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ABSTRACT: Polyamide reverse osmosis (RO) membranes have been a “golden 2
standard” in water desalination, with an aromatic polyamide layer providing an excellent
balance between salt rejection and water permeability. Yet, there still are gaps in
understanding the salt transport in RO, closely related to the nature and formation of
membrane charge and its effect on ion permeation. We report here a systematic
investigation that examines the correlation between the nominal membrane charge,
determined by ion-binding methods, and key ion permeation characteristics, salt
permeability, and membrane conductivity, at different pH values. In the mid-pH range,
the most important in the desalination practice, observed relations between the
conductivity, salt permeability and nominal charge show a much weaker dependence
than the Donnan model predicts. This indicates that fixed charged groups inside .04 04
polyamide films are largely deactivated, thereby the membrane behaves as effectively
neutral or weakly charged. However, a substantial charge may form at extreme acidic and
basic pH via uptake of H* and OH™ ions, which increases ion uptake and conductivity,
promoting polymer swelling and weakening salt rejection. Overall, the results strongly suggest that fixed charges weakly affect salt
rejection in RO, and it is dominated by dielectric and steric mechanisms.
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B INTRODUCTION

Polyamide thin-film composite reverse osmosis (RO) mem-
branes show excellent removal of salts along with good water

methods, may have a weaker relation to ion transport due to
formation of associates. The resulting effective charge becomes

smaller and unrelated to the nominal one;'>'® the present
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permeability." Their good performance is due to a thin barrier
layer of aromatic or semiaromatic polyamide;” however, the
exact selectivity mechanism is still incompletely understood.
For instance, its high rejection of salts stands in contrast with a
moderate rejection of similarly sized uncharged solutes such as
boric acid.” Further development motivates better under-
standing of ion and molecular transport.

For several decades, the standard theoretical framework has
been the generalized Donnan model, combining steric,
Donnan, and dielectric exclusion in a mean-field manner
(SDE model).*"® However, inconsistencies regarding the
observed effects of pH,9 ion type and charge,lo and solution
composition“ on salt permeation pose questions. Recently, we
pointed out that inconsistencies may be removed by including
charge-regulation via ion association."”"

Recently, significant progress was achieved in assessing
polyamide fixed charge density, a key characteristic originating
from carboxylic and amine groups remaining unreacted after
interfacial synthesis.”'*'> Their content was eventually
measured using ion-exchange,l6 Rutherford backscattering
spectrometry (RBS),'”'® quartz crystal microbalance
(QCM)," liquid scintillation, and visible light spectroscopy.”’
They indicate that the polyamide charge is pH dependent and
negative down to about pH 3, consistent with zeta potential
measurements.”' ~>* However, our recent analysis shows that
the nominal chemical charge, assessed by the above ion-binding
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study aims to elucidate these recent findings.

Our approach is based on comparing two complementary
ion transport characteristics of polyamide membranes: salt
permeability, deducible from filtration experiments, and
conductivity, measured here using electrochemical impedance
spectroscopy (EIS).”>~*” They are related in a different way to
the permeabilities of co-ions and counterions, i.e., anions and
cations in the case of polyamide. Within the SDE models, the
conductivity is determined mostly by counterion permeability,
approximately proportional to the fixed charge density X.
Conversely, salt permeability is controlled by co-ion
permeability, inversely related to X. The ratio of the two is
then expected to vary approximately as X>. In contrast, the
association model anticipates that the ratio will be weakly
dependent on X."* A similar situation is expected when only a
small uncharged fraction of the membrane controls the ion
permeation,'” unrelated to X measured for the entire film. The
known dependence of X on pH for polyamide membranes,
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made available by RBS,"”"® offers a straightforward way to test
these relations.

B MATERIALS AND METHODS

Chemicals and Materials. NaCl, NaOH, and HCI (AR
grade) were obtained from Bio-Lab Chemicals. Ultrapure
water (UPW, 182 MOhm cm) was used for preparing
solutions. A SWC4B composite PA membrane was supplied by
Hydranautics.

EIS. EIS setup was described in detail previously.”” >
Briefly, polyamide film isolated from the SWC4B membrane
coated a rotating disk working electrode (WE) immersed in a
50 mL glass electrochemical cell containing also a Pt foil
(counter electrode, CE) and Ag/AgCl/KCl reference electrode
(RE) and was then purged with N, (Supporting Information).
The cell was filled with a 1 M NaCl solution adjusted to the
desired pH with NaOH or HCI, which negligibly affected
solution conductivity. High NaCl concentration, close to
seawater, was preferred for differentiating film resistance from
solution resistance.”’

EIS spectra were recorded on SP-300 potentiostat (Bio-
Logic) in the pH range from 1.5 to 12.4. Spectra were collected
every 1 min for 3 to 24 h until membrane resistance stabilized
and then were fitted to an equivalent circuit’’ to yield
transmembrane resistance R, and conductivity G, = 1/R,.
Long stabilization could also relax the film and eliminate
temporary enhancement of permeability by support-removing
solvent;>' thus, isolated films reasonably represented barrier
properties of the polyamide.*~** Each point in the EIS spectra
was the average of three measurements for each film, with all
films showing similar variation of G, with pH. To address
sample variability, G, values for each film at different pH
values were normalized to G, at pH 7 (Supporting
Information).

Filtration Experiments. Membrane sheets were annealed
in a NaCl solution of pH 2 that was heated to 30 °C for 5—10
min and then let to cool to room temperature overnight. Flux
and NaCl passage in the pH range from 2 to 11 were measured
using the setup described previously'®” (Supporting In-
formation). Briefly, 4 L of 32 g/L NaCl solution maintained at
298 K was circulated with a high-pressure pump through two
identical flow cells at a pressure of 43 bar and a feed flow rate
of 130 L/h (average velocity in the channel 0.82 m/s). For
each pH, a fresh NaCl solution adjusted to the desired pH was
used. Feed was circulated for at least 1 h before collecting
permeate. Volume flux was measured by weighing permeate.
Salt concentrations were determined from solution conductiv-
ity; for pH < 4 chloride was titrated (751 GPD Titrino,
Metrohm) to address H" conduction. The feed concentration
was corrected for concentration polarization (CP) as follows

¢ = (g — C”)EXP[I]C_V] + ¢

d

(1)

where ¢, ¢/, and ¢” are the feed, CP-corrected feed, and
permeate concentrations; Jy is the volume flux, and kg = 33
pum/s is the mass transfer coeflicient for the present cell.*® The
salt permeability @, was then calculated as follows

@)
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B RESULTS AND DISCUSSION

Effect of pH on Membrane Conductivity. Figure 1la
shows average variation of membrane conductivity with pH
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Figure 1. Dependence on pH of (a) polyamide film conductivity
normalized to conductivity at pH 7 (this work) and (b) nominal fixed
membrane charge. In panel (a), points represent average conductivity
normalized to pH 7 for each film, when necessary interpolated to the
given pH. Results in panel (b) represent the average ion-binding
capacity of four fully aromatic polyamide membranes FT 30, LF 30,
TEC-S, and ESNA reported by Coronell et al.'® (Supporting
Information). Error bars show standard deviations.

normalized to pH 7. The trend closely resembles the change in
the nominal charge X by RBS reported by Coronell et al.'”'®
(Figure 1b), especially in the middle pH range from 4 to 9.
However, a few points are notable. First, conductivity varies far
more moderately than X. Thus, conductivity barely doubles
between pH 4 and 7, while X increases many times, from
nearly zero to about 0.1 M. Similarly, between pH 7 and 10
conductivity increases by ~50%, whereas the X increase is
nearly 3-fold. The conductivity then does not vary propor-
tionally to X, as is typical for well-hydrated homogeneous
charged polymers, e.g,, ion-exchange membranes.’”**

Second, at pH < 4, the conductivity sharply increases. RBS
data indicate a small positive charge, <0.05 M, in this pH
range, assigned to unreacted amino groups. 7 However, it is
small and unlikely to produce a 2-fold increase in conductivity
at pH 2, about equivalent to conductivity at pH 9, where X ~
0.5 M is negative and much larger (Figure 1b). We presume
that this upturn in conductivity is best explained by the
enhanced uptake of protons. Our recent studies””*’ indicate
that polyamide has a large affinity to protons, about 10° times
larger than to Na" ions. For the 1 M NaCl concentration used
here, protons should overtake Na" at pH 3, which is consistent
with results in Figure la.

Finally, conductivity does not level off and continues to
increase at pH > 9, despite X staying constant. Uptake of OH™
ions may explain this behavior, similar to proton uptake at low
pH. Another reason may be enhanced swelling, increasing ion
mobility*® and fixed charge dissociation, which may increase
conductivity at a constant X. However, such increased swelling
is again most reasonably explained by the uptake of OH™ ions.
Larger swelling also increases the dielectric constant of the
membrane, weakening dielectric exclusion of co-ions. This may
affect salt permeability and passage more than conductivity, as
discussed next.

Effect of pH on Volume Flux and Salt Passage. Figure
2 displays the present results on water flux and salt passage at
different pH values along with some literature data*"** for
aromatic polyamide membranes. The literature data employed
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Figure 2. Measured volume flux (a) and NaCl passage (b) as a
function of feed pH, obtained in this work and those reported by La et
al.*' and Cadotte et al.** Error bars are standard deviations.

much lower salt concentrations of 2 and $ g/L, as compared to
32 g/L in this work and are used here for comparing the
observed trends.

It is well seen that the flux variations with pH are small, not
showin§ any well-pronounced trend. Similar to NF mem-
branes,” *° we observed that, at room temperature, varying
pH produced scattered results, depending on the direction of
pH variations, that we attributed to slow polyamide relaxation,
especially toward acidic pH, where polyamide should be most
shrunken and relax more slowly. Therefore, we carefully
preconditioned membranes in a feed solution at pH 2 and
performed tests in the order of increasing pH with at least an
hour stabilization at each tested pH. With these precautions,
we obtained no significant variation of the membrane
permeability with pH, consistent with other data shown.

On the other hand, for the previously reported low-salinity
feeds, variation of salt passage with pH in Figure 2b shows a
clear minimum around pH 8 and increases toward both acidic
and alkaline conditions. If dissociation of carboxylic (at high
pH) or amine groups (at low pH) increased the effective
membrane charge, the Donnan mechanism would suppress salt
passage, opposite to what is observed. We then assign
increased salt passage to increased swelling of the membrane
induced by uptake of H" and OH ions, as conductivity data
suggest. Although such uptake is also equivalent to increasing
membrane charge, which should suppress salt passage, swelling
promoted by higher ion content weakens dielectric exclusion
and increases ion mobility, which may well offset the increased
charge.

Surprisingly, the present results for salt passage in Figure 2b
do not show any significant variation with pH. We explain this
by higher feed salinity producing osmotic and/or charge-
screening-driven deswelling. Salinity-induced deswelling is well
known for semiaromatic membranes*® and well correlates with
their reduced permeability for high-salinity feeds.*>* Yet,
aromatic polyamides are more rigid and have lower
swelling,**~** and, although they still respond to salinity and
pH, the response is weaker. Deswelling makes the response
even more sluggish, which may explain the weak effect of pH
on flux and salt passage observed here.

Conductivity-to-Salt Permeability Ratio. The weak
correlation between salt passage and nominal fixed charge (as
measured by RBS) suggests the latter may not be identified as
the effective charge of the polyamide or its part that rejects salt.
This point is best analyzed by considering the ratio of the
membrane conductivity G,, and salt permeability w, (estimated

442

using eq 2), which is the most sensitive indicator of the effect
of charge on ion transport. Indeed, G, and @, have the

following relations to individual ion permeabilities @, and
30,50

w
F’A F*A
= — Cw.~ —C(w, + w_
m RT i i RT s( + ) (3)
@, 2
s w;1 + w_—l (4)

o S 2
where ionic permeabilities (i = + or —) are understood as””

DS,
w;, = ——
B S (5)

and A and 0 are the polyamide film area and thickness, C, D,
and S; are the solution concentration, diffusivity in the
membrane, and sorption coefficient (membrane/solution
partitioning) of the ion, respectively, and F, R, and T are
Faraday constant, gas constant and temperature, respectively.
The last relation in eq 3 implies that only salt ions contribute
to conductivity, which apparently applies here in the range 5 <
pH < 9. When constant prefactors (film geometry, solution
concentration, thermodynamic constants, etc.) are lumped
together, both absolute and normalized G,/@, becomes
proportional to the following combination of ion perme-
abilities

2 x (0, + o ) (0] + o ") (6)

a)S

The scaling with membrane charge X may be derived from
this relation for different models. For instance, Donnan-based
models under strong co-ion (anions here) exclusion predict
S, = X/C, S_ «x 1/S, « C/X, and X-independent ion
diffusivities, which yields

1_ DSy
D_S_

(0, + o) (0;' + 0 ") ¥ o,0” x X*

7)

Conversely, our recent model” predicts that, under strong
charge regulation via association, sorption coeflicients,
controlled by association equilibria, will be unrelated to X,
yet diffusivities will scale as inverse distance between fixed
charges, ie., X~ 173 However, since both ion diffusivities show
the same scaling, X will cancel out in eq 8 and, ultimately, we
expect G,,/w, x X°.

The above relations are examined in Figure 3a that plots
normalized G,,/®, measured for 5 < pH < 9 versus X based on
data by Coronell et al.'® The logarithmic slope (exponent)
0.19 + 0.01 is clearly much smaller than the value 2 expected
for the Donnan model and far closer to 0, predicted for strong
association. We then conclude that the total ion-binding
capacity of the membrane has only a minor effect on ion
permeation.

To complete the picture, Figure 3b also plots the ratio
G./w, directly versus pH in the entire examined pH range,
which tests the possible effect of H" and OH™ uptake, as an
alternative charge formation mechanism, studied previ-
ously.””*” Considering proton uptake at low pH, the limiting
regime of 9proton-dominated ion uptake leads to the following
scaling””’

S (107H/C) % s, s 1/8_ o (1077/0) 7 ()
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Figure 3. (a) G,,/w, ratio versus nominal membrane charge X for pH
5 to0 9. The values of X are as reported by Coronell el al.'® Theoretical
slopes refer to the Donnan model (2) and association model (0); (b)
G./w, ratio versus pH. Shown theoretical slopes correspond to a
neutral membrane with cation uptake dominated by H* (—1) and
anion uptake dominated by OH™ (1). Error bars indicate standard
deviation.

Assuming constant diffusivities for mobile ions, the ratio
Gn/o, will scale with pH approximately as (note anions
become counterions)

G,
m S_ x 107PH )
, S,
i.e,, a linear dependence with an asymptotic slope —1, when
G/ is plotted on a log scale versus pH. Analogously, in case
OH™ uptake dominates charge formation at high pH, the
limiting relation becomes

G, S
— & — o 107" o 107"
1)

s —

(10)

i.e, the asymptotic slope is +1. Indeed, while pH has no
significant effect in middle range, the dependence in Figure 3b
seems to transition to the asymptotic regimes defined by eqs 9
and 10 in both extreme pH ranges.

In summary, we see that the Donnan-based picture of ion
exclusion cannot describe the relation between ion permeation
and the nominal charge, measured by ion-binding methods
such as RBS. Apparently, most ion-binding fixed charges are
deactivated by association or, in case the membrane is not
homogeneous, the charges do not affect the regions controlling
salt rejection. On the other hand, H" and OH™ ions present in
water do affect and enhance ion permeation in extreme acidic
and alkaline pH ranges, directly increasing the membrane
conductivity. Indirectly, this may also enhance swelling and
weaken dielectric exclusion, resulting in a higher salt passage
when pH grows very acidic or basic. The latter effect explains
the results of previous reports that employed low salinity feeds.
However, it was not observed in the present study, presumably,
due to membrane deswelling induced by high feed salinity.

Overall, the results strongly indicate that salt rejection in
polyamide RO membranes, especially, in the most important
mid-pH range, is not or is only weakly controlled by the
nominal charge. This agrees with earlier observations for NF
membranes®' and our recent EIS studies of the effect of salinity
and salt type.”””” It is then most reasonable to view polyamide
membranes as effectively neutral or very weakly charged dense
polymer films, with salt rejection dominated by dielectric and
steric exclusion.
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