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Membrane swelling governs both rejection of solutes and permeability of polymeric
membranes, however very few data have been available on swelling in water of salt-
rejecting reverse osmosis (RO) membranes. This study assesses swelling, thickness and
their relation to water permeability for four commercial polyamide (PA) RO membranes
(SWC4+, ESPA1, XLE and BW30) using atomic force microscopy (AFM) and attenuated total
reflection Fourier transform IR spectroscopy (ATR-FTIR). ATR-FTIR offered a significantly
improved estimate of the actual barrier thickness of PA, given AFM is biased by porosity
(“fluffy parts”) or wiggling of the active layer or presence of a coating layer. Thus obtained
intrinsic permeability (permeability times thickness) and selectivity of aromatic poly-
amides plotted versus swelling falls well on a general trend, along with previously reported
data on several common materials showing RO and NF selectivity. The observed general
trend may be rationalized by viewing the polymers as a random composite medium con-
taining molecularly small pores. The results suggest that the combination of a rigid low
dielectric matrix, limiting the pore size, with multiple hydrophilic H-bonding sites may be a
common feature of RO/NF membranes, allowing both high permeability and selectivity.
Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

widely used in the desalination and water purification. In this
context, fully aromatic polyamide and semi-aromatic poly(-

The swelling of polymeric membranes is an important
parameter that may affect their physical structure and affinity
to solvents and solutes and thus their permeability and
rejection of solutes (Tarleton et al., 2006). It is a complex
phenomenon that depends on the affinity between the solvent
and the polymer, presence of osmotically active species (e.g.,
mobile counter ions) and degree of cross-linking of the poly-
mer. Swelling of polymeric membranes in water, i.e., their
equilibrium water content is of particular interest for the
processes of reverse osmosis (RO) and nanofiltration (NF)
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piperazine amide) (Petersen, 1993) are most common poly-
mers used to make the rejecting layers of commercial RO/NF
membranes. Commercial RO/NF polyamide-based mem-
branes can be defined as dense polymer structures with free
void spaces through which transport of water occurs under a
pressure gradient. Previous studies showed that these poly-
amide materials membranes may largely vary in terms of
swelling as well as thickness (Coronell et al., 2011) and
structural heterogeneity and morphology (Freger, 2003). In
addition, they may contain several types of nanopores (Kim
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et al., 2005; Kosuti¢ et al., 2000), which may affect their water
uptake and formation of paths along which water moves
across the membrane under a pressure gradient (Meares,
1976). The nanopores could be of various shapes, open or
closed, and may or may not form a continuous network. Very
little is known of membrane water uptake and is there a cor-
relation between water content and water permeability and,
likely, rejection of solutes. For instance, Freger reported that
swelling of low flux RO membranes is in general lower
compared to swelling of high flux NF membranes due their
rigid aromatic structure and high degree of cross-linking
(Freger, 2004), which may be related to higher rejection of
solutes achieved by RO membranes compared to NF. Recent
data by Lee et al. indicate that polyamide nanoporous struc-
ture undergoes little pore swelling upon water uptake (Lee
et al.,, 2013), which confirms the high rigidity of this material
leading to low swelling.

In 1977 Meares carried out a systematic study (Meares,
1977), in which he measured water content (swelling) and
intrinsic water permeability (i.e., permeability normalized to
thickness) of homogeneous films of cellulose acetate cast
from different solvents and some other polymers. His results
fall remarkably well on a single trend of intrinsic permeability
versus water content, on which some polyamide membranes
fall as well (Freger, 2004). However, some polyamide mem-
branes noticeably deviated from this trend, which was
explained by the incorrect estimates of the thickness of the
polyamide layer (Freger, 2004). The aim of this study is to find a
proper way to address this problem for several polyamide
composite membranes and locate them on the general trend.

Compared to macroscopic films, e.g., the cellulose acetate
films used by Meares, the water content (swelling) of polyamide-
based membranesis difficult to measure directly because of very
small thickness (~100 nm) and mass (~10 pg/cm? of the se-
lective polyamide layer (Coronell et al., 2011). In this study, a
method developed earlier and based on atomic force micro-
scopy (AFM) (Freger, 2004) is used to evaluate swelling by
measuring thicknesses of dry and wet films taken from different
RO/NF membranes. However, AFM cannot correctly evaluate
true thickness and swelling of some RO membranes (Freger,
2003). For instance, it is difficult for high-flux membranes that
have a “sandwich structure” where the thin active core layer is
hidden within a much thicker layer of loose porous polyamide
(Freger, 2003, 2004) or coated membranes (Tang et al., 2007). In
this study swelling measurements by AFM are combined with
estimates by ATR-FTIR to obtain more consistent estimates of
thickness for all types of polyamide membranes, more accu-
rately estimate their intrinsic permeability and thus re-examine
and discuss the correlation of water permeability through dense
polymeric materials with swelling.

Denko, Oceanside, CA, USA) and a brackish water membrane
BW30 (Dow/Filmtec™, Midland, MI, USA). Technical specifi-
cations of the membranes are found in Table 1. Membranes
were kindly supplied by manufacturers as flat sheet samples
and stored in dry state before use.

2.2.  Isolation of the PA layer

The method of isolation of membrane’s selective layer is
described elsewhere (Freger, 2004). Briefly, the non-woven
fabric was carefully peeled off the membrane to leave only the
polysulfone (PSU) and PA layers. Afterwards the membrane was
gently attached (PA side facing down to the surface) with a drop
of toluene which softens both PA and PSU layer. Once dried film
adhered to the surface by capillary forces, PSU was gently
washed away with N, N-dimethyl formamide until all PSU was
removed. In this way free-standing PA films were prepared on
silicon wafers for the AFM measurements or on the diamond
crystal of an ATR setup for the FTIR-ATR measurements.

2.3. FTIR-ATR measurements

The spectra of PA films were recorded in the mid IR range
(400—4000 cm %) on a Bruker Vertex 70 series FTIR spectrom-
eter equipped with a Bruker Platinum ATR accessory with a
single reflection diamond crystal (n = 2.4). Infrared (IR) spectra
were recorded at4 cm ™ resolution and 24 scans. PA films of all
membranes were isolated and attached directly to the ATR
crystal, while the background of a bare crystal was recorded
just before deposition of the film.

2.4.  Atomic force microscopy

The thickness and swelling of PA layers were measured using
AFM. The method is described in details elsewhere (Freger,
2004). Samples were imaged using a Bruker Innova AFM mi-
croscope at room temperature (~25° C). Bruker SNL cantile-
vers (triangular D) with nominal spring constant 0.06 N/m
were used in contact mode and mounted on an APMC-0001
Microcell for liquid imaging with small amount of liquid
(50—100 ul). PA films isolated on Si wafer were gently
scratched using a sharp needle to form very narrow strips of
PA surrounded on both sides by a bare Si surface. Strips where
first imaged in dry state, then covered with deionized water,
allowed 30 min to equilibrate, and then imaged again in
exactly the same place as in the dry state. The images were
flattened using Bruker NanoScope Analysis software using

Table 1 — Characteristics of the membranes tested.

XLE ESPA1 BW30 SWC4+
2. Materials and methods Selective layer material ~ PA PA PA PA
Ly, (Lm 2h *bar Y)? 7.4 5.4 3.0 0.7
21 Membranes and materials Rejection of NaCl, fyac1  0.995°  0.994° 0.995° 0.998°

Four commercial membranes were examined in this study: a
high water flux membranes XLE (Dow/Filmtec™, Midland, MI,
USA) and ESPA1 (Hydranautics/Nitto Denko, Oceanside, CA,
USA), a sea water membrane SWC4+ (Hydranautics/Nitto

& Measured with deionized water at 25 °C.

b Manufacturers data: 2000 ppm NaCl at 15% recovery, pressure
0.86 MPa.

¢ Manufacturers data: 2000 ppm NaCl, 10% recovery, pressure
5.5 MPa.
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first and second order flattening routines that were applied
only to the bare Si on both sides of the PA strip. The average
thickness of the PA strip, both in dry and wet state, was
determined as the distance between maxima of the two
highest peaks in depth histograms corresponding to bare Si
and film-covered wafer. Water content (swelling) on the wet
basis in the films was then calculated from the average of
three independent measurements using the formula

® = (darm wet — darm dry) /darm wet (1)

2.5. RO/NF experimental setup and analysis

Experimental setup is described elsewhere (Drazevi¢ et al.,
2012). Briefly, RO tests were carried out in a Sterlitech SEPA
II cross-flow cell of membrane area 0.0138 m? and channel
dimensions 14.5 x 9.5 x 0.17 cm?® (length x width x height).
The recovery rate was very low, about 1-3%. Milipore deion-
ized water was circulated through the cell at fluid velocity of
0.42 m s~ . Temperature was held constant at 25.0 + 0.1 °C.

The salt permeability of the membranes was measured
using 35,000 ppm NaCl solution, at 25.0 & 0.1 °C and cross-flow
velocity of 0.42 m s % Inthese experiments the volume flux, J,,
was kept constant at 2.5 ym s for all membranes by
adjusting the pressure. The rejection R was determined by
measuring the conductivity of the feed and permeate. The salt
permeability coefficient B was calculated from the volume flux
J, and rejection using the following equation

1-R
B= }”T )
3. Results and discussion
3.1. AFM measurements

One typical flattened image of a narrow strip of SWC4+ and its
corresponding height histograms in dry state and in water are

30.0 pm
-100 nm|

Height sensor

A

presented in Fig. 1. Table 2 summarizes thickness of dry and
wet films for different membrane samples determined at
exactly the same location in air and under water and corre-
sponding swelling degrees deduced from the histograms
using Eq. (1). Table 2 shows swelling of the four membranes
calculated as an average of three such independent mea-
surements (i.e., for 3 different locations) on particular narrow
film strips (®ay = (P1 + P2 + P3)/3).

Tables 1 and 2 show that the membranes involved show
significant, an order of magnitude, differences in pure water
permeability (L,) and swelling, not necessarily correlated with
each other if thickness is not taken into consideration. The
most permeable XLE membrane showed the highest swelling
of 53% (on the wet basis) (Table 2), yet only slightly less
permeable ESPA1, for which AFM also yields a similar thick-
ness, showed only 7% swelling. Freger (2003, 2004) reported
that ESPA1 membrane has an open and porous (“fluffy”)
structure at the surface with a dense and thin core layer
buried within the “fluff”. TEM images in Freger’s study (Freger,
2003) indicate that the true thickness of ESPA layer is probably
about 10—15% of thickness that AFM measures. Yet, TEM im-
ages of SWC1 membrane (analogous to SWC4+ used here)
showed a much more homogeneous structure with a small
fraction of voids. It should be noted that porous “fluffy” parts
on the surface could interfere with swelling measurement of
ESPA1 membranes and introduce some error. However, the
low swelling of this membrane suggests that the “fluffy” parts
of ESPA1 are apparently built of the same rigid polymer as the
dense core, thus its measured swelling is of the same order
and, actually, even less than for the densest SWC4+
membrane.

Conversely, the high swelling of XLE indicates the poly-
amide is significantly less rigid. It then appears that the high
permeability of the two high-flux membranes, XLE and ESPA1,
is achieved in different ways, namely, through a looser and
more swollen polymer for the former and a very thin dense
core, i.e., smaller thickness, for the latter. Interestingly, BW30
shows a very different swelling from the other RO

1 dy
wet
9_
dry
2 9
wet
3.
1.04
AN
00 T T T 1
0.4 0.6 0.8 1.0 1.2
Sensor Z position/um
B

Fig. 1 — (A) A typical flattened topographic image of a one-layer polyamide strip isolated from a SWC4+ membrane on a Si
wafer. (B) Typical histograms obtained for dry and wet SWC4+ film sample yielding a dry thickness 112 nm, wet thickness

129 nm, and ¢ = 0.13.
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Table 2 — Thickness of dry (darm ary) and wet (darm wet)

films and corresponding water contents (®) of
membranes tested.

Membrane dAFM Err dAFM dAFM Err dAFM ] Err

dry dry wet wet ¢
XLE 179.3 24.4 273.7 28.2 0.35 0.02
ESPA 190.2 50.1 203.5 57.5 0.07 0.02
BW30 121.7 7.8 152 10.7 0.19 0.08
SWC4+ 122 29 139.3 249 0.13 0.06

2 err @ = /2 YN, (@(i) — @)> where & = 1 SN &(i).

membranes, as high as 26%. The exact chemistry of BW30 is
not reported by the manufacturer, but X-ray photoelectron
spectroscopy (XPS) analysis shows a high oxygen content and
very low nitrogen content (see next section), which suggests
that this membrane is coated with another hydrophilic ma-
terial (Tang et al., 2009, 2007). Coating is likely to increase its
measured swelling and AFM thickness, so that the true
thickness of BW30, beneath the coating, was re-evaluated
using FTIR-ATR measurements together with that of ESPA1
and XLE in the following section.

3.2.  Evaluation of spectroscopic thickness of membranes
— FTIR

ATR-FTIR spectra (Fig. 2) of the active layer isolated from
SWC4+, ESPA and XLE membranes show that their chemistry
is virtually identical, meaning their rejecting layers can be
viewed as having a similar chemistry, even though they have
different properties in terms of salt rejection and water
permeability (Table 2.). The similarity between SWC4, XLE and
ESPA membranes is also indicated by their atomic composi-
tions analysed using XPS. Tang et al. (Tang et al., 2007) found
the O/N ratio for SWC4, XLE and ESPA3 is fairly similar, 1.2, 1.0
and 1.0, respectively. Oxygen content of these membranes
was about the same (13%), while nitrogen content of SWC4
(11%) was only slightly lower compared to XLE and ESPA3
(13%). These results are consistent with polyamide chemistry.

0.6
ESPA1 }
0.5 SWC4+ l
XLE
5 041 —— BW30
S
2
£ 03
e
L
= 0.2
0.14 i
7\
0.0{ S
1000 1200 1400 1600 1800
v/em”

Fig. 2 — IR spectra of one layer of SWC4+, XLE, BW30 and
ESPA1 directly isolated on ATR diamond. The circled bands
in the spectrum of BW30 apparently belong to the coating
layer.

In contrast, XPS of BW30 showed a different surface chemistry
with significantly increased oxygen content (29%) and reduced
nitrogen content (only 3%) (Tang et al., 2009). IR spectra in
Fig. 2 show that the active layer isolated from BW30 contain
the same bands as SWC4+, XLE and ESPA1, yet there are also
distinct bands assignable to polymeric alcohol coating (Tang
et al., 2007).

It may be noted, however, that the intensity of the poly-
amide bands, which linearly correlates with the total amount
of polymer per unit area for films of submicron thickness, is
different for all membranes. It is then proposed here to use
ATR-FTIR intensity of appropriate bands of polyamide as a
more adequate measure of the polyamide thickness. Thus, for
BW30 this estimate would not be affected by the coating and
for ESPA1 highly porous “fluff” would contribute much less to
ATR-FTIR than it does to AFM. To convert ATR-FTIR intensity
to thickness, one may take advantage of the fact that SWC4+
membrane appears to have no “fluff” in TEM, thus the ratio of
an ATR-FTIR band of polyamide to AFM thickness of this
membrane approximately corresponds to 100% polyamide.
Then the volume fraction of polyamide in the active layer of
XLE, BW30 and ESPA1 may be determined as the ratio of the
intensity of this band to AFM thickness of the dry film
normalized to the same ratio for SWC4+. To improve accuracy
and reproducibility of the measurements stacks of up to five
films were isolated from the same membrane. Fig. 3A plots the
thickness of such dry stacks determined by AFM and Fig. 3B
does it for the areas, Y, of 1609 and 1650 cm~* bands in ATR-
FTIR spectra (see Fig. 3C) versus the number of stacked
layers, N. Both plots show a good linear correlation with the
number of layers, suggesting that all layers in the stack have a
similar thickness and the slope yields the average intensity
per layer. Stacks of XLE, BW30 and ESPA1 membranes yield
similar linear plots but the ratio of the slope obtained from
ATR-FTIR to that by AFM is significantly smaller (Table 3.) than
for SWC4+ (cf. corresponding IR bands in Fig. 3D). Obviously,
the ratio of the ATR-FTIR-based and AFM-based slopes is
proportional to the volume fraction of polymer in these
membranes and this fraction is evaluated assuming that it is
100% for SWC4+. The product of this volume fraction and the
AFM thickness yields the corrected thickness, equivalent to
that of polyamide collapsed to a dense film. This thickness
referred to below as the “spectroscopic thickness”. Thus
determined polymer volume fractions and dry spectroscopic
thickness dg are summarized in Table 3.

A fairly high polymer volume fraction of 0.8 obtained for
XLE (Table 3) along with a high swelling of this membrane
suggests a less rigid polyamide with a smaller degree of cross-
linking. This explains its higher water permeability compared
to SWC4+. On the other hand, the very low polymer volume
fraction of the order of 0.11-0.19 estimated for ESPA1 in-
dicates that its dense core layer may indeed be of the order of
10—20% of what the AFM measures. This yields the spectro-
scopic thickness ds of about 22—40 nm, depending on which IR
band was used (Table 3), which is fairly close to what is seen in
TEM images (Freger, 2003).

The estimated polymer volume fraction of polyamide was
also fairly small for BW30 (Table 3). In this case the reason is
apparently the presence of the coating layer rather than the
porosity. The spectroscopic thickness of the polyamide layer
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Fig. 3 — Representative data used for estimating spectroscopic thickness, polymer fraction and porosity of polyamide films.
(A) Thicknesses of a stack of polyamide layers measured by AFM versus the number of layers for SWC4+. (B) Areas under
the two IR bands, 1609 and 1650 cm ™, versus number of layers for SWC4+. Integration interval and baselines of IR bands
were, 1630 - 1600 cm ™" and 1700-1630 cm ~?, respectively. (C) IR bands at 1609 and 1650 cm™* of stacked PA films of
SWC4+, the legends indicate the number of layers. (D) Same as C for one layer of SWC4+, XLE, ESPA1 and BW30.

Again, this estimate fairly closely agrees with the published
cross-sectional TEM images of BW30 (Tang et al., 2007).

Even though the spectroscopic thickness may still over-
estimate the thickness of the truly dense part (the barrier) of

is about 80 nm thick (Table 3), about 2/3 of what AFM mea-
sures. Assuming that the thickness measured by AFM is the
sum of the thicknesses of the polyamide and coating layers,
the polymeric coating layer should be about 40 nm thick.

Table 3 — Calculated polymer volume fractions ¥ and spectroscopic thicknesses ds of examined membranes.

ds® (1609)/nm  ds" (1650)/nm

Layer darmary/AN (AFM) AY/AN 1609 (FTIR) AY/AN 1650 (FTIR) %* (1609) %* (1650)

SWC4 112.9 0.336 1.866 1 1 113 113
XLE 188.1 0.399 2.597 0.71 0.82 188 190
ESPA1 214.2 0.068 0.681 0.11 0.19 22¢ 41°
BW30 125.1 0.163 1.377 0.43 0.65 78¢ 83¢
& Polymer volume fraction ¥; = Ayéxlc{ﬁl/\’AN darw dﬁ;:?/]fflﬂ/m

AY; /AN

b Spectroscopic thicknesses ds(i) = A¥swee /AN X
¢ Calculated using assumption that the density of polyamide in ESPA1, BW30 and SWC4+ is identical.

darm ary (SWC4+)/AN
AN o
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ESPA1 due to the non-negligible contribution by the “fluff”, it
may be a more appropriate measure of the thickness than the
AFM-based value. The swollen spectroscopic thickness and
corresponding intrinsic water permeabilities (L, times swollen
spectroscopic thickness ds) of this and other membranes are
used in the next section to more adequately place each
membrane on the water permeability-versus-swelling plot.

3.3.  Correlation between intrinsic swelling and water
permeability

Fig. 4 plots the results as intrinsic permeability versus degree
of swelling (water content) for membranes examined in this
study along with the previously published data for other
membranes and Meares’ results for homogeneous films.
Meares’ results include films of cellulose acetate and polyvinyl
alcohol, materials known to show RO or NF performance
(Petersen, 1993). The water permeability of each membrane
was normalized in two alternative ways by multiplying the
measured water permeability L, (Table 1) either by the AFM-
based swollen thicknesses darm wet (Table 2) or the dry ATR-
FTIR spectroscopic thickness of PA layers ds given in Table 3
divided by 1 — ¢ to obtain the swollen spectroscopic thick-
ness. The cellulose acetate films were selected from Meares’s
data as another material having RO characteristics, i.e., high
salt rejection and small intrinsic permeability, and, presum-
ably having “pore radii” commensurate with the polyamide
membranes analysed here. Results in Fig. 4 reconfirm that,
with the appropriately evaluated thickness and swelling, all
the data form a general trend correlating the intrinsic water
permeability with water content.

A significant deviation is still observed for ESPA1, even
though the use of the spectroscopic thickness brings it much

100 - SIE
v
= EPVA| ® (FTIR)
_ X s dJ (1-)
& BW30 X (AFM)
“g 104 ESPA1 m dAFchl
z'o (1D) o v @ Meares
= (1977)
- ; ESPA1
= H— SWCA+ / g 3SD v NF
~ — (3D)
(2004)
o @ Lee
11 m/ " (2013)
a|
0.1 0.2 03 04 05
L]

Fig. 4 — Water permeability plotted versus water content
(swelling). The thickness d in the title of the vertical axis
designates either swollen AFM or spectroscopic (FTIR)
thickness of measured films, as indicated. Reported data
on fully aromatic polyamide RO membrane SW30 (Lee

et al., 2013), semiaromatic polyamide NF membranes
(Freger, 2004), cellulose acetate films and polyvinyl alcohol
(PVA) (Meares, 1977) are shown for comparison. The star
designate swelling of ESPA1 evaluated from AFM data
assuming 3D expansion; for all other points 1D swelling
was assumed. The line is added to guide the eye.

closer to the trend than in the previous AFM-based estimate
(Freger, 2004). The still remaining difference may suggest that
either swelling was underestimated or spectroscopic thick-
ness was still an overestimate or both. In either case ESPAl in
Fig. 4 is expected to shift to the right or/and downwards to
come closer to the trend. An overestimate of thickness due to
the fluffy material is likely, but if the discrepancy is attributed
to thickness only, the thickness would have to be unreason-
ably small, of the order of a nanometre, which would contra-
dict TEM observations (Freger, 2004; Pacheco et al., 2010).

Underestimated swelling is then more likely to be the main
reason, even though the present swelling results for ESPA1 are
in fair agreement with the previous one (Freger, 2004). It may be
assumed that, unlike dense films that are constrained laterally
and may expand only in the thickness dimension, the porous
“fluff” could expand isotropically into the pores in all 3 di-
mensions. The same swelling pressure in the fluff part, which
makes up most of its superficial (AFM) thickness of ESPA1, may
then be achieved at about 1/3 of expansion in each single di-
rection, as compared to one-dimensional expansion of the
other membranes. Interestingly, Kurihara presented recently
cross-sectional images of a RO membrane, presumably similar
to ESPA1, obtained by scanning transmission electron micro-
scopy and elemental maps by electron energy loss spectros-
copy indicating that the barrier layer may be significantly
folded rather than planar (Kurihara, 2013). In this case the
swelling may as well be unconstrained and tri-dimensional
thus the vertical expansion sensed by AFM is roughly only 1/3
of the total volume expansion. The relatively small 7% increase
in thickness measured by AFM for ESPA1 could then amount to
a 3 times larger isotropic volume swelling, i.e., 21% volume
fraction of water. Although such a correction is a speculation,
Fig. 4 shows that, when this 21% water fraction is combined
with spectroscopic thickness of ESPA1 (designated with a star
in Fig. 4), it indeed falls reasonable well on the main trend.

Curiously, for BW30 the combination of swelling with
overall thickness, both measured by AFM, seems to fall
slightly closer to the trend (see Fig. 4) than when the spec-
troscopic thickness is used. Since the coating fills the defects
on the polyamide surface thereby the whole structure
(polyamide + coating) is dense, the result may suggest that the
trend approximately holds even for such a composite film
provided it has no voids. To correctly locate the polyamide
layer itself on the trend one needs to have both the correct
thickness, for which the spectroscopic thickness may be used,
and swelling, which is inaccessible.

Disregarding the above uncertainties for the ESPA1 and
BW30, the examined aromatic polyamide membranes seem to
follow reasonably well the general trend of water permeability
versus swelling previously observed for cellulose acetate and
semiaromatic piperazine amide films, as summarized in Fig. 4.

3.4.  Correlation between intrinsic swelling and
selectivity

Like the transport of water, the transport of salt and, ulti-
mately, selectivity of the membrane also monotonically varies
with the water content. The appropriate material property,
analogous to L,d in Fig. 4, is the product Bd of membrane
thickness and salt permeability B. Fig. 5 shows the
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dependence of Bd (based on the wet spectroscopic thickness,
ie, d = ds/(1 — ®)) on the water content ¢ for polyamide
membranes. To facilitate interpretation, which is more com-
plex that for water permeability (see below), the data points
represent only aromatic polyamide. Once again, ESPA1 falls
far off the trend when swelling is assumed to be the height
expansion measured by AFM (1D), but moves within the trend
if its swelling is calculated assuming an isotropic (3D)
expansion (the star in Fig. 6). This reinforces the assumption
that, opposite to the other thicker membranes, ESPA1 swells
isotropically, due to either high porosity, as suggested earlier,
or a wiggly non-planar geometry of the active layer, as shown
by Kurihara (2013).

This dependence of Bd on ¢ may come from several effects.
The salt exclusion and permeation in polyamide membranes
is believed to be governed by the Donnan, dielectric and steric
mechanisms controlled by the fixed charge density, dielectric
properties and pore size of the membrane, respectively. Since
the fixed charge density is fairly similar for all polyamide
membranes (Coronell et al,, 2011) and weakly varies with
membrane swelling, not much variation of salt permeability
with swelling is expected to result from the Donnan exclusion.
On the other hand, the average dielectric constant and pore
size noticeably increase with water content (see next) and
both act to increase the salt permeability. It is then reasonable
to assume that, even though the Donnan mechanisms may
also play a substantial role in the salt rejection, it is not the
dominant factor setting the trend seen in Fig. 5.

Fig. 6 explicitly displays the calculated variation of dielec-
tric constant and pore size with water content. The dielectric
constant of the hydrated membrane ¢ in Fig. 6 was calculated
using the Bruggeman equation which is the most adequate
model for a random composite (Bruggeman, 1935), as follows
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Fig. 5 — Intrinsic salt permeability plotted versus water
content. Intrinsic salt permeability is obtained by
multiplying salt permeability, B, with swollen
spectroscopic thickness, ds (1650 cm~")/(1 — &) (Table 3).
The line is added to guide the eye.
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Fig. 6 — Galculated dielectric constant (black symbols), e,
and average pore radii (blue symbols), r,, plotted versus
water content, ¢. The dielectric constant was calculated
using Eq. (3) and the average pore radius using Eq. (4). The
lines are added to guide the eye. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)

where ¢, (polyamide) = 3.5 and ¢, (water) = 80. The pore
radius, r,, was evaluated for each membrane from its L, and
swollen spectroscopic thickness, ds/(1 — ®) using the following
equation,

br?
Lpd :_Pf
JT

(4)

where 1, is the pore radius, u effective viscosity of the solvent,
¢ and « are the porosity, that can be identified as water con-
tent, and tortuosity, respectively. Parameter b depends on
pore geometry and for many random systems b = 1/8 is a
reasonable value (Torquato, 2002). Eq. (4) is a generalization of
the classic Kozeny—Carman relation, which views random
porous medium as a network of connected similarly-sized
pores (Torquato, 2002). The calculation of r, in Fig. 6 used
the relation of tortuosity to porosity « (@) given in Bason et al.
(2010) and a constant viscosity of u = 1 mPa s.

Dielectric constant appears to be sufficiently low, and vary
between 5 and 13 for all membranes, however it must be
stressed that the dependence of dielectric exclusion on & is
exponentially strong. Curiously, ESPA1 shows a much smaller
¢ and pore radius hence much smaller intrinsic permeability
Bd than XLE, however ESPA1 is much thinner than XLE then
both membranes show a similar measured rejection of NaCl,
64%, respectively. Note the measured rejection of salts
(64—90%) differs from the manufacturers data (Table 1.) which
may be related to lower concentration of the salts used by the
manufacturer and to different concentration polarisation due
to differences in flow conditions within the commercial ele-
ments and the testing cell used here. Concentration polar-
isation may affect the absolute values of B, however, it should
not change the trend in Fig. 5.

The dielectric effect has already been identified as the
mechanism strongly contributing to ion exclusion in RO and
NF, both on its own and as a factor enhancing the Donnan
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exclusion (Yaroshchuk, 2000; Bandini and Vezzani, 2003;
Szymczyk and Fievet, 2005; Bason and Freger, 2010; Bason
et al,, 2010). It should be noted that dielectric exclusion de-
pends on the pores size and becomes weaker in larger pores
(Yaroshchuk, 2000). This pore size-dependence of dielectric
exclusion has to be differentiated from the regular size
exclusion and may be another factor increasing salt perme-
ability with water content. Nevertheless, the pore radius of all
membrane in Fig. 6 is not far from the radii of Na* and Cl~
(0.1-0.2 nm depending on the type of ion radius) then the size
exclusion may be substantial as well and contribute to varia-
tions observed in Fig. 5.

3.5. Permeability-swelling correlation: interpretation
and relation to selectivity

The general trends observed in Fig. 4 may be rationalized
using the standard view on the hydraulic permeability of
composite media. As pointed out previously (Freger, 2004;
Freger et al., 2000, 1997; Meares, 1977), in most polymer-
solvent systems the solvent should have a much higher
mobility than polymeric segments. Therefore, in terms of
solvent permeability such system may be viewed as random
porous media. Then Eq. (4) should generally hold for intrinsic
hydraulic permeability of random porous media.

When ¢, identified here with water content, increases, 1,
increases and «a decreases in a correlated monotonic manner,
thereby permeability is correlated with ¢. Given similar di-
mensions of polymer chains for many classes of polymers, the
scale of r, may be fairly similar (cf. Fig. 6) hence the correlation
may hold provided effective viscosity u do not vary signifi-
cantly. This may indeed realistically hold for the polymers
considered here, as argued below.

The effective viscosity of water may change at the molec-
ular scale due to enhanced interaction between water mole-
cules within polymer resulting in enhanced clustering. The
size of water clusters is mainly related to the chemical nature
of the polymer and not as much to water content (Vieth et al,,
1969). Remarkably, back in 1977 Strathmann and Michaels
observed that in polymers having high salt rejection water
molecules do not cluster significantly (Strathmann and
Michaels, 1977). In aromatic polyamide and cellulose acetate
the clusters were only 2—3 water molecules large. It is then
likely that, at the molecular level, individual water molecules
in such materials do not interact excessively and do not
experience friction with other water molecules much beyond
what they do in bulk water. This means the viscosity n in Eq.
(4) may indeed stay nearly constant down to molecular scale.
This might be part of the reason why the permeability-
swelling correlation follows a “universal” correlation for all
salt-rejecting films considered here.

With regard to selectivity, the common feature of all
examined materials is their high rigidity, achieved through
high crosslinking in polyamide or strong chain packing in
cellulose acetate or polyvinyl alcohol. It may be postulated
that the high rigidity may be a crucial feature of RO mem-
branes, preventing excessive clustering and swelling, as well
as formation of a connected network of pores or voids largely
exceeding molecular dimensions. The large number of O and
N atoms in polyamides, cellulose structure and polyvinyl

alcohol provide multiple hydrogen-bonding sites for water
uptake and transport, yet high rigidity ensures that each site
binds only very few molecules (cf. clusters of 2—3 molecules
found by Stratmann and Michaels). The combination of mul-
tiple hydrogen-bonding sites and low water content hence low
dielectric properties then allows a reasonable water transport
and an efficient dielectric exclusion that keeps the ion trans-
port to minimum. In additions to the low dielectric constant,
the pore-size-dependent nature of the dielectric exclusion
(see Section 3.4) further dictates that it will operate more
efficiently in a dense matrix or in narrow pores than in large
water-filled pores. In this way the mechanism of selectivity
requiring low swelling, molecularly small pores and weak
clustering for good salt rejection might be linked to the trends
in Figs. 4 and 5 and explain the superior RO performance of the
polymers considered here.

4, Conclusion

This study has re-examined the relation of water permeability
versus water content of thin polymeric films used in RO
membranes using more membrane types and improved esti-
mates of thickness and swelling, compared to previous studies.
It has shown that combination of AFM as a method to measure
swelling and ATR-FTIR for thickness produces more consistent
estimates than AFM-based measurements alone, though it still
remains challenging to accurately estimate the actual swelling
of the polyamide dense core in the highly non-uniform ESPA1
membrane and in the coated BW30 membrane.

Nevertheless, data presented in this study encompassing
the most common membrane materials (aromatic polyamide,
polypiperazine amide, polyvinyl alcohol, and cellulose ace-
tate) used in RO and NF reconfirm a single general trend
connecting intrinsic water permeability and selectivity to
swelling (water content) of these materials. The results re-
ported here could add to understanding of the way RO mem-
branes function and be useful in design of new polymeric
materials with high salt rejection and good water
permeability.

The observed general trend may be rationalized by viewing
the polymer as a random porous medium. The crucial common
features of polymers showing high salt rejection could be a high
rigidity that helps prevent excessive swelling and formation of
wide non-selective nanochannels or nanopores, and the pres-
ence of multiple hydrogen-bonding sites (O and N atoms) that
facilitates transport of water.
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