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ABSTRACT: Thin-film-composite reverse-osmosis (RO)
membranes were prepared by the interfacial polymerization
of trifunctional 1,3,5-benzentricarbonyl chloride (TMC) with
difunctional 1,3-benzendiamine (MPDA) or 1,4-benzendia-
mine (PPDA). The meta-positioned polyamide (MPDA/
TMC) resulted in higher water flux but lower salt rejection
than the para-positioned polyamide (PPDA/TMC). To un-
derstand this behavior , we studied various factors including
the thickness, rupture strength, chemical properties, and
solubilities of the water and salt in the thin-film polyamide.
The thin films made from MPDA and PPDA possessed
similar thicknesses and rupture strengths adequate for with-

standing the RO operation pressure. However, the meta-
positioned polyamide had higher hydrophilicity and greater
molecular chain mobility than the para-positioned poly-
amide, resulting in higher water flux. In contrast, the para-
positioned polyamide had lower salt solubility and lower
molecular chain mobility than the meta-positioned poly-
amide, thereby possessing higher salt rejection. © 2002 Wiley
Periodicals, Inc. J Appl Polym Sci 87: 569–576, 2003
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INTRODUCTION

High permeability and selectivity are desirable prop-
erties for reverse-osmosis (RO) membranes. For a
membrane to possess these properties, the active layer
of the membrane should be very thin and hydrophilic
in nature. Thin-film-composite (TFC) membranes
meet this demand. The active layer of a TFC is a thin
film that controls the passage of the solvent (water)
and solutes. Aromatic network polyamide thin films
fabricated via interfacial polymerization (IP) have
proven to be the most successful permselective lay-
ers.1–4

An understanding of the solvent and solute trans-
port mechanisms through the active layer is of fore-
most importance for enhancing permeation perfor-
mance. To this end, there have been many modeling
approaches to and much research on the thin-film
active layer,5,6 and numerous researchers have exper-
imented with a variety of membrane formation
schemes and polymers to obtain a thin, high-perme-
ability active layer.7–11 However, the active layers of
most commercially successful TFC membranes are ex-
tremely thin and have a crosslinked structure. Conse-
quently, they are insoluble in common solvents, bring-
ing about sampling problems for characterization with

conventional analytical techniques. Therefore, many
researchers have sought to optimize the active-layer
performance by experimenting with a variety of mem-
brane formation schemes and polymers and inferring
the interrelation between the permeation performance
and the chemical structure of the monomers.12–14 In
contrast, the characterization of the active layer to
elucidate the effect of the intrinsic polymer material
properties of the active layer together with the phys-
icochemical properties and mechanical properties on
the permeation properties is rarely found in the liter-
ature.15–17 Therefore, the characterization of the active
layer for an understanding of the effect of the inherent
material properties on the permeation characteristics
should be established.

In this research, we have tried to characterize the
inherent polymer material physicochemical properties
to elucidate the factors affecting the permeation. Two
crosslinked, fully aromatic polyamides were synthe-
sized via the IP of two different phenylene diamines
with trifunctional acyl chloride. The interrelationships
between their permeation characteristics and the in-
trinsic polymer properties, including the mechanical
strength, thickness, solubility of the solvent and sol-
ute, and mobility of the molecular chain, are consid-
ered.

TRANSPORT MECHANISM

To study the transport properties through a thin active
layer, I briefly introduce the transport mechanism for
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RO membranes. Although a number of mechanisms
have been proposed, the solution-diffusion transport
mechanism proposed by Lonsdale et al.5 is one of the
most widely accepted transport mechanisms. There-
fore, I adopted this transport mechanism to explain
the transport properties of these membranes. Accord-
ing to this mechanism, both the solvent and solute
molecules are dissolved in the nonporous active layer
of the membrane and are subsequently transported by
diffusion in an uncoupled manner. The water flux (Jw)
is given by

Jw �
DwCwV� w

RgTd ��P � ��� (1)

Js �
DsKs

d �Cs (2)

where Js is the salt flux; Dw and Ds are the diffusion
coefficients of water and salt in the membrane, respec-
tively; Cw and Ks are the concentration of dissolved
water in the membrane and the partition coefficient of
salt between the membrane and solution, respectively;
and CwDw and KsDs represent the water and salt per-
meability coefficients, respectively. V� w is the partial
molar volume of water in the external phase. �P � P�
� P� and �� � �� � �� are the applied pressure
difference and osmotic pressure difference across the
membrane, respectively. �Cs � Cs� � Cs� is the con-
centration difference of salt in the two sides of the
membrane. The prime and double-prime superscripts
refer to the feed and the permeation sides, respec-
tively. Rg is the gas constant, T is the absolute temper-
ature, and d is the active-layer thickness. The impor-
tant material properties of the active layer that affect
permeation through the membrane are the equilib-
rium solubilities (Cw and Ks) and the solute and sol-
vent diffusivities (Dw and Ds). It is the combined effect
of these two properties that determines the permeabil-
ity and selectivity of the membrane.

EXPERIMENTAL

Materials

For the interfacial synthesis of the active-layer poly-
mers, diamines and triacyl chloride were used. The
triacyl chloride used in this study was 1,3,5-benzen-
etricarbonyl chloride (TMC; Aldrich, Milwaukee, WI,
98%). Before being used for thin-film synthesis, TMC
was distilled in vacuum at 160°C. The purified TMC
was stored in a vacuum desiccator containing calcium
chloride to prevent hydrolysis of the acyl chloride
groups. The diamines included 1,3-benzendiamine
(MPDA; Aldrich; 99%) and 1,4-benzendiamine
(PPDA; Aldrich; 99%). MPDA was distilled in vacuum

at 170°C, and PPDA was sublimated in vacuum at
50°C. The purified diamines were filled in a dark
bottle with N2 gas and stored in a refrigerator.

The solvent for TMC, n-hexane, was dried via shak-
ing with magnesium sulfate and distillation. Before
the purified n-hexane was used (within 1–2 days), it
was stored in a tightly closed bottle with Molecular
Sieve A� to prevent the dissolution of water. For the
preparation of the diamine solution, RO-purified and
deionized water was used.

Polymer preparation

The two crosslinked aromatic polyamides were syn-
thesized via the IP of a 0.5% (w/v) aqueous diamine
solution with MPDA or PPDA and a 0.1% (w/v) n-
hexane acyl chloride (TMC) solution without any sup-
port layer. The IP was conducted with an unstirred
nondispersion method for 2 min at 20°C. The thin
films formed at the interface of the two solutions were
retrieved and washed with acidic water, fresh water,
and finally methanol to remove the unreacted mono-
mer remnants and occluded salt. The pure solid poly-
mers were dried in vacuum at room temperature and
then used with no further post treatment. These poly-
mers were used for the measurement of water and salt
solubilities. The chemical structures of these poly-
amides are believed to be as shown in Table I.

Permeability tests

For the measurement of membrane permeability, TFC
membranes were fabricated. The active-layer poly-
mers were synthesized under reaction conditions
identical to those for the polymer sample preparation
(described previously). However, in this case, the ac-
tive layer was synthesized over a support layer. The
TFC membranes were prepared via a two-step pro-
cess: first, an asymmetric support polysulfone mem-
brane was fabricated, and then the thin-film active
layer was synthesized on its surface. The asymmetric
support layers were made as described elsewhere.14

The thin-film active layers were prepared by in situ IP
on the support layer with an unstirred nondispersion
method described in an earlier article.17 The concen-
trations of the diamines and acyl chloride were fixed
at 0.5 and 0.1% (w/v), respectively. The fabricated
TFC membranes were washed with acidic water and
fresh water to remove the unreacted monomer rem-
nants and occluded salt and then were used for per-
meation testing with no further post treatment.

The water and salt permeation values were mea-
sured with continuous high-pressure RO testing
equipment (BSO-100K-3, Akico Co., Japan). A dia-
phragm pump was used for recycling the aqueous salt
solution (NaCl, 2000 ppm) through the system at 3.03
MPa. The temperature of the feed tank, with a 30-L
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capacity, was kept constant at 25 	 1°C. The feed flow
rate in the flow cell was fixed at 10 L/h. After its
conductivity was measured, the permeated solution
was recycled to the feed tank. The salt rejection (R)
describes the fraction of the depletion of salt in the
permeate compared with that in the feed:

R�%� � �1 �
C �S
C�S

� � 100 (3)

where Cs� is the salt concentration in the permeate and
Cs� is the salt concentration in the feed water. Both Cs�
and Cs� were measured with a standardized digital
conductivity meter (model 32, YSI Co.). The calibra-
tion of the digital conductivity versus the concentra-
tion of NaCl was performed. For the minimization of
experimental error, the membrane permeabilities were
measured from three samples and averaged.

Mechanical strength measurements

Because of the structural characteristic of a TFC mem-
brane, the mechanical properties of an active layer can
affect the permeation properties. Therefore, it is of
great interest to elucidate the effect of the mechanical
strength of the active layer on the permeation perfor-
mance. Measuring the mechanical properties of the
active-layer films in their as-formed state is quite chal-
lenging because the films are ultrathin, and obtaining
the macroscopic sizes necessary for analysis with con-
ventional instruments such as an Instron instrument is
very difficult. To this end, a promising technique,
pendant drop mechanical analysis (PDMA), for di-

rectly measuring the mechanical properties of unsup-
ported IP films was reported by Greenberg et al.18

PDMA was used to measure the mechanical resistance
to rupture [rupture strength (SR)] of thin films with a
specific thickness. In PDMA, an IP active-layer film is
formed at the surface of a drop of the amine solution
by the drop being brought into contact with the acyl
chloride solution under otherwise identical reaction
conditions described in the Polymer Preparation sec-
tion. After IP, the polymers were washed with pure
n-hexane twice for the removal of unreacted monomer
remnants and occluded salt and then were used for
the measurement of the mechanical strength directly
with no further post treatment. This film-covered drop
can be pressurized in a controlled fashion, and the
resulting pressure-deformation behavior can be mon-
itored. The details of the PDMA technique, as used in
this study, are discussed in an earlier article.17

Thickness measurements

For the measurement of the active-layer film thick-
ness, the thin films were prepared on a glass plate,
instead of the polysulfone support, under otherwise
identical reaction conditions. The films were then
washed completely and semidried in air at room tem-
perature. The semidried films on the glass slide were
sharply scratched by a shape knife, and the scratched
valleys were measured with Tencor P-10 surface pro-
filometry (Tencor Int.). The profiler tip applied 3.0 mg
of force, and a scan speed of 0.1 mm/s was used for
the measurements. Because the IP film possessed an
irregular surface, the thickness variation was found to

TABLE I
Chemical Structures of the Monomer and Polymer

Chemical structure of the monomers Chemical structure of the repeat unit
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be high, around 30 nm. Therefore, to for the minimi-
zation of experimental error, the thickness was mea-
sured nine times for one sample, and the average
value was used.

Solubility of water and salt

The concentrations of dissolved water in the active-
layer (Cw) were determined via the gravimetric
method. The purified polymer was saturated with a
2000 ppm NaCl aqueous solution. The saturated poly-
mer was retrieved from the NaCl solution, and the
excess solution present in the surface of the polymer
was removed with filter paper. Then, the NaCl-satu-
rated polymer was vacuum-dried at room tempera-
ture completely. The dried and weight-measured sam-
ples were put in a chamber, which was saturated with
moisture at 25°C. After 1 day, the samples were again
weighed with a microbalance in the chamber, and the
water solubility coefficient (Cw) was calculated as fol-
lows:

Cw�mol/cm3� �
�M� � M��/18

Vp
(4)

where �M� � M�� is the mass of water absorbed in the
polymer (g) and VP is the polymer volume (cm3). For
the minimization of experimental error, nine replicates
were used.

To measure the salt solubility in polymers, I chose
the immersion method. The dried and weighted poly-
mer samples were immersed in a large volume (100
mL) of a 2000 ppm NaCl solution at 25°C for about 1
week. After saturation with salt, the polymer samples
were retrieved from the NaCl solution, and the excess
solution on the surface was removed by blotting. The
blotted samples were put in a large volume (100 mL)
of deionized water at 25°C and kept there for a long
time to establish equilibrium. The deionized water in
the beaker had previously been equilibrated with the
ambient CO2 concentration to prevent the sorption of
CO2 during the experiments. When the polymer sam-
ple was placed in the deionized water, the beaker was
quickly capped, and the contents were stirred with a
magnetic bar. The concentration of the desorbed salt
was detected with a standardized digital conductivity
meter (model 32, YSI) at 25°C. From the calibration
curve, the conductivity was converted into the con-
centration and then the mass of salt. The solubility of
salt is usually defined in terms of Ks:

Ks � �MSP

Vp
���MSS

VS
� (5)

where VS is the solution volume (cm3) and MSP and
MSS are the salt mass in the polymer and solution (g),

respectively. For the minimization of experimental er-
ror, nine replicates were used.

Contact-angle measurements

To study the hydrophilicity of the active thin films, we
performed contact-angle measurements with an im-
age analyzer system (PIAS, model PX-380). Sets of
liquid droplets of approximately 3-�L volumes were
placed on IP films and observed through a video
camera. The dimensions of the liquid droplets were
measured approximately 10 s after the droplets were
placed on the IP film. The images of the liquid droplets
were captured on videotape, and the liquid droplets
were magnified before the contact angle was mea-
sured. For the minimization of experimental error, the
contact angle was measured six times for each sample
and then averaged. The surface tension of the disper-
sion and polar force for polymers can be obtained with
the following equation:19

cos � �

4� � s
d�L

d

� s
d � �L

d�
�L

�

4� � s
p�L

p

� s
p � �L

p�
�L

� 1 (6)

where � is the contact angle of the liquid and �L, �L
d,

and �L
p are the total surface tension, dispersion force of

the surface tension, and polar force of the surface
tension for a standard liquid, respectively. �S

d and �S
p

are the dispersion force and polar force of the surface
tension for the polymer. With the contact-angle values
for the reference liquids shown in Table II and the
surface components of the reference liquids, the com-
ponents of the surface tension for the thin-film poly-
mers can be determined.

RESULTS AND DISCUSSION

The polyamides prepared with MPDA/TMC and
PPDA/TMC have the same chemical compositions
but different chemical structures. The two amine
groups are in the meta position for MPDA but in the
para position for PPDA. This difference in the substi-
tution position of the amine groups produces the dif-
ferent monomer reactivities; the reactivity of PPDA is
higher than that of MPDA.20 The different reactivities
and chemical structures of the monomers lead to the

TABLE II
Dispersion and Polar Force Components of Surface
Tension (dyn/cm) of the Reference Liquids (20°C)

Reference liquid � L
d � L

p �L

Water 29.1 43.7 72.8
Glycerol 37.4 26.0 63.4
Formamide 35.1 23.1 58.2
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different physicochemical properties of the polymers,
including the molecular weight and free carboxylic
acid content in the system (which affects the hydro-
philicity).21

Figure 1 shows the permeation properties of the
TFC membrane composed of poly(m-phenylene trime-
samide) (MPDA/TMC or MPTA) or poly(p-phenylene
trimesamide) (PPDA/TMC or PPTA). MPTA has a
better Jw value than PPTA. The R value of PPTA,
however, is higher than the MPTA. Therefore, the
crosslinked aromatic polyamides with their different
chemical structures show different Jw and R behaviors.

As mentioned previously, the active layer of a TFC
membrane is a very thin film that bridges and over-
coats the surface pores of the porous support. Because
of this structural characteristic, there is the possibility
that the mechanical strength of the barrier layer can
affect the permeation performance of the membrane. If
the thin barrier layer does not possess sufficient me-
chanical strength to withstand the high hydraulic
pressures during the RO operation, it could partially
tear, especially in the large pores at the surface of the
support layer, which would lead to a bulk flow of
brine and contaminate the permeated solution. SR of
the active layer is a lumped parameter that is influ-
enced by the rupture stress (a material characteristic)
and the film thickness (a structural characteristic). SR

provides an estimate of the RO conditions that will
result in rupture (failure) and, therefore, defect forma-
tion in the active layer of a TFC membrane. Previous
studies by Roh et al.17 and Applegate and Antonson22

have shown that the bulk flow of brine affects the
permeation properties (Jw and R) of a membrane with
minute defects. Using the insights provided by their
study, Roh et al. determined from SR experiments the

limiting values of SR for water permeation (Jw) and R;
if SR of the active layer is less than 5 kPa mm, R is
affected by the bulk flow of brine. Furthermore, if SR

of the active layer is less than 3 kPa mm, both R and Jw

are affected. However, if SR is greater than 5 kPa mm,
the permeation characteristics are determined only by
the inherent material properties of the polyamide, in-
cluding the hydrophilicity, mobility of the molecular
chain, and chemical structure of the polymer. Note
that this comparison of the membrane performance is
based on the same experimental conditions described
in a previous article.17 Therefore, the effect of the
mechanical strength on the permeation performance
should be examined. Figure 2 shows the SR values of
MPTA and PPTA. Both of these polyamides have SR

values greater than 5 kPa mm. This indicates that the
permeation properties are the intrinsic properties of
active-layer materials and, therefore, are not affected
by the bulk flow of brine, which resulted in defects on
the active layer because of the high hydraulic RO
operation pressure.

As shown in eq. (1), Jw is inversely proportional to d,
but R is independent of the thickness. Therefore, the
active-layer film thicknesses were measured, and they
are shown in Figure 3. The average thickness of PPTA
is a little greater than that of MPTA. However, because
the PPTA IP film possesses more irregular surface
than the MPTA IP film and the error range is relatively
broad, the thickness difference of these two IP films is
not critical. This implies that the effect of the thickness
of these two IP films on Jw is not prominent. That is,
the different permeation properties of these two mem-
branes are not due to the thickness of the active layer.

As described previously, the differences in the reac-
tivities and chemical structures of the monomers yield

Figure 1 Effect of the aromatic amine monomer structures on the permeation performance. The membrane performance was
obtained from permeation tests conducted at 3.03 MPa and 25°C with a 2000 ppm NaCl feed solution. The membranes were
made with 0.5% (w/v) diamine and 0.1% (w/v) TMC.
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different structural properties, including the degree of
crosslinking and chemical properties, such as hydro-
philicity.21 These properties affect not only the solu-
bility but also the diffusivity of water and salt. The
permeation coefficient depends on the solubility and
diffusivity. Figure 4 shows the solubility of water (Cw)
in the polyamides. These two polymers have different
sorption properties for water. MPTA has a higher Cw

value than PPTA. The absorption of water (Cw) de-
pends on the polymer hydrophilicity. To explore the
chemical properties of the active layer, we evaluated
the polar force of the surface tension as a measure of
the hydrophilicity of the thin active film and obtained
it by conducting contact-angle measurements and us-
ing eq. (6). In these polyamides, the main components
affecting the polar force are an amide bond, an amine
end group, a free carboxylic acid group (an unreacted

acyl chloride group), and a carboxylic acid end group.
The amine and carboxylic acid group are more hydro-
philic than the amide bonds of the polyamide chain.
The contents of the end groups and free carboxylic
acid group are affected by the reactivity and chemical
structure of the monomers. MPTA with its low reac-
tivity has a higher polar force and better hydrophilic-
ity. This high polar property of the polymer should
result in higher water sorption than that for PPTA, as
seen in Figure 4.

For the calculation of the permeation coefficient,
knowledge of the solubility and diffusivity of the pen-
etrants is necessary. Usually, the diffusivity of water
or salt can be estimated via the absorption or desorp-
tion rate of the penetrants. However, because of the
ultrathin thickness of the IP films (
0.000015 cm), an
accurate and reproducible diffusion coefficient via the

Figure 2 Dependence of SR of the active layers on the aromatic amine structures.

Figure 3 Dependence of d of the active layers on the aromatic amine structures.
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measurement of the absorption and desorption rates
was very difficult to obtain. In the absence of such
information, the diffusion coefficient and permeation
coefficient could not be directly calculated. Therefore,
the permeation coefficient is reported in the relative
form from the molecular chain mobility15 and refer-
ence data.23

To explore the mobility of the polymer molecular
chain, Kwak15 measured the spin–lattice relaxation
time (T1�) for the polymer chain via solid cross-polar-
ization/magic-angle spinning 13C NMR, as shown in
Table III. T1� is considered a useful parameter for
accessing the motion of molecular chains. The mole-
cules with larger T1� values have slower molecular
motion, and low mobility, resulting in low diffusivity.
The meta-positioned MPDA has a lower value of T1�

than the para-positioned PPDA. The general compar-
ative order is as follows: poly(m-phenylene isophthal-

amide) (MPDA/IPC or MPIA) � poly(p-phenylene
terephthalamide) (PPDA/TPC or PPTEA), MPTA
(MPDA/TMC) � PPTA (PPDA/TMC). Also, the
crosslinked-structure polymers have greater values of
T1� than the linear-structure polymers (MPIA
� MPTA; PPTEA � PPTA). This implies that the
molecular chain of MPTA is more flexible than that of
PPTA, resulting in high diffusivity. Therefore, the wa-
ter permeation coefficients of MPTA and PPTA can be
compared, as shown in Table III. The water diffusion
coefficient of MPIA, which has the lowest value of T1�,
is 1.5 � 10�6 cm2/s. Therefore, MPTA, having a
greater T1� value than MPIA, should have a smaller
Dw value than MPIA (i.e., 	1.5 � 10�6). Likewise,
PPTA, having a greater value of T1� than MPTA,
should have a much smaller Dw value than MPTA (i.e.,
	 1.5 � 10�6). Therefore, from the water solubility and
relative diffusivity, the relative water permeation co-

Figure 4 Dependence of �s
p and Cw on the aromatic amine structures.

TABLE III
Relaxation Times and Estimated Permeability Data of Water and Sodium Chloride in Aromatic Polyamides

Polyamide

MPIAb PPTEAc MPTAd PPTAd

Relaxation timesa T1� (ms) 5.34 6.29 7.94 9.17
Checked position CAO CAO CAO CAO

Water Cw (g/cm3) 0.49 0.24 0.0261 0.0248
Dw (10�6 cm2/s) 1.5 �1.5 	1.5 	1.5
CwDw (10�7 g/cm s) 7.4 — 	0.39 	0.37

Salt KS 0.23 0.025 0.0114 0.0096
DS (10�10 cm2/s) 1.5 �1.5 	1.5 	1.5
KSDS (10�11 cm2/s) 3.5 — 	0.17 	0.14

KSDS/CwDw — — 
0.44 
0.39
R 
 1 � KSDS/CwDw — — 
0.57 
0.61

a Ref. 15.
b Ref. 23.
c Ref. 26.
d Tested and estimated.
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efficient of MPTA and PPTA could be estimated
(MPTA 	 0.039 � 10�7 and PPTA 	 0.037 � 10�7

g/cm s). This indicates that MPTA, possessing a high
water permeation coefficient, has a higher Jw value
than PPTA, as shown in Figure 1.

The salt permeation coefficient also can be ex-
plained in the same fashion as the water permeation
coefficient. Ks values for MPTA and PPTA are shown
in Table III. MPTA has a higher Ks value than PPTA.
The solubility of salt in a polymer is affected by the
polymer properties, including the water content24 and
charge density25 of the polymer. In this system, the
water content effect seems to be more prominent than
the charge density: MPTA, having a high water con-
tent, has a higher Ks value than PPTA. As for the water
diffusion behaviors, MPTA, which has a greater T1�

value than MPIA, should have lower salt diffusivity
than MPIA (Ds � 1.5 � 10�10 cm2/s). Moreover,
PPTA, having a greater T1� value than MPTA, should
have much lower salt diffusivity (	 1.5 � 10�10) than
MPTA. Therefore, the salt permeation coefficient of
MPTA is less than 0.017 � 10�11 cm2/s, and the coef-
ficient of PPTA is much less than 0.014 � 10�11 cm2/s.

As previously noted in eq. (3), R describes the frac-
tion of the depletion of salt in the permeate compared
with that in the feed. Therefore, it is related to the ratio
of Js and Jw. A high R value implies that Jw is relatively
high compared with Js. Therefore, if we compare the
water (CwDw) and salt permeation coefficients (KsDs)
of the active layer, the differences in R can be ex-
plained. The MPTA polyamide possesses greater wa-
ter and salt permeation coefficients than PPTA. How-
ever, the relative magnitude of KsDs is much greater
than that of CwDw. That is, MPTA has a higher salt-flux
ratio (KsDs/CwDw) than PPTA (see Table III). The rel-
atively high Js value of MPTA leads to a low R value.
This result agrees well with the R value of the TFC
membrane composed of MPTA and PPTA, as shown
in Figure 1.

CONCLUSIONS

Fully aromatic crosslinked polyamides synthesized
with MPDA/TMC and PPDA/TMC have different
permeation performances. MPTA (MPDA/TMC)
shows high Jw values, but PPTA (PPDA/TMC) gives

better R values. MPTA has higher water sorption and
higher molecular chain mobility than PPTA. These
factors lead to higher Jw values compared with those
of PPTA. However, with respect to R, PPTA has much
lower salt absorption and lower molecular chain mo-
bility than MPTA. As a result, PPTA possesses a rel-
atively smaller salt-flux ratio (KsDs/CwDw) than
MPTA, and this results in high R values.
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