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Water (A) and solute (B) permeability of aromatic polyamide (PA) reverse osmosis membranes (RO) were
monitored under varying applied pressure, solute nature and concentration to assess their evolution after
exposure of the membrane to free chlorine. Above a threshold value of 400 ppm h HOCI water permeabil-
ity was influenced by permeation conditions during both filtration of ultrapure water (UP water) and
reverse osmosis of salts performed sequentially. Water permeability decreased during the filtration of
UP water performed at a constant applied pressure of 60 bar. During the reverse osmosis of an electrolyte
solution, performed at a constant permeation flux of 31 Lh~' m~2, A was observed to increase continu-
ously with time, e.g. up to a factor of 3 after exposure to 3120 ppm h HOCI, most severe dose used. Dif-
ferences in the charge density of mono- and divalent cations did not influence the rate of increase of A
with time, which was however shown to depend on salt flux and ascribed to a diffusion limited relaxation
process presumed to occur within the dense hydrated PA network. The relative and opposite impact of
applied pressure and of salt permeation highlighted the importance in distinguishing conditions under
which the water permeability (A) of a chlorinated membrane is measured, whether during the filtration

of UP water or of a salt.

1. Introduction

Aromatic polyamide (PA) dense thin films formed by interfacial
polymerization are known to possess a rigid network in part due to
interchain crosslinking and to the presence of benzolyamide
groups forming hydrogen bonds [1,2]. Due to this specific struc-
tural property, PA is the main component of the selective surface
layer of current commercially available composite reverse osmosis
(RO) membranes.

When applied to seawater desalination, the selectivity of PA
based RO membranes, i.e. solute passage relative to water passage,
can be altered upon exposure of these membranes to free chlorine
[3], which is commonly used for oxidation of organic and inorganic
compounds and for disinfection. This is due to halogen (e.g., Cl and
Br) reactivity towards functional groups of the PA layer [4]. A
mechanism of the chlorination of PA was proposed [5], which in-
volves a two-step electrophilic substitution reaction, favored at
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acidic pH (e.g., in the presence of hypochlorous acid), which leads
to both amine and aminobenzene ring chlorinated products.
Properties of chlorinated PA, either obtained by polymeriza-
tion of chlorinated monomers or as is the case for RO membranes
by reaction with free chlorine, have been investigated in relation
to desalination performance [6,7]. Opposite results were reported
in the literature regarding variations of PA interfacial properties
such as hydrophilicity [8,9]. Furthermore, no measurable changes
upon chlorination in surface roughness and surface charge den-
sity, as determined from streaming potential measurements, were
reported in the literature, specifically under maximal manufac-
turer recommended exposure conditions to free chlorine (dose
of 1000 ppm h) [8,10]. PA functional group chemical modifica-
tions induced by the incorporation of chlorine were observed
through the entire thickness of the PA layer, as evidenced from
attenuated total reflection/infrared spectra (ATR/FT-IR) [11-13],
and recently from elemental analysis obtained by Rutherford
backscattering spectrometry [14]. The main shifts of IR PA bands
were (further) attributed to the weakening of intermolecular
hydrogen bond interactions. These chemical structure modifica-
tions were proposed to alter PA chain rigidity [6,12] and mechan-
ical properties [12,13], namely within the dense inner barrier
layer defined by the PA structure model proposed by Freger and



Srebnik [15] and experimentally observed from elemental and
free volume analysis [16,17] and microscopy images [18,19]. Of
interest in the study of transport properties across PA RO mem-
branes, chlorine-induced changes in the structure of the active
layer were believed to account for the loss of filtration selectivity
but also for the time dependence of water permeability observed
during filtration tests performed by Kwon and Leckie [6].

In the present study, apparent transport properties, in relation
to properties of chlorinated PA RO membranes described above,
will be assessed specifically to address the influence of reverse
osmosis operating conditions (applied pressure and solute nature
and concentration) on water permeability variations reported ear-
lier [6,12]. The intention is to clarify occasional ambiguity reported
in the literature regarding water permeability variations, which
will be shown to depend not only on chlorine exposure conditions
but also on operating conditions in which the measurements are
made. Mass transfer properties of chlorinated PA RO membranes
will be further commented in relation to fractional free volume
changes.

2. Materials and methods
2.1. Aqueous solutions

Filtration of single-solute aqueous solutions was performed
using alternately monovalent, divalent salts or an uncharged sugar.
Salts and the organic solute supplied by Acros Organics (purity of
99.5%) were stored and used as received.

Three salts with monovalent cations, NaCl, LiCl and NH4Cl, and
one with a divalent cation, MgCl, (hexahydrate), possessing the
same anion (chloride ion, CI~) were chosen, amongst those present
in seawaters, based on the relative difference of the hydration state
of each cation [20]. In addition, MgSO, (heptahydrate) was chosen
to vary the nature of the anion (sulfate ion SOZ").

An uncharged organic solute, xylose (M, =150.3 gmol ';
logKow=—1.98) [21] was also used. This hydrophilic solute is
known to be retained at 90-100% by dense polyamide and polypip-
erazineamide based nanofiltration and reverse osmosis mem-
branes and not to absorb to their surface [22,23].

Filtrations of NaCl solutions (the reference solute) were per-
formed at different concentrations ranging from 0.01 M to 0.55 M
NaCl. These experiments were carried out either on the same
membrane sample sequentially or on separate membrane samples
(done in triplicate). A constant ionic strength of 0.01 M was used
during the filtration of the different salts. Filtration of xylose was
performed at a concentration of 0.1 M.

Salt concentration in the retentate and in the permeate was
monitored using a handheld conductivity meter (WTW, LF318).
The refractive index of xylose solutions was determined using a
digital refractometer (Atago RX-5000).

2.2. Membrane

A commercially available seawater reverse osmosis (RO) mem-
brane, designated as SW30HRLE-400 (Dow FILMTEC®), was used
during the entire experimental campaign. According to the manu-
facturer, this composite membrane is comprised of a fully aromatic
polyamide (PA) thin film, the active surface layer, synthesized by
interfacial polymerization on a porous polysulfone (PSf) layer sup-
ported by a polyester backing layer.

Membrane samples used for the lab-scale filtration experiments
were cut on membrane sheets to a specific size with an active area
of 140 cm?. The membrane samples were extracted from an 8"
spiral-wound module and were stored between testing periods in
a dark area at 4 °C in ultrapure water (UP water produced from a
Millipore MilliQ system, 18.2 MQ cm).

2.3. Characterization of membrane mass transfer properties

The transport of both water and of a solute across a RO mem-
brane driven by a pressure difference can be described by the solu-
tion-diffusion model [24].

Water flux, J,, expressed in kg s ! m 2 is given by the following
equation:

J_Pu bV
I RT
where P,, is the intrinsic RO membrane water permeability (m? s~ '),
l is the thickness of the hydrated skin (m), R is the gas constant, T
the absolute temperature (K), the product of water density p,, and
of the water molar volume V is equal to the molecular weight of
pure water M, (0.018 kg mol~!), A is the RO membrane water per-
meability coefficient (kgs ' m 2Pa~') and AP is the net driving
pressure in Pa (equal to the difference between the average feed
pressure Pgp, and the trans-membrane osmotic pressure AII).
For a pure water feed solution, the trans-membrane osmotic
pressure is equal to zero, thus the water flux (Ju,upw) is given by
the following equation

.’w.upw =A. PHPP (2)

In the case of the filtration of a solute, water flux (J,,s) can be
expressed by the following equation:

Jws = APapp = (I — 1)) = A(Papp — iRT(Crn — C)) ()

In this equation the osmotic pressure is determined using the
Van't Hoff equation, where Cp, and C, are the solute concentration
(mol m~3) at the membrane surface and in the permeate solution,
respectively, and i is the number of species in solution in the case
of electrolytes (it is equal to 1 for uncharged solutes).

The units more commonly used in reverse osmosis for the
parameters previously defined are J,, s in Lh™! m2 (x2.77 x 1074 -
kgs 'm2), Ain Lhm'm2bar! (x2.77 x 10 °kgs ' m2Pa!)
and pressures P,,, and AIT in bar. This is why these units will be
used in the results and discussion sections of this paper.

Solute flux, J; expressed in molm~2s~"!, can be deduced from
the following equation:

Jo=TEAC =B (Co - ) @)

AP =A- AP = A(Pyy, — AIT) (1)

where P; is the intrinsic RO membrane solute permeability (m?s 1),
AGs is the solute concentration difference and B is the RO mem-
brane solute permeability coefficient (ms~!). As for A, B depends
namely on the thickness of the skin layer during permeation, L

Using the volumetric water flux during the filtration of a solute,
Jws/pw, and the membrane rejection, Rn, given by the following
equation:

G

Ra=1-2 (5)

Eq. (6) can be derived and used to calculate B from experimen-
tally measured quantities:
p—tus 1= R (6)

pw Rm

To account for the concentration polarization effect during the
filtration of a solute, a method described by Sutzkover et al. [25],
based on the film theory and previously tested [22,26], was used
to determine the osmotic pressure I, and hence the solute con-
centration at the membrane surface (C,) from experimentally
measured quantities. This method implies that the membrane
water permeability coefficient, A, should not be affected by the
composition of the feed aqueous solution. In this condition, Eqs.
(2) and (3) may be combined to determine IT,,:




Iy =+ Py (1 Jus ) (7)

] w,upw

Water and solute permeability coefficients, corrected for the
concentration polarization effects, were determined with an exper-
imental uncertainty of 10% and 11%, respectively (resulting from
instrument measurement inaccuracies).

2.4. Crossflow filtration apparatus and experimental protocol

A crossflow filtration cell (SEPAII, GE) [12] was used to perform
reverse osmosis tests. A feed spacer and a permeate collector pro-
vided with the crossflow apparatus were used. UP water or a sin-
gle-solute aqueous solution, contained in a 10L stainless steel
jacketed tank, was pumped to the filtration cell at a flow rate of
130 Lh~! (corresponding to a crossflow velocity of ca. 0.3 ms™!
with the equipment used). The applied pressure was controlled
through adjustment of a by-pass valve and a back pressure regula-
tor (Tescom). The permeate flux was measured volumetrically and
systematically recycled back along with the retentate to the feed
tank, in which the bulk feed solute concentration was kept con-
stant. The feed solution was held at a constant temperature of
20 + 3 °C. The pH of the aqueous solutions was 6 + 0.5 and filtra-
tions were performed without any adjustment.

In preparation for each experiment, the membrane samples
were rinsed in UP water baths that were periodically renewed to
remove preservation agents. The protocol used during the reverse
osmosis filtration tests was applied similarly to membrane sam-
ples before and after chlorination. It combined three main steps
which were carried out consecutively in the time span of one day:

- filtration of UP water at a constant applied pressure of 60 bar
until the permeation flux Ju,.,,w Was constant; A was then
determined;

- filtration of a solute at a permeation flux J, s maintained con-
stant at a value of 31 Lh~! m~2; B was then calculated; and

- rinsing of the filtration apparatus and of the membrane with UP
water and a final filtration of UP water at an applied pressure of
60 bar during which a final measure of A was performed.

As reported in our previous article [12], variations of the com-
posite RO membrane water and solute permeability coefficients,
discussed in Section 3, were attributed to modifications of the
properties of the PA active layer.

2.5. Chlorination protocol [12]

Once the pristine membrane transport properties were mea-
sured (previous section) membranes were removed from the filtra-
tion cell and soaked, at 20+ 3°C, in 1L borosilicate beakers
containing free chlorine solutions prepared by diluting a
111 g L' sodium hypochlorite (NaOCl) solution in UP water to de-
sired concentrations. The ratio of membrane area to solution vol-
ume was of 2.68m?L!. The beakers were covered with
Parafilm™ and stored in a dark area to reduce the natural reaction
of chlorine with light or air.

The contents of hypochlorous acid (HOCI) and of the hypochlo-
rite ion (ClO™) were spectrophotometrically determined at three
different pH units used to prepare free chlorine solutions (Agilent,
HP 8452A UV-Vis spectrophotometer; HOCI: Jpmax =230 nm,
Emax =111 M1 em™!; ClO™: Zmax =292 NM, &max =348 M~ 'cm™1).
The pH was adjusted by addition of hydrochloric acid 37% v/v (Ac-
ros Organics) at values of 6.9 and 8.0, corresponding to pH condi-
tions found in seawater desalination plants. In addition, the pH
was adjusted to 5.0 where HOCI is dominant.

The contact time was set to 1 h. Chlorination of the PA RO mem-
branes was expressed as mg h L~! HOCI (ppm h HOCI). HOCI was
observed to be the active specie in the chlorination of PA for a
pH greater than 5.0 [12]. HOCI concentrations were converted from
free chlorine concentrations using HOCI molar fractions deter-
mined spectrophotometrically at each pH. HOCI doses used during
this study are presented in Table 1.

Chlorination was performed in a dark area to limit the photo-
degradation of pristine and chlorinated RO membrane samples
[27].

3. Results

3.1. Main variations in mass transfer properties induced by
chlorination

Average mass transfer properties of a set of 30 membrane sam-
ples assessed during the filtration of NaCl at a concentration of
0.55 M prior to chlorination are presented in Table 2. Variations
for A, B and R,, during the filtration of 0.55 M NaCl were within
the experimental uncertainties (see Section 2.3). However, it is
important to point out that the measured values, corrected for
the effects of concentration polarization, differed somewhat from
those provided by membrane manufacturers [28]. To illustrate this
point, the NaCl average retention determined during this study
was equal to 97.6% in comparison to 99.8% provided by manufac-
turers. The measured values are nonetheless in agreement with
characteristic filtration performance measurements, available in
the literature, using laboratory filtration cells in comparable oper-
ating conditions (i.e. cell type, cross-flow velocity, solute concen-
tration, and water flux) [6,17,26,29].

Fig. 1 presents the main variations of A (Fig. 1a) and B (Fig. 1b)
during the filtration of UP water at 60 bar and during the subse-
quent filtration of 0.55 M NaCl at a constant permeation flux of
31Lh "m™2 Results are given for four HOCl exposure doses
(3120 ppm h, 550 ppm h, 220 ppm h, and 78 ppm h). Before chlori-
nation (day 1), the results show a good reproducibility in mem-
brane mass transfer properties measured for four different
samples. For chlorinated membranes (day 3), in agreement with
previously published results [6,12], variations of the water perme-
ability coefficient (diamond) were observed during the filtration of
UP water, marked mainly by changes in the filtration time needed
for stabilization (Fig. 1a). The higher the HOCI exposure dose dur-
ing the chlorination step, the faster the water flux stabilization.
Fig. 1a further shows that subsequent addition of NaCl causes an
immediate and continuous increase of A with time during filtration
(triangle), while the permeation flux is maintained at a constant
value (Jus =31 Lh™' m~2). The increase of A was lowest for doses
of 78 and 220 ppm h HOCI and more severely marked at 550 and
3120 pm h, (gray and white triangles respectively). The minimum
dose at which the variations were considered to be significant
was evaluated equal to 400 ppm h HOCI [12] (data not shown).
Moreover, for HOCI doses higher than this value, no stabilization
of A was observed in the time span of this experiment (up to
8 h). Kwon et al. did not observe a stabilization of A during the fil-
tration of NaCl following ca. 40 h of operation in similar filtration
conditions (cross-flow cell used, membrane surface area, applied
pressure) for PA membranes chlorinated in similar conditions,
although the rate of increase of A did decline over time [6]. The ef-
fect of the permeation of NaCl on the apparent swelling of the PA
thin film was analyzed by a final measure of A with UP water (dia-
mond in day 3). The water permeability coefficient increased by a
factor of ca. 3 for series 1 by comparison with the value before salt
filtration. In addition, A showed roughly no time-dependence over
1 h during the last step of the experiment. This could indicate per-



Table 1
Free chlorine doses used at pH 5.0, 6.9 and 8.0 and corresponding HOCI doses obtained using HOCI molar fractions spectrophotometrically determined for each pH.

pH 5.0 6.9 8.0

HOCI content ~100% 78% 22%

Free chlorine dose (ppm h) 4000 100 2500 4000 1000 2500 4000
HOCI dose (ppm h HOCI) 4000 78 1950 3120 220 550 880

Table 2
Pristine membrane mass transfer properties during the filtration of 0.55 M NaCl. Average values determined at a constant permeation flux of 31 Lh™" m~2, 20 °C and standard
deviations for 30 membranes are given.

NaCl permeability coefficient, Byac (x107" ms™')
21+£09

Membrane mass transfer property ~Water permeability coefficient, A (Lh™ m~2 bar™")
1.35+0.06

NaCl rejection, R, (%)
97.6+1.0

Average value

Table 3
Normalized NaCl permeability coefficient following chlorination at 78, 220, 550, 880, 1950, 3120 and 4000 ppm h HOCI. Average values and standard deviations obtained during
tests performed in triplicate are given.

Chlorination (HOCI dose) 78 ppm h

1.5£0.1

220 ppm h
14+0.1

550 ppm h
1.5+0.2

880 ppm h
23+0.2

1950 ppm h
22+03

3120 ppm h
25+04

4000 ppm h
3.8+0.2

Bchlorinated/Bpristine

manent changes of the structure of chlorinated PA with perme- N
ation of NaCl. An analogy can be made with the temperature en- (a)
hanced swelling of polypiperazine nanofiltration membranes
during the filtration of a salt above ambient temperature (i.e. at
50 °C), as reported by Nilsson et al. [30,31].

This experiment illustrates how the chlorinated RO membrane
water permeability coefficient depends on operating conditions.
Therefore water permeability coefficient values should be reported
along with a full description of the operating conditions and steps
(i.e., the material history).

In the absence of the stabilization of A, within the time-span
during which the step of the filtration of a salt was carried out,
as was the case for membranes chlorinated above 400 ppm h HOCI,
the derivative of A with respect to time (A’) was considered to re-
flect the level of RO membrane structure and performance
modifications.

The profile of the solute permeability coefficient (B) with time
during the filtration at a constant water flux (J,,s of 31 Lh™' m~2)
was marked by a sharp decrease in the earlier stages, regardless
of chlorine exposure conditions and of bulk feed solute concentra-
tions, before a stable value was reached (Fig. 1b). It the steady-
state, the solute permeability coefficient was observed to increase
in a stepwise fashion with increasing HOCI concentration (Table 3).

UP water filtration :
<& Series 1 ¢ Series2 ® Series 3 ¢ Series4

NaCl filtration :

A Series1 A Series2 A Series3 A Series4

Day2 $
y @

2.0 Day 1

Water permeability (L.h".m2.bar?, 20 C)

Chlorination step (by immmersion)

0 T T T T
0 2 4 6 0 2 4 6 8

Duration (h)

(b) fes
X Series1 < Series2 X Series 3 + Series 4

079 Day1 ;Day2 Day3

3.2. Influence of solute filtration operating conditions on water
transport

3.2.1. Influence of net driving pressure

Solute filtration was performed systematically at a constant
water flux to assess solute transport changes with chlorination.
To balance the increase of A with time during the filtration of a sol-
ute the applied pressure was decreased so as to maintain the water
flux constant (see Sections 2.4 and 3.1). This procedure corre-
sponds to the one classically used in desalination plants where
the pressure is adjusted mainly to balance the decrease of A due
to fouling. On chlorinated membranes, the intention was to evalu-
ate whether A variations during the filtration of a salt could be

5.0

*D
N
XX
PSRN
N
XD

Solute permeability (x 107 m.s")
+X

Chlorination step (by immersion)

partly attributed to the decrease in pressure independently of the
effect of salt transfer. In this objective, a control test was per-
formed (white diamond in Fig. 2) using UP water under similar
net driving pressure conditions to those used during NaCl filtration
(black triangle in Fig. 2). Fig. 2 shows that before soaking in chlo-
rine (day 1), both pristine membrane samples had similar water
permeability coefficients, whether during UP water filtration
(white diamond) or during NaCl filtration (black triangle). After

25 30 35 40 45 50 55 60 65 7.0
Duration (h)

Fig. 1. (a) Water permeability coefficient (A) and (b) solute permeability coefficient
(B) determined during the filtration of UP water and the subsequent filtration of
NaCl at a concentration of 0.55M before (day 1) and after (day 3) chlorination
(performed on day 2). A final filtration of UP water was performed to determine the
water permeability coefficient following the filtration of NaCl on day 3 (series 1:
3120 ppm h; series 2: 550 ppm h; series 3: 220 ppm h; and series 4: 78 ppm h).



chlorination (day 3) performed at 3120 ppm h HOCI, A decreased
and stabilized at a similar value during the filtration of UP water
performed at an applied feed pressure of 60 bar. When the net
driving pressure was decreased, during the control test (UP water
filtration), A increased by a factor of ca. 1.4 after 3 h (as determined
during a subsequent filtration of UP water performed at 60 bar),
half the increase during the filtration of NaCl (black triangle) in
the same pressure conditions. Thus, a relaxation effect seems to oc-
cur upon a pressure reduction but it is much less important in the
absence of salt.

3.2.2. Influence of salt flux

Repeated runs during the filtration of UP water show that vari-
ations of the water permeability coefficient due to chlorination (at
a given dose) are reproducible [12]. This filtration step can be used
to define an experimental starting point prior to the filtration of a
salt in an attempt to apprehend, during independent tests, the
influence of salt flux on the rate of increase of the water permeabil-
ity coefficient with time (A’). It is important to stress that this ap-
proach was applied to the study of membrane samples exposed to
HOCI doses above 400 ppm h, for which noticeable structure insta-
bility (i.e., decrease of A under applied pressure) was observed [12].

The rate of increase of A with time (A’) during the filtration of
NaCl was determined at feed bulk concentrations of 0, 0.01, 0.05,
0.1 and 0.55 M during independent tests (Fig. 3a). All samples were
exposed to a similar HOCI dose of 3120 ppm h, and water flux was
stabilized beforehand during filtration of UP water performed at a
constant feed pressure of 60 bar. The results in Fig. 3 show that A’
(corresponding to the slope of A vs. time) increases with an in-
crease in the bulk feed concentration. Furthermore, A’ seems to le-
vel off at 0.35Lh 2m™2bar~! for a feed bulk concentration of
0.55 M Nacl (Fig. 3-b).

Fig. 4 presents the influence of a stepwise increase in salt con-
centration during the filtration of NaCl carried out sequentially at
concentrations of 0.05, 0.1 and 0.55 M before and after chlorination
(at 3120 ppm h HOCI). In the steady-state, B of a pristine mem-
brane varied by ca. 12% in the concentration range spanned. This
variation is within the experimental uncertainty of B indicating
that there seems to be no significant NaCl concentration depen-
dence of B in these experimental conditions. This seems to be in
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Fig. 3. (a) Usual profile of the water permeability coefficient (A) of chlorinated
membranes versus time during the filtration of UP water and of NaCl at bulk feed
concentrations of 0.01, 0.05, 0.1 and 0.55 M. The rate of increase of A with time (A’)
corresponds to the slope of the linear regression. (b) Influence of the NaCl
concentration on A’ during the filtration performed in standard conditions (J,,s of
31Lh~'m™2 20°C, 4,=0.3ms™', pH ~ 6.0). Membrane samples were chlorinated
in similar conditions (3120 ppm h HOCI). Error bars were defined from standard
deviations obtained during tests performed in triplicate.

agreement with AFM-thickness measurements showing the
absence of swelling of the active layer of pristine RO membranes
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Fig. 2. Variations of chlorinated membrane water permeability coefficient (A) and of the net driving pressure with time. The net driving pressure was adjusted throughout the
filtration of NaCl (black triangle) to maintain the permeation flux constant. The control test (white diamond) was performed to assess the influence of a decrease of the net
driving pressure on the rate of increase of A with time during the filtration of a salt (day 3). The control test was performed with UP water during the entire procedure under
similar net driving pressure conditions as those used during the filtration of 0.55 M NaCl (black triangle). Membrane samples were chlorinated in similar conditions

(3120 ppm h HOCI).
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Fig. 4. Water permeability coefficient (A) and solute permeability coefficient (B) during the filtration of UP water and subsequent filtration of NaCl performed at
concentrations which were increased sequentially from 0.05, 0.1 up to 0.55 M. Arrows indicate the period at which the feed aqueous solution was completed with a fresh
stock solution to reach the desired NaCl concentrations. Results are given for a membrane before (day 1) and after (day 3) chlorination (performed on day 2) (3120 ppm h

HOCI). Error bars correspond to the experimental uncertainty for B.

in salt solutions (in alkaline conditions) and in pure water [32]. For
chlorinated membranes, an increase of the NaCl bulk feed concen-
tration from 0.05-0.1 to 0.55 M resulted in a jump in the value of A
without a noticeable change in the rate of increase (A’). At the same
time, in the steady-state, B increased by ca. 70% when the bulk feed
concentration was increased from 0.1 to 0.55 M.

During filtration tests performed independently on membranes
exposed to 3120 ppm h HOCI, NaCl bulk feed concentration was
also observed to impact on variations of B evaluated by using the
normalized NaCl permeability coefficient Bcpiorinated/Bopristine (data
not shown). In the steady state, the ratio was above 1 (the mem-
brane had a higher permeability to NaCl after chlorination) during
the filtration of an aqueous solution at a bulk feed concentration of
0.55 M NaCl, whereas it was equal to 1 during the filtration of solu-
tions at concentrations of 0.01, 0.05 and 0.1 M NacCl. As a conclu-
sion, the variations in the chlorinated membrane NaCl
permeability coefficient exhibit the same evolution as a function
of NaCl concentration whether during filtration tests performed
independently at various concentrations or carried out with a
sequential increase in the bulk feed concentration.

The influence of a sequential increase in the bulk feed concen-
tration as opposed to filtration tests performed independently
was also assessed in terms of variations of the water permeability
coefficient. During independent filtration tests, A’ increased with
solute concentration (Fig. 3b). The absence of a measurable change
in A’ with a sequential increase in the bulk feed salt concentration
(Fig. 4) seems to indicate that A is set by the initial NaCl bulk feed
concentration. The same conclusions could be drawn when com-
paring the chlorinated membrane water permeability coefficient
determined during the filtration, performed sequentially, of the
different salts considered (data not shown). The results presented
in Fig. 4 could arise from swelling of the hydrated PA layer during
initial solute permeation, which was believed to be irreversible as
determined by a measure of A during a subsequent filtration of UP
water (Fig. 1a).

Fig. 5 provides an additional illustration of the impact of solute
permeation, taking into account both solute concentration and nat-
ure, on changes of the PA-based RO membrane water permeability
coefficient at a given chlorine exposure condition. A’ is plotted
against the initial solute flux (J, Eq. (4)) for independent filtration
tests performed with salt possessing different mono- and divalent
ions at a constant ionic strength of 0.01 M, with NaCl from 0.01 to
0.55 M and with xylose at a concentration of 0.1 M. Each test was

performed after exposure to a HOCI dose of 3120 ppm h. It was ob-
served that A’, ascribed to structure relaxation through swelling of
the PA layer, was related to the initial salt flux, irrespective of the
nature of the cation for which a more detailed investigation of its
influence on salt permeation through chlorinated RO membranes
would be required. Essentially, salts that were most rejected, e.g.
MgSO,4, were those that generated the lowest value of A'.

Furthermore, it seems that swelling of the PA layer was only
triggered by the permeation of an electrolyte. The permeation of
xylose, although enhanced after chlorination by a factor of ca. 2,
did not cause any increase in A when compared to the value deter-
mined after filtration of UP water (A’ = 0). Results on the enhanced
permeation of xylose further suggest a chlorine-induced increase
of segmental mobility within the PA network.

The experimental results in Fig. 5 seem to fall on a single curve
(fitted and with an origin at A’(0), which corresponds to the in-
crease of A measured during the control test performed without
a salt, Fig. 2) given by the following equation:

_ s initial
1+ bJ; nitial

Modifications of the PA structure seem to be diffusion limited,
as illustrated by the asymptote reached for A’ with an increase of
salt flux (Jsinia) in these experimental conditions. In addition,
the extent to which A’ varies with salt flux and to which the
asymptotic value is eventually reached depends on chlorine expo-
sure conditions, i.e. the HOCI dose (white triangle in Fig. 5). A’ is
then proposed as an alternative probe to qualitatively assess vari-
ations of the structure of chlorinated polyamide RO membranes.

A (8)

4. Discussion

Modifications of the chemistry and of the structure of aromatic
polyamides caused by chlorination have yet to be fully appre-
hended as discussions on the exact reaction mechanism are ongo-
ing [5,33,34]. Tang et al. 2012 recently proposed that both chlorine
substitution and further covalent bond cleavage should result from
exposure of PA to free chlorine. However, no reaction kinetics were
provided in this study, that is there was no indication of the free
chlorine doses necessary to obtain secondary bond cleavage. It
has commonly been assumed that PA physicochemical property
and structure changes result mainly from chlorine-induced
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weakening of chain cohesion energy [6,9,13,35] analogously to
changes observed in semi-crystalline nylon [36,37] and in amor-
phous PA NF membranes [38] above the glass transition.

In the present study, the pressure-induced decrease of A during
the filtration of UP water, and the increase of membrane perme-
ability to a neutral (and non-absorbing) solute such as xylose, are
believed to result from a loss of rigidity within the dense PA active
layer following exposure to chlorine (at doses greater than ca.
400 ppm h HOCI). The less rigid PA structure can undergo alterna-
tively volume contraction or swelling depending on filtration con-
ditions. As such, chlorine-induced water and solute permeability
coefficient variations in relation to PA structure changes resemble
temperature-enhanced relaxation of nanofiltration membranes
and its impact on water and solute transport as observed the dur-
ing filtration of a salt in alkaline conditions [31] and of neutral sol-
utes [38,39].

As a consequence, a form of free volume theory can be used to
describe chlorinated membrane permeability to water and to a sol-
ute, associated with PA volume contraction (polymer densification)
or penetrant-induced swelling [40]. In free volume models applica-
ble to dense polymer films, the permeation of larger hydrated sol-
utes should show a higher dependence to free volume than that of
smaller penetrants such as water [41,42].

In the experimental conditions used during this study, the hy-
drated PA layer of chlorinated membranes is initially believed to
be in a fully densified state, following pressure-induced packing
during filtration of UP water. Thus, the permeation of a hydrated
ion is believed to induce swelling of the chlorinated PA layer as
illustrated by the increase of A. This proposed approach could ex-
plain results reported in the literature [6] and discussed in this
study on the apparent increase of the water flux, i.e. permeation
flux, during the filtration of a salt at a constant net driving pressure
(AII varying on average by less than 5%), and on its time depen-
dence as a result of polymer relaxation with the permeation of
an ion. In this scheme, the increase of A as ions permeate is ex-
pected to cease once the PA network has evolved to a stable struc-

ture. Moreover, swelling within the PA layer is irreversible as
shown in Fig. 1 by the increase of A as determined during the filtra-
tion of UP water performed at the end of day 3.

PA relaxation, presumed to occur during the filtration of a salt,
is discussed with respect to specific filtration conditions used dur-
ing this study, i.e. considering an initial filtration of UP water and
its impact on PA volume contraction. However, it is believed that
this process should occur, perhaps to a lesser extent, within chlo-
rinated PA RO membranes in an actual operating environment,
e.g. during seawater desalination.

The decrease and stabilization of the solute permeability coeffi-
cient, B, of chlorinated membranes during the filtration of a salt
contrasts with the continuous increase of A with time. This could
suggest that free volumes large enough to allow for the transport
of water but too small to allow for the permeation of a hydrated
ion were formed. This relatively slow process would be initiated
by the penetration of ions within the less rigid chlorinated PA layer
and pursued several hours after.

5. Conclusion

Filtration tests conducted at the laboratory scale have high-
lighted variations of RO membrane mass transfer properties when
exposed, by immersion, to free chlorine, in particular to HOCI ac-
tive specie in the chlorination of PA.

The sensitivity of the water permeability coefficient to pressure
during the filtration of UP water, not measurable for pristine RO
membranes, was associated with a decrease in rigidity within the
PA active layer. Independent filtration tests of single-solute solu-
tions, performed with different mono- and divalent salts, xylose
and at different concentrations, showed that the chlorinated mem-
brane permeability to water was influenced by the initial flux of an
electrolyte (Jsiniriar). These variations were enhanced with an in-
crease in the HOCI dose. In agreement with previously published
studies on the changes in PA structure and properties with



exposure to chlorine, chlorination was suggested to alter PA rigid-
ity above an HOCI dose of 400 ppm h.

Focusing on the irreversible increase of the water permeability
coefficient and its time dependence, it was shown that this phe-
nomenon is linked to the permeation of electrolytes across the
chlorinated polyamide layer. The penetration of electrolytes seems
to induce a diffusion limited relaxation, through swelling, of the
dense hydrated chlorinated PA layer. Three parameters, the de-
crease of the membrane water permeability coefficient (A) during
the filtration of UP, the kinetics of the increase of the water perme-
ability coefficient and the stabilized solute permeability coefficient
(B) during the filtration of a salt, were then proposed as probes to
assess chlorine-induced surface changes of RO membranes.

From an application standpoint, attention should be paid to the
characterization method applied for the study of mass transfer
properties of chlorinated RO membranes, specifically when the
water permeability coefficient is determined, whether before or
after filtration of electrolytic solutions or water.
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