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Continuous research and development of reverse osmosis (RO) technologies has
led to the production of membranes that are very effective with high salt rejection
abilities. As temperature is one of the factors that affects salt rejection capabilities
in membranes, this paper investigates the effect of temperature on the thickness
of the concentration polarization layer (CPL) deposited on thin-film composite
seawater RO membranes. Two types of membranes were studied: those with ex
situ macromolecules and those with in situ macromolecules. FilmTec’s reverse
osmosis system analysis design software was used to predict the variation of salt
rejection and permeate flow rate with temperature. The impact of these variations
on the thickness of the CPL was analyzed for different polyamide concentrations

in the membrane.
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1 Introduction

Many industrial, domestic, and agricultural activities rely heav-
ily on water [1]. The textile industry alone, for instance, re-
quires more than 200m> of water to produce a single ton of
dyed textiles [2]. Water desalination using membrane technolo-
gies has prevailed for the past 60 years, ever since Sidney Loeb
and Srinivasa Sourirajan attempted to use reverse osmosis by
pressurizing a solution against a flat membrane in 1960 [3,4].
Desalination using membrane technology is known to be very
effective for brackish and seawater treatment [5]. Further im-
provements in materials science have also made it possible to
tailor certain membranes for desalination based on water salin-
ity [6]. Among the different types available, reverse osmosis
membranes that utilize polymeric matrices have proven to be
the most efficient in terms of salt rejection [7]. One of the tech-
niques used to produce thin-film composite (TFC) reverse os-
mosis (RO) membranes is through interfacial polymerization
between a polyfunctional amine and an acid chloride. This pro-
cess entails the use of a hydrocarbon solvent that is immiscible
with the water, which leads to an interfacial polymerization re-
action at the water/hydrocarbon interface of the membrane.
The polycondensation reaction takes place in the organic phase
due to the insufficiency of acid chloride molecules in the aque-
ous phase [8,9]. Moreover, the solvent choice plays a major

1)  List of symbols at the end of the paper.
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role in influencing the amine monomer solubility and diffusiv-
ity at the interface [10]. Hence, the formation of a good TFC
membrane greatly depends on the use of a solvent with a high
surface tension and a low viscosity.

One of the numerous factors that affect the performance of
RO membranes is a phenomenon called concentration polar-
ization (CP) because it leads to a decline in flux passing
through the membrane [2,11]. A proper estimation of CP is
crucial for predicting salt rejection and pressure drop across
the RO membrane, as well as the degree of fouling [12, 13]. CP,
by definition, is a measure of the accumulated salts on the
membrane wall. It results in the formation of a thin boundary
layer (thickness, ") governed by both membrane and solute
properties [14]. This research paper investigates the effect of
temperature on the thickness of the concentration polarization
layer (0) formed on the surface of the seawater reverse osmosis
(SWRO) membranes that involve the use of polymeric matri-
ces. SWRO performance data at 25 °C obtained from the results
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provided by Abu-Tarboush et al. [15] were utilized in this study
as a basis to predict the performance of TFC RO membranes
for a temperature range between 15 and 45 °C.

2 Methods

2.1 Data Extraction Process

Data for two different TFC RO membrane types have been uti-
lized in this study. The main difference between the two mem-
branes being studied lies in the method by which a hydrophilic
surface of modifying macromolecules (LSMM) is added onto
the TFC membrane surface: the first is a conventional ex situ
method (cLSMM), whereas the second is an in situ method
within the organic solvent (iLSMM). More information regard-
ing the differences between those two methods is provided in
the literature [15]. The synthesis process of the TFC membrane
itself involves an interfacial polymerization reaction that was
set between 2wt % m-phenylenediamine (MPD) and 0.2 wt %
trimesoyl chloride (TMC) in water and organic solvent (cyclo-
hexane). The data in Tab. 1 provide the conditions of operation
for the given RO setup developed by Abu-Tarboush et al. [15]
for the two different membrane preparation schemes, as well as
providing a summary of the feed-stream properties [15]. More-
over, Tab.2 provides the experimental results that were
obtained for both types of membranes by Abu-Tarboush et al.
[15], which in turn formed the baseline data set that has been
collected and utilized in this work.

To predict how SWRO membrane performance is affected
by changes in temperature, FilmTec’s reverse osmosis system
analysis (ROSA) software by Dow Water and Process Solutions
was employed [16]. This software facilitated the simulation of
our baseline scenario by applying the same conditions of oper-
ation that were utilized in the experimental setup and by using
the same properties of the feed stream. It is very important to
note that the experimental results that have been reported in
the literature [15] were recorded at 25 °C. Therefore, FilmTec’s
ROSA software has been primarily utilized in this work to sim-
ulate the described membrane setup, and subsequently provide
several useful predictions that were able to capture the effect of
such temperature variation.

Table 2. Membrane properties and conditions of operation [15].

Table 1. Properties of the feed stream and conditions of opera-

tion [15].
Parameter Value
Hydraulic/applied pressure [kPa] 5.52x10°
Temperature [°C] 25
Active area [m?] 1.32x107°
Feed flow [Lh™] 3.600x10"
NaCl concentration in feed [%] 3.500
Molality [mol kg™'] 1.277x10"
Feed osmotic pressure [kPa] 2.65x10°
Salt diffusion coefficient [m*s™'] 1.990x107°
Number of RO units [-] 6.000
Water viscosity [Pas] 8.900x107*
Water density [kgm™] 1.000x10°
Side length [m] 3.633x107
Hydraulic diameter [m] 3.633x107

A number of ROSA simulations under varying temperature
conditions were conducted, mainly between 15 and 45°C,
using the same conditions that were applied for the baseline
scenario described by Abu-Tarboush et al. [15]. Another
important aspect that should be noted from the results
obtained from ROSA is that the data collected was only for the
SWRO membrane without the extra thin-film layer of the com-
posite polyamide. Therefore, a subsequent data fitting process
was utilized to obtain the performance of the combined
TFC-SWRO membrane. The ROSA simulation results that
were attained for the same SWRO membrane at varying tem-
peratures were compared to the two baseline scenarios that
involved both ex situ and in situ modified TFC membranes,
obtained from the experimental work reported by Abu
Tarboush et al. [15]. Since the experiments were reported to
have been carried out at 25°C, the ROSA simulation results
that were attained at 25 °C helped develop a benchmark of the

Concentration of Data for PS-mPA-cLSMM membrane [15]

Concentration of

cLSMM [wt %]

iLSMM [wt %]

Data for PS-mPA-iLSMM membrane [15]

Flux [Lm™>h™] NaCl rejection [%] Flux [Lm™>h™] NaCl rejection [%)]
0 324 90.4 0.1 18.55 94.3
0.005 21.77 66.55 0.25 24.3 96.1
0.05 46.79 51.5 0.5 17.9 91.25
0.1 15.92 57.5 0.75 5.2 94.2
0.3 14.95 65.55 1 9.88 72.3
1 9.5 45.7 - - -

3 cLSMM, hydrophilic surface-modifying macromolecules prepared ex situ. ® iLSMM, hydrophilic surface-modifying macromolecules pre-

pared in situ (within the organic solvent).
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TFC membrane performance at 25°C. To predict the TFC
membrane performance for a range of varying temperatures
between 15 and 45°C, the performance benchmarks of the
TFC membranes at 25°C (both in situ and ex situ) were
applied for the remainder of the simulation results obtained
from ROSA.

2.2 Obtaining Permeate Flow Rate and Salt
Rejection Data

As explained earlier, ROSA simulations under varying temper-
atures have been conducted, mainly between 15 and 45°C,
using the same baseline conditions that describe the membrane
setup in the report by Abu-Tarboush et al. [15]. To do so, the
feedwater type was set to seawater with the generic membrane
filtration (silt density index (SDI) <3), with a total dissolved
solids (TDS) of about 73335mgL™". The SW30HRLW-4040
RO membrane was also selected for our simulations, since it
was noted to be the same RO type utilized by the experimental
setup in the literature [15]. The main properties of this mem-
brane are summarized in Tab. 3. The system pressure was set at
5515.81 kPa, and the temperature was varied from 15 to 45 °C.
The respective values for permeate recovery and concentration
were all collected from a detailed report from the software, and
the salt rejection values were subsequently calculated.

To predict the permeate flow and rejection values at different
temperatures for ex situ prepared hydrophilic surface-modify-
ing macromolecule membranes (PS-mPA-cLSMM) and in situ
prepared (within the organic solvent) hydrophilic surface-mod-
ifying macromolecule membranes (PS-mPA-iILSMM) that were
prepared using different polyamide concentration values, rela-
tive difference values between the base-
line case (no polyamide layer) and the

Project Information :
other cases were computed and added =

Table 3. Membrane specifications on ROSA [12].

Parameter Value

Active area [m?] 7.9
Pressure [kPa] 5.52x10°
Flow [m*d™'] 6.1
Rejection [%] 99.8
Concentration [ppm] 32000

Salt used NaCl
Recovery [%] 8

TDS is almost 75.84 kPa of osmotic pressure [18]. Hence, in
this system 7y, = 2654.48 kPa. First off, the permeate osmotic
pressure 7, can be obtained by using Eq.(1) below [19], in
which 7y, is the osmotic pressures of the saline feed and R is
the salt rejection fraction.

7, = m,(1 — R) oy

To calculate the thickness, both the salt (J,)s and water
volumetric flux (J)y o in the permeate stream were calculated
using Egs. (2) and (3), respectively [19], in which F is the feed
flow and PF is the permeate volumetric flux.

(]V)Salt = F(l — R)X 0.035 (2)

(]V)HZO = PF — (]v)salt (3)

directly onto the values of permeate Casze-specific: (High Temperature Effect is Active — Maximum Temperature =457 |

flow rate and salt rejection computed  grem perils
by ROSA software. This was found to
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be feasible since the polymer surface
was reported to be resistant to any tem-

Raw Water Flow to System
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perature degradation effects [17]. Fig. 1 Fow Factor
shows a sample of the detailed report Chem. Dose

Total Active Ared
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tions performed. As indicated, the re- Pazz 1 Recovery
port shows a summary of the mem- Feed Temperature
brane specifications as well as the Feed T0S
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. Number of Elements
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2.3 Obtaining Concentration

Feed E74:54 peig
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Average 90459 pig
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Water Classification: Seawater with Generic membrane filtration, 501 <3

Average NDP
Polarization Thickness Fower
Specfic Energy
Following the data extraction process,
the thickness of the concentration T
polarization layer on the membrane
surface was then obtained. The feed- 1 msﬂHkLE- 1

water osmotic pressure, 7Ty, was ob-

Fased Faed Recirc | Comc Cond Parm B Pern Boost Perm
Flow Pz P Flow Press Fo Rux Pess Press ToE

ml dpsil | el | Epm) o dpsiEl Rl [l sl desiEl dmed)

Q15 TS300 | Q.00 [k} TeisE 0O 01z o 200 111245

tained by assuming that 1000 ppm of  Figure 1. Screenshot from the ROSA simulation report for a sample case.
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300

These values were then used in
Eq. (4) below, to calculate the mass
transfer coefficient k of the system
[19] in which AP is the applied
pressure.

260 -

k= (]V)salt ( 4)
In { ap {1 _ (mw} }
Ty =TTy (I»)Hzo
Finally, the thickness of the con-
centration polarization layer 0 was
then calculated using Eq. (5) below

[19], in which D is the salt diffusion
coefficient.

Permeate flow rate/ L h™'

220 A

280 - M

240 - W

—e— C=0.005
—0— €=0.05
—v— C=0.1
—A— C=0.3
- C=1

D 200 T

o== 5) 10 15 20

k

25 30 35 40 45 50

Temperature/ °C

Figure 2. Variation of permeate flow rate [Lh™"] with temperature [°C] at different concentra-

3  Results and
Discussion

tions for cLSMM.

3.1 Variation of Permeate Flow, Rejection,
and CP Thickness for cLCSMM Membranes

As discussed in the previous section, the feed temperature into
the RO system was varied from 15 to 45 °C for two types of poly-
meric membranes (PS-mPA-cLSMM and PS-mPA-iLSMM)
with different concentrations of the surface-modifying macro-
molecules. Moreover, the thickness of the concentration polar-
ization layer forming on the RO membrane surface has been
studied and analyzed under different temperature and polyam-
ide concentration conditions. Fig. 2 shows the variation of per-
meate flow rate (Lh™") with temperature (°C) for the membrane
with ex situ macromolecules on the surface. The graph obtained
shows a slight change in flow for different membrane concentra-
tions with varying temperature (Fig.2). For concentrations of
0.005, 0.1, 0.3, and 1 wt %, the maxi-

mum percentage decrease was ob-
100

Fig.3 illustrates the variation of salt rejection that was
obtained with respect to temperature for different concentra-
tions of macromolecules. To begin, the graph shows a clear
trend when studying the variation of rejection with tempera-
ture. Regardless of the concentration of macromolecules on the
surface, rejection decreases with temperature at an average rate
of 0.28 % for every 1°C.

Kucera [3] clearly stated that salt rejection decreases slightly
with increasing temperature conditions when a constant feed
pressure is applied, for a range of temperatures less than 45 °C.
This can be explained by examining the salt transport coeffi-
cient for the system under study. Fig.4 shows the variation of
the salt mass transfer coefficient for the system with respect to
temperature. It has been observed that the mass transfer coeffi-
cient consistently increases with temperature for all the differ-
ent cLSMM membrane cases that were studied, except for the

tained at 1 wt % at about 0.075 %. A
possible explanation for this ob-
served trend may be traced back to 90 |
the presence of a high percentage of
surface-modifying macromolecules,

which in turn migrate to the surface, o 807
hence resulting in thicker mem- =
branes, since the original 1wt% '% 70 |
membrane exhibited a relatively low &
flow rate. Since the membrane asso- & 60 -

ciated with a 0.05wt % polyamide
concentration was the only case that
exhibited a slight flow increase (by 50 A
0.045 %), it is safe to assume that the
permeate flow was relatively con- 20 . .

—e—— C=0005
........ Qe C=005
—— % —— C=01
——A—..- =03
— ' — c=1
——0—— C=0

stant despite the temperature varia- 10 15 20
tion, with a tolerance of +0.08 %
[20].

Temperature/ °C

Figure 3. Variation of salt rejection [%] with temperature [°C] for cLSMM.
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membrane at 1 wt %, which was concluded to be thickest mem-
brane owing to the migration of the cLSMM molecules all the
way to the surface of the membrane. This trend was able to val-
idate the decrease in rejection that is depicted in Fig. 3.

Moreover, Fig. 5 demonstrates the variation of concentration
polarization thickness with temperature, which was computed
according to Eq. (5). Based on the results from Fig. 5, it is evi-
dent that the concentration polarization thickness decreases
with temperature for all membranes, except when the concen-
tration of macromolecules is 1wt %. The thickness values that
were obtained decrease at a relatively slow rate, with an average
0f 0.043 um every 1°C.

The graph also validates the inverse relationship between CP
thickness, mass transfer, and the relative proportionality to salt
rejection. It has been reported that an increase in temperature
reduces the dynamic viscosity of water from 1.1375mPas at
15°C to almost 0.5958 mPa s at 45 °C [21]. In addition, the sol-
ubility of sodium chloride through the RO membrane increases

cient [ms™'] with tempera-
ture [°C] for cLSMM.

from 35.82g per 100 mL of water at 15°C to 36.53g per
100 mL of water at 45°C [21]. These two factors increase salt
passage through the membrane and decrease rejection. This in
turn may increase the mass transfer obtained from the feed side
to the product side of the RO membrane. Consequently, the
amount of salt deposited on the surface of the membrane may
decrease with temperature and form a thinner salt layer. This
may partly be attributed to the increase in concentration polar-
ization, since the salt might not necessarily deposit onto the
surface.

In the second phase of the analysis, the variation of permeate
flow with macromolecule concentration for mPA-cLSMM
membranes was observed (Fig.2). It is safe to conclude that a
fixed trend exists. Assuming a constant temperature, it has
been observed that the flow at any temperature decreases as the
concentration of macromolecules increases on the surface. The
only case where this trend does not apply is for the membrane
with 0.05wt %. As has been reported by Abu-Tarboush et al.,

26e-5
2.4e-5 -
2.2e-5 4
£
2.0e-5 4
B
1.8e-5
0.
[« T O, o,
O, 0. ——&—— C=0.005
1.6e-5 CO o) e Qe C=0.05
——-¥——  C=01
——A—- C=03
— = — c= . o
14e-5 Figure 5. Variation of con-
B T T T T T T T . . .
10 15 20 25 a0 35 40 45 50 centration polarization

Temperature/ °C
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thickness [m] with tempera-
ture [°C] for cLSMM.
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this particular membrane exhibits the highest 250
surface roughness among all, signified by a rel-
atively low contact angle [15].

Fig. 6 a illustrates the results attained for per-
meate flow rate with different polyamide con-
centration for mPA-cLSMM membranes. Mon-
itoring the variation in rejection with
macromolecule concentration can also help de-
duce the optimum RO operating conditions,
respectively. In the absence of macromolecule )
concentration values, the salt rejection was 210 4 ' N T g:ﬁ}s
found to be almost in the range of 90 %. After i a, D D
the addition of ex situ macromolecules at ~a — =— c=1
15°C, the respective salt rejection decreased by 20 y T y y V i i
at least 17 % under the same temperature con- ° 15 2 25 . * b ° 5
ditions. Abu Tarboush et al. [15] concluded Temperature/ °C
that the variation in RO rejection may be  Figure 7. Variation of permeate flow rate [Lh™"] with temperature [°C] at different
related to the surface roughness, rather than  concentrations for iLSMM.
the concentration of macromolecules on the
surface of the membrane.

240

230

220

Permeate flow rate/ L h™’

Fig. 6 b illustrates the variation of salt rejection with macro- As mentioned before, a variation of £0.08 % in the flow is
molecule concentration at 15°C. According to the results considered within the acceptable margin of error. For the mem-
obtained, the cases with polyamide concentrations of 0.005 and brane under discussion, an average change in permeate flow
0.3 wt % have the smoothest membrane surface [15]. However, with temperature is about 13.63 Lh™". Therefore, the flow was
the roughest outer surface is reported to be at a polyamide con- still assumed to be constant with temperature. The average
centration of 1wt % [15]. This could possibly be a good expla- decrease in salt rejection with temperature is almost 0.14 %
nation for why the membrane with a concentration of 1wt % every 1°C. It is important to note here that the average salt
does not follow the same trend when it comes to permeate flow rejection was higher for the membrane with macromolecules
(Fig.2), mass transfer coefficient (Fig.4), and concentration embedded in the surface iILSMM) than for the membrane with
polarization thickness (Fig.5). Membranes with a smooth sur- ex situ macromolecules (cLSMM). This can be further vali-
face perform better in terms of rejection but are more prone to dated by observing the variation in the mass transfer coefficient
suffer from concentration polarization. with temperature and macromolecule concentration (Fig. 9).

It is apparent that the average rate of mass transfer for the
second membrane (depicted in Fig.9) is higher than the first

3.2 Variation of Permeate Flow, Rejection, (depicted in Fig. 4). That is, the transfer of salt from one side of
and CP Thickness for iLSMM Membranes the membrane to the other is faster at higher temperatures.
This can be used to explain the sharp decrease in the thickness
Equivalent results were observed when studying the second of the concentration polarization layer on the membrane with
type of membrane with in situ macromolecules on the surface temperature (Fig. 10).
(iLSMM). Figs. 7 and 8 show how the permeate flow and salt Nevertheless, as reported in the literature [15], the mem-
rejection both decrease slightly with temperature. brane with 1wt % (refered to as PS-mPA-iLSMM-1.00) has a
a) 3w b) &
250 4
. 60 4
=
- 200 4
c
2 10 £ o
E g
E 100
[
o 20 4
50 4
Q- 0 -
€=0005  C=0.05 c=0.1 c=03 c=1 €=0.005 €=0.05 c=0.1 €=03 c=1

Figure 6. The variation of (a) permeate flow rate [Lh™'] and (b) salt rejection with macromolecule concentration at 15 °C for cLSMM.
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surface roughness of approximately 8.75nm,
which is considered a relatively smooth surface
compared to the other iLSMM membranes.
This could be one of the reasons that promted
a relatievly high mass transfer coefficient and a
low CP thickness relative to the other mem-
branes.

3.3 Comparison between cLSMM
and iLSMM Membranes

The performed simulations made it possible to
expand the data obtained from Abu-Tarboush
et al. [15] and predict the behavior of the two
membranes at different temperatures. As dis-
cussed in the previous sections, it is apparent
that the macromolecules on the surface affect
the performance of the membrane and the
thickness of the CP layer. By comparing the
thickness of the concentration polarization
layer for the two membranes under study, it is
evident that the membrane with in situ macro-
molecules possesses a much lower CP thickness
layer at higher temperatures. This can be
explained by the high rate of mass transfer at
higher temperatures. More importantly, since
the Sherwood number (Sh) represents the ratio
between mass transfer by convection (k) and
mass transfer by diffusion (D/L), increased
convective rates of mass transfer combined
with a decrease in rates of molecular diffusion
are often correlated to increased Sherwood
numbers. Moreover, the variation of properties
due to the concentration polarization layer
may be considered insignificant during reverse
osmosis given the small thickness of the layer
found under such conditions [22]. The thick-
ness of the layer was found to decrease even
further at higher temperatures, more likely
indicating higher mass transfer both by convec-
tion and diffusion.

4  Conclusion

To help study the effect of temperature on the
thickness of the concentration polarization
layer of TFC SWRO membranes, FilmTec’s
ROSA software was used to predict the varia-
tion in permeate flow and salt rejection with
temperature. It was observed that the permeate
flow does not vary significantly as the tempera-
ture increases. However, salt rejection decreases
with temperature in TFC SWRO membranes
for the case when the polyamide macromole-
cules are on the surface or embedded within.
The results obtained show that for both types
of membrane investigated, the permeate flow
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did not vary significantly with temperature. However, salt
rejection was found to decrease at a rate of 0.28 % for every
1°C in the case of ex situ membranes, and at a rate of 0.14 %
for every 1°C in the case of in situ membranes. Calculating the
mass transfer coefficient and CP thickness showed that the
observed layer becomes smaller as the temperature increases.
Thickness decreases at a higher rate when macromolecules are
embedded within the polymeric matrix, and the overall mem-
brane rejection seemed to be higher compared to ex situ mem-
brane cases. Therefore, it was observed that the thickness of the
concentration polarization layer decreases with temperature at
a higher rate when the macromolecules are embedded into the
membrane (in situ), whereas this decrease was found to be less
significant when the macromolecules act as a separate layer on
the membrane surface (ex situ).

The authors have declared no conflict of interest.

Symbols used

D [m%7™] salt diffusion coefficient

D/L [-] mass transfer by diffusion

F [m’s™] feed flow

Jv [m’m7%s7!] volumetric flux in the permeate
k [ms™] mass transfer coefficient

AP [Pa] applied pressure

PF [m’m7s7] permeate volumetric flux

R [-] salt rejection fraction

SDI [-] silt density index

Sh [-] Sherwood number

TDS [mgL™] total dissolved solids

Greek letters

0 [m] thickness
4 [kPa] osmotic pressure

Sub- and superscripts

b saline feed

H,O water in the permeate
p permeate

salt salt in the permeate
Abbreviations

cLSMM  solid LSMM prepared ex situ by using a
conventional method

CP concentration polarization

iLSMM  LSMM prepared in situ within the organic solvent

LSMM  hydrophilic surface-modifying macromolecules

MPD m-phenylenediamine

PS-mPA thick-film composite membrane prepared from
MPD

RO reverse 0smosis

ROSA  reverse osmosis system analysis

SWRO  seawater reverse osmosis

TFC thin-film composite

TMC trimesoyl chloride
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