as measuring

ate layer, and a base substrhach layer of the membrane macroscopic properties such as7modulus, thermal stability, flow
system performs special functions and interacts with the otherﬂux’ and separano_n factors, etc’ Most knoyvledge of mem-
layers to achieve the main desired attributes of separation andbrane developn_1ent|s basedonthese evaluations ofpe_rfpr%nénce
filtration purposeg-> For example, in the present day, a well- or by theoretical approach8. Therefore, the orngins of
known asymmetric membrane for pervaporation process consis'[smmecu"Slr transport phenomena are not yet fully ascertalngd for
of a thin skin layer of polyamide (PA), which can be prepared mgmbrang systems. Only recently molecular spe_ctrosgopm and
by interfacial polymerization, a transition layer, and the sup- microscopic methodologies have been used to investigate the

porting porous polymeric membrafd@he skin layer and also underlying causes of molﬁfular transport phenomena in multi-
possibly the transition layer are thought to play a key role in '2Y€" membrane systertfs:
the process of molecular diffusion and separation functions in ~ Analytical techniques which monitor the physicochemical
pervaporation performanéé. parameters that occur during the preparation of membrane
While polymeric materials and layer systems have been usedSystems include spectroscopy methods, such as Fourier trans-
a long time for separation, purification, and storage, the basic form infrared (FTIR) and Raman spectroscépy? where
understanding of physical structures and membrane interactionLonfigurational and conformational variations are.detectable.
is still primitive. 16 There is limited understanding of the causes Resonance methods, such as nuclear magnetic resonance

for performance in polymeric membrane systems, i.e., perme- (NMR)****and electron spin resonance (ESR)?can detect
local environments at the molecular level. Parameters in

chemical properties are often correlated with changes in physical

A typical polymeric membrane system has a multilayered
structure usually consisting of a thin surface layer, an intermedi-

T Department of Chemistry, University of MissotiiKansas City. ; At ; i
#R&D Center for Membrane Technology, Chung Yuan Christian properties. Characterization of physical structures for a r_nul'u
University. layer system of membranes has been pursued by scattering and

§ Department of Chemical Engineering, Chung Yuan Christian University. microscopy methods, such as scanning electron microscopy

Ur:i‘lee?g?;tment of Chemical Engineering and Materials Science, Yuan Ze (SEM)17-18transmitting electron microscopy (TEMS,atomic
: . . . . i 0-22 23,24
# Department of Chemical Engineering, Nanya Institute of Technology. fOrce microscopy (AFM$2-22 X-ray 2324electron, neutron, and

© National Institute of Advanced Industrial Science and Technology.  ion diffractions, et@>27 Each of these analytical techniques

10.1021/ma071493w CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/22/2007



Macromolecules, Vol. 40, No. 21, 2007 Free-Volume Depth Profile 7543

has its advantages and shortcomings in structural determinatior + + +
L . ) c c C
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 defeci
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 7 ||
physical structure of polymers, i.e., from the A to 1 nm level
and 10®% — 10715 s time scale of motici§2° L
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 a

permeablllty ar_1d se_lectl\_/lty,_ for optimal design of_membranes Figure 1. Schematic diagram for a multilayer asymmetric membrane
is the central idea in this line of research. In this study, we gystem for the pervaporation and for positron annihilation studies. The
employed a special physical technique, positron annihilation top polyamide is synthesized from interfacial polymerization, the
spectroscopy (PASY,to measure physical properties of defects, supporting membrane is polyacrylonitrile (ca. ), and the base
i.e., free volumes at the atomic and molecular levels as a Substrate is nonwoven polyester (ca. 150).

function of chemical changes and molecular modifications in

----- » Polyamide (~0.1-0.3 g m)

| ===~ » m-PAN (~50 7 m)

'7 -----p» Non-woven(Polyester)

-~
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1
%

. : . 'S
an interfacial polymerized membrane system. 0=C\ . C—OH
PASlis a special nondestructive evaluation (NDE) technique o E‘ ‘&) o o ?G
; o X ; . q - _ -
for materla_tls charactenzatlor_\ yvhl_ch uses the positron (an_tlelec- HNANALANHE, @ iy @_NNITI\/\&HNITI-];
tron). Positror-electron annihilationy-rays reveal useful in- »H & @ 4 H H
formation about the electronic and defect properties of materials cr o PN

8]
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 Figure 2. Schematic equation for interfacial polymerization reaction
the recent decades, PAS was developed as a useful t00 etween triethylenetetraamine (TETA, agueous phase) reacting with

’ . . 8 rimesoyl chloride (TMC, oil phase) to form polyamide (PA).
to probe the microscopic properties of polymeric matefals.

One of the great successes in this line of research is the directpolyester nonwoven substrate with a 208 knife gap, then were
determination of polymer free-volume and hole properties at immersed into water bath to precipitate. The resulting asymmetric
an atomic scale (022 nm). However, most existing PAS PAN membranes (pore size-10 um) were washed in water
studies focused on the bulk of polymers in measuring positron overnight and then were dried at ambient temperature. The
annihilation lifetime (PAL). Recent investigations in membrane aSymmetric PAN membrane was posttreated M NaOH solution

systems using PAS have been reported and discussed mainlj°" 2 N at 50°C. Fraction of the-CN groups of PAN supporting

; . . - Substrate can be converted int@€ OOH groups after the treatment
Lgctk?rﬁqi\(/eg‘%‘ge bulk properties using the conventional PAL of NaOH solution to enhance the interfacial polymerization reaction

) ) as monitored by ATRFTIR. The average porosity of modified
Current positron spectroscopy uses a variable monoenergypAN was determined to be 82% from the density measurement.
positron beam (from the electronvolts range to several kilo- This modified (hydrolysis) asymmetric membrane is labeled as
electronvolts)’#8 coupled with PAL and momentum density m-PAN.
measurements, and is capable of probing defect profiles from The modified PAN porous membrane support (m-PAN) was
the surface, interfaces, and to the bulk. In this paper, we reportWashed in a water bath for several hours, and then dried at room
a systematic investigation of both Doppler broadening energy temperature (rt). The polyamide active skin layer was synthesized
spectroscopy (DBES) and PAL spectroscopy coupled with a using an interfacial polyr)nenzatlon techn_lque on the m-PAN
variable monoenergy positron beam in one of the important membrane suppori 2 wt % aqueous solution of TETA (trieth-

. NN . ._ylenetetraamine, purchased from Merck Co. USA) was doped onto
membrane systems for pervaporation application, i.e., polyamldethe surface of the modified PAN support at8Dand as a function

(PA) on modified asymmetric polyacrylonitrile (PAN) mem- ¢ goping times from 1 to 30 min, which are expected to vary
brane49In addition to the use of PAS technique, we recognize membrane performance and structures. The m-PAN support soaked
the importance of using conventional techniques to provide with the amine solution (aqueous phase) then was immersed into
physical and chemical information including, AHRTIR, toluene solution (organic phase) containing 1 wt % TMC (trimesoy!
SEM, AFM, and pervaporation performances of flux (perme- chloride, purchased form Aldrich Chemical Co. USA) at rt for 3
ability) and water concentration in permeate (selectivity), to min for interfacial polymerization. The excess amount of amine

provide more complete information in the same membrane (TETA) solution remaining on the m-PAN membrane after
systems. 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
The currently studied polyamide membrane is a composite systemdifferent TETA doping times (£30 min) at 50°C. The resulting
with an asymmetric layer structure: a polyester nonwoven base membranes were washed in methanol overnight to remove any
substrate (ca. 150m thick), a porous supporting PAN (polyacry-  unreacted residual chemicals. After removal of toluene solution,
lonitrile, ca. 50um thick), and the top skin layer of interfacial  the thin-film composite membranes obtained then underwent heat
polymerized polyamide (PA) as schematically shown in Figure 1. treatment in an oven at AT for 1 h toattain the desired stability
The porous support of PAN membrane was prepared by castingof the formed structure for characterization experiments. For the
15% PAN resin (supplied by Tong-Hua Synthetic Fiber Co. Ltd. positron beam experiments, all samples were measured at the dry
Taiwan) in the solventN-methyl-2-pyrrolidone (NMP) on the state under the high vacuum (£0Torr). In the conventional PAL

TETA TMC Polyamide

Experiments
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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.

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

ol deo

on m-PAN and the m-PAN membrane were measured by AFM
(Digital Instruments Nanoscope lla tapping mode) and SEM
(Hitachi model S-4800).
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The performance of synthesized polyamide composite mem- PAN CN
branes was measured in the pervaporation of 70 wt % 2-propanol Support )—COOH NI Polyamide 4
aqueous solution at rt. The feed solution is in direct contact with CN 2 Layer Y
polyamide membrane and the flux is determined by the weight of CO0 —HIN,
permeate through pumping on the nonwoven side of the membrane. o
The composition of the feed solution and the concentration of HO \%/ o
permeate were determined using gas chromatography (GC Chro- /\C 2 I |
matography 8700 T, China). Detailed description of pervaporation 0= N—C C=0
measurements could be found in our previous wrk. I|{

The chemical structure of interfacial polymerized polyamide (PA) /o
on the m-PAN supporting membrane is schematically shown in O/ AN

Figure 4. The functional groups of the prepared PA and m-PAN
support are characterized by AHRTIR (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.

The Sparameters of Doppler broadening energy spectra (DBES)
were measured as a function of positron implantation energy (depth)
at rt using the slow positron beam~30 keV) at the University of amount of parapositronium (singlet state). Barameter has been
Missouri—Kansas City??*1 The DBES spectra were recorded at rt  successfully used in detecting the free-volume depth profile in
as a function of positron energy from 100 eV to 30 keV. The DBES polymeric system& 54
spectra were measured using an HP Ge detector (EG&G Ortec. Two other parameters from DBES are also reported here: (1)
with 35% efficiency and energy resolution of 1.5 keV at 511 keV the high momentunW parameter, which is defined as a ratio of
peak) at a counting rate of approximately 2500 cps. The total integrated counts (area of Figure 6) between energy 508.0 and
number of counts for each DBES spectrum was 2.0 millions. The 509.4 keV (leftW width) and energy 512.6 and 514.0 keV (right

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).

obtained DBES spectra were characterized bySaparameter,
defined as a ratio of integrated counts (afeaf Figure 6) between
energy 510.3 and 511.7 ke\5 (vidth) to total counts after the
background was properly subtracted. Since ®eparameter
represents the relative value of the low momentum part of positron

W width) to total counts after the background was properly
subtracted, and (2) they3to 2y 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 3y annihilation) and the total count from the 511 keV peak

electron annihilation radiation, it is sensitive to the change of the region with a width betweel; = 504.35 andg, = 517.65 keV
positron and positronium (Ps) states due to microstructural (which is from 2/ annihilation). The R parameter provides
changes$?~5* When the positron and Ps are localized in a hole or information about the existence of large pores (nmutm),

free volume with a finite size, the observBgarameter is a measure

where 0-Ps undergoes &nnihilation whileS and W are from

of the momentum broadening according to the uncertainty prin- p-Ps and 0-Ps undergoing 2adiation (pick-off annihilation) in

ciple: a larger hole results in a larg8parameter value and the

free volumes (/5\ to nm). The definitions & W, andR from DBES
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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.
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Figure 6. Doppler broadening energy spectrum (DBES, top) and
definitions of S W, andR (3y/2y ratio) parameters from DBES is
ratio of total counts from central regiow is the ratio of wing region,

to the total 511 keV annihilation counts, respectively, wilés the
ratio of 3y/2y annihilation.

are schematically shown in Figure 6. The detailed description of
the beam an&, W, andR parameter measurements could be found
elsewherg?47.48

Positron annihilation lifetime experiments were performed using
both a variable monoenergy 30 keV positron beam at UNARE
and a high intense slow positron beam at the National Institute of
Advanced Industrial Science and Technology (AIST) in Tsukuba,
JaparP® We also used the conventional PAL metPid measure
the free-volume properties in the bulk (thick filnvl 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 256500 ps for a counting rate of 16®00 cps
and 1006-2500 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 progrartf and also into continuous lifetime distribu-
tions using three existing programs: CONTIN,T,% and MELT>®
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 componenrt48
ns) from the beam experiments at a small intensity-6% (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 lifetimesry( 7, and 73) and
intensities (3, I, andlz) from PAL spectra are attributed to the
positron and positronium annihilation in polymeric membrane
materials. The shortest; = 0.125 ns (constrained in our final
PATFIT analysis) is from p-Ps annihilatiom; ~0.45 ns is from
the positron annihilation, ang is due to 0-Ps annihilation. Since
Ps is known to preferentially localize in defect sitéparticularly
in the free volume before annihilation takes place, parameters from
0-Ps annihilation have been successfully used to obtain the electron
properties and depth profiles of free volumes in thin film
polymersé1-64 The o-Ps lifetimers is on the order of 45 ns in
polymeric materials, the so-called pickoff annihilation with electrons
in moleculeg and is used to calculate the mean free-volume
radiusR (A to nm) based on an established semiempirical correlation
equatio>-%7 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'4®,
and its energy distribution could be expressed by a Makhovian
implantation profile. The mean depthof the polymeric materials
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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.
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where the positron annihilation occurs is calculated fEusing
eq 1 below!7:48

Z(E,) = (40p)E,** €Y
whereZ is expressed in nny is the density in g/cf andE. is
the positron incident energy in keV. The corresponding distribution
of the depthZ is broadened with the increase of positron energy
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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 thes results (with corresponding free-volume radius
distributions) are shown in Figure 8 for both dry and wet
samples. The shapes of o0-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 watérand 2-propandf 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 A) and of 2-propanol (2.9 A). 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 permea&5%) for water/
2-propanol separation and the low water concentration in
permeate observed in m-PAN membranes without RBQD6).

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 0-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 largeg (3.295+ 0.018 ns) than the dry

E: and the depth resolution is better near the surface than in themembrane (2.572 0.031 ns). On the other hand, we found

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 (630 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

that the soaking in 2-propanol aqueous solution for 24 h has
very little effect on the o-Ps lifetime in the bulk polyamide (

= 2.081+ 0.021 ns= 2.099+ 0.015 ns for dry, and wet PA,
respectively). The observed larggin wet m-PAN may be due

to the contribution of the soaked 70% 2-propanol aqueous
solution, which has a large; (=3.552+ 0.021 ns, withlz =
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 ¢z andls3) 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

were prepared in similar method as membranes except on thegga, pervaporation applications.
glass substrate instead of nonwoven polyester base substrate.

We peeled off the prepared membranes, packed the samples

(porosity 82%) at a thickness ef1 mm, which is sufficient to
absorb all positrons emitted froffNa source. Table 1 lists the
analyzed PAL results of those six materials in the currently

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. Figuresl@show the
surface images and cross sections from AFM and SEM

studied membrane system. For porous membranes PAN and®XPe€riments. From AFM data (part b of Figure 9), we observe

m-PAN, which contain high porosity (82%) with a pores size
on the order ofxm, we observed additional small fraction of
very long o-Ps lifetime (126140 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 im) and their lifetime is beyond the sensitivity of current
PAL to distinguish their sizes. Our focus is on the third
component, i.e.zz and I3 to calculate the free-volume hole

that the mean-squares surface roughn&sg) (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),Rnsis 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

properties according to the established correlations from the @S the surface roughness increases due to the increase of skin

pick-off annihilation32:65-67
It is seen in Table 1 that the o-Ps lifetimg)(from of those
six polymeric materials are inthe values of similar polyrfief8:68-70
as o-Ps pick-off annihilation and the corresponding free-volume

surface are& 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

radius ranges from 0.25 to 0.40 nm. It is interesting to observe interesting as shown in Figures 10 and 11. In the m-PAN
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Table 1. Positron Lifetime Results in Base Materials for Membrane Systends

sample 72 (ns) 12 (%) I3 (%) 73 (nS) R(A) 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 membranedry 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 membranewet 0.4804 0.030 60.9£ 0.3 12.03£0.2 3.449+ 0.023 3.92+ 0.04 5.45+ 0.21

aNotes: (1) The shortest lifetime time; was fixed to 0.125 ns in PATFIT analysis. (2) m-PAN membrane is the modified (hydrolysis) PAN
membrane for PAN membrane reactsiw& 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 ticaemiempir

equations?.65-67
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size of m-PAN inside the dense skin layer is between 1 and 10
um. 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
um). 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 Zm. 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 be32®

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 $fvs positron incident
energy (or depth) are shown in Figure 12 (top). From th®se
data we have the following observations: @ear the surface
increases sharply as the positron energy increaseSyréches
a maximum and then decreases for m-PAN before plateau, while
for PA there is no peak; and (3 values for m-PAN are all
larger than those for PA.

First, the third observation on the trend ®falues m-PAN
> PA could be understood from the origin &fwhich is mainly
due to the para-Ps (singlet positronium) contribution of positron
annihilation near the annihilation energy 511 K&v2* This
trend is also seen in the 0-Ps parameters obtained by the positron
annihilation lifetime experiments (Table 1).

Next, the sharp increase & 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 6f20 nm8%.74 A

Figure 8. Mean free-volume radius and o-Ps lifetime distributions in peak inSvs depth variation is an indication of a multilayer

dry (top plots) and wet states (bottom plots) of bulk polyamide (PA),
porous PAN, m-PAN porous membranes. Kinetic radii of water and

structure in the system from annihilation characteristic difference

2-propanol were taken from refs 71 and 72, and the numbers in eachP€tween thos_e layers. We have emp|0y_ed acomputer program
distribution are the mean radii obtained from the mean lifetimes of VEPFIT > which takes the Makhovian distribution of positron

MELT?®? analysis.

energy into consideration and also includes the surface annihila-
tion and epithermal positron/Ps diffusion into its fitting algo-

membrane, we observe a skin layer on top of porous m-PAN rithm. We have tried to fit two-, three-, and four-layer models
membrane as indicated in Figure 10 (top). The thickness of thisin the VEPFIT analysis. The two-layer model could not give

skin surface layer in m-PAN is found to be 48270 nm (from good enoughy? values, which are all consistently greater than
an average of five measurements). From the contrast of the10.0 for m-PAN and thus do not give an acceptable model for
images, this skin layer shows a density greater than the porousm-PAN data. While the four-layer model gives slightly better
layer beneath it. Its density is found to be close to the density 2 values than the three-layer model, the fitted results are
of the bulk m-PAN as to be confirmed from positron data next unstable and the resultant error bars are larger than the fitted
that this layer has a density as the bulk value of m-PAN, i.e., layer and diffusion lengths. We found that the results from three-
p = 1.2 g/cn¥. From the SEM data, we also observe the pore layer model fits have goog? values 2.5) and give stable
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" (¢) PA/m-PAN (10 min)  (f) PA/m-PAN (30 min)

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.

(R R

results and reasonable error bars. Therefore, we report here th&.6 + 1.6 um with a density of 1.0t 0.1 g/cn¥, which is in
results of three-layer fits in Table 3 for m-PAN membrane and between the bulk m-PAN (1.2 0.1 g/cn¥) and the porous
discuss the layer structures based on three-layer model resultsm-PAN beneath it. The third layer is identified as the porous
On the other hand, fd8data in PA, the two-layer model gives m-PAN, which has a fitted density of 0% 0.1 g/cn3, which
good and reasonable results. Fitted lines from VEPFIT analysisis still larger than the 0.22 g/chas measured in the porous
are also plotted in Figure 12, which shows the good fits of the m-PAN (82% average porosity). This indicates that the structure
three-layer model for m-PAN membrane and the two-layer of m-PAN between 2 and 10m is still not as porous as the
model for PA resin, respectively. average porosity of the entire m-PAN membrane. The figed
The top layer for m-PAN (with a thickness of 2@0 117 parameters for the second layer and the third layer are close to
nm) is identified as the dense skin layer as we also found that each other and it indicates that there is a progressive transition
the best fit density of this layer is 12 0.1 g/cn?, which is the in the porosity from the second layer to the third layer in the
same value as the bulk m-PAN resin. Its positron/Ps diffusion m-PAN membrane.
length, 61.74+ 16.7 nm, is slightly longer than most neat This layer analysis fron$ data is further supported by tie
polymers (20 nm).74indicating that the skin may be denser data vs the depth as shown in Figure 12 (bottom plot) siice
than bulk m-PAN resin. The reason for the best fit density 1.2 is a measure of relative amount of&nnihilation which could
=+ 0.1 g/cn? may be due to a combination of surface roughness be contributed only from o-Ps in vacuum or in large pores. As
(with some open space and less dense) and the dense skin (witBhown in theR plot, we observe large values near the surface
a density possibly greater than H20.1 g/cn?). The length of and also inside the m-PAN membrane. For PA, since there are
the intermediate (transition) layer is found to be much larger, no large pores inside the polymer, we observe a flat valuR of
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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#® In this study, we chose the experimental
parameter as the period of doping time of TETA in m-PAN
membranes at 50C. 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 obtaiSed
parameter vs the positron incident energy or the mean depth
by using an established eq 1 for four doping times at60

We have the following observations: ($value is small near

CUT  WD13.3mm 15.0kV x10k  Sum the surface and then increases as the depth increases. (2) There
is a kink, i.e., nearly flat value ddvs the depth some distance
from the surface of the membranes, i.€.,0.2 um 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 pealSvalue 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 2um.

To understand the variations &vs depth, we follow the
same procedure above similar to the m-PAN membrane by using
the VEPFIT analysig® 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 gggdvalues g?< 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
Figure 10. SEM cross section images of the m-PAN (top) and lengths, we adopt the three-layer results for the following
polymerized PA (with 5 min TETA doping) on m-PAN membrane. — giscyssions. The resulting positron diffusion lengths, layer

The indicated thickness in m-PAN (top) is for the dense skin m-PAN , . L . . .
while the thickness for the bottom image is for the PA skin layer (with thicknesses, and densities from three-layer fits are listed in Table

5 min TETA doping) from interfacial polymerization on top of dense 4, and the fitted lines are also shown in Figure 14.
skin of m-PAN and porous m-PAN. The magnificatiori0 000 and To interpret theS variation in terms of layer structure in

the pore size for m-PAN is between 1 and 4@. interfacial polymerized membrane systems, we should consider

at the depth inside the surface (a few nanometers). In the their chemical compositions along with the physical structures
m-PAN, we observe a slow increaseRfrom about 200 nm  ©f each layer. There are two possible types of chemical
and then largely increase at about 500 nm from the surface.cOMPpositions from the surface to 1n, i.e., polyamide (PA)
This is due to the contribution of o-Ps from the pore starting @nd M-PAN. First, since we know that tifevalues have an
500 nm beyond the dense skin layer of m-PAN. The increasing °rder of m-PAN> PA in the above section (Figure 12), it is
R parameter between 0.5 and 218 is identified as a transition ~ 'é@sonable to assume the kink®hear the surface is due to
layer between the dense skin and porous m-PAN membrane the presence of interfacial polymerized PA. The contrlt_)utlon
The plateau oR from the depth greater than-3 um in Figure pf PA is expected to decrease as the depth increases into the
12 (bottom plot) shows the contribution from large poresiy inner layers.
due to 3y annihilation of o-Ps. Next for the second layer, we proceed with the interpretation

From the results o8 vs depth analysis, the vs depth, and similar to that discussed in the m-PAN membrane. We assign
with the aid of SEM images, we obtain the layer structure for the intermediate layer as a transition layer from the dense skin
the m-PAN membrane as schematically shown in Figure 13. It to the porous m-PAN since the peak valuesSofear 0.3-0.7
is worthwhile to note that while the skin layer thickness from um (Figure 14) are approaching the same peak value (0.48) of
PAS and SEM images show a consistent result in the membranethe m-PAN (Figure 12). A shift of the peak position to the depth
layer structuresS data provides additional information about in PA/m-PAN over the m-PAN is due to the presence of
the gradient of porosity or density as a function of the depth additional thickness from PA on PA/m-PAN membrane. Fur-
and also is able to resolve a transition layer between the skinthermore, for the third (inside the peak) layer, we assign it as
and porous layers. This observed transition layer on the ordera layer as the porous m-PAN membrane. This assignment of
of a few micrometers, which has not been observed previously layer 1, 2, and 3 as skin PA, dense to porous m-PAN, and porous
by other techniques, has been used in the theoretical modelsn-PAN, respectively, could be confirmed from three ways: (1)
for mass transport phenomeha. The plots ofS (peak parameter) W/ (wing parameter) an&

Il. Interfacial Polymerized Polyamide/m-PAN Mem- (3y/2y ratio) from DBES; (2) the PAL data as a function of the
branes. Interfacial polymerization occurs when TETA in the depth; and (3) by the aid of the SEM and AFM images.

CMT 1 5.4mm K ¢ ) 5.00um
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Surface Cross-section

(i)PA/m-PAN(30 min) (i)PA/m-PAN(30 min)

Figure 11. SEM images of m-PAN and polymerized PA<20 min of TETA doping time) on m-PAN membrane. The magnificatios i 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.

Figure 15 shows tw&vs W plots from the five sets of DBES  identify two regions of data, which show two slopes, one group
data, i.e., O (unreacted), 1, 5, 10, and 30 min of TETA doping near left top region (larg&/smallS) and the other at the right
times. In DBES,W is a parameter from the wing regions of bottom region (smalW/large S). Two lines fitted into these
511 keV annihilation radiation (Figure 6) and it is an indication two regions are shown in Figure 15 for both m-PAN and PA/
of types of chemical elements or defect types in DBES m-PAN membranes. The intercepts coincide with the locations
data314748 As shown in Figure 15 from S/W plots, we could where we observe the largest transition$Sek depth (Figures
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Table 2. Surface Roughness Values of PAN, m-PAN and Polyamide o s
(PA)/m-PAN Asymmetric Membranest ot B
& o
membranes Rms (M) Ra (nm) Rmax (nm) < ﬂc—g @
o o =
PAN 28.5 24.0 180.7 =
m—PAN 24.8 20.4 119.1 & o
PA/m—PAN (1 min) 99.4 80.9 617.8 > 222 §
PA/m—PAN (5 min) 87.2 67.8 603.1 2l slinn 2
PA/m—PAN (10 min) 29.6 24.6 195.9 @ com &£
PA/m—PAN (30 min) 64.9 52.5 383.4 9 S0
()
aNote: Rns Ra and Rnax are mean-squares, average, and maximum E.’
. . N =
roughness, respectively, from AFM images. coo 'i"
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Figure 12. S (top) andR (bottom) parameters vs positron incident k) 888 ¢ %
energy (or depth) in PA resin and m-PAN membrane. The lineSfor = ©oo S5
parameters are fitted results from VEPEI&nalysis in three-layer and A gdd L=
two-layer model for m-PAN, and for PA, respectively. Vertical dot NN ®%
lines indicate the boundaries from layer to layer in m-PAN. cococ 8%
j=ans}
£g
12 and 14) i.e. at the boundary of layers one and two. A break ows E3
in the YW plot (top plot of Figure 15) for m-PAN indicates a § §§ 0 g
transition from the dense skin structure to the porous m-PAN SSc z*=
membrane. For PA/m-PAN (bottom plot of Figure 15), a AEHd 5
different slope indicates a chemical composition transition in RFLQ ES
the depth profile, which is a transition from PA to m-PAN. coco g §
Next, Figure 16 shows a plot d&® parameter (3/2y ratio) zs
vs the positron energy (depth) from the four sets of DBES data ‘né g g
in1, 5, 10, and 30 min TETA doping times. SinReshows the w| 05 Sg
relative amount of 8 annihilation from large pores or vacuum, g g Sc us
we observe a large value d® at the surface and inner 8| g 8 8o
micrometer depth. IR plots of Figure 16, we observe an 'EEE < zZs
. . . o
increase ofR in the depth between 0.4 and /n, which [a}
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Figure 13. Schematic diagram of three layer depth structure obtained
from VEPFIT analysi® 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.
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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 VEPFITfitted results in a three-
layer model.

coincides with the locations of a large variationyparameter

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 Bfas the depth increases. The
gradual increase d® with the increase of the depth indicates a

Table 4. Multilayer Analysis of S Data and Pervaporation Performance in Interfacial Polymerized Polyamide/m-PAN Membranes

density (g/cth

diffusion length (nm)

Macromolecules,%/ol. 40, No. 21, 2007

water
concn

flux

time of TETA
doping

(wt %)
95.9+£ 0.1
96.3£ 0.7
98.6+ 0.1
98.4+ 0.1

(g/meh)
1306+ 18
1094+ 27

p2 3
0.9+ 0.1

1.2+0.1

o1
0.9+ 0.1

D3
656+ 700

D>
51+ 17
124+ 25

Di
154+ .3
28+ 7

Lo (nm)

734+ 384

L1 (nm)

(min)

1102+ 24
1211+ 34

aNotes: (1)L; andL, are the boundary lengths from fitt&data using VEPFIT analysi$.(2) Diffusion lengths D1, D», D3) are for Ps and positrons at the surface polyamide (PA), transition PA/m-PAN layer

m-PAN/PAN of the membranes, respectively. (3) p2, and ps are the fitted densities for each layer.

0.9+ 0.1
0.9+ 0.1
0.9+ 0.1

1.2+0.1
1.2+0.1
1.2+0.1

0.9+0.1
0.9+ 0.1
0.9+0.1

766+ 694
900+ 100
2640+ 1000

158+ 48
93+ 34

19+ 12
28+ 5

627+ 319
2288+ 623
4210+ 2355

52+ 14

69+ 23
162+ 49
274+ 100

0.4755t 0.0005
0.476% 0.0007
0.4752+ 0.0008
0.476% 0.0013

0.480H- 0.0005
0.479% 0.0007
0.4795: 0.0005
0.4775: 0.0004

0.4663+ 0.0010
0.4671+ 0.0015
0.4617+ 0.0006
0.4649+ 0.0007

30
10
5
1
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Figure 15. SvsW plot 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.
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energy (or depth) in interfacial polymerized PA on m-PAN membrane
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Figure 17. o-Ps annihilation lifetimes) and intensity [5) 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.

depth. Although the trend dR 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 analyzed andl; 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 th® variation, which indicates p-Ps
diffusion near the surface (Figure 14).

The values and variation af 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 0-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) oS vs depth in Figure 14, we also
observe a dip of o-Ps lifetimer{ = 1.76 + 0.04 ns) in this
region and then an increasemfto 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 experiments
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

progressive transition from the dense layer to the porous m-PAN PAL experiments. The identification of the top layer as PA and
membrane as a function of depth in the region of micrometer the transition layer mainly as m-PAN is further supported by
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500 has a much lower value @ as a kink in theSvs depth plots
400 = PAS )
| o (Figure 14).
350+ 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
50 % | 200 reaction. This is because PA has a small free volume (Table 1
0] and Figure 8) and the large reacting molecules such as TETA
—T———T—— 77— 77— 150 or TMC could not permeate through formed PA. In the case of
0 5 o w0 %30 longer doping TETA time, which has a higher concentration of
Doping time of TETA (min) TETA in the dense skin region of m-PAN, it will quickly form
Figure 18. Skin layer thickness vs TETA doping time in PA on  a thin impermeable layer of PA to resist further polymerization
”;‘KSA)Naw;?:g;?’géﬁ?:ﬁg‘egsﬂmaézgeftg; Sfrﬁﬁsnwrgpei?\réiqﬂ?émss reaction. On the other hand, in the case of a short doping time,
gor the dense skin m-PANgWHiIe the rest were for PA on m-PAN. which has a Igss amount of TET,A C,oment n the m-PAN, will
have less resistance to polymerization reaction and may allow
to proceed further reaction and that would eventually lead to a

to 9.33%, which is also consistent with the increase of o-Ps as [NCk PA layer on top of the dense m-PAN skin in the final
shown for the bulk polymers from PA to m-PAN (Table 1). [t Mmembrane formation.
is also noted that a kink in thig plot of Figure 17 is similar to The second observation of an increase in the apparent second
that in theS vs depth plots (Figure 14) becauSds mainly layer in TETA doped compared with the m-PAN membrane is
contributed from p-Ps annihilation whilés is from o-Ps also consistent with th&-parameter analysis that the skin
annihilation. m-PAN layer increases after TETA doping. For examjlg,
From the PAS data analyzed above, we have the assignmentéh€ top layer thickness in the m-PAN is only 260117 nm
of layer materials as a function of depth from the surface as (Table 2) while the second boundary length (which includes
follows: PA (top layer), dense skin to porous m-PAN (transition L1), L2, varies from 734 to 4210 nm in interfacial polymerized
layer), and porous m-PAN (third layer). We proceed to obtain PA membranes (Table _3). Due to the |nd|st|ngwshable nature
the layer structure of interfacial polymerized PA membranes Of the dense m-PAN skin and porous m-PAN in the transition
along with the AFM, and SEM data (Figures 81). From AFM  layer from the VEPFIT analysis & parameters in PA/m-PAN
images (Figure 9), we observed a smooth surface in m-PAN, mémbranes, we should not take the resolveth quantitatively
and rough surfaces for interfacial polymerized PA membranes. compare with the SEM images in this layer. One plausible
The surface becomes less rough as a function of TETA doping explanation in the observed increase of_ the transition layer is
time. Table 2 lists the measured surface roughriRgs(mean due to the swelling effect of TETA soak_mg on the skin !ayer
square)R. (average), an@max (maximum) from AFM images of m-PAN gnd the subsequent emersion of toluene in the
from Figure 9. It is interesting that we observed that the trend Polymerization processes. The TETA doping has apparently
of surface roughness with respect to TETA doping time is Protected the original dense skin layer of m-PAN (ca. 400 nm)
similar to the result of thickness of the skin layer in that botn @nd the transition layer to be less reactive with TMC. The longer
roughness and PA thickness decrease as a function of TETAPoundary lengthl(,) in a shorter period time of TETA doping
doping time. could be due to the similar resistant effect of the formation of
Next, we examine the cross section of the interfacial the PA top layer.
polymerized membranes by measuring SEM images as shown On the basis of the PAS data (both DBES and PAL) and
in Figures 10 and 11. We measured the top layer thickness asAFM, SEM data, we thus obtain the layer structure of PA/m-
shown in Figures 10 and 11 and have three observations: (1)PAN membrane as: the top layer as PA, the second transition
The skin layer, which is PA, is found to become thinner as a layer as dense to porous m-PAN, and the third layer as porous
function of TETA doping time. (2) The apparent thickness of M-PAN. The obtained layer structure is schematically shown
the second layer for the TETA-doped membranes is greater thanin Figure 19.

300+ L ] - 400
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E - 350
200+
1 - 300
150~

100 * L 250

—{—

PA thickness, PAS (nm)
PA thickness, SEM (nm)

the observed o-Ps intensitigincreases in Figure 17 from 8.0%

the m-PAN membrane but there is a decreasing trend in the |Il. Membrane Performance and Free-Volume Depth
thickness of the transition layer as the TETA doping time Parameters.We have measured pervaporation performance of
increases. 70 wt % 2-propanol aqueous solution through the polyamide

The first observation is consistent with that of the observed composite membranes, i.e., flux and water concentration in
top layer thickness frons parameter as a function of doping permeate. In Figure 20, we plotted the variation of flux and
time. We plot this relationship relation between the skin water concentration in permeate vs TETA doping time in the
thicknesses obtained by SEM aB8garameter by the positron  process of interfacial polymerization. It is seen that the flux is
method and the TETA doping times as shown in Figure 18. It dramatically decreased by a factor of 4 with the presence of
is interesting to observe a consistent result in the skin thicknessPA and the water concentration in permeate is also greatly
obtained from two different methodologies although the absolute improved from 46% to 95%. As shown in Figure 20 and Table
value of skin layer from SEM is seen to be slightly longer than 4 while the variation of TETA doping in PA polymerization
that from PAS data. It should be noted that the skin thickness could further improve the water concentration in permeate from
in SEM is a sum of formed skin PA I(as seen with surface 95.9% to 98.4% with different doping times while the flux has
roughness) and some swelled skin of m-PAN after TETA a reverse tend between 1102 and 13062g/mwvhich are still
soaking effect, while irBdata the skin is only due to PA which  relative low in pervaporation applications. Sirf8data contains
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Figure 20. Flux and water concentration in permeate vs TETA doping S, and water concentration in permeate (as shown in the
time from pervaporation measurements in interfacial polymerized PA connecting lines through the data points in the lower plot of
on m-PAN membrane systems. Lines connecting data points are for o, e 1) are probably due to the resolving limit in the current
an eye guide only. . N R

VEPFIT analysis that the contribution of surface annihilation
free volume information for polymeric systems, we proceed to and back scattering of positrons and Ps to the top layer and
examine the relationship between analyzed positron annihilationalso possibly a gap in physical properties between the nano-
parameters in different layers and the membrane performancescopic (PAS) and macroscopic measurements (flux in pervapo-
in pervaporation. ration) in this membrane system.

First, we plotted the top layer thickneds ) and theS; from Next, we examine the positron parameters of the second layer
the Sparameter analysis vs the flux and water concentration in and any relationships with pervaporation performance. We
permeate as shown in Figure 21. We found that the water plotted both second layer thickness, i.ep, — L; and &
concentration in permeate increases as a function of top layerparameters vs flux and water concentration in the permeate in
PA thickness while the flux does not show a clear trend. The Figure 22. We observe a slight correlation between the second
reasons of selectivity been controlled by the PA top layer are layer thickness and water concentration in permeate as shown
because PA has a free-volume size in between that of waterin the connecting lines in the upper plot of Figure 22. Similar
and of 2-propanol (Figure 8) and also with a narrow free-volume to L;, a decrease of the second layer thickness as a function of
size distribution. The current positron result is a good demon- TETA doping time may be also a result from the interfacial
stration that PAL could provide a direct avenue to separate polymerized PA layer, since in VEPFIT analysis, the second
different types of molecules with different sizes and to select layer includes the dense skin part of m-PAN. The lack of
the desired molecules or to design the appropriate polymeric correlation betweemh;, S;, or S; and the flux and betwee®
materials with the desired free-volume size distributions. The and the water concentration in the permeate is probably due to
correlation between the PA thickne$s)(and water concentra-  the small variation of flux values at different doping times in
tion in permeate is shown as lines drawn through the data pointsthis series of experiments and the limited experimental precisions
in Figure 21 (top) in spite of the fact that PAS experiments in the current data. Further experiments with a large variation
were performed under vacuum while pervaporation measure-of flux and water concentration in the permeate by changing
ments were performed under solvents. This direct relationship other experimental parameters, such as the TETA doping
is due to the fact that the free-volume size distributions of both temperature or by changing chemical functional groups may
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100 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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