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In this study we report changes in the glass transition temperature (Tg) of the polyamide barrier layer (PBL)
of a commercial RO membrane as a function of chlorine treatment in which concentration and pH were
systematically varied. The results indicate a monotonic decrease of T, with increasing exposure time at a
given chlorine concentration. Further, both the degree and the rate of T, decrease vary significantly with

both the chlorine concentration and pH value of the aqueous chlorine solution. Moreover, the decrease

Keywords:

Chlorine degradation

Glass transition temperature
Polyamide barrier layer

Thin film composite membrane

in PBL T, correlates well with the reduction in the salt rejection of the membrane, but the magnitude of
the correlation is specific to chlorine concentration and pH values.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Membranes have become a key technology in generation of
potable water in response to increasing societal needs. In partic-
ular, membrane-based desalination utilizes thin film composite
(TFC) reverse osmosis (RO) membranes, due to their relative energy
efficiency, small footprint, and low overall cost. The recent geo-
metric growth in RO desalination has also stimulated efforts to
improve the performance of these membranes with respect to
higher pressure-normalized flux, lower salt passage, and greater
tolerance to oxidative damage due to disinfectant exposure, which
is used to minimize biological growth/fouling [1].

A TFC RO membrane generally consists of three layers: a
crosslinked polyamide barrier layer (PBL) with a thickness of
200 nm or less, a porous support layer (often polysulfone), and a
polyester web (Fig. 1). Both the polysulfone and polyester layers
provide mechanical support for the PBL, which provides high per-
meability of water compared to lower salt passage (high rejection)
under high pressure. Often, the continuous operation of these
membranes is adversely affected by fouling (scaling) and/or for-
mation of a gel layer (biofouling) on the membrane surface, which
leads to a significant reduction in the membrane performance. To
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restore their original performance, these membranes are treated
with oxidative solutions such as chlorine to remove the foulants.
Unfortunately, this periodic “cleaning” procedure chemically
degrades the PBL, which leads to a permanent reduction in the
ability of the TFC-RO membrane to reject salt [2].

The exact physico-chemical mechanism for the observed mem-
brane degradation remains unclear despite decades of research.
Spectroscopic techniques such as FTIR (Fourier transform infrared)
and XPS (X-ray photoelectron spectroscopy) have often been used
to characterize the chemical changes that occur in the PBL [3-7].
Kawaguchi and Tamura suggested that two chemical processes
occur upon chlorine exposure, namely, reversible N-chlorination
and irreversible aromatic ring chlorination through “Orton ring
arrangement” [8]. Avlonitis et al. suggested a two-step chemi-
cal reaction: aromatic chlorination followed by chain scission of
the amide links [9]. Such chlorination may cause weakening of
intermolecular hydrogen bonds and a resulting increase in chain
mobility [6,7]. In addition, atomic force microscopy (AFM), electron
microscopy, as well as measurements of zeta potential and con-
tact angle have also been utilized to characterize the morphology
and surface energy of these membranes upon chlorine exposure
[6,10]. Specifically, contact angle and zeta potential are found to
decrease upon chlorine exposure [6], although such results may be
membrane specific.

However, studies of the physical properties of the PBL of TFC
RO membranes are in general scarce compared to those regarding
chemical degradation and performance degradation [11,12]. The
current lack of knowledge is largely due to the relative absence of
methods that can directly characterize these supported, ultrathin,
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Fig. 1. Schematic illustration of the nano-TA measurement of the polyamide barrier layer atop a TFC RO membrane.

and cross-linked PBLs. Greenberg et al. developed a pendent-
drop mechanical analysis (PDMA) technique to characterize the
mechanical properties of the interfacially polymerized polyamide
layer [13]. However, PDMA cannot be applied to the commercial
membranes. It is clear that chlorination and subsequent chemical
reactions will inevitably alter the physical properties of the PBL,
whichin turn will affect salt rejection characteristics [14,15]. There-
fore, knowledge of these fundamental PBL physical properties can
provide an important link for improved understanding as to how
chemical changes in the PBL lead to decreased selectivity of the
TFC RO membrane. To address this challenge, we applied a newly
developed AFM-based nano-thermal analysis technique (nano-TA)
[16], to characterize the evolution of glass transition temperature
(Tg) of the PBL for a commercial TFC RO membrane upon con-
trolled chlorine treatments. Further, we evaluated the water and
NaCl separation performance for the chlorine-exposed membranes
to compare with the T; measurements. The influences of exposure
time, chlorine concentrations, and pH values of the chlorine solu-
tions on the degradation behavior in terms of both barrier layer Ty
and the salt rejection of the membrane are reported here.

2. Experimental

2.1. Controlled exposure of TFC RO membranes to chlorine
solution

Dow Filmtec XLE-440 membranes,! an extra-low-energy,
brackish-water TFC RO membrane (Dow Water & Process Solu-
tions) were used in this study [17]. The membrane samples were
supplied as rolls of glycerin-dried flat sheets that were stored in a
cool and dark environment, as recommended by the manufacturer.
The membrane sheets were cut into identical circular pieces (diam-
eter=4.85cm) for the filtration experiments, and square pieces
(1cm x 1 cm) for the nano-TA measurements.

1 Mention of commercial products does not imply recommendation or
endorsement by NIST.

The membrane sections were first soaked in 25vol% aque-
ous isopropanol (Mallinckrodt, St. Louis, MO) solution for 20 min
continuously to remove the glycerin, and then rinsed with running
deionized (DI) water for 10 min to remove other impurities [17,18].
These wet membrane sections were immediately immersed in
aqueous chlorine solutions, which were then placed in tightly
sealed glass vials and protected from light. The chlorine con-
centrations of the solutions were adjusted by diluting sodium
hypochlorite (Scholar Chemistry, used as received) with potassium
hydrogen phthalate pH 4 buffer, potassium phosphate monoba-
sic/sodium hydroxide pH 7 buffer and potassium carbonate pH 10
buffer solutions (Fisher Scientific, used as received), and were not
monitored throughout the experiments. Specifically, the concen-
trations of the sodium hypochlorite used in the study ranged from
200 to 20,000 ppm for buffers with pH values of 4, 7 and 10. After
soaking in a given chlorine solution for the desired period of time,
the membrane sections were removed and then rinsed with DI
water for 15 min. The sections were then either immediately used
in filtration experiments or completely dried in vacuum oven for
the nano-TA experiments.

2.2. Characterization of Tg of the exposed membranes with
nano-TA technique

After controlled chlorine exposure and a DI water rinse, sections
were dried at 90°C in a vacuum oven for 12 h to remove absorbed
water. These dried sections, along with virgin XLE-440 sections
after removing the glycerol and drying as mentioned above, were
then characterized by nano-TA, as schematically shown in Fig. 1.
Details of nano-TA measurement of supported polymer thin films
and TFC RO membranes are described in a recent publication [16].
Briefly, nano-TA is an AFM (Bruker DI3100)-based nanoscale ther-
mal analysis technique (Anasys, Inc.) that utilizes a custom-made
thermal lever probe to measure the softening temperature of a
material with a spatial resolution of ~100nm [19,20]. A heating
rate of 2°C/s (120°C/min) was used for all of the measurements
reported in this study. T; measurements at different locations
across the surface of the membranes were carried out for each
sample, and the results reported as mean and standard deviation
values.
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2.3. Filtration experiments on the chlorine-exposed membranes

Filtration experiments with the chlorine-exposed membrane
samples were conducted in a Sterlitech HP4750 stirred cell (Ster-
litech, WA) with an inner diameter of 3.2cm and an effective
membrane area of 8.48 cm?, by use of a constant-pressure, stirred,
dead-end (normal flow) filtration configuration. The stirrer power
was maintained at a constant value for all measurements. High
pressure nitrogen was used to supply the required pressure. All fil-
tration experiments were carried out at room temperature (21 °C).
The experimental protocol utilized the following steps. After the
controlled chlorine exposure and subsequent DI water rinse, the
sample was placed inside the cell, which was then filled with
4000 mL of DI water for the membrane conditioning step recom-
mended by the manufacturer. DI water filtration was carried out
at each of three operating pressures, 1.38, 2.07 and 2.76 MPa, for
2h to ensure complete wetting of the membrane and to leach
out/dissolve any remaining preservatives, residual isopropanol,
and non-bounded chlorine. The collected permeate was weighed
and its conductivity recorded every 10 min throughout the exper-
iment. The conductivity was measured by use of an Ultrameter 6P
(Myron L, Carlsbad, CA), and the concentrations were calculated
from the conductivity calibration curve prepared for the instru-
ment over an appropriate range of conductivities. After completion
of the DI water filtration, the pressure was released, and the DI
water feed was replaced with a 2000 mg/L NaCl (Mallinckrodt, St.
Louis, MO) solution. Filtration of the salt solution was carried out
at an operating pressure of 2.76 MPa, and the collected permeate
was weighed every 10 min over a 2 h period. Note that the con-
centration of the final feed solution after the filtration ranged from
2067 mg/L of the most severely degraded membranes to 2140 mg/L
of the least degraded one.

The salt rejection R of the TFC RO membrane samples (as-
received or chlorine-treated) was defined as

G

(1)

where G, and G are the salt concentration of the permeate and
the feed solutions, respectively. No corrections to the observed
rejection, R, were made to account for differences in concentra-
tion polarization between membrane samples. Due to the large
number of membrane samples and the period required for each fil-
tration experiment, we estimated the uncertainty of the filtration
measurements by selecting a single representative membrane sam-
ple. Specifically, filtration experiments were repeated three times
for those membrane samples exposed to the highest chlorine con-
centration (20,000 ppm) for the longest duration (2000 min), i.e.,
having the largest ppmh value (defined later), at each pH solution.
As described subsequently, these membrane samples evidenced
the largestdecrease in performance and Tg, and most likely have the
largest uncertainty values because of the severe chlorine exposure.

3. Results and discussion
3.1. Tg Response of the PBL to chlorine exposure

A protocol for PBL T, measurement by use of nano-TA was
established in our previous work [16]. Note that the influence of
the polysulfone substrate on the Ty values of the PBL is negligi-
ble due to its relatively high T; and similar thermal conductivity
as compared with the PBL [16,21]. As reported, the T of the PBL
on the virgin (untreated) XLE-440 membrane was determined to
be ~1724+4.2°C. Fig. 2a shows representative cantilever deflec-
tion as a function of temperature from nano-TA measurements of
PBL exposed for 2000 min in a 20,000 ppm chlorine solution with
a pH value of 7. Each deflection-temperature curve represents a

nano-TA measurement carried out at a randomly selected loca-
tion on the surface of the PBL. The T, of the PBL is defined as the
temperature at which a significant reduction in deflection occurs
(Fig. 2a). As the PBL in contact with the tip is heated to above
its Ty, the tip starts to “sink” into the “softened” PBL, causing the
change in cantilever deflection reflected in Fig. 2a. For this partic-
ular chlorine-treated membrane, the Tg of the PBL was determined
to be ~126 +5.6 °C. Apparently, extended exposure to the chlorine
solution significantly reduced the T; in comparison with that of the
virgin membrane (~172 £+4.2°C). Note that polysulfone has been
reported to be highly resistant to chlorine across a broad pH range
[22-25].

Fig. 2b summarizes the Ty of the PBL as a function of chlorine
exposure period for five different chlorine concentrations (200, 600,
2000, 6000, and 20,000 ppm) at pH 7 (Fig. 2b). For each chlorine
concentration, the Ty of the PBL monotonically decreases with an
increase in exposure period, and the magnitude of Tg reduction is
greater for higher chlorine concentrations. After long exposure at
each concentration, an asymptotic value of Ty is reached with the
exceptions of 20,000 ppm and 6000 ppm. Fig. 2c and d shows the
changes of Ty after exposure to varying concentrations of chlorine
at pH 4 and pH 10, respectively. For chlorine exposure at pH 4, Ty
decreases with an increase of chlorine exposure period and con-
centration. This behavior is similar to that observed at pH 7, but
the magnitude of the decrease is lower, particularly at high chlo-
rine concentrations. Specifically, the T; declined from 172 +4.2°C
to 138 £ 4.2 °C after a 4000-min exposure to a 20,000-ppm aqueous
chlorine solution. Surprisingly, at pH 10, the degree of Ty reduction
appears independent of the chlorine concentration after long expo-
sure, which is quite different from the response observed for pH 7
and pH 4. In addition, the kinetics of the T, reduction for all chlo-
rine concentrations are noticeably faster at pH 10 than the other
pH values.

The Kohlrausch-Williams-Watts equation (KWW), an empiri-
cal stretched exponential function, was employed to quantitatively
analyze the Ty behavior resulting from chlorine treatment. The
KWW equation is given as

B
Tg(t) = Tg,o + (Tg0 — Tg,) €XP (—(;) ) , (2)

T

where Tgg, Ty(), and Tgq are the measured values of Tg for the
virgin PBL, after exposure to a chlorine solution for time t, and
the asymptotic value after long exposure, respectively. In addi-
tion, Tt represents the characteristic time scale of the decrease
in Ty after chlorine treatment representing how fast it changes
with exposure, and § is the so-called stretching parameter, nor-
mally ranging from 0 to 1, which characterizes the breadth of
the degradation distribution [19,26-28]. Values of KWW param-
eters were obtained from fitting the experimental data for all of
the chlorine exposure results shown in Fig. 2, and these are pre-
sented in Table 1. To the best of our knowledge, these are the first
reported results for PBL T, behavior for membranes exposed to
chlorine solutions with systematically varying concentration, time
and pH. The observed decreases in T of the amorphous cross-linked
PBL suggest a changes in the structure and physical properties of
the polyamide, which would in turn cause a decline in membrane
performance.

3.2. Effect of chlorine exposure on membrane permselective
behavior

Comprehensive filtration experiments were conducted by use
of chlorine-treated XLE-440 membranes in order to examine
possible correlation between T, reduction and separation perfor-
mance. Chlorine treatment followed the same concentration, pH
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Fig. 2. (a) Deflection of cantilever as a function of temperature from the nano-TA measurements of the PBL after exposure to a chlorine solution (20,000 ppm) for 2000 min
with pH 7 buffer. Curves correspond to independent measurements at 7 different locations across the surface of the membrane. T of the XLE-440 membrane as a function of
exposure period at varying chlorine concentrations at (b) pH 7, (¢) pH 4 and (d) pH 10. The data corresponding to different chlorine concentrations were marked on (b)-(d).
The curves for each symbol set were fit by use of the Kohlrausch-Williams-Watts (KWW) equation.

and exposure period protocols as employed for the Ty portion
of the study. Dead-end flow with a stirred cell was utilized for
the study [29]. Permeate flux and salt rejection values of the vir-
gin XLE-440 membrane were measured as 56.52 +4.23 L/m2/h and
95.6 + 1.2%, respectively. The measured permeate flux is within the
manufacturer-specified water flux range of 55-81L/m?/h, while
the observed rejection was found to be slightly lower than the
manufacturer-specified rejection value of 98.6%. The concentra-
tion polarization effect in the dead-end filtration employed is likely
greater than would be observed under the cross-flow conditions
experienced during operation of a spiral-wound element [30,31].
These differences in flow conditions most likely account for the
somewhat lower values of salt rejection. However, this relatively
small discrepancy should not have a major effect on the trends

observed with respect to the influence of chlorine exposure on the
physical and performance properties.

Fig. 3a shows representative filtration results for a 2000 mg/L
NaCl feed solution by use of a XLE-440 membrane sample treated
for 50 min in a 200-ppm chlorine solution at a pH 7. The permeate
flow rate decreased from ~1.21 mL/min to ~1.05 mL/min over 2 h.
Such reduction in the permeate flow rate can be caused by sev-
eral factors, including the increase in salinity (osmotic pressure) of
the retentate, concentration polarization, and further compaction
of the polysulfone support layer after initial DI water filtration [32].
Notably, the observed salt rejection remains rather constant over
the 2 hexperiments, ranging from ~95.3% to ~94.8% (Fig. 3a). Fig. 3b
shows the salt rejection as a function of chlorine exposure period
at chlorine concentrations of 200, 2000, and 20,000 ppm, all at a pH

Table 1
KWW parameters of fitted T, and salt rejection data for chlorine-treated membrane samples as a function of solution concentration and pH values.
Chlorine concentration (ppm) T (min) Tg (min) B(Ty) B (salt rejection)
pH4 pH7 pH 10 pH4 pH7 pH 10 pH4 pH7 pH 10 pH 4 pH7 pH 10
200 123.7 1834 40.0 1320.3 1201.3 700.4 0.90 0.64 0.58 0.85 0.78 1
600 62.9 181.0 153 - - - 0.76 0.45 0.44 - - -
2000 134 145.7 123 3173 494.9 1224.7 0.75 0.41 0.45 0.45 0.60 1
6000 15.6 834.9 15.5 0.76 0.44 0.46 -
1

20,000 229 657.0 0.9 199.1

2155 1325.4 0.71 0.46 0.33 0.39 0.47
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Fig. 3. (a) Permeate (squares) and NaCl rejection (circles) during a 2-h filtration test with a 2000 ppm NaCl feed solution by use of an XLE-440 membrane sample treated
in a 200 ppm chlorine solution for 50 min at pH 7. Salt rejection as a function of exposure period at varying chlorine concentrations at (b) pH 7, (c) pH 4 and (d) pH 10. The
data corresponding to different chlorine concentrations were marked on (b)-(d). The curves for each symbol set were fit by use of the Kohlrausch-Williams-Watts (KWW)

equation.

value of 7. For each chlorine concentration, the salt rejection of the
membrane decreases monotonically with an increase in exposure
period. For example, the rejection decreases from 95.3% for the vir-
gin membrane to 53.6% after a 2000 min exposure in a 20,000 ppm
aqueous chlorine solution. Similarly, Fig. 3c and d shows the salt
rejection behavior for membrane samples treated at pH 4 and pH
10. At these pH values, the degree of reduction was less severe for
membranes treated for long periods at high concentrations, com-
pared with that at pH 7. In particular, the lowest rejection values
observed were 83.8% and 89.0% for samples treated with chlorine
solutions at pH 4 and 10, respectively. Aimar et al. showed that
degradation in polysulfone and polyvinylpyrrolidone hollow fibers
was observed upon oxidative treatment [33,34]. However, these
changes showed negligible influence on the filtration character-
istics, which reflect the barrier layer properties [35]. Therefore, a
substrate effect is unlikely to be a significant factor with respect to
the salt rejection characteristics reported in the present work.

Similar to the analysis for Tg, the salt rejection as a function
of exposure period was quantitatively described with the KWW
equation,

Ri(t) = Ry + (Ro — Ry) exp (— (;)ﬂ) ,

where Ry, R;(t), and Ry, are the rejection values for the virgin mem-
brane, membrane samples treated for time t, and the asymptotic
value after long-term exposure, respectively. Here, tg represents
the characteristic time scale of the performance degradation pro-
cess. The KWW parameters obtained from fitting the experimental

(3)

data are shown in Fig. 3 and presented in Table 1. With an increase
in chlorine concentration at pH 4, the overall trend is for a more
rapid initial reduction (smaller t7 and tg) in both Ty and salt rejec-
tion, although 71 becomes generally asymptotic for concentrations
between 2000 and 20,000 ppm. At pH values of 7 and 10, there were
no clear trends in 7 and tg. In contrast, the stretching exponent,
B, decreases with the increase of chlorine concentration at for pH 4
and 7 at lower concentrations, and remains around 1 for pH 10. This
indicates that the distribution of the chemical/physical processes
thatlead to the reduction of T; and membrane salt rejection become
increasingly broad with the increase of chlorine concentration, i.e.,
the complexity of the chemical reactions increases with increasing
chlorine concentration.

In the literature, “time-concentration superposition (TCS)” is
often applied to collectively describe the effect of exposure period
and chlorine concentration [14,30,36]. Fig. 4a presents the mea-
sured salt rejection of the XLE-440 membrane as a function of the
product of the chlorine concentration and exposure period (in the
unit of ppmh). For each pH value, the salt rejection falls reason-
ably well into a “master curve”, indicating that there may well be
some practical advantage in representing degradation phenomena
via the TCS approach. Interestingly, there is a clear difference in
response among the three values of pH. If salt rejection is taken
to represent the degree of membrane degradation, then degrada-
tion descends according to pH 7 > pH 4 > pH 10. This trend becomes
more evident at higher values of ppmh.

Fig. 4a also includes salt rejection values of chlorine-treated TFC
RO membranes reported in literature [3,37,38]. Note that most of
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the reported results are from membranes that were treated in a
relatively low range of ppmh values. Although from different TFC
membranes, these reported salt rejections are generally within the
same range as our measurements. However, the pH dependence of
the TCS response seems to be membrane-specific. Yuan et al. found
that the bdx TFC RO membrane (Hangzhou Beidouxing Membrane
Co. Ltd., China.) showed the most severe degradation at pH 4 [3].
In contrast, Raval et al. and Cadotte et al. determined that alkaline
conditions cause a greater decrease in rejection than acidic con-
ditions in their experimental TFC RO membranes [37,39]. Kwon
et al. observed no noticeable change in salt rejection properties
of Filmtec LE membranes upon changing the pH of the chlorine
solution treatment [38]. However, more extensive degradation in
performance after chlorine treatment at pH 7 as compared to pH 4
and pH 10 conditions with the same FT30-type membrane (sim-
ilar chemical structure to the XLE-440) has also been reported
[40]. It is most likely that the chlorine-induced polyamide degra-
dation/chemical changes depend on the specific chemical compo-
sition of the membrane, whereby discrepancies in pH dependence
depend upon the specific nature of these changes. Note that the
current results (Fig. 4b) encompass a more systematic and broader
range of TCS values than those previously reported in the literature.

To better compare the changes in membrane performance rep-
resented by the values of salt rejection of the chlorine-treated
membranes shown in Fig. 4a with the corresponding changes in the
physical properties of the polyamide, PBL values of T; are presented
in Fig. 4b as a function of the product of chlorine concentration
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Fig.5. Relationship between NaCl rejection and PBL T, for the chlorine-treated XLE-
440 membranes as a function of chlorine concentration and pH: (a) pH 4; (b) pH 7,
and (c) pH 10. Square, circle, and triangle symbols in (a)-(c) correspond to data from
200, 2000, and 20,000 ppm, respectively.

and exposure time. Overall, the Ty decreases with increasing TCS
values in a manner similar to that for the rejection, but the T,-
TCS dependence at pH 4 is somewhat more variable than at pH
7 and pH 10. In addition, a trend towards asymptotic behavior
at high TCS values is evident for the pH 4 and pH 10 conditions,
whereas Tg values at pH 7 show a more extreme reduction at these
high TCS values. This correspondence between the rejection and Tg
responses is not surprising, given the underlying chemical changes
due to chlorine exposure, even though the T was determined
for dry PBL while the salt rejection was measured at wet con-
ditions. Evidently, whatever chlorine-induced chemical/structure
changes in the membrane should be manifested in both the thermo-
mechanical properties (Tg) and transport properties (salt rejection)
of the barrier layer.

Correlation between these measures is more directly presented
in Fig. 5 in which salt rejection versus Ty is plotted for the chlorine-
treated membranes. As expected from the results in Fig. 4, data
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in Fig. 5 show that the correlation is positive. In acidic chlorine
solutions (pH 4), the curves systematically shift to the left with
an increase in chlorine concentration, but the slopes are similar.
These characteristics are not maintained for the pH 7 and pH 10
conditions, but concentration sensitivity is clear for the former, yet
much less so for the latter.

The ability of the TFC RO membrane to separate the salt and
water under pressure is controlled by the difference in the perme-
ability of salt ions and water in the PBL [41-45]. The selectivity of
the PBL is often attributed to its “free volume” and/or segmental
mobility of the hydrated states [46-49], both of which are directly
related to the Tg. Chlorination of polyamide is known to cause
a reduction in the strength of the hydrogen bonding [6] and/or
hydrolysis of the amide group [50,51]. Such hydrolysis will lead
to the reduction of crosslinking density. Each of these factors can
lead to a “looser” PBL structure, with a corresponding decrease in
Ty and mechanical strength. In particular, such structural changes
in the polymer network often lead to the “embrittlement” of the
materials, manifested by the reduction in material strength and
ductility. Such a trend for chlorine-exposed model polyamides was
indeed observed with PDMA measurements [36]. Further, break-
ing of hydrogen bonding of the polyamide will also lead to the
increase of “packing propensity” of the membrane due to the looser
structure, as manifested in the pure water filtration experiments
[52]. Such “loosened” structures will evidence less selectivity for
the water molecules over the salt ions [48].

Several models have been proposed to describe mass trans-
port across the RO membranes [42,53-57], including the widely
employed solution-diffusion model [58,59]. By using this model,
the permeance of water (represented as A) and salt (B) can be
extracted from the filtration experiments to characterize the effect
of chlorine treatment on water and salt transport [60,61]. For the
analysis,

w
A= (AP—Am (4)
and

CpJw
b= G ()

where ]y is the water flux, G, and G, are the solute concentration in
the permeate and feed side at the membrane surface, respectively,
APis the applied filtration pressure, and A is the osmotic pressure
across the membrane. The only unknown quantity, G, is estimated
from

_c exp(Jw/k)
= PR+ (1= Ro)exp(w/k)’

where C,, is the bulk feed solution concentration, taken as the arith-
metic average between the feed and reject compositions, R, is the
membrane intrinsic salt rejection [62], and k is the mass-transfer
coefficient obtained from NaCl salt filtration in a similar dead-end
filtration configuration [31].

Fig. 6 shows A and B as a function of the product of the chlorine
concentration and exposure time (ppmh) for the three pH values
employed in this study. At small values of ppmh, A for chlorine-
exposed membranes decreases at each of the pH values, compared
to that of the virgin membrane (dotted line). As the TCS increases,
A increases, but the degree of the increase is pH dependent. In par-
ticular, the largest values of A are observed for membranes treated
at pH 7. Interestingly, the A values for most of the chlorine-treated
membranes are less than that of the virgin value. In contrast, B
increases with the increase of TCS at each pH value (Fig. 6b), and
the degree of the increase in B is much larger than that of A. How-
ever, for lower concentrations at pH 4 B slightly decreases like A
at the same pH. Specifically, for the membrane treated at 700,000

Cm (6)
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Fig. 6. Transport properties for chlorine-treated XLE-440 membranes during filtra-
tion as a function of concentration-time (ppmbh) for (a) water permeance A, and (b)
salt permeance B. Dash dot lines in (a) and (b) represent the water and salt permance
of a virgin XLE-440 membrane. Triangle, circle and square symbols correspond to
membranes treated at pH 4, pH 7 and pH 10, respectively. Chlorine concentrations
used were 200, 2000, and 20,000 ppm.

ppmbh at pH 7, the A value is about 2 x that of the virgin membrane,
while Bis 250x that of the virgin membrane. As with A, membranes
treated at pH 7 show the most dramatic increase in B. The results
presented in Fig. 6 indicate that the observed decrease in salt rejec-
tion is caused by enhanced salt passage rather than a significant
reduction in water permeance.

Water is transported through an RO membrane by a jump diffu-
sion process and so is sensitive to the density of the polymer matrix
[42-45,62]. The looser structure due to chemical degradation may
reduce the density of the PBL and thus increase the water transport.
However, the data in Fig. 6a suggest that any such effect is rather
small. In contrast, salt passage is governed by both the steric nature
of the free volume and the fixed charge environment in the mem-
brane [46,63,64]. For the case of NaCl, lower mobility of Cl~ relative
to Na* is the rate-limiting factor for salt permeance [46]. Cl~ diffu-
sion is mostly dominated by the interaction between the anion and
carboxylic group (—COO—) in the PBL, and a looser PBL structure
will facilitate such interaction, and result in relatively large val-
ues for salt diffusion [46]. As pointed out by a reviewer, alternative
explanations regarding salt transport have recently been offered
[65]. However, even if salt transport occurs via ion pairs [65], a
looser PBL structure would still evidence increased mobility (and
salt permeance), due to the increase in free volume of the hydrated
PBL. The combined effect of these two processes might account for
the much higher increase in salt as compared to water transport
observed for chlorine-treated membranes. While this study pro-
vides new evidence in the form of overall Tg decreases that are
compatible with the looser-structure hypothesis, a more extensive
study of other PBL compositions is necessary to confirm a general
relationship between enhanced salt permeance and T reduction.

4. Conclusions

AFM-based nano thermal analysis (nano-TA) was used to mea-
sure the Ty of the ultrathin PBL of a commercial TFC-RO membrane
and the changes resulting from controlled chlorine exposure.
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Results indicate that PBL T; values decrease with an increase in
TCS, i.e., the product of chlorine exposure period and concentra-
tion. While the dependence of Tg on TCS varies with the pH value of
the chlorine solutions, the reduction in Tg at each pH value appears
reasonably correlated with the reduction in salt rejection of the
TFC RO membrane. Note that the physico-chemical mechanism
underlying the reduction in barrier layer T and salt rejection of
membranes are currently unclear. Model membrane system, other
than commercial membranes, may be more suitable for such mech-
anistic study. However, these first-ever PBL Tg results not only
document the effect of chlorine treatment on commercial mem-
branes, but also provide valuable insights regarding fundamental
physical properties of the PBL. Moreover, results of this study sug-
gest that nano-TA might provide an effective addition to standard
post-mortem characterization of TFC membranes to quantify the
extent of degradation during operation.
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