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Abstract

To overcome low permeability and fouling problems of membranes used in FO
processes, modification is needed to improve the hydrophilicity, permeability and
selectivity of membranes. In this work, thin film composite (TFC) commercial
polyamide RO membranes (BW30-LE, SW30-HR, AG and AC) were functionalized
with zwitterionic (-DOPA. The effect of L-DOPA on the morphology of membranes
was determined via SEM, FT-IR, AFM and contact angle analysis. The .-DOPA
modified BW30-LE membrane showed excellent properties with 46° contact angle
and 3.8 L/Im?hbar water permeability and 0.83 L/m?h salt permeability. Although,
-DOPA modified BW30-LE membrane had the highest water flux and hydrophilic-
ity, -DOPA modified SW30-HR membrane showed higher FO flux with 9.38 L/m?h
than BW 30 membrane with 3.5 L/m?h at 50 g/L NaCl draw solution. Introducing
hydroxyl and carboxyl ionic groups on the membrane surface with .-DOPA coat-
ing enhanced the FO performance and water permeability which provide a new

insight in FO applications.

Introduction

Compared to the pressure-driven membrane technologies,
FO has attracted growing interest because of utilizing
natural driving force generated by salinity gradient solu-
tions with minimal energy input so as low capital and
operational costs, lower fouling tendency, less pretreat-
ment requirements and high rejection to salts and many
contaminants (Chowdhury et al., 2017; Ge et al., 2017,
Tian et al., 2017b). FO utilizes osmotic gradient as the
driving force to transport water from feed solution to
draw solution across a semi-permeable membrane (Shen
and Wang, 2018). With the increasing attention on FO
process in the last years (Tian et al., 2017a), it has become
available for a wide range of potential applications, like
as wastewater treatment (Lutchmiah et al., 2014), seawater
desalination (Boo et al., 2013), power generation (Achilli
et al., 2009), liquid food processing (Wang et al., 2017)
and pharmaceutical rejection (Jin et al., 2012).
Although, polyamide thin film composite (TFC) FO mem-
branes have been extensively in use as a result of their
higher selectivity and water flux performances, current
FO membranes cannot meet the cost and performance
requirements (Yang et al., 2018; Xie et al., 2018). Under
this view; membrane fouling (Lee et al., 2010; Ni and Ge,
2018), reverse solute diffusion (Hancock and Cath, 2009)
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and concentration polarization (CP) (Wang et al., 2010a)
are the drawbacks that challenge the application of FO
membranes in water treatment (Goosen et al., 2005).
At this point, considerable efforts have been directed
towards solving the aforementioned problems by improv-
ing the membrane properties using different surface
modification methods ranged from simple physical adsorp-
tion (Kang et al., 2007; Arena et al., 2011; Zhang et al.,
2017) to chemical bond formation (Kang et al., 2007; Xu
et al., 2017). Recently the zwitterionic coating has gained
more attention as an innovative technique for chemical
surface modification of membranes (Liu et al., 2017).
Zwitterionic materials supply more stronger binding with
water molecules than hydrophilic materials via electro-
static interactions with better wetting properties because
of its equal number of anionic and cationic groups (He
et al., 2016). Therefore, zwitterionic materials compared
to hydrophilic materials, leads formation of denser and
tighter hydration layers. As a result, zwitterionic surface
coating have demonstrated significantly increased mem-
brane hydrophilicity and fouling resistance (Zhang et al.,
2013). Nguyen et al. (2013) modified HTI FO membrane
surfaces with zwitterionic -DOPA and 1-DOPA coated
membranes showed lower contact angle and 30% less
fouling. The contact angle of -DOPA coated FO membranes
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were decreased from 48° to 38° (Nguyen et al., 2013).
Also, Azari and Zou (2012) demonstrated that the organic
fouling resistance of a SW30-HRXLE RO membrane was
improved by -DOPA surface modification. For the 1-DOPA
coated membranes, the water flux reaches 1.1 L/m?hbar,
almost 1.27 times higher than the permeability of pure
membrane. Besides, contact angle values were also sig-
nificantly improved with -DOPA coating and decreased
from 55° to 20° (Azari and Zou, 2012). The transport
mechanisms with surface coating approach for enhancing
membrane performance are still unknown in FO applica-
tion. And to the best of our knowledge, there is no evi-
dence of investigating the performance of zwitterionic
-DOPA  modified RO membranes in FO process
applications.

The objective of this study is to investigate the specific
role of zwitterionic -DOPA coating on commercial four
different RO membranes and to evaluate their perfor-
mances in FO process. The effects of -DOPA modification
on FO performance were examined with (BW30-LE and
SW30-HR, [Dow Filmtech] and AG [GE Osmosis] and AC
[Toray]) membranes. The rate of salt rejection and mem-
brane structural properties were compared between
unmodified and -DOPA modified membranes. State-of-
the-art characterization methods like as contact angle
measurements, AFM, SEM and FT-IR spectroscopy were
employed for all membranes used in experiments. And
this paper demonstrated that -DOPA coating is simple,
stable and multifunctional modifying material to enhance
significantly the membrane hydrophilicity, water flux and
FO performance of commercial RO membranes. The results
of the current study may provide notable understanding
into the development of membrane science of FO
applications.

Experimental procedure

Materials

Four different flat sheet commercial RO membranes were
used in experiments and their properties were listed in
Table 1.

3-(3,4-Dihydroxyphenyl)-i-alanine (-DOPA) (MW:197 g/
mole), Tris (hydroxymethyl) aminomethane buffer, NaCl
and isopropyl alcohol were purchased from Sigma-Aldrich
(New Zealand). All of the reagents were analytical grade.
Deionized (DI) water was produced from an ultrapure
water system (Millipore, USA).

Prepartion of surface modified RO membranes

To enhance the performance of BW30-LE, SW30-HR, AG
and AC membranes, surface modification experiments
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Table 1 The properties of commercial RO membranes

Membrane pH Pressure (bar) From
SW30-HR 2-11 45-15.5 Dow Filmtech
BW30-LE 2-11 95-55 Dow Filmtech
AG 2-11 44-15 GE

AC 2-11 52-15 Toray

were performed using zwitterionic -DOPA in a flat sheet
cross-flow RO membrane cell. Firstly, -DOPA solution was
dissolved in the Tris—aminomethane (10 mM, pH 8.3) buffer
solution with a concentration of 2 g/L -DOPA and mixed
for 12 h. The active surfaces of membranes were coated
using -DOPA solution in cross-flow RO membrane cell
(150 cm? for 6 h in total recycle mode of operation.
After 1-DOPA modification, membranes were washed three
times during 1.5 h by deionized (DI) water to remove the
residuals. After coating the membranes, they were soaked
into 25% isopropyl alcohol solution for 15 min to remove
the impurities. All membranes used in experiments were
stored in DI water at +4°C (Azari and Zou, 2012).

Membrane characterizations

Morphology, topology, hydrophilicity and
porosity of modified and pure RO membranes

SEM is a powerful technique to visualize morphological
features of the unmodified and .-DOPA modified RO mem-
branes. The membrane samples were fixed with an approxi-
mate size of 3 mm length and 0.5 mm width, and then
coated with platinum using a JEOL JFC 1600 Autofine
coater. The coated membrane was examined with A LEO
440 SEM (Leica Zeiss, Germany) at 10 Kv.

The FT-IR spectroscopy was employed for the easy
identification of -DOPA coating (Thermo Nicolet Avatar
370). Prior to the FT-IR measurements, the samples were
dried in a drying oven for 15 min at 120°C.

AFM makes possible to determine surface roughness
(average surface roughness (Ra), root mean square rough-
ness [Rg] and maximum height of the profile [Rmax]).
Membrane surface roughness was characterized by
MultiMode 8-HR, Veeco operated in tapping mode (Model:
RTESP-300). The membranes were dried overnight at 80°C
to evaporate of liquid completely. The analyses were
performed using a 5 x 5 um image size. The roughness
parameters of each membrane were reported as the
average of at least two measurements on membranes.

The surface hydrophilicity of the membranes was deter-
mined using a contact angle meter (Attention-Theta Lite,
Biolin Scientific, Finland). DI water was used to compare
the hydrophilicity of the unmodified and -DOPA modified
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RO membranes. For each measurement, at least three
readings from different surface locations were performed,
and the reported contact angles are the average values.
All of the membranes were fully dried before measuring
the contact angle to water interaction.

To obtain the porosity, dry membrane was dipped in
water for 24 h and then the surface of membrane coupon
was dried by filter paper and immediately weighed. After
that, the membranes were dried in an oven at 50°C for
24 h and weighed again. For the calculation of the aver-
age porosity of the unmodified and -DOPA modified
membranes Equation (1) (Azari and Zou, 2012) was used:

. Ww_Wd
Porosity (%) = v x 100 (1)

PVm
where W, and W, are wet and dry membrane weights
(g), p and V,  are water density (g/cm?) and membrane
coupon volume (cmd), respectively.

Intrinsic properties of modified and pure RO
membranes

A cross-flow filtration system (Sterlitech, HP4750) was
used to determine the membranes’ intrinsic separation
properties in terms of water flux and permeability, and
salt (NaCl) rejection and salt permeability. The effective
area of membrane was 150 cm?. During the experiments,
the temperature was kept constant at 25 + 5°C. The water
flux was determined using DI water as a feed at 15 bar
(AP). The water flux, J,, of the prepared membranes were
calculated using Equation (2),

J,=AV/(SXAL) (2)
where J, is the water flux (L/m?h), V is the change in
volume (L), S is the effective membrane area (m?) and t
is the operational time (h).

Water permeability (A) and salt permeability (B) param-
eters of the commercial unmodified and 1-DOPA modified
RO membranes were evaluated in the same lab-scale
cross-flow RO test unit. The volumetric permeate rates
were measured with DI water at applied pressures (AP)
ranging from 10 to 20 bar in 5 bar increments.

The A parameter of each membrane was calculated
as the average of different pressures. The calculations
of A and B membrane parameters were given Equations
(3) and (4);

— JW
=3P (3)

g AU=R) (AP Am)

. )

where A is the water permeability, B is the salt perme-
ability, AP applied pressure differences and Azt osmotic
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pressure. Salt (NaCl) rejection, R, was also determined
at 15 bar using a 20 g/L NaCl feed solution. The salt
rejections were determined using Equation (5).

R=(1 i 1 (5)
-<‘a>*°°

where C, is the salt concentration of feed solution (g/L
NaCl) and C, is the salt concentration of permeate (g/L
NaCl).

FO experiments

The schematic diagram of the FO lab-scale system was
illustrated in Fig. 1. It is included a membrane with active
area of 48 cm?, a digital balance, a feed tank and a draw
tank, two peristaltic pumps and a conductivity meter (Fig.
1). To decrease the external concentration polarization
effect on membrane, plastic mesh spacers were used.
All the experiments were conducted in PRO mode, in
which the active layer of the membrane faces the draw
solution. Two different concentration of NaCl salt (35 and
50 g/L) was used as a draw solution and DI water was
used as a feed solution. During the experiments, increase
in the weights of feed solution was recorded at every
10 min using a digital balance and conductivity values
were followed regularly.

The reverse salt flux, J, (g/m?h), is the salt diffusion
from the draw solution to the feed solution and calculated
using Equation (6) (Han et al., 2012)

A(CiV5)
Jg=
AtS
where C; and V, are the salt concentration and the volume
of the feed solution, respectively. S is the effective mem-
brane area (m?) and t is the operational time (h).

Results and discussions

Membrane morphology

Morphological analysis provides a better insight for the
characterization and development of the unmodified and
-DOPA modified membranes used in FO tests. The top
surface images of unmodified and -DOPA modified
BW30-LE, SW30-HR, AG and AC membranes were shown
in Fig. 2. These membranes were commercial polyamide
(PA)-based RO membranes consisting of mechanical sup-
port to non-woven polyester fabric, polysulfone (PSF) layer
and a PA selective layer (Liu et al., 2008).

The unmodified SW30-HR surface layer was more porous
and included large amounts of macrovoids. The unmodified
BW30-LE's top layer contained fewer macrovoids and in
general smaller pores (Arena et al., 2011). Although unmodi-
fied SW30-HR and BW30-LE membrane surfaces have more
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Fig. 1. Lab-scale FO module.

uniform surface without nodules, unmodified AG and AC
membrane surfaces are similar with nodular morphology
and completely different than BW30-LE and SW30-HR which
had lots of leaf-like structures (Fig. 2). -DOPA coating caused
distinct ridge-and-valley structure of BW30-LE and SW30-HR
top surface (Fig. 2). This thin -DOPA coating was functional-
ized the PA selective layer which affects the water perme-
ability and salt rejection potential of the resulting RO
membrane for FO process.

Surface functional groups

The FT-IR spectra in the range of 400-4000 cm-' of the
unmodified and -DOPA modified membranes were shown
in Fig. 3. The PSF sublayer and the PA layer peaks could
be both identified in this 400-4000 cm-' region. The region
between 1500 and 1800 cm~" involved carbonyl groups and
amide bands where the PA thin film membranes presented
their specific peaks. The second characteristic peaks were
evaluated between 2700 and 3700 cm~' (Akin and Temelli,
2011). The top PA layer of commercial RO membranes and
-DOPA modified membranes surfaces were quite similar,
such as C=0 (1700 cm™'), O-H (3500 cm') or C-O-C
(1000 cm-"). When compared with SW30-HR membrane,
BW30-LE had a few more intense peaks ~ at 3330 cm™
(O—H stretching of the -DOPA coating layer) and ~2920 cm™
(C—H stretching of both the 1-DOPA coating and PA layers)
but a highly diluted aromatic =C—H stretching peak of the
PA layer (Tang et al., 2009). Xi et al. (2009) also observed
a similar peaks for the polyethylene, poly(vinylidene fluoride)
and polytetrafluoroethylene membranes coated with
0.75 wt% DOPA (Xi et al., 2009).

Water and Environment Journal 34 (2020) 400-412 © 2019 CIWEM.

Conductivity
meter
VA
/
Draw
/Balance\;__ PC
Constant temperature

Feed water bath
AFM

The three-dimensional surface morphology of unmodified
and -DOPA modified membranes were analysed using
tapping mode AFM and showed in Fig. 4. The coating
success of -DOPA and structural changes of membranes
were clearly observed on AFM images. Although unmodi-
fied BW30-LE and SW30-HR membrane three-dimensional
surfaces were quite similar with ridge-and-valley structure,
AG and AC membranes have bright high peaks and nod-
ules consistent with that in literature (Freger et al., 2002).
-DOPA coating created homogeneous morphology,
smoother membrane surface. It is fact that -DOPA layer
coverage on membrane surface was sufficient and the
results were in agreement with literature (Maximous et
al., 2009).

The roughness parameters, R, R, and R were sum-
marized in Table 2. Both the maximum peak-to-valley
distances and the surface roughness values were lower
for the -DOPA modified BW30-LE-LE, SW30-HR-HR and
AG membranes than for the unmodified substrates, which
resulted higher FO flux performance, as shown in Table
2. -DOPA modified BW30-LE exhibited R, value as low
as 16 nm in comparison to 23 nm shown by unmodified
BW30-LE and these results are in agreement with the
data given in literature (Nair et al., 2013). Therefore, the
average roughness of the -DOPA modified SW30-HR and
AC membranes increased slightly when compared to
unmodified membranes. Similarly, Zou et al. (2011) modi-
fied RO membrane using plasma polymerization with
hydrophilic PEG and reported that, the surface roughness
values increased from 61.9 to 89.3 nm of the unmodified
membranes (Zou et al., 2011).
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SWUTROPA

Fig. 2. SEM images of unmodified and -DOPA modified BW30-LE, SW30-HR, AG and AC membranes surface. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Fig. 3. FTIR spectra of unmodified and .-DOPA (2 g/L) modified membrane (a) BW30-LE, (b) SW30-HR, (c) AG and (d) AC. [Colour figure can be viewed at

wileyonlinelibrary.com]

Surface hydrophilicity

Membrane contact angle is an accepted way to measure
the membrane hydrophilicity which significantly affects
the membrane filtration behaviour and antifouling capac-
ity in FO experiments (Chen et al., 2018). Thus, contact
angle measurements were performed to investigate the
membrane hydrophilicity with sessile drop method and
the contact angle results of unmodified and 1-DOPA
modified membranes were given in Fig. 5. It was evident
that the membrane hydrophilicity was improved after
the 1-DOPA surface modification. This can be explained
by the presence of both positive and negative charged
ions of zwitterionic -DOPA, which strongly interact with
water by ionic—dipole moieties. These two full charges
within the +DOPA quite increased its wettability.
Meanwhile, BW30-LE and SW30-HR membranes showed
more hydrophilic characteristics (Wei et al., 2011) when
compare to AG and AC membranes (Akin and Temelli,

Water and Environment Journal 34 (2020) 400-412 © 2019 CIWEM.

2011). Also the lower contact angle of -DOPA modified
membranes may be responsible for the lower surface
roughness and higher porosity and water flux (Shen
and Wang, 2018).

Membrane porosity

The membrane porosity shows the empty space on the
membrane structure and its related to determine the
effective areas for mass transport like as membrane sub-
strate wettability (Xiao et al., 2015). The porosity values
of unmodified and .-DOPA modified membranes were given
in Table 3. The -DOPA modified membrane exhibited
increase in the porosity because of the influence of hydro-
philic groups of -DOPA. Also, it can be demonstrated
that the porous structure is a water flow, thus and is
related to the increasing of water flux of -DOPA modified
membrane. Although DOPA coating affected the
SW30-HR porosity significantly, slight increases were
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BW30/L-DOPA

SW30/L-DOPA

AG/L-DOPA

AC/L-DOPA

Fig. 4. AFM images of unmodified and L-DOPA modified BW30-LE, SW30-HR, AG and AC membranes. [Colour figure can be viewed at wileyonlinelibrary.
com]
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observed for BW30-LE, AG and AC membranes (Arena et
al., 2011).

Intrinsic separation properties

In order to evaluate the -DOPA coating efficiency on the
transport properties of the commercial RO membranes
were investigated in RO tests at 15 bar. The steady state
pure water flux results of unmodified and -DOPA modi-
fied membranes were plotted in Fig. 6. As can be seen
in Fig. 6, pure water flux values were increased with
-DOPA coating and it was most likely affected by the
decline in contact angle values (Fig. 5) for all of the mem-
branes tested. After -DOPA modification, the increase in
water fluxes ratio of AG and AC membranes were the
highest with 55 and 57%, respectively. Although the 1-DOPA
modified AG and AC membranes showed the higher water
flux increase, the highest water flux was observed for
both unmodified and -DOPA modified BW30-LE with 33.3
and 61.5 L/m?h, respectively, which can be related to its

Table 2 The roughness properties of unmodified and .-DOPA modified
BW30-LE, SW30-HR, AG and AC membranes

Reverse osmosis membranes

high hydrophilicity, smoother surface and smaller porous
structure than the other commercial RO membranes
tested.

The water permeability (A) of membranes were also
calculated using pure water fluxes of unmodified and
-DOPA modified membranes and membrane intrinsic
separation properties were given in Table 4. Water per-
meability is directly affected by membrane hydrophilicity
and surface roughness (Ghosh et al., 2008). For the deter-
mination of salt permeability (B) and rejection (%), 20 g/L
NaCl was used as a feed solution. The expected perme-
ability-rejection trade-off was observed by more perme-
able membranes would be slightly lower NaCl rejection.
Although lower salt rejection and higher water permeabil-
ity may be observed for RO membranes because of their
higher water flux at the fixed pressure used in permeation
tests; the salt permeability is relatively independent of
operating conditions (Cath et al., 2013). After -DOPA
modification, the salt rejection was reduced with the
increase in water flux and also because of higher NaCl
concentration (20 g/L) of feed solution (Table 4). These
results were most probably because of the -DOPA modi-
fications which made the membrane surface more hydro-
philic and porous (Safarpour et al., 2017).

Membrane R, (nm) R, (nm) R, (nm)
BW30-LE 23+1.4 30+0.7 190+3.5
BW30-LE/L-DOPA 16+1.4 20+1.4 141+5.6
SW30-HR 2140 27407 174 + 261 Table 3 The porosity of unmodified and -DOPA modified BW30-LE,
SW30-HR/L-DOPA 22414 27+1.4 165+11.3 SW30-HR, AG and AC membranes
AG 22+0 28+0.7 188+7.1 BW30-LE  SW30-HR AG AC
AG/L-DOPA 2340 2940 184419
AC 21+1.4 25+07 177 +4.2 Unmodified 315473 286+06 187+121 10.1+18
AC/L-DOPA 22+07 28+07 203+6.3 -DOPA modified 37.4+24 537+11.6 19.05+0.8 12.84+2.1
100
EE Unmodified
0 =2 L-DOPA Modified
> T
o 60 L
]
<]
8 T
5 40
O
20
0
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SW30

AG AC

Fig. 5. Contact angles of unmodified and .-DOPA modified BW30-LE, SW30-HR, AG and AC membranes.
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Fig. 6. Pure water flux of (a) unmodified and (b) L-DOPA modified BW30-LE, SW30-HR, AG and AC membrane at 15 bar, 25 + 5°C.

Water and salt permeability analysis provides a clear
comparison of properties that depend on the fundamental
transport characteristics of the membranes (Geise et al.,
2011) An optimum RO/FO membrane must have some
specific properties in terms of higher water permeability
A and lower salt permeability B. Hence, the B/A ratio
could act as a key factor for membrane performance
assessment (Shokrgozar Eslah et al., 2018). In general,
the membrane with the smaller B/A ratio is better in
reducing reverse flux during FO process. Although A
parameter of -DOPA modified membrane increases as a
result of higher water permeability, B parameter decreases
as a result of lower salt rejection. -DOPA modified BW30-LE
membrane showed excellent properties with 3.8 L/m?hbar
water permeability and 0.83 L/m?h salt permeability within
the membranes tested. This value was an order of mag-
nitude higher than commercial brackish water RO mem-
branes, but the other reverse osmosis membranes were
similar intrinsic properties (Akin and Temelli, 2011). For
all commercial -DOPA modified RO membranes were
comparable with FO membranes in the literature and even
showed higher water permeability and better NaCl rejec-
tion (Wang et al., 2010a). Commercial HTI membrane had
low water permeability with 0.6 L/m?hbar A value and
high salt rejection with 0.4 L/m?h B value (kuang et al.,
2016). Similarly A and B parameters of cellulose triacetate
(CTA) membrane were determined as 0.80 and 0.6 L/m?h,
respectively (Tang et al., 2010).

Forward osmosis

FO performance of the unmodified and -DOPA modified
RO membranes were tested using DI water as the feed
and two different concentrations of NaCl solutions (35

408

Table 4 The pure water flux (15 bar), salt rejection and A and B parame-
ters of unmodified and .-DOPA modified BW30-LE, SW30-HR, AG and AC
membranes

Membrane J,, (Um?h) A (Um?hbar)  R(%)  B(L/m*h)
BW30-LE 333 23 81 0.83
BW30-LE/.-DOPA 61.5 3.8 72 0.75
SW30-HR 19.5 1.3 77 0.19
SW30-HR/.-DOPA 30.8 23 76 0.36
AG 20 1.6 78 0.22
AG/.-DOPA 45 2.8 75 0.46
AC 21.4 1.4 80 0.17
AC/.-DOPA 50 35 71 0.71

and 50 g/L) as the draw solution. The water flux values
were demonstrated as a function of the time in orienta-
tion of active layer facing draw solution (AL-DS) in
Fig. 7. -DOPA modified BW30-LE had more poor FO per-
formance despite of its notable water permeability
(A = 3.8 L/Im?hbar). The FO flux is related with water
permeability and the osmotic pressure gradient across
the membrane. Since the highest A value of -DOPA modi-
fied BW30-LE membrane compared to 1-DOPA modified
SW30-HR membrane, the FO flux increase was expected
(Chen et al., 2017). However, the osmotic pressure gradi-
ent can also depending on the concentration polarization
in the AL-DS mode, internal concentration polarization
occurred in the membrane active layer as a result of
water try to flow from the draw to the feed side. Because
of higher degree of internal concentration polarization
cause lower osmotic pressure gradient that leads to a
lower FO flux (McCutcheon and Elimelech, 2006). On the
other hand; the -DOPA modified SW30-HR membrane had
the highest FO water fluxes when compared to all -DOPA

Water and Environment Journal 34 (2020) 400-412 © 2019 CIWEM.
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Fig. 7. FO performance of unmodified and .-DOPA modified (a) BW30-LE, (b) SW30-HR, (c) AG and (d) AC membranes.

modified membranes with a 50 g/L NaCl draw solution.
FO flux values of SW30-HR membrane was increased from
1.8 to 9.38 L/m?h dramatically with the increase in the
draw solution salt concentration to 50 g/L with 1-DOPA
modification. In fact that the highest FO flux exhibited
less internal concentration polarization because of its
higher porosity of the -DOPA modified SW30-HR mem-
brane. As an osmotically driven membrane process, the
draw solution NaCl concentration impacts FO performance
directly (Lay et al., 2010; Wang et al., 2010b). The ben-
eficial effect of -DOPA is well-known for membrane with
the improved hydrophilicity and mass transfer (Schwinge
et al., 2004). But also the current study demonstrates
more significant improvements on membrane for the FO
performance.

The reverse salt flux values of unmodified and 1-DOPA
modified membranes as a function of the draw solution

Water and Environment Journal 34 (2020) 400-412 © 2019 CIWEM.

in PRO mode were demonstrated in Fig. 8. The reverse
salt fluxes increased with the increase in draw solution
concentration in accordance of osmotic pressure dif-
ferences for all membrane tested and this observation
values were similar with the literature (Han et al., 2012).
Since FO occurs as an osmotic pressure difference
between the feed and draw solution, both water flux
and reverse salt flux were increased naturally (Oh et
al., 2018). Overall, the SW30-HR membranes were the
outperformed RO membranes with higher FO flux and
lower reverse salt flux (Huang and McCutcheon, 2014).
However, the FO flux was dramatically increased with
the -DOPA coating of RO membranes tested and any
significant change was not observed in reverse salt
fluxes. In addition, with the -DOPA coating, AG and AC
membranes showed increasing reverse salt fluxes and
it can be explained by water flux increasing without
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Fig. 8. Reverse salt flux of unmodified and .-DOPA modified (a) BW30-LE, (b) SW30-HR, (c) AG and (d) AC membranes.

significant  smoothness  and
characteristics.

porous membrane

Conclusions

(1) Zwitterionic 1-DOPA carrying amine and hydroxyl
groups were applied with a simple and easy modifi-
cation process to the four different commercial poly-
amide RO membranes (SW30-HR, BW 30, AG and AC).
The presence of hydroxyl groups on membrane sur-
face improves the hydrophilicity of the resultant
modified membranes. .-DOPA modification increased
the hydrophilicity, porosity and smoothness of all the
membranes tested and improved the hydraulic per-
meability. Membrane intrinsic separation properties
were improved with -DOPA incorporation and resulted
as the enhancement in water permeability.

(2) FO performance evaluations showed that zwitterionic
-DOPA modification and the increase in draw solution
concentration enhanced the FO fluxes of all membranes
tested. -DOPA modified SW30-HR membrane showed
superior FO flux with 9.38 L/m?h at 50 g/L NaCl draw so-
lution. Although the -DOPA modified BW30-LE mem-
brane exhibited higher hydrophilicity and lower surface
roughness with the 46° and 16 nm, respectively, it
showed lower FO performance compared with -DOPA
modified SW30-HR membrane with 3.8 L/m?hbar water
permeability, 0.83 L/m?h salt permeability.

(3) This study provides an insight into the exploration of
modification of RO membranes with high FO perfor-
mance and may be treated as a simple post manufac-
turing process and also extend the use of these
membranes in FO technology.
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