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ABSTRACT

Forward osmosis (FO) membrane was fabricated with a newly synthesized acetylated methyl
cellulose (AMC) membrane. The FO membrane performance was compared with a
commercially available reverse osmosis (RO) membrane for seawater desalination. Interfacial
polymerization was done on the AMC support membrane for FO membrane preparation. Poly-
amide layer was successfully formed. The membranes were characterized by scanning electron
microscopy and atomic force microscopy analysis. The surface of two membranes shows similar
ridge-and-valley structure. However, the support layer of two membranes was completely dif-
ferent. The polyamide membrane based on the AMC support layer shows much better FO and
RO performance than the RO membrane due to difference at the membrane cross-section
between two membranes. The big macrovoids of the AMC support layer make flux much higher.
In contrast, the RO membrane shows sponge-like structure at the membrane cross-section.
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1. Introduction

The supply of safe drinking water in water-
stressed countries is limited due to industrialization,
population growth, contamination of freshwater, and
climate change. Seawater desalination seems to be a
strong option to solve the water shortage problems.
Seawater desalination plants have been installed in
the past decades to increase the water supply. In

recent years, reverse osmosis (RO) has been used
instead of thermal desalination because of its decrease
in energy consumption [1]. The energy-efficient RO
process results in the development of high-perfor-
mance membranes, energy recovery device, and
pumps. Despite energy-efficient innovative RO tech-
nologies, there is a demand for lower energy con-
sumption technologies than RO technology. Among
challenging desalination technologies such as forward
osmosis (FO), aquaporin [2], and carbon nanotube [3],
FO seems to be a potential process.*Corresponding author.
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FO is an emerging process for seawater desalination
with low-energy consumption. FO consists of a selec-
tive membrane and draw solution. FO utilizes an osmo-
tic pressure between the membrane and the draw
solution. Due to these advantages of the FO process,
many researchers have made tremendous efforts to
develop FO membranes [4–9] and draw solutes [10–12].
The FO membrane should lower resistance to water
flow and enhance salt rejection. To lower resistance to
water flow, the FO membrane needs to involve highly
porous and finger-like structure. Elimelech and Phillip
suggested that the high water flux of the fabricated
thin-film composite FO membranes was directly related
to the thickness, porosity, tortuosity, and pore structure
of the polysulfone support layer [4].

In this study, we synthesized the thin-film com-
posite FO membrane consisting of polyamide selective
layer and cellulosic support layer. The performance of
the membrane was compared with commercialized
FO membrane and RO membrane.

2. Experimental

2.1. Chemicals and materials

Dimethylacetamide (DMAc), 1,3-phenylenediamine
(MPD), triethylamide (TEA), and 1,3,5-benzenetricar-
bonyl chloride (TMC) were used as received from
Sigma-Aldrich (St. Louis, MO). TMC was dissolved in
ISOL-C (SK Chemical, Korea). Acetylated methyl cel-
lulose (AMC, Mw of 300 kDa) was kindly supplied
from Samsung fine chemicals (Korea). A polyester
non-woven fabric (PET, Sanko, Japan) was used as a
support. Sodium chloride (Junsei, Japan) was dis-
solved in DI water obtained from a Milli-Q water sys-
tem (Millipore). A seawater RO membrane was
supplied from Woonggin Chemical (Korea).

2.2. Membrane fabrication

2.2.1. AMC support membrane

AMC was dissolved in DMAc by stirring at 60̊ C
for 5 h. The AMC solution was poured and cast with
a casting knife on the PET fabric. The cast solution
was immersed into DI water at room temperature for
24 h.

2.2.2. Thin film composite (TFC) membrane

Interfacial polymerization was used for the polyam-
ide composite layer formation onto the AMC support
membrane. The AMC support membrane was

immersed in a 2wt% MPD solution for 1min and then,
the excess MPD solution was removed by squeezing
with silicon roller. The membrane was immersed in a
0.1wt% TMC solution for 1min. The membrane was
dried at room temperature for 10min and then stored
in DI water.

2.3. Membrane test

The performance of membrane was evaluated in a
cross-flow RO test unit. Water flux and salt rejection
were measured. The effective membrane area was
18.52 cm2, the flow rate was 3.0 L/min, the operating
pressure was 225psi, and the temperature was fixed
at 20 ± 1˚C. The concentration of NaCl solution was
0.2wt%. The salt rejection rate was measured using a
conductivity meter.

The same membrane tested in the RO unit was
used for FO performance. 2M NaCl solution, and DI
water was used as a draw solution and a feed solu-
tion, respectively. The active layer was contacted with
the feed solution. The flow rate of gear pumps was
90mL/min. The temperature of the two solutions was
constant at 20 ± 1˚C.

2.4. Membrane characterization

A Field Emission Scanning Electron Microscope
(FE-SEM) was used for evaluating surface and cross-
section of the membrane. The samples were fractured
in liquid nitrogen and coated with gold by sputtering
machine. Atomic force microscope was used for the
analysis of the surface roughness.

3. Results and discussion

3.1. Membrane morphology

The properties of the FO and RO membranes
fabricated by the newly synthesized AMC polymer
were compared with the commercialized RO mem-
brane for seawater desalination. Tiraferri et al. have
reported that the structure of support layer of the
membrane could affect the performance of the FO
membrane. In other words, if highly porous macrov-
oids exist at the support layer, water flux of the FO
membrane can be enhanced. Fig. 1 shows the differ-
ence SEM images of cross-section between polyam-
ide AMC and polyamide polysulfone membrane.
The AMC support membrane has a very thin skin
layer and highly porous macrovoids. Moreover, the
macrovoids occupy much more than the AMC
matrix, which means that the support layer struc-
ture is dominated by the macrovoids. In contrast,
the support layer of the polyamide RO membrane
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for seawater membrane has completely the sponge-
like structure, which means that the membrane has
no macrovoids. It can be expected that the resis-
tance of water transport of the polyamide AMC
membrane will be even less than that of the
polyamide RO membrane. The surface of two mem-
branes in Fig. 2 shows very rough ridge-and-valley
structure. Those surfaces can be formed during
interfacial polymerization with MPD and TMC.
Atomic force microscopy (AFM) images of Fig. 3
support the rough surface of two polyamide mem-
branes. According to Fig. 3, the polyamide polysulf-
one RO membrane reveals better roughness than the
polyamide AMC FO membrane. In general, rough
membrane shows higher flux. However, flux of the
polyamide AMC FO membrane is higher than that
of the polyamide polysulfone RO membrane, which
means that the support layer of the composite mem-
brane can affect the water flux. In other words, the
polyamide AMC FO membrane having more porous
support layer can transport water better.

The relationship between flux and osmotic
pressure was expressed by Loeb et al. [13].

JW ¼ K ln
pHi

pLow

Jw is the water flux, pHi and pLow are the osmotic
pressures of the draw and feed solutions, and K is
expressed as the resistance to solute diffusion within
the membrane porous support layer. Therefore, K is a
measure of the severity of internal concentration
polarization (ICP).

K ¼ ts
eDs

t is the membrane thickness of porous support layer, s
is the tortuosity of the membrane porous support
layer, e is porosity of the porous support layer, and Ds

is the diffusion coefficient of the draw solute. The
value of e/s is an indicator of the inherent resistance
to diffusion provided by the structure. The value can

Fig. 1. Cross-sectional SEM images of (a) polyamide AMC and (b) polyamide polysulfone membrane.

Fig. 2. SEM micrographs of the membrane surface of (a) polyamide AMC and (b) polyamide polysulfone membrane.
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range from zero to one, because range of porosity is
from zero to one and tortuosity is greater than equal
to one. If the value of e/s is one, effects of ICP are
minimized. To increase e/s, decreasing the effective
thickness of the boundary layer should improve FO
performance. Generally, Finger-like morphology mem-
branes have a higher e/s than the corresponding
membranes with a sponge-like morphology. A finger-
like morphology membrane having large macrovoids
reduces ICP in FO operations. To maximize perfor-
mance in FO, AMC/PA membrane having finger-like
structure with a high porosity is suitable for FO
performance.

3.2. Membrane performance

Table 1 shows the RO membrane performance of
polyamide AMC and polysulfone membranes. The poly-
amide AMC membrane shows much higher water flux
and similar salt rejection rate compared with the poly-
amide polysulfone membrane in RO test conditions.
These results mean that the polyamide AMC membrane
has similar polyamide active layer with the polyamide
polysulfone membrane and less water transport resis-
tance than the polyamide polysulfone membrane.

Two membranes consist of a dense separation later
and a porous support layer. In FO performance, water
flux through the membrane is affected by the hydrau-
lic resistance created by the membrane structure. And
porous support layer affects mass transfer of solution
across the membrane. FO process, the osmotic-driven
membrane process, has concentration polarization
caused by buildup solute at the active layer. Espe-
cially, ICP is important factor that causes reduction in
the osmotic pressure and water flux. ICP consists of
two phenomena depending on the membrane orienta-
tion. When the active layer of the membrane faces the
feed solution and the porous support layer faces the
draw solution, water permeates the active layer and
the draw solution within the porous substructure
becomes diluted. This phenomenon refers as dilutive
ICP. When the porous support layer faces the feed
solution, a polarized layer is established inside of the
dense active layer. As time goes by, water and solute
propagate within the porous layer. Generated concen-
trative ICP cannot be minimized by cross-flow. In case
of active layer facing feed solution, dilutive ICP, the
water flux through the FO membrane drastically
dilutes the draw solution which results in a loss of the
effective osmotic driving force and low water flux.
Therefore, FO performance was progressed by porous
support layer facing feed solution.

Table 2 represents the FO performance of polyam-
ide AMC and polysulfone membranes. For water
fluxes measurement, DI water and 2M NaCl was used
as a feed and a draw solution, respectively. The poly-
amide AMC membrane exhibited much higher flux
than that of the commercialized polyamide polysulf-
one membrane. Fig. 4 exhibits trends the water flux
dropped with decreasing osmotic pressure difference

Table 1
RO performance of the polyamide AMC and polysulfone
membranes

Membranes Flux (gfd) Rejection (%)

Polyamide AMC 35.6 99.1

Polyamide polysulfone 18.5 99.4

Test condition: NaCl 2,000ppm; 225psi; 3.0 L/min

Fig. 3. AFM micrographs of the membrane surface of (a) polyamide AMC and (b) polyamide polysulfone membrane.
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from an initial highest value. As DI water diffused
from the feed to the draw solution, the osmotic pres-
sure in the feed increases and draw solution
decreases, respectively. Therefore, it causes reduction
in the osmotic pressure difference across the mem-
brane. This result shows that the water flux achieved
by the AMC membrane was higher than Psf mem-
branes. Back diffusion rate of the draw solution pre-
sents similar values. The similar back diffusion rate of
two polyamide membrane results from the compact
polyamide active layer, which can be expected from
the RO performance data of Table 1. Table 1 showed
that two membranes had similar salt rejection rate.
Big FO performance difference between two mem-
branes is attributed from the support layer morphol-
ogy. The polyamide AMC FO membrane presents
highly porous macrovoids at the membrane cross-sec-
tion. In contrast, the polyamide polysulfone RO mem-
brane shows compact sponge-like structure. There is
no water transport resistance in case of the polyamide
AMC FO membrane due to the existence of the mac-
rovoids at the membrane cross-section. In case of the
polyamide polysulfone RO membrane, there is no
macrovoids at the membrane cross-section, which
means that water transport can be inhibited.

4. Conclusions

A new FO membrane was successfully fabricated.
The membrane could be prepared by an interfacial
polymerization on the AMC support layer. The AMC
support layer had fully developed porous macrovoids.
In contrast, the thin film composite RO membrane
consisted of a polyamide selective layer and a com-
pact sponge-like support layer. The FO performance
of the polyamide AMC FO membrane showed much
better than that of the polyamide RO membrane. Two
membranes had similar salt rejection rate. SEM and
AFM analysis revealed that the polyamide AMC FO
membrane had a similar surface structure with the
polyamide RO membrane, which means that surface
of two membranes showed the ridge-and-valley struc-
ture. There is less water transport resistance in case of
the polyamide AMC FO membrane due to the exis-
tence of big macrovoids. No macrovoids of the poly-
sulfone support layer interrupted the water transport.
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Table 2
FO performance of the polyamide AMC and polysulfone
membranes

Membranes Flux (LMH) Conductivity
(lS/cm)

Polyamide AMC 13.2 11.0

Polyamide polysulfone 1.3 7.2
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Fig. 4. Graph of FO performance of AMC and polysulfone
for 150min.
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