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ABSTRACT

Forward osmosis (FO) membranes have gained increasing attention due to their potential advantages
such as low fouling propensity, low energy consumption and high recovery. In this study, an investi-
gation about the effect of polyamide (PA) structure on performance of the thin-film composite (TFC)
FO membranes in the interfacial polymerization has been carried out systematically. Four organic
solvents and aqueous-phase additives are selected to produce the thin-film membranes, the prop-
erties of which such as morphology, hydrophilicity, crosslinking degree and FO performance were
evaluated. Among the four types of organic solvents, the hexane-based PA TFC membrane shows
the highest water permeability, hydrophilicity and the lowest crosslinking degree. Meanwhile, the
TFC membranes with high boiling point solvents (heptane and isopar) exhibit high water flux at high
curing temperature, which is different from the low boiling point solvents (hexane and cyclohexane).
Furthermore, four kinds of additives in aqueous phase were introduced to form desired PA layers. FO
performance of PA TFC membranes was improved with the addition of dimethyl sulfoxide (DMSO)
and N,N-dimethylformamide (DMF) by reducing the solubility difference of the two immiscible phase
and facilitating the diffusion of 1,3-phenylenediamine into the organic 1,3,5-benzentricarbonyl trichlo-
ride phase. In general, the hexane-based PA TFC membrane with the 3 wt% DMSO as an additive
shows a much better FO performance.
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1. Introduction

Membrane separation processes are now the primary
technology used in wastewater reclamation and desalination
[1]. Over the past decade, forward osmosis (FO) process has
attracted worldwide interest in the field of desalination and
wastewater treatment to meet the growing demand of fresh
water. This is mainly ascribed to its low fouling propensity,
low energy consumption and high recovery [2]. In general,
FO thin-film composite (TFC) membrane consists of an ultra-
thin polyamide (PA) active layer and a porous substrate. The
substrate provides strength to the PA layer and maintains
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membrane’s integrity in FO processes [3]. Though both the
layers (substrate and PA layer) can be independently opti-
mized with respect to strength, stability and performance,
the properties of the PA layer are important factors for the
membrane separation efficiencies [4].

Interfacial polymerization (IP) is the most commonly
used technique for preparing PA TFC membrane, which
was introduced by Sasaki et al. [5]. In this technique, the PA
layer is produced on the porous substrate by reacting with
two monomers, 1,3-phenylenediamine monomer taken in
water and 1,3,5-benzenetricarbonyl trichloride taken in
hexane solvent, and the polymerization reaction takes place
at the interface [6,7]. In recent literatures, many researches
have been focused on fabrication of high-performance TFC
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membranes by optimizing structure of the PA active layer via
the IP reaction [8-11]. In general, the IP reaction includes some
key parameters, for example, the types of monomers and
organic solvents, aqueous-phase additives and heat-treating
process [12-18]. The TFC RO membrane with heptane as
the organic solvent heat-treated at 75°C has higher water
permeability, lower roughness and excellent salt rejection
compared with other organic solvents [19]. There have been
reports on utilization of a co-solvent such as isopropanol
(IPA) and N,N-dimethylformamide (DMF) into the organic
phase to enhance the miscibility at the interface and showed
significantly lower rejection and higher flux than that of mem-
branes with no additives [20]. The effect of organic solutions
on the performance of PA TFC nanofiltration membranes
was investigated and demonstrated that isopar was suitable
for increasing the rejection rate compared with hexane [21]. It
is critical to select organic solvents with high surface tension
but low viscosity, since which governs the amine monomer
prolongation and aromatic acyl chloride hydrolysis during
IP reaction [19]. Cyclohexane, heptane, isopar and hexane
as the most commonly used organic solvents in interfacial
polymerization were studied in this paper [16-21].

In addition, during the IP reaction, the pH of the solution
decreases first due to the consumption of amines and sec-
ond due to the formation of hydrochloric acid as a result of
reaction between diamines and acid chloride [4]. Hence, some
acid acceptor (e.g., triethylamine, sodium hydroxide, sodium
tertiary phosphate, dimethyl piperazine and camphor sul-
fonic acid) was added in the aqueous phase to accelerate
the IP reaction [22-27]. Adding hydrophilic water-soluble
polymers such as N,N-dimethylformamide, dimethyl
sulfoxide to the amine solution can produce high-flux reverse
osmosis membranes with good rejection [28-30]. The addi-
tion of lithium bromide (LiBr) and sodium dodecyl sulfate
(SDS) in 1,3-phenylenediamine (MPD) solution was found to
facilitate the reaction between the two phases and resulted
in a significant improvement in water permeability [31].
However, these studies mainly focused on the influence of
one or two additives on PA TFC membranes, lacking of sys-
tematic research for the effect of typical additives on the per-
formance of the PA TFC membranes.

In this work, fabrication of PA TFC membranes for FO
process was conducted through controlling the preparation
parameters of the PAlayer with four different organic solvents
and four aqueous-phase additives. The PA layer properties in
terms of water and salt permeability, contact angle, functional
group, surface energy and surface morphology were system-
atically investigated. To the best of our knowledge, this is the
first report on the systematical study of the effect of organic
solvents and additives on PA layer properties for TFC FO
membranes.

2. Materials and methods
2.1. Materials

Polysulfone (PSf, Mn: 26,000 Da), N-methyl pyrroli-
done (NMP, anhydrous, 99.5%), PEG 400 (powder, 99%)
and LiCl (powder, 99%) were used for PSf porous sub-
strates. Chemicals used in PA active layer formation
included MPD (99%), 1,3,5-benzenetricarbonyl trichloride

(TMC, 98%), and aqueous solution additives (e.g., triethyl-
amine [TEA; liquid, 99.5%], dimethyl sulfoxide [DMSO;
liquid, 99%], N,N-dimethylformamide [DMF; liquid, 99%],
piperazine hexahydrate [PIP; powder, 99%] and isopro-
panol [IPA; liquid, 99%]). There are four organic solvents
used to prepare the TMC solution, included hexane (Beijing
Chemical Works [Beijing, China], 95%), heptane (Beijing
Chemical Works [Beijing, China], 95%), cyclohexane
(Beijing Chemical works [Beijing, China], 95%) and isopar-G
(isopar, a proprietary nonpolar organic solvent, Univar,
Redmond, WA, 99%). Sodium chloride (NaCl, crystals, ACS
reagent, Sinopharm Chemical Reagent Co., Ltd. [Beijing,
China]) was dissolved in deionized (DI) water obtained from
a Milli-Q ultra-pure water purification system (Millipore,
Billerica, MA).

2.2. Membrane preparation
2.2.1. Preparation of PSf substrates

PSf substrate was prepared according to the usual phase
inversion method by dissolving 12 g PSf beads, 4 g PEG 400
and 2 g LiCl in 82 g of NMP solvent. Prior to membrane cast-
ing, the solution was stirred at room temperature for 8 h and
then stored in a desiccator for at least 15 h. A 100 um casting
knife was used to spread the PSf solution onto a glass plate.
Then the substrate was immediately immersed in DI water
at room temperature to initiate the phase inversion. The
obtained PSf substrate was then stored in a DI water bath for
the following IP reaction.

2.2.2. Preparation of PA rejection layer

The PA rejection layer was prepared via IP process on
the surface of the PSf substrate. First, the PSf substrate was
immersed in a 3.4 wt% MPD aqueous solution with differ-
ent additives (e.g., triethylamine [TEA], dimethyl sulfoxide
[DMSO], dimethylformamide [DMF] and piperazine [PIP])
for 120 s. An air knife was then used to remove excess MPD
solution off the membrane surface. Then, the MPD-saturated
substrate was immersed into the different organic phase
0.15 wt% TMC solution (i.e., hexane, heptane, cyclohexane
and isopar) for 60 s, resulting in the formation of an ultra-thin
PA layer. The composite membranes were cured in DI water
at 65°C for 120 s (unless otherwise specified), then rinsed
with a 200 ppm NaClO (available chlorine 8%-12%) aqueous
solution for 120 s, followed by rinsing for 30 s with 1,000 ppm
NaHSO, aqueous solution, before final heat-curing step at
65°C for 120 s. The fabricated TFC membranes were rinsed
thoroughly and stored in DI water at 4°C.

2.3. Evaluation of FO performance

FO experiments were conducted with a lab-scale
cross-flow filtration unit, as illustrated in Fig. 1. The
cross-flow filtration unit included a cell with 40 cm?
effective membrane (length 10 cm, width 4 cm). 1 M NaCl
solution was used as draw solution (DS) and DI water as
feed. Temperatures of the feed and DSs were maintained
at 25°C + 0.5°C. The feed solution (FS) and DS were circu-
lated on each side of the membrane at a cross-flow rate of
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Fig. 1. Lab-scale forward osmosis testing system.

0.013m s™, which was controlled by flow meter and magnetic
pumps (MP-20RM, Shanghai Xinxishan Industrial Co., Ltd.
[Shanghai, China]). Membranes were tested under FO mode
where FS faces the PA layer. The test was conducted for
1 h in triplicate. The reverse salt flux could be calculated
with measured conductivity (DDSJ-308F, INESA Scientific
Instrument Co., Ltd. [Shanghai, China]) of the FS at the
end of the experiment. Mass change of permeated water
over time was recorded by a balance (HZT-A2000, Huazhi
Scientific Instrument Co., Ltd. [Fujian, China]). The water
flux (J, L m?h™) refers to the volume of pure water trans-
ferred from FS to DS per unit area and per unit time, which
was calculated as follows:

AV

Ty S

where AV (L) is the volume change of the DS over a prede-
termined time At (h) and A is the effective membrane surface
area (m?).

The salt reverse flux (/, g m™>h™') was defined as the qual-
ity of NaCl diffusing from the DS to the FS per unit mem-
brane area per unit time and determined by the conversion of
its electrical conductivity measured by a conductivity meter.
It was calculated as follows:

_ Vlct — VUCO

Js AAt

2

where C, and V, are the concentration and volume of the FS
measured over a predetermined time At (h), and C; and V,
are the initial concentration and initial volume of the FS,
respectively. A (m?) is the available membrane area, At (h)
is the effective testing time. The salt quality was calculated
by using the standard curve established before experiments.

2.4. Characterization of the membranes

The surface was observed using scanning electron
microscopy (SEM, FEI, Quanta 200, Holland). Before the
observation, membranes were fractured in liquid nitrogen,
and coated with gold using a sputtering coater (MC1000 Ion
Sputter). Attenuated total reflectance-Fourier transform infra-
red spectroscopy (ATR-FTIR, Vertex 70, Bruker [Ettlingen,
Germany]) was used to identify the functional groups of

Electronic balance

the PA active layer and analyze the chemical changes of the
PA layer. Surface hydrophilicity of the TFC membrane was
determined by contact angle instrument (JY-PHa, Chengde
Jinhe Instrument Manufacturing Co., Ltd. [Hebei, China])
using sessile drop method. For each membrane type, three
different samples were tested in 12 random locations. A 2 pL
droplet was placed on a freeze-dried membrane surface,
and contact angles were measured. The interfacial tension
between a condensed-phase material and water is one of the
most important terms occurring (directly or indirectly) in the
major surface thermodynamic combining rules, the equa-
tions for the free energies of interaction between apolar or
polar entities, immersed in water was evaluated by Young-
Dupré equation, which forms the link between contact angles
(0) of a drop of liquid (L) deposited on a flat solid surface (S),
with the surface tension of the liquid (y,) and the solid (v,);
YW was designated as the apolar part of the surface tension;
the parameter y,* and vy, represented its electron-accepticity
as well as y,”and vy, represented its electron-donicity [28]. In
conjunction with the surface tension values of water, y**, v.7,
Y, of the membrane can be calculated from the solution of
Egs. (3) and (4):

(1+cosB)y, =-AG, ®)
( V5oL Y, + \/v;vz) @)

The Lewis acid-base system describes the
electron-accepticity (Lewis acid) and electron-donicity
(Lewis base) of polar materials and the Lifshitz—van der
Waals property designated as the apolar part of the surface
tension, in terms of y*, one can describe the entire polar
part of the surface tension of that material as y*? (acid—base),
which is equally true for vy, [32,33].

Ys = Y;W + YSAB ®)

et =2y, )

where the subscripts S and L refer to the membrane and
liquid, respectively. The interfacial free energy and surface
energy of the membranes were analyzed by the contact
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angle method with two polar liquids, water and glycerol,
and an apolar liquid, diiodomethane, the surface tension of
which was assumed as 72.8, 64.0 and 50.8 mJ] m= at room
temperature, respectively [34,35]. Using the surface tension
components of membrane and water, the interfacial free
energy of cohesion of membrane interfaces immersed in
water was also calculated [36-38].

2.5. Determination of transport and structural parameters

The water and solute permeability coefficients (A and B,
respectively) and structural parameters (S) are three intrinsic
parameters that fully describe membrane system and can be
used with the respective governing equations to accurately
predict the water and salt flux performance of a membrane
sample in any laboratory-scale FO system. The three param-
eters were characterized by adopting the Excel-based algo-
rithm developed by Tiraferri et al. [39]. The simultaneous
determination of A, B and S parameters of FO membranes
was obtained through Egs. (7) and (8), where a single FO
experiment including four stages was conducted, each stage
of that used different concentration of DS (500; 1,000; 1,500;
2,000 mM) with a DI water FS.

b
T, exp —? — Ty
A

Jw =

5 [ @)
1 +]|:1 —exp[—DJ:|

w

C, exp(—]”’DS] -C,

1+ ﬁ[l—exp(—]gsﬂ

where D is the bulk diffusion coefficient of the draw salt, 7t
and 7, are the osmotic pressures for the draw and FSs, and
C, and C, are the concentrations of the draw solutions and
FSs, respectively. In this method, the water and salt flux sets
with a low coefficient of variation for the ] /] ratio (10%) and
a high coefficient of determination (>0.95) for the water flux
(R?,) and salt flux (R%) to obtain results close to their true
values. A/B was termed as the reverse flux selectivity, and
regarded as a quality control parameter [40].

Js=B ®)

3. Results and discussion

3.1. Morphology and properties of PA TFC membranes with
different organic solvents

Fig. 2 shows the surface morphology of the PA TFC
membranes with four different solvents. This observation is
consistent with the typical characteristic of an interracially
polymerized PA membrane prepared by MPD and TMC,
which consists of “ridge-and-valley” morphology [41,42].
The cyclohexane membrane (Fig. 3(a)) shows dispersed
piece structure consisted of the crooked, worm-like strands
connected with each other. Fig. 3(b) shows the surface of the

Fig. 2. SEM images of the top surface of PA TFC membrane with four different solvents (a) cyclohexane, (b) heptane, (c) isopar and

(d) hexane.
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PA TFC membrane with heptane; three-dimensional net-
work structure is visible and obtains higher surface energy
compared with other membranes, which indicates that the
surface roughness also affect the membrane hydrophilicity
[43]. The surface tension of organic solvents controls the
MPD solubility and the miscibility of the two liquid phases,
hexane shows higher MPD diffusivity and lower MPD sol-
ubility among those organic solvents [19]. The films formed
by enhancing MPD diffusivity and reducing MPD solubility
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Fig. 3. (a) ATR-FTIR spectra and (b) the estimated ratio of
(~COOH)/(-COONH) groups of the PA TFC membranes with
four different solvents (heat-treating at 65°C).

Table 1

tends to increase crosslinking, Based on the obtained data,
it is reasonable to conclude that the organic solvents affect
the degree of polymerization, the surface morphology and
hydrophilicity [44,45].

Table 1 shows the water and salt permeability, struc-
tural parameter, hydrophilicity and surface energy of the
TFC membranes with four different solvents (heat-treated at
65°C). The hexane films obtained relatively higher water and
salt permeability as well as structural parameter, while the
membranes with isopar showed lower water permeability
and parameters, indicating the type of solvents significantly
influenced the performance of TFC membrane. Membranes
with hydrophilic surfaces are well known for their high bio-
fouling resistance characteristics [19]. Contact angle analysis
using the sessile drop method was used to compare the sur-
face hydrophilicity of TFC membranes with four different
solvents. As shown in Table 1, the hexane-based PA layer
showed better hydrophilicity (0 = 79.55° + 0.85°) and higher
surface energy (-AG, =41.41 m] m~?) compared with others.
Moreover, the lowest surface energy (19.32 mN m™) was
obtained for cyclohexane-based PA layer.

The changes in surface functional groups of the TFC mem-
branes were investigated by ATR-FTIR as shown in Fig. 3. The
TFC membrane spectra disclosed the characteristic peaks of
the PA layer formed by the interfacial polymerization of MPD
and TMC monomers at 1,661 cm™ (C=O of amide), 1,610 cm™
(aromatic ring breathing), and 1,544 cm™ (C-N stretch of
amide II), indicating the successful formation of the PA
layer on the top of PSf substrate [39,46]. The weak peak at
1,724 cm™ corresponds to the C=O stretching of carboxylic
acid arising from the hydrolysis of the unreacted acyl chlo-
ride [47]. The degree of crosslinking can be roughly estimated
from the ratio of the peak intensity at 1,724 and 1,661 cm™
(I ( {OOH)/I ({ONH)) [24]. The variation of the I ({OOH)/I _conpy Fatio
indicated the IP reaction was strongly influenced isy the four
different solvents as shown in Fig. 3(b). The hexane-based PA
layer obtained the lowest I({OOH)/I(iCONH ratio. This observa-
tion can be explained as the relatively f’ligher solubility and
diffusivity of MPD in the hexane, which might alter hydroly-
sis and the degree of crosslinking [28]. While the isopar-based
PA layer had the highest I /I oy ratio. The faster
solution and diffusion of MPD to TMC solvents produced
thinner and more crosslinked PA layer, and monomers can
more easily form multiple amide linkages [17].

Fig. 4 compares the FO performance of the TFC mem-
branes with different types of organic solvents at differ-
ent heat-treating temperatures. The organic solvents and
heat-treating temperature affect the performance of the TFC
membranes. As shown in Fig. 4(a), the water flux of hexane
and cyclohexane membranes decreased with the increase of

Analysis of the water permeability (A), salt permeability (B), structural parameter (S), hydrophilicity and surface energy of the TFC

membranes with four different solvents

Solvent type A (Lm=2h”bar™) B (Lm>2h™) S (um) Contact angle (deg) -AG, (m] m?) v (mN m™)
Hexane 0.638 0.161 363 79.55 + 0.85 41.41 24.84
Heptane 0.488 0.148 319 82.79 £0.91 36.89 20.99
Cyclohexane 0.587 0.142 276 83.12+1.12 34.63 19.32
Isopar 0.292 0.173 212 83.90+1.24 33.69 24.41
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Fig. 4. Performance of TFC membranes with different types
of solvent at five heat-treating temperatures. (a) Water flux,
(b) reverse salt flux.

heat treatment temperature. This phenomenon is due to that
hexane and cyclohexane as low boiling point solvents had
been fully removed above 65°C. Once evaporation of organic
solvents from the membrane surface is complete, evaporation
of bound water inside the membrane occurs, excessive heat
may affect the pore size of the PSf substrates, thus resulting
in a decrease of the desired flux rate of the membrane [48,49].
This contrasts with the high boiling solvents (heptane and
isopar), which exhibit increasing water flux through 90°C.
In addition, it was worth to note that the reverse salt flux
(Fig. 4(b)) of the PA membranes decreased above 65°C except
the isopar-based TFC membrane. It seems a curing tempera-
ture above 65°C will provide the desired and stable mem-
branes with low boiling solvents, unlike isopar-based TFC
membranes, which can stand high curing temperature [50].

3.2. Morphology and properties of PA TFC membranes with
different additives in MPD solution

The additives in MPD solution were used to influence
monomer solubility, diffusivity and scavenge inhibitory
reaction byproducts. Adding small amounts of hydrophilic
water-soluble polymers such as DMSO and DMEF to the aque-
ous amine solution can increase the miscibility of water and
hexane and probably also enhance MPD diffusivity, thus,
producing high-flux thinner PA film with good rejection
[28,51]. The surface morphology of TFC membranes with
different additives in MPD solution is displayed in Fig. 5.
Compared with the surface of the membranes with DMF and
DMSO (Figs. 5(b) and (c)), the TEA-based membranes exhib-
its smoother structures with worm-like and crooked strands.
The addition of PIP to the PA TFC membranes leads to differ-
ent surface morphology, the surface of the membrane looks
open with a larger patch-like structure (Fig. 5(d)). When the

Fig. 5. SEM images of the top surface of PA TFC membrane with 1 wt% additives. (a) TEA, (b) DMF, (c) DMSO and (d) PIP.
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reactant amine is a mixture of MPD and PIP, the local amine-
TMC reaction rate varies due to the different reactivity and
mobility of the amine sites in small molecules of PIP and
macromolecules of MPD, resulting in rough surfaces with
obvious ridge-valley [51,52].

Table 2 analyzed the membrane characteristics, contact
angle, interfacial free energy and surface energy of the TFC
membranes with different additives in MPD solution. In gen-
eral, the introduction of additives except PIP can improve
the water permeability in different degrees. The TFC mem-
branes with additives have more satisfactory performance in
decreasing solute reverse diffusion and structural parameter
(S). Since the effect of ICP can be minimized by reducing
S value, it is found that improving the TFC membrane charac-
teristics through incorporation of additives is a reliable strat-
egy to improve the membrane efficiency in FO applications.
Generally, the contact angle of the TFC membranes decreases
compared with the membranes without additives, and the
contact angle of the membrane formed with TEA decreased
from 79.55° to 64.07° and the interfacial free energy increased
from 41.41 to 59.36 mJ m~, which was due to that the addition
of TEA solvent accelerated the IP reaction by controlling the
reaction pH and removing hydrogen halides formation [53].
These results demonstrate that the hydrophilicity of the TFC
membranes with additives is significantly improved.

Fig. 6 shows the performance of the TFC membranes
with varying amounts of additives. The DMSO and DMF
membranes exhibited higher water flux compared with oth-
ers, which have a Hildebrand solubility parameters (24.8
and 26.6 MPa'”) between those of water and hexane, thereby
reducing the solubility difference of the two immiscible
phase and facilitating the diffusion of MPD into the organic
TMC phase [54]. The consequence is modification of surface
morphology, variation in polymer chain organization, and
change of molecular nature during the formation of TFC
membranes [28]. Based on the results obtained from the FO
test, it can be concluded that 3 wt% DMSO is the optimal
additive for the TFC membrane, which results in higher
water flux (13.97 £ 0.20 L m™ h™') and lower reverse salt flux
(1.15 £ 0.13 g m? h™') among those additives. Nevertheless,
the addition of PIP resulted in a negative effect on the water
flux, which may be attributed to the participation of PIP in
IP reaction, the participation of PIP leads to the formation of
barrier layer with maximum thickness at low concentration
of PIP. Further increase in PIP concentration can lead to the
accumulation of PIP in the amino and group rich region of
the thin film and increase the density of the film [4,55,56].
The reverse salt flux of the TFC membranes with the varying

Table 2

amounts of additives was shown in Fig. 6(b), the introduction
of the four additives promoted the salt rejection performance.
In order to further study the effect of four additives on PA
layer structures and properties. The ATR-FTIR spectra of the
TFC membranes with the four additives and the estimated
ratio of I o /I oy, 8roups are presented in Fig. 7. The
detailed spectra in the range from 2,100 to 400 cm™ (Fig. 7(a))
reveal little change with the introduction of four additives,
suggesting the degree of influence of additives in MPD solu-
tion on the PA layer is less than that of the organic solvents.
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Fig. 6. Performance of PA TFC membranes with different
concentration additives in the MPD solution.

Analysis of the water permeability (A), salt permeability (B), structural parameter (S), hydrophilicity and surface energy of the TFC

membranes with 1 wt% additives in the MPD solution

Additives A (Lm?h"'bar™) B(Lm?h™) S (um) Contact angle (deg)  -AGg (mJm?) v/ (mNm™)
None 0.638 0.161 363 79.55 + 0.85 41.41 24.84
TEA 0.641 0.137 265 64.07 £1.03 59.36 35.24
DMF 0.679 0.143 288 62.80 £0.76 59.86 34.38
DMSO 0.692 0.131 257 67.41 £0.95 44.75 32.59
PIP 0.485 0.128 212 66.53 +1.17 48.58 29.37
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Fig. 7. (a) ATR-FTIR spectra and (b) the estimated ratio of
(-COOH)/(-COONH) groups of the PA TFC membranes with
1 wt% additives in the MPD solution.

4. Conclusions

Here we focus on the effect of the types of both organic
solvent and aqueous-phase additive on the PA layer of TFC
membranes specifically tailored in FO process. Among the
four types of organic solvents, the hexane-based PA TFC
membrane shows higher water flux, hydrophilicity and
lower crosslinking degree compared with other membranes.
Higher heat-curing temperature is beneficial for improving
salt rejection of the TFC membrane. The addition of four
aqueous-phase additives leads to formation of a more hydro-
philic PA layer. The water flux of TFC membranes increases
after adding 3 wt% DMSO into the MPD solution, with a
sharp decrease of reverse salt flux. In short, the present work
has demonstrated that the introduction of additives into
MPD solution is promising for TFC FO membranes.
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