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ABSTRACT

In forward osmosis (FO), the influence of the pore morphology in the membrane support
layer on membrane performance is still unclear. As a result, investigation into the relation-
ship between membrane pore morphology and membrane performance in FO is meaning-
ful. During the fabrication of a thin-film composite (TFC) FO membrane, the membrane
pore morphology is related to the composition of the coagulant bath. In this study, varied
concentrations (from 0 to 9 wt.%) of 1-methyl-2-pyrrolidinone (NMP) in a coagulant bath
were applied to fabricate TFC FO membranes of different pore morphologies. The mor-
phologies of the fabricated membranes were then characterized using FESEM, and the per-
formance of each of the membranes was evaluated using a lab-scale FO setup. The FESEM
images indicated that the increase in the NMP concentration elongated finger-like pores and
suppressed the formation of large pores in the profile. When the NMP concentration was
9 wt.%, the finger-like pores nearly spanned the entire SL of the fabricated membrane. In
addition, the open pores at the membrane bottom surface became smaller and fewer in
number with the increase in the NMP concentration. The experimental FO results of the
membranes indicated that internal concentration polarization reduction could be achieved
by creating more long finger-like pores in the membrane SL as well as more and larger
open pores at the membrane bottom surface. All of the fabricated membranes had a low
rate of water flux (J,,) to reverse salt flux (J;). In addition, the membrane fabricated with
3wt.% NMP had the best performance in minimizing the draw solute loss, with a high
Jw/]sof 42 L/g.
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1. Introduction

Currently, the water resource crisis is an urgent
global issue. In past decades, freshwater was pro-
duced from seawater or brackish water via desalina-
tion technologies, such as reverse osmosis,
electrodialysis, and multi-stage flash, to satisfy daily
water demand [1]. However, a large amount of energy
is consumed in these desalination processes. In recent
years, a novel desalination technology, forward osmo-
sis (FO), has attracted increasing research interests
[2,3].

In the FO process, a feed solution (FS) with low
osmotic pressure and a draw solution (DS) with high
osmotic pressure are separated by a semi-permeable
membrane. Driven by the osmotic pressure difference
across the membrane, pure water permeates the mem-
brane from the FS to the DS. A water flux that can be
recovered from the DS is then produced. In theory, a
high water flux could be achieved via a high osmotic
pressure difference. Thus, without applying hydraulic
pressure, FO has good prospects in the fields of
desalination and water treatment [4,5]. However, the
actual water flux in FO is much lower than expected,
which hinders the application of FO. Depending on
the composition of the FS, the decrease in the mem-
brane water flux is mainly due to membrane fouling
and/or concentration polarization (CP). CP is a phe-
nomenon in which the actual osmotic pressure differ-
ence across the membrane active layer is much lower
than the theoretical osmotic pressure difference
between the FS and DS bulks in FO. CP includes
external concentration polarization (ECP) and internal
concentration polarization (ICP) [6,7]. Generally, the
FO membrane consists of a dense active layer (AL)
and a porous support layer (SL). ECP occurs in solu-
tions adjacent to the membrane surface, while ICP
occurs within the membrane porous support layer. In
the process of FO for which the membrane AL is fac-
ing the FS, the water flux dilutes the DS in the porous
membrane SL, resulting in a significant osmotic pres-
sure drop in the membrane SL. This is the so-called
dilutive internal concentration polarization (DICP),
which leads to a drastic decrease in the actual osmotic
pressure difference across the membrane AL and
results in a lower water flux than predicted [8,9].
DICP is dependent on the membrane SL structure and
properties, such as thickness, tortuosity, hydrophobic-
ity, and porosity [10,11]. Therefore, many researchers
have focused on the study of the optimization of the
FO membrane to enhance the water flux.

In the past two decades, the only commercial
membranes for FO applications have been made from
cellulose triacetate (CTA) or cellulose acetate (CA) by
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Hydration Technology Innovations, LLC (HTI). How-
ever, the use of these CTA & CA membranes in
desalination have been limited because of their rela-
tively low pure water permeability, salt rejection, and
poor chemical stability in the NH,HCO; DS [12].
Thus, Yip et al. [12] fabricated thin-film composite
(TFC) FO membranes via phase inversion and interfa-
cial polymerization in 2010. The membranes that they
produced were thinner, more porous, more chemically
stable to the NH,HCO; DS, and performed better than
HTI membranes in lab-scale FO experiments. In recent
years, TFC FO membranes have gained more attention
compared with cellulose acetate FO membranes.
Researchers have conducted many studies on the opti-
mization of the TFC membrane active layer [13-18]
and support layer [19-26] or on the mathematical
modeling of membrane mass transfer [27-30]. HTI also
developed a commercial TFC membrane that per-
formed well in the FO process, according to the results
in the study of Ren and McCutcheon [31]. As DICP
and the FO water flux are related to the structure of
the TFC FO membrane SL, studying the relationships
among the membrane SL structure, DICP, and mem-
brane performance in FO would benefit FO membrane
optimization and FO application.

Generally, the TFC FO membrane AL is fabricated
via interfacial polymerization, and the membrane SL is
fabricated via phase inversion [12,32]. To obtain a por-
ous membrane SL with different structures, immersion
precipitation is a commonly used method. In immer-
sion precipitation, the prepared membrane casting
solution is immersed into a non-solvent coagulant bath
to form the porous membrane SL via phase inversion.
During this process, the composition of the coagulant
bath plays a key role in membrane pore formation.

Studies indicated that adding solvent, e.g.,
1-methyl-2-pyrrolidinone (NMP), into the coagulant
bath could influence the pore morphology in the
membrane [33]. This influence is related to the mem-
brane pore morphology being determined by the liq-
uid-liquid demixing types during phase inversion.
Instantaneous demixing tends to form macrovoids,
which includes finger-like and large pore morphology,
while a delayed demixing may induce the formation
of sponge-like pores in the membrane SL. The addi-
tion of solvent to the coagulation bath lowers the non-
solvent activity and diffusion rate into the polymer
film, which would further delay demixing and result
in pore morphology changes in the membrane SL [33].

ICP can be decided by the membrane SL structure
(i.e. pore morphology); therefore, the composition of
the coagulant bath may further influence the
membrane performance in FO by affecting the SL
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structures. Based on this point, studying the inter-
relationship between the coagulant bath composition,
membrane structure, and membrane FO performance
is meaningful to FO membrane optimization as well
as to FO industrial application.

In this study, a series of TFC FO membrane SLs
were fabricated using coagulant baths with varied
NMP concentrations from 0 to 9 wt.%. The AL of all of
the TFC FO membranes was fabricated via interfacial
polymerization under the same conditions. The effects
of the NMP concentrations in the coagulant bath on the
TFC FO membrane SL structure and the effects of
membrane SL structure on ICP and membrane FO per-
formances were systematically investigated with the
results of membrane characterizations and experimen-
tal FO performances. The findings of this work may
help to provide further understanding on how to
optimize TFC FO membrane structure.

2. Materials and methods
2.1. Materials

Polysulfone beads (Mn ~22,000, Sigma Aldrich),
1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%,
Sigma Aldrich), N,N-dimethylformamide (DMF, anhy-
drous, 99.8%, Sigma Aldrich) were used to fabricate
the porous polysulfone support layer of membrane.
1,3-phenylenediamine (MPD, >99%, Sigma-Aldrich),
1,3,5-benzenetricarbonyltrichloride (TMC, 98%, Sigma
Aldrich), an organic solvent Isopar-G (Exxon Mobil,
China) were used to fabricate the dense polyamide
active layer of membrane. Sodium chloride (NaCl,
299.5%, Sinopharm Chemical Reagent) and deionized
(D) water were used to test the membrane perfor-
mance in FO experiments.

2.2. Fabrication of TFC FO membrane

2.2.1. Fabrication of the membrane polysulfone support
layer

Psf beads dried overnight were dissolved into a
composite solvent of DMF and NMP to prepare the
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membrane casting solution. Before being casted onto a
clean glass plate with a casting knife at a 100-um
thickness, the membrane casting solution was stirred
for at least 8 h and degassed overnight. Immediately
after casting, the thin as-cast liquid films were
immersed into coagulant baths with varied NMP
concentrations of 0, 3, 6, and 9 wt.% at room tempera-
ture. After 10 min, the membrane support layers
formed in the coagulant bath were thoroughly washed
with DI water and then kept in DI water until the
formation of polyamide. The composite recipes of
the casting solution and coagulant bath are presented
in Table 1.

2.2.2. Fabrication of the membrane polyamide active
layer

The polyamide active layer was fabricated via the
interfacial polymerization of MPD dissolved in the lig-
uid phase solution and TMC dissolved in the organic
phase solution using the unified method. First, the
membrane polysulfone support layers were immersed
in a 34 wt.% MPD aqueous solution for 120 s. After
removing liquid drops on the surface, the top surfaces
of the MPD saturated membrane support layers were
allowed to be in contact with 0.15 wt.% TMC in Iso-
par-G for 60s. Next, the fabricated TFC FO mem-
branes were thoroughly rinsed by DI and stored for
further use.

2.3. Characterization of the TFC FO membrane

2.3.1. Measurement of the membrane thickness and
hydrophilicity

The thickness (t;) of the membrane support layers
was measured using a digital micrometer (series
293-240, Mitutoyo, Guangdong, China). For each
membrane SL sample, the value of ¢, was measured
10 times at 10 different locations. The contact angle
(CA) of the membranes was measured using a
contact angle goniometer (OCA20, Dataphysics,

Composite recipes of the membrane casting solution and the coagulant bath

Casting solution composition

Coagulant bath composition

Membrane Psf (wWt. %) NMP (wt.%) DMF (wt.%) NMP (wt.%) DI (wt.%)
My 12 22 66 0 100

M; 12 22 66 3 97

Mg 12 22 66 6 94

My 12 22 66 9 91
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Germany). For each membrane sample, CA was
measured at 20 different locations and averaged.
Before the measurements, all of the samples were
dried overnight in a desiccator.

2.3.2. Characterization of the membrane structural
morphology

The surface and cross-sectional morphology of the
membrane samples were characterized by a field-emis-
sion scanning electron microscope (FESEM, S-3400N,
Hitachi) after being coated with platinum using an ion
sputter (E-1010, Hitachi). In addition, the diameter (d)
of the open pores at the membrane bottom surface
was measured using the FESEM measurement soft-
ware. For each membrane sample, the average open
pore diameter at the membrane bottom surface was
measured and calculated based on 100 random pores.
Meanwhile, the total areas of open pores in the unit
area of the membrane surface were determined by
image processing software (Image], National Institute
of Mental Health, USA) for each sample. The propor-
tion of the open pore area in the total membrane sur-
face area was calculated and summarized. Before
characterization, all of the samples were freeze-frac-
tured in liquid nitrogen and then dried in a desiccator
for 24 h.

2.3.3. Determination of the membrane support layer
porosity

The dried membrane support layer samples were
weighed using an analytical balance (AL 204, Mettelor
Toledo), and the porosity (¢) of the membrane support

layer samples was calculated by the following
equation:
p- Sm by — Ws
e (%) =+————>——x100 (1
(%) (p—=pi) - Sm -t

where p is the density of Psf (1.25 x 10> kg/m’) and
Sm and ts are the area and thickness of the sample,
respectively. W, is the weight of the membrane
support layer sample, and p; is the density of air
(1.20 kg/m?) under the testing condition. The principle
of the ¢ measurement method in this work is the same
as the principle of testing the membrane weight
change before and after being dried, as described by
Emadzadeh et al. [32].
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2.4. Evaluation of the membrane intrinsic water
permeability and solute rejection

The intrinsic water permeability and solute rejec-
tion of TFC FO membranes fabricated in this work
were evaluated using a dead-end ultrafiltration (UF)
setup. The membrane pure water permeability (A)
was tested in the UF setup at an applied trans-
membrane pressure of 3.5 bar using DI water as a
FS. When the water steadily permeated the mem-
brane, A was determined by measuring the volume
of permeate water and then calculated using the fol-
lowing Eq. (2):

AV,

A:&VFAt

()

where AV, is the volume of the water that permeated
the membrane, S, is the effective membrane area in
the UF setup, P is the impressed pressure across the
membrane, and At is the time during which water
permeated the membrane.

The membrane salt rejection, R, was also tested in
the UF setup with 50 mM NaCl as the FS. In the test,
the FS was stirred by a paddle to circularly flow in
the horizontal direction in the setup while the water
permeated in the vertical direction. To calculate R, the
following equation was used:

R= <1—%) x 100 €)]

f

where C, and C¢ are the salt concentrations in the per-
meating solution and FS, respectively. Based on the
solution—diffusion theory, the solute permeability
coefficient (B) of membrane was calculated by:

1-R B
R~ A-(AP-An)

“)

where A is the pure water permeability, AP is the
pressure difference, and Az is the osmotic pressure
difference across the membrane.

2.5. Evaluation of the membrane FO performance

The experimental performances of the TFC FO
membranes fabricated in this work were evaluated
using a lab-scale FO setup. In our experiments, all of
the tests were performed at room temperature
(25 + 1°C) in FO mode, for which the membrane active
layer was facing the FS and the support layer to the
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DS. The effective membrane area in the setup was
30 cm® During the FO test, the FS and the DS were
pumped to flow in parallel. Both FS and DS were
circulated at a fixed flow rate of 22 cm/s on the mem-
brane top and bottom surfaces. The DS used in the
experiments was NaCl aqueous solution of varied con-
centration of 0.5, 1.0, 1.5, and 2.0 M. The FS was DI
water. The experimental membrane water flux (J,,) in
FO was determined by measuring the weight changes
of the FS using a digital balance (Mettler Toledo,
PL2002) linked to a computer. The experimental mem-
brane reverse salt flux (J;) was determined by measur-
ing the salt concentration in the FS using a
conductivity meter.

2.6. Determination of the membrane structural parameters

According to the mass transfer theory in the FO
process [10,23], the resistance to solute diffusion, K,
was calculated using the following equation:

1 B—}—A-TED’b

K=—In—w«-— -
]w nB+]w+A'7TF‘m

%)

where J,, is the experimental water flux in FO. B and
A are the solute permeability and the water perme-
ability of membrane, respectively. zp) is the bulk
osmotic pressure of the DS, and g, is the osmotic
pressure at the membrane surface on the feed side
(0 bar for DI water). The resistance K could also be
expressed as the reciprocal of a thin-film mass trans-
fer coefficient:

K = (6)

D-

™

where f; is the support layer thickness, 7 is the tortuos-
ity, D is the diffusion coefficient of the draw solute,
and ¢ is the porosity.

The membrane structural parameter, S, which is
independent of the DS properties, assuming the draw
solutes do not swell or plasticize the Psf support layer
[12], was defined as:

Table 2
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Basically, an ideal TFC FO membrane should have a
low S value, which is the indicator for ICP in the
membrane in the FO process. In FO process, milder
ICP is due to smaller S values of membranes
employed [34].

3. Results and discussion

3.1. Effects of the NMP concentration in the coagulant bath
on the physiochemical properties of the fabricated
membranes

The physiochemical properties of the membranes
fabricated in this work are summarized in Table 2. No
significant differences were found in properties such
as thickness, porosity, and contact angle (approxi-
mately 82.4-85.9° for four membranes) among the dif-
ferent membranes. This result indicates that the
variation of the NMP concentration in the coagulant
bath has no evident effect on the membrane physio-
chemical properties. Generally speaking, when the
casting knife gate is fixed at a constant height, the
thickness and contact angle of the membranes are then
largely controlled by the composition of the mem-
brane casting solution. In this work, the casting solu-
tions were prepared using the same method, this
might be the reason why there is no significant differ-
ence in membrane thickness and hydrophilicity
observed.

3.2. Effects of the NMP concentration in the coagulant bath
on the structural morphology of the fabricated membranes

Fig. 1 shows SEM images of the cross-sections and
the bottom surfaces of the membranes fabricated in
this work. These images indicate the different struc-
tural morphologies of the membranes fabricated for
different NMP concentrations.

From the cross-sectional images in Fig. 1, although
the pore distributions were distinct in different

Thickness, contact angle, and porosity of membranes fabricated using different NMP concentrations in the coagulant bath

Membrane Thickness, t; (um) Contact angle, CA (") Porosity, & (%)
My 51.1+2.0 842+ 1.6 82.3 +0.2
M; 520+1.6 838 +15 83.7 +0.1
Mg 504 +1.8 859 +1.2 84.0+0.3
My 51.6 +1.2 824 +20 83.8 +0.1
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membranes, the support layers of all four membranes
consist of sponge-like pores, finger-like pores, and
large-pores (the macrovoids that do not have a finger-
like morphology). For all four membranes, the top parts
of their support layers were filled with sponge-like pores
with diameters of less than 20 nm. The morphologies of
the macrovoids located under the sponge-like top layers
were observed to be much different in the fabricated
membranes. When the NMP concentration in the coagu-
lant bath was increased from 0 to 6 wt.%, the macrovoids
in the membrane appeared in both finger-like pores and
large pores (Fig. 1(a)-(c)). However, when the concentra-
tion of NMP reached 9 wt.%, the large pores disappeared
in the membrane SL, and the finger-like pores spanned
the entire support layer, from the bottom of sponge top
layer to the membrane bottom surface (Fig. 1(d)). In
addition, the large pores near the bottom of membrane
Mo, M3, and M, were surrounded by sponge-like pore
layer walls.

In addition to the pore morphology, the portions
of macrovoids taken into the membrane cross-sections
were quite different. With the increase in the NMP
concentrations in the coagulant bath from 3 to 9 wt.%,
the proportions of large pores in the entire cross-
sections of the membranes decreased, while the pro-
portions of finger-like pores gradually increased.
Meanwhile, the width of the large pore (i.e. in the
direction parallel to the membrane surface) exhibited
a gradual decrease.

The cross-sectional pore morphology of the mem-
branes fabricated in this work was directly related to
the addition of NMP. The increase in the NMP con-
centration in the coagulant bath from 0 to 9 wt.%
decreases the non-solvent (i.e. DI water) diffusion rate
into the polymer film and further delays the demixing
process. Delayed demixing causes (at least a part of)
the macrovoids in membrane SL to form a finger-like
morphology instead of large pores. As a result, the
formation of large pores is suppressed.

From the membrane bottom surface images in
Fig. 1, the size and number of open pores at different
membrane bottom surfaces are observed to vary with
each other. As the NMP concentration increases from
0 to 9 wt.%, both the size and the number of open
pores per unit surface area obviously decreased. In
particular, membrane My, which features finger-like
pores spanning the entire support layer (Fig. 1(d)),
had relatively smaller and less open pores at the
membrane surface when compared with the other
membranes (Fig. 1(h)).

For further analysis, the diameters (d) of 100 bot-
tom surface open pores observed in SEM images were
measured using the FESEM measurement software
and averaged. In addition, the total areas of the open
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pores per unit area of the membrane surface were
measured using Image J, and the percentages of the
open pore area taken per unit membrane surface area
were then calculated and summarized. Table 3 pre-
sents the open pore diameters and the area percent-
ages of the membranes fabricated in this work. As the
NMP concentration increased from 0 to 6 wt.%, both
the diameter and the percentage of open pore area
sharply decreased, whereas the size and the percent-
age of open pore area slightly decreased (49.2 + 3.1 um
and 5.21 + 0.19% for Mg, by contrast 53.2 + 2.9 ym and
422 + 0.48% for My) when the NMP concentration
varied from 6 to 9 wt.%.

In the membranes fabricated in this work, mem-
branes My, Mj; and Mg contained large pores,
whereas membrane My featured no large pores, but
instead exhibited finger-like pores that spanned the
entire membrane. In addition, Mg and My exhibited
fewer and smaller open pores at the membrane sur-
faces compared to the other membranes. The obvi-
ous membrane structure difference resulting from
the variation of NMP concentration may lead to
different membrane performances in FO. The rela-
tionship between the membrane structure and the
membrane performance reflects the severity of ICP
and the effects of different pore morphologies on
ICP.

3.3. Effects of SL structure on the membrane permeable
properties

Table 4 shows the obtained water permeability A,
salt rejection R, solute permeability coefficient B, and
structural parameter S of the membranes fabricated
using different NMP concentrations. The salt rejection
R values of the four fabricated TFC membranes were
all found to be at the same level. With the increase in
the NMP concentration from 0 to 9wt.% in the
coagulant bath, the salt rejection R of the membranes
slightly fluctuated between 94.8 and 95.2%, while the
pure water permeability A increased from 0.99 to
1.13Lm > h ' bar . According to the water permeat-
ing principle in FO [35], the theoretical water flux (J.)
of membranes can be calculated using Eq. (8):

Ji,=A An 8)

where A is the pure water permeability and Az is the
apparent osmotic pressure difference across mem-
brane. This equation indicates that when provided
with the same Az, the theoretical FO water flux of the
fabricated membranes should also increase gradually
with pure water permeability.
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Fig. 1. Typical SEM images of membranes fabricated with different NMP concentrations in coagulant bath. Membrane
cross-section images: (a) My; (b) Ms; () Mg; and (d) My. Membrane bottom surface images: (e) My; (f) Ms; (g) Mg,

and (h) M.

The structural parameter (S) indirectly reflects the
severity of ICP in the membrane in the FO process, as
previously mentioned in this paper. Generally, mem-
branes with small S values have low ICP. As pre-
sented in Table 4, the descending sequence of the
membrane structural parameters was determined to
be: S (Mg) >S5S (Mp) > S (Mg) > S (M3). As per Table 4,

it can be concluded that membrane My and Mg, both
of which had smaller and less bottom surface open
pores but different pore morphologies in the support
layer profile, had different S values (305 um for My
and 530 um for Mg). This result indicates that more
finger-like pores, especially pores spanning the entire
support layer, may contribute to membrane ICP
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Table 3

Diameter (d) and area percentage of the open pores at the
bottom surface of the membranes fabricated using differ-
ent NMP concentrations in the coagulant bath

Pore diameter, d Pore area percentage

Membrane (um) (%)

M, 946 +4.2 18.33 + 0.53
M; 88.3 +2.8 16.07 = 0.97
Mg 49.2 £ 3.1 5.21 £0.19
Mg 532 +29 422 +0.48

reduction, despite the effects of the open pores at the
membrane bottom surface. The reason for this ICP
reduction may be that, compared to finger-like pores,
the sponge-like pores and large pores in the mem-
brane support layer increased the resistance to mass
transfer during the FO process. In FO, ICP results
from the lower DS concentration in the membrane
support layer. Compared with the large pores and
sponge-like pores with relatively higher z, the finger-
like pores provided the permeated water a short path
to the bulk DS. This process may allow DS concentra-
tions to increase in the membrane SL and in the bulk
DS to achieve equilibrium in a short time span.
Meanwhile, although membranes My, M3, and Mg
have mixed structural morphologies of sponge-like
pores and large pores in the support layers, they
exhibited quite different A and S values. Compared to
membrane M,, the sizes of the large pores in M3 were
much larger, while the diameters and area percentages
of the open pores at the bottom surface of M; were
slightly reduced. The higher water permeability
(1.08Lm ?h 'bar ') and lower S value (220 um) of
M; indicated that for the large pores in the membrane
SL, a larger size could contribute to the reduction of
membrane mass transfer resistance and ICP in FO.
Both membranes M; and Mg have different
appearances of open pore diameters and areas at the
bottom surface. Membrane Mg, the bottom surface

Table 4
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open pores of which were much fewer in number and
smaller, had the highest S value (530 pm) of the mem-
branes studied. This result indicated that the presence
of a large number of open pores at the membrane bot-
tom surface reduces the severity of ICP.

Therefore, based upon the results of this work, an
ideal TFC FO membrane should feature finger-like
pores in the SL profile as well as a greater number of
large open pores at the membrane bottom surface.

3.4. Effects of the membrane SL structure on ICP and
membrane water flux in FO

In this study, the performance of the membranes
fabricated using different NMP concentrations was
evaluated in a designed lab-scale FO setup. Before
the experimental values of the water flux (J,,) and
experimental reverse salt flux (J;) of membranes are
measured, the FO setup was allowed to run for
three hours to ensure that ICP had completely
formed. For each membrane, the water flux under
different DS concentrations was measured 3 times
and averaged. In addition, DI water was used as
the FS to avoid membrane fouling, and DS and
FS were both pumped to flow at a high speed
(22 cm/s) on the membrane surfaces to diminish the
ECP effects.

The calculated theoretical water fluxes (Ji) and the
obtained experimental water fluxes (J,) of the mem-
branes fabricated in this work are presented in Figs. 2
and 3, respectively. As shown in Figs. 2 and 3, the values
of ], were much lower than the values of J}, for all four
fabricated membranes, e.g. for membrane My, Ji was
1343 L m?h™! (LMH), while J,, was only 23.8 LMH
when using 2.0 M NaC(l as the DS. As mentioned above,
the effects of membrane fouling and ECP could be
ignored in the FO experiments; thus, the difference
between Ji, and J,, could be attributed to ICP only. In
addition, note that the descending sequence of mem-
brane theoretical water flux was Ji, (Mo) >, (Mg) > T,

Pure water permeability, salt rejection, solute permeability coefficient, and structural parameter of the membranes
fabricated using different NMP concentrations in the coagulant bath

Pure water permeability, Salt rejection,

Solute permeability coefficient, Structural parameter,

Membrane A (L m 2h !bar ) R (%) BLm?2h? S (um)
M, 0.99 95.10 1.54 341
M, 1.08 95.20 1.66 220
M; 1.09 94.90 1.78 530
Mo 1.13 94.80 1.87 305
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Fig. 3. Experimental water flux of membranes fabricated
with different NMP concentrations in coagulant bath.

(Ms) > Ji, M) (shown in Fig. 2), while the experimental
water flux descending sequence followed the order of |,
M3) > ], M) > [, Mp) > [, (Mp), as shown in Fig. 3. In
the process of FO, the actual membrane water flux was
determined by the effective osmotic pressure difference
(Ameg) across the TFC FO membrane AL. The theoretical
membrane water flux was calculated assuming that Az
is equal to Az provided by the bulk FS and DS. In fact,
the sum of the osmotic pressure difference reduced by
ICP and Az, is assumed to be equal to Az. Therefore, the
distinction of the two water flux sequences is attributed
to the differences in the ICP severity, which was influ-
enced by the membrane SL structures.

Fig. 4 shows the difference between J and J, for
each fabricated membrane. From Fig. 4, for one mem-
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brane, the difference between Ji, and J,, is observed to
change with the variation of the DS concentration.
Under the same DS concentration, the differences
among the membranes were distinct under different
NMP concentrations.

For further analysis, the rate of water flux reduced
in FO to the theoretical water flux (r, %) was calcu-
lated using Eq. (9) in this study,

t
r (%) :]‘”’]f]‘” x 100 )

where [, and J,, are the theoretical water flux and the
experimental water flux of membrane, respectively.
Similar to the S value, the r value would alternatively
reflect the severity of ICP in membranes.

Fig. 5 shows the r values of different membranes
under various DS concentrations. From Fig. 5, the r
values range between 30 and 85%. For each mem-
brane, the r values exhibit a non-linear increasing
trend with the increase in the DS concentration. This
result indicated that for each membrane, the DS con-
centration is directly proportional to both the ICP
severity and the water flux reduction. Meanwhile, the
comparison of the r values between different mem-
branes revealed a descending sequence of r (Mg) >r
Mo) >r (M) > (M3), e.g. when using 1.0 M NaCl as
the DS, the percentages of water flux reduced in FO
were 66.3, 59.3, 76.7, and 71.5% for membranes M,,
M;, Mg, and My, respectively. The results of mem-
brane Mg and My shown in Fig. 5 also indicated that
finger-like pores in membrane SL might contribute to
ICP reduction.

However, in this study, the water producing ability
of membrane M; with mixed structural morphologies,
instead of membrane My with only finger-like pores,
was preferred. The reduction of ICP in membrane M;
is probably due to the large open pores at the mem-
brane bottom surface, which would assist solutes in
bulk DS to transfer into the membrane SL, thereby
reducing ICP. This result indicates that ICP was
simultaneously influenced by the membrane SL struc-
ture morphology and the size and area of bottom sur-
face open pores. In this study, the effects of open
pores at membrane bottom surface may have a more
significant impact on ICP reduction than that due to
the membrane SL structural morphology.

3.5. Effects of the SL structure on the reverse salt flux in FO

Fig. 6 shows the reverse salt flux (J;) of membranes
fabricated using different NMP concentrations. From
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Fig. 5. Rate of water flux reduced in FO to membrane
theoretical water flux under different DS concentrations.
The higher the r value is, the more severe ICP in mem-
brane is.

Fig. 6, the reverse salt fluxes of all of the fabricated
membranes did not exceed 6 g MH, reflecting the pro-
found abilities of PA-Psf TFC FO membranes in the
retention of the solute in the DS. For each membrane,
the reverse salt flux of the membrane increased with
the DS concentration. In addition, the reverse salt flux
exhibited a descending order of J; (Mj3) > ], (Mo) >
Mp) > J; (M), which is in agreement with the mem-
brane experimental water flux ranking.

The rate of water flux to reverse salt flux, [./Js,
reflects the ability of the FO membrane in minimizing
the loss of the draw solute, as a high J,,/]s ratio
denotes minimum adverse effects of draw solute loss
[36]. Fig. 7 shows the J,,/Js of membranes fabricated
using different NMP concentrations in this work. It
can be concluded from Fig. 7 that membrane M3 had
the highest value of J,, /], while Mg had the lowest.

Therefore, the fabricated membrane using the NMP
concentration of 3 wt.% exhibited the lowest ICP and
had the highest ability to minimize draw solute loss.
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4. Conclusions

This work investigated the effects of the NMP con-
centration in the coagulant bath on the PA-Psf TFC
FO membrane structure and the membrane perfor-
mances in FO. According to the experimental results,
the following conclusions can be drawn:

(1) The variation of the NMP concentration in the
coagulant bath had obvious effects on the
membrane structural morphology during
immersion precipitation. The increase in the
NMP concentration in the coagulant bath
delayed the demixing process, leading to a
reduction of large pores and an increase in fin-
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ger-like pores in the profile. In particular, when
the NMP concentration was 9 wt.%, the finger-
like pores in the membrane SL spanned nearly
the entire membrane SL. Meanwhile, the size
and number of open pores at the membrane
bottom surface tended to decrease with the
addition of NMP.

(2) Both the pore profile morphology in the
membrane SL and the open pores at the
bottom surface influenced ICP. For the TFC FO
membrane, higher numbers and longer
finger-like pores in the membrane SL con-
tributed to ICP reduction, while a decrease in
the diameter and the open pore area per unit
membrane bottom surface can increase the
severity of ICP. Therefore, an ideal TFC FO
membrane features a support layer with wide
finger-like pores as well as higher number and
larger open pores at the bottom surface.

(3) In this work, the fabricated PA-Psf TFC FO
membranes had relatively high values of ], /Js.
Among all of the membranes, the one fabri-
cated using 3 wt.% NMP in the coagulant bath
exhibited the highest ], /s, indicating its high
ability to minimize draw solute loss in FO.
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List of symbols

Jw — experimental water flux (L m2hh

Js — experimental reverse salt flux (gm > h™")
€ — membrane porosity (%)

Ws — weight of the dry membrane (g)

p — density of polysulfone (kg m™)

Di — density of air (kg m3)

pw  — density of the water permeated (kg m™)
At — permeating time of water (s)

Sm — membrane area (cm?)

ts — membrane thickness (um)

A — pure water permeability (L m > h™" bar ")
A, — effective membrane area in ultrafiltration (m?)
AW — weight of the water permeated (L)

p — pressure (bar)

R — salt rejection (%)

C; — feed concentration (mol L)

C, — permeate concentration (mol L™")
solute permeability coefficient (L m >h™")
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Ar  — apparent osmotic pressure difference (bar)

Ames —  effective osmotic pressure difference (bar)

K — mass transfer coefficient (m s )

mpp — the bulk osmotic pressure of the DS (bar)

Tgm — the osmotic pressure at the membrane surface
(bar)

D — diffusion coefficient of the draw solute (m?s™")

S — membrane structural parameter (um)

T — tortuosity

L, — theoretical water flux (Lm > h™")

r — rate of water flux reduced in FO to the
membrane theoretical water flux (%)
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