
Advanced FO Membranes from Newly Synthesized CAP
Polymer for Wastewater Reclamation through an Integrated

FO-MD Hybrid System

Jincai Su, Rui Chin Ong, Peng Wang, and Tai-Shung Chung
Dept. of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4,

Singapore 117576

Bradley J. Helmer, and Jos S. de Wit
Eastman Chemical Company, P.O. Box 1972, Kingsport, TN 37662

DOI 10.1002/aic.13898
Published online August 20, 2012 in Wiley Online Library (wileyonlinelibrary.com).

A new cellulose acetate propionate (CAP) polymer has been synthesized and used to prepare high-performance forward
osmosis (FO) membranes. With an almost equal degree of substitution of acetyl and propionyl groups, the CAP-based dense
membranes show more balanced physicochemical properties than conventional cellulose acetate (CA)-based membranes
for FO applications. The former have a lower equilibrium water content (6.6 wt. %), a lower salt diffusivity (1.6�1014 m2

s�1) and a much lower salt partition coefficient (0.013) compared with the latter. The as-prepared and annealed CAP-based
hollow fibers have a rough surface with an average pore radius of 0.31 nm and a molecular weight cut off of 226 Da. At a
transmembrane pressure of 1 bar, the dual-layer CAP-CA hollow fibers show a pure water permeability of 0.80 L m�2 h�1

bar�1 (LMH/bar) and a rejection of 75.5% to NaCl. The CAP-CA hollow fibers were first tested for their FO performance
using 2.0 M NaCl draw solution and deionized water feed. An impressive water flux of 17.5 L m�2 h�1 (LMH) and a reverse
salt flux of 2.5 g m�2 h�1 (gMH) were achieved with the draw solution running against the active CAP layer in the FO tests.
The very low reverse salt flux is mainly resulting from the low salt diffusivity and salt partition coefficient of the CAP
material. In a hybrid system combining FO and membrane distillation for wastewater reclamation, the newly developed
hollow fibers show very encouraging results, that is, water production rate being 13–13.7 LMH, with a MgCl2 draw solution
of only 0.5 M and an operating temperature of 343 K due to the incorporation of bulky propionyl groups with balanced
physiochemical properties. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1245–1254, 2013
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Introduction

Forward osmosis (FO) is an emerging technology that
shows great potential for water treatment,1–5 power genera-
tion,6,7 protein concentration,8 and agricultural fertigation.9

However, breakthroughs on FO membranes and draw solutes
are urgently needed in order to fully commercialize the FO
technology for broader aspects. Current FO research mainly
focuses on four areas, that is, (1) molecular design of new
membrane materials with superior FO performance,10–16 (2)
synthesis of low cost and recyclable novel draw solutes that
offer high osmotic pressures,17,18 (3) investigation of FO
membrane fouling and efficient cleaning methods,19,20 and
(4) exploration of hybrid systems and development of new
applications.2,9

A suitable membrane is the 1st key component of the FO
process. Several FO membranes have been reported includ-

ing: (1) flat sheet membranes;10–12,21–23 (2) single- and dual-
layer hollow fibers;13,24,25 (3) thin film composite (TFC)
polyamide membranes;14,26 (4) layer-by-layer assembly;15

and (5) biomimetic membranes.16 Comparing TFC polyam-
ide membranes with phase inversion membranes, the former
generally has a greater water flux than the latter. However,
the thin TFC polyamide layer might detach from its porous
substrate if the draw solution runs against the membrane
active layer (i.e., pressure retarded osmosis [PRO] mode)
because there would be a net flow of water from the feed to
the draw solution. This water flow can damage the mem-
brane and deteriorate the performance, and is a serious prob-
lem for long term operation in real applications. Moreover,
backwashing of the fouled TFC FO membrane may have a
similar effect. Running the draw solution against the sub-
strate (FO mode) would not create such a problem, but this
membrane orientation may significantly reduce the driving
force due to severe internal concentration polarization
(ICP).27 On the contrary, FO membranes prepared from con-
ventional phase inversion method would not have such a risk
and would be more stable in real cases. Comparatively,
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hollow fiber configuration would be more realistic for FO
applications considering the fact that FO processes are nor-
mally running at atmospheric pressure. Furthermore, hollow
fiber configuration offers a higher packing density (i.e., high
surface area per unit material mass) and has the advantage
of self-support as well as less demands for pretreatment and
maintenance.28,29

The recycle of draw solutes is another essential element
for the success of the FO technology. The osmotic pressure
gradient across the FO membrane between the draw solution
and the feed solution acts as the driving force for the FO
process. The draw solution must be recycled because it is
diluted after drawing solvent (normally water) from the feed.
Several approaches have been proposed to reconcentrate the
draw solution such as nanofiltration (NF),30 reverse osmosis
(RO),2,3 FO,31 or membrane distillation (MD).32 Although
NF and RO are applicable, using high hydraulic pressures
would raise a lot of concerns such as high capital and opera-
tion costs as well as fouling.

Thermal process is an alternative. In the study of
McCutcheon et al.,1 an ammonium bicarbonate solution was
used as the draw solution in the FO desalination process. Af-
ter the FO process, the diluted ammonium bicarbonate solu-
tion was heated to 333 K and it would decompose into am-
monia and carbon dioxide gases. Product water was obtained
after separating the two gases from water. However, another
research group observed the difficulties to completely redis-
solve the carbon dioxide and reproduce the draw solution.33

A hybrid FO-MD system may be more cost effective if
waste or low quality heat is available nearby water reuse or
desalination plants. Wang et el.32 have employed a hybrid
FO-MD system to regenerate draw solutes for the concentra-
tion of protein solutions, while Yen et al.34 has used a simi-
lar system to recycle their newly developed draw solutes.

The main objective of this work is to design novel high-
performance dual-layer hollow fiber FO membranes made
from a proprietary cellulose acetate propionate (CAP) poly-
mer for wastewater reclamation through a FO-MD hybrid
system. The proprietary CAP out-performs the conventional
cellulose acetate (CA) and cellulose triacetate (CTA) poly-
mers in terms of water flux and salt rejection in FO proc-
esses. The motivations for synthesizing this new CAP are as
follows. As observed in the literature, CA-based FO mem-
branes show acceptable water fluxes but unsatisfactory rejec-
tion of NaCl draw solutes, while CTA-based FO membranes
usually show high NaCl rejection but suffer from low water
fluxes. Aiming at achieving balanced water flux and salt
rejection properties, this CAP was synthesized with rela-
tively bulkier and more hydrophobic propionyl groups. Spe-
cifically, the newly synthesized CAP polymer differs from

currently available CA and CAP polymers in a way that it
contains an almost equal degree of substitution of acetyl and
propionyl groups and a lower hydroxyl level. The dual-layer
coextrusion technology was chosen because it offers the flexi-
bility to create a very thin and dense CAP film attached to a
highly porous and hydrophilic CA sublayer. This type of
dual-chemistry morphology cannot be accomplished by using
the conventional single-layer spinning technology. Such a
membrane fabrication method is favorable for improving the
FO performance because the active dense layer can increase
the salt rejection, while the porous inner layer can reduce the
ICP within the sublayer in the FO mode.35 To the best of our
knowledge, this is the first trial to use a FO-MD hybrid sys-
tem for wastewater reclamation.

Experimental

Materials

CA-398-30 and proprietary CAP polymers for FO mem-
branes were supplied by our collaborator, Eastman Chemical
Company and the properties of CAP are shown in Table 1.
Polyvinylidene fluoride (PVDF) HSV900 for MD membranes
was provided by Arkema Corp. Analytical reagent grade ace-
tone, formamide, N-methyl-2-pyrrolidone (NMP), dimethylfor-
mamide (DMF), isopropanol, NaCl, MgCl2�6H2O, ZnCl2 and
MgSO4 were purchased from Merck (Germany) while ethyl-
ene glycol (EG), diethylene glycol (DEG), triethylene glycol
(TEG), glycerol, glucose, and polytetrafluoroethylene (PTFE)
particles (\1 lm) were supplied by Sigma Aldrich. CAP,
CA, PVDF, and PTFE were dried overnight under vacuum
prior to use. CoCl2�6H2O was purchased from Acros Organics
and FeCl2�4H2O were supplied by Fluka. Deionized (DI)
water (PURELAB, Elga) was used to prepare the solutions.

Viscosity profile and phase diagram

A series of CAP solutions in NMP were prepared and the
viscosity of each solution was measured using a Cone-and-
Plate ARES Rheometric Scientific Rheometer at a shear rate
of 10 s�1. For viscosity measurements, NMP instead of ace-
tone was used as the solvent in order to avoid the influence
from solvent evaporation. Another five CAP solutions were
prepared in small glass bottles using acetone/formamide
mixture as the solvent. Water was used as a nonsolvent and
the phase inversion of the CAP/acetone/formamide solutions
was studied. The phase diagram was constructed based on
the solution concentration and the amount of water added
for the phase inversion.

Table 1. Properties of the CAP Polymer and Dense CAP Membranes

Sample DS (OH) DS (Pr) DS (Ac) Mw (kDa) DsKs 10þ16 (m2 s�1) Ks Ds 10þ13 (m2 s�1) Cw (wt. %)

CAP 0.59 1.23 1.18 105.8 2.05 0.013 0.16 6.6

DS: degree of substitution
OH: hydroxyl
Pr: propionyl
Ac: acetyl
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Formation of CAP dense membranes

To examine the equilibrium water content, salt diffusivity
and salt partition coefficient, CAP dense membranes with
thicknesses of 1.5 � 10�5 and 1.5 � 10�4 m were fabri-
cated. The thinner dense membrane (1.5 � 10�5 m) was cast
from a dope solution of CAP (12 wt. %) dissolved in DMF.
After casting using a 100 lm casting knife on a smooth
glass substrate, the nascent film was subjected to solvent
evaporation at 353 K for 24 h in an oven. The membrane
was then peeled off and further dried under vacuum in a
vacuum oven with gradually increasing the temperature from
353 to 423 K at a heating rate of 25 K every 2 h. Subse-
quently, the membrane was kept overnight in a vacuum oven
at 423 K to completely remove the residual solvent. The
thicker dense membrane (1.5 � 10�4 m) was prepared via
ring casting. Certain amount of CAP (4 wt. %) dissolved in
acetone was poured evenly into a Petri dish and the solvent
evaporated at room-temperature for 48 h before the mem-
brane was peeled off. Both types of dense membranes were
thermally annealed at 468 K (i.e., about 20 K above Tg) for
0.33 h under vacuum and then immediately quenched to
room-temperature.

Formation of CAP-CA dual-layer hollow fiber
membranes

A mixture of acetone and formamide was used as the sol-
vent to prepare CAP and CA dope solutions for spinning. To
avoid the evaporation of acetone, the mixing and dissolving
were conducted in blue-cap bottles sealed with parafilm. The
blue-cap bottles were then mounted on a rotator (STR4,
Stuart) and were rotated for several days until homogeneous
solutions were obtained. The compositions of the CAP and
CA dope solutions are given in Table 2.

CAP-CA dual-layer hollow fibers were fabricated through
a dry-jet wet-spinning process19 and the corresponding spin-
ning conditions are given in Table 2. Briefly, the CAP solu-
tion, the CA solution and the bore fluid (internal coagulant)
were separately delivered to the spinneret through high-pre-
cision pumps (ISCO-100DX, ISCO Inc.) and simultaneously
extruded through the spinneret as shown in Figure 1. The
nascent fibers were immersed in tap water for several days
to remove the residual solvents before thermal annealing in
a water bath at 358 K for 0.083. The annealed hollow fibers
were immersed in a mixture of glycerol/water (50/50 wt. %)
for 48 h in order to avoid the collapse of surface pores and
thoroughly air-dried at room-temperature. For module fabri-

cation, 20 pieces of hollow fibers with a length of around
0.3 m each were bundled into a U3/8 in. perfluoroalkoxy
tubing and the two ends were sealed with epoxy resin. The
CAP-CA hollow fiber membrane module had a filtration area
of about 8 � 10�3 m2.

Formation of PVDF single-layer hollow fiber
membranes

PVDF single-layer hollow fiber membranes for MD were
developed as follows. The dope solution was prepared by
dissolving PVDF and PTFE particles in a mixture of NMP/
EG. The composition of the dope, detailed spinning condi-
tions and post-treatment are listed in Table 3. After spinning,
the as-spun PVDF fibers were immersed in tap water for
several days to remove the residual solvent and then dried
overnight in a freeze-dryer (S61-Moudulyo-D, Thermo Elec-
tron Cor.) at 223 K. A MD membrane module with 15 fibers
was fabricated with an effective area of 8 � 10�3 m2.

Characterizations

Properties such as the equilibrium water content, salt par-
tition coefficient and density were determined from the
thicker dense membranes (1.5 � 10�4 m). The density was
measured using the density kit according to the Archimedean
principle and calculated using the follow equation:

q ¼ Wair

Wair � Wliqid

� q0 (1)

Table 2. Spinning and Annealing Conditions of the CAP-CA
Dual-Layer Hollow Fibers

Outer dope solution (wt. %) CAP/Acetone/Formamide
(27/43.8/29.2)

Outer dope flow rate (L h�1) 0.03
Inner dope solution (wt. %) CA(398)/Acetone/Formamide

(18/49.2/32.8)
Inner dope flow rate (L h�1) 0.18
Bore fluid, temperature (K) NMP/Water (90/10 wt.%), 298 K
Bore fluid flow rate (L h�1) 0.24
Length of air gap (m) 0.05
External coagulant,

temperature (K)
Water, 298 K

Spinning humidity (%) 60� 70%
Take up speed (m s�1) 0.23
Annealing Fibers immersed in a water

bath at 358 K for 0.083 h

Figure 1. Schematic diagram of the dual-layer spin-
neret and flow channels of the dope solutions
and bore fluid for the hollow fiber spinning.

(a) front view; (b) top view.
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where q and q0 are the densities of the dense membrane and
the auxiliary liquid (ethanol) while Wair and Wliquid are the
weights of the dense membrane in air and the auxiliary liquid,
respectively. To measure the equilibrium water content, dry
membrane samples were weighted and immersed in ultra-pure
water for 72 h for water uptake. Before weighing the wet
membrane samples, water on the membrane surface was
gently wiped off using tissue paper. The equilibrium water
content, Cw, was calculated using the following equation:

Cw ¼ Wwet � Wdry

Wdry

� 100% (2)

where the Wdry and Wwet are the weight of the dry and wet
membranes, respectively. At least three membrane samples
were measured and the average equilibrium water content was
taken.

The salt partition coefficient, Ks, was determined by meas-
uring the salt uptake by the thicker dense membranes (1.5 �
10�4 m). Membrane samples with known weights were
firstly immersed in ultra-pure water for 72 h to wash away
any residual salt in them. Then, the samples were wiped dry
using tissue paper and immersed into a 3.5 wt. % NaCl solu-
tion for salt uptake. The membrane samples were taken out
from the NaCl solution after 72 h and their surfaces were
gently rinsed with ultrapure water for three times. Subse-
quently, the membrane samples were cut into small pieces
and immersed into 3 � 10�3 L ultrapure water to desorb the
absorbed salt by continuously stirring for 72 h. The chloride
ion content in the solution was measured using an ion chro-
matography (Metrohm Model 702). The salt partition coeffi-
cient, Ks, was calculated using the equation shown below:

Ks ¼
Cmembrane

Csolution

(3)

where Cmembrane and Csolution are the concentrations of NaCl in
the dense membrane and the solution, respectively.

The salt diffusion coefficient, Ds, was measured from the
thinner dense membranes (1.5 � 10�5 m) using a static FO
permeation cell as shown in Figure 2. The membrane sample
was clamped in between two solution chambers which were
initially filled with 0.035 L ultra-pure water and 0.035 L 3.5
wt. % NaCl solution, respectively. Due to the concentration
difference between the two chambers, certain amount of
NaCl would diffuse through the membrane and increase the
NaCl concentration in the water chamber. Since there is the
osmotic pressure difference across the membrane, certain
amount of water would permeate through the membrane and

decrease the water volume in the same chamber. After stabi-
lizing for 0.5 h, a sample of 1.5 � 10�3 L was taken from
the water chamber and its NaCl concentration was measured
using the ion chromatography. The system was then allowed
for NaCl diffusion for 72 h with the two chambers continu-
ously stirred in order to minimize the influence of concentra-
tion polarization. At the end of the experiment, the amount
of ultra pure water left in the water chamber was measured
using a measuring cylinder and its concentration was deter-
mined using the ion chromatography. The final concentration
of the NaCl solution in another chamber was also measured
using a calibrated conductivity meter (Lab 960, Schott). The
salt diffusion coefficient, Ds, was calculated using the fol-
lowing equation:36

Js ¼ �DsKs

Cs;w � Cs;s

Dx
(4)

where Js is the salt flux, Cs,w is the final salt concentration in
the water chamber, Cs,s is the final salt concentration of the
NaCl solution, and Dx is the thickness of the dense CAP
membrane.

For morphological studies, several pieces of annealed
CAP-CA hollow fibers were freeze-dried and fractured cryo-
genically in liquid nitrogen and coated with platinum using a
JOEL JFC-1300 sputtering device. The cross section and
membrane surface were inspected using Field Emission
Scanning Electron Microscopy (FESEM, JOEL JSM-6700).

CAP-CA hollow fiber membranes were firstly subjected to
the measurement of pure water permeability (PWP) and then
subjected to 0.02% neutral solutes (ethylene glycol, diethy-
lene glycol, triethylene glycol, and glucose) and NaCl sepa-
ration tests under a transmembrane pressure of 1 bar. In
these tests, DI water or the feed solution was circulated
against the membrane active layer. The concentrations of the
neutral solutes in the feed and the permeate were determined
using a total organic carbon analyzer (TOC-VCSH, Shi-
madzu). The concentrations of NaCl in the feed and the per-
meate were measured using the conductivity meter. The
effective solute rejection coefficient RE (%):

RE ¼ 1 � CP

Cf

� �
� 100% (5)

The mean pore radius and the pore radius distribution
were obtained from the rejections to the neutral solutes. A
detailed description of the pore structural characterization
was given elsewhere.25

Figure 2. Static FO permeation cell for salt diffusivity
measurements.

Table 3. Spinning and Post Treatment Conditions and
Dimensions of the PVDF-PTFE Single-Layer Hollow Fibers

Dope solution (wt. %) PVDF (HSV900)/PTFE/NMP/EG
(14.5/3.3/67.7/14.5)

Dope flow rate (L h�1) 0.21
Bore composition (wt. %) NMP/water (70/30)
Bore fluid flow rate (L h�1) 0.12
External coagulant (wt. %) IPA/water (60/40)
Length of air gap (m) 0.02
Spinning humidity (%) 60�70
Take up speed (m s�1) Free fall
Post treatment Solvent exchange (water)

& freeze dry
OD/ID (m) 9.03�10�4/6.16�10�4
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FO tests

The performance of CAP-CA dual-layer hollow fiber
membranes was tested using a lab-scale FO setup described
elsewhere.25 FO tests were firstly conducted using 0.5–2.0 M
NaCl draw solutions and DI water feed to determine the
water flux and the reverse salt flux. As salts are the draw
solutes in this study, the term ‘‘reverse salt flux’’ instead of
reverse solute flux is used. The flow rates were 30 and 12 L
h�1 at the shell and lumen sides, respectively. The water per-
meation flux, Jw, was determined based on the weight change
of the feed and the effective membrane area as follows:

Jw ¼ Dm

Dt

1

Am

(6)

where Am is the effective membrane area and Dm is the weight
of water permeated from the feed to the draw solution over a
predetermined time Dt during FO tests. The value of Js was
determined from the increase in the feed conductivity:

Js ¼
½ðCtVt � ðC0V0Þ�Mw

Dt

1

Am

(7)

where C0 and V0 are the initial salt concentration and the initial
volume of the feed, respectively, while Ct and Vt are the salt
concentration and the volume of the feed over a predetermined
time Dt, respectively, during FO tests.

The FO-MD hybrid system for wastewater reclamation

A lab-scale FO-MD hybrid system as shown in Figure 3
was used for wastewater reclamation and the synthetic waste-
water contained an equal weight amount of heavy metal ions,
that is, FeCl2, CoCl2, MgSO4, and ZnCl2. At the FO side, the
feed solution (DI water or wastewater) was circulated through
the lumen side of CAP-CA hollow fibers. At the MD side, the
distilled water was circulated at the lumen side of PVDF hol-
low fibers. The temperatures of the permeate at the PVDF
module and the feed solution at the FO side were set at 298
K. A 0.5 M MgCl2 draw solution was circulated at the shell
sides of the FO and the MD membrane modules, respectively,
with flowing first through the MD module and then through
the FO module before going back to the draw solution tank. It

should be noted that MgCl2 instead of NaCl was used as the
draw solute in the hybrid system. The purpose was to avoid
severe reverse salt fluxes because the draw solutes would
have higher diffusivity at elevated temperatures. Another con-
cern was that there would not be any risk of scaling using
MgCl2 draw solutes.37 The inlet temperature of the draw solu-
tion at the MD module was 343 K. In both membrane mod-
ules, all the solutions flowed cocurrently and upward along
corresponding channels. The weight changes of the feed solu-
tion in the FO process and the permeate (distillated water) in
the MD process were monitored.

Results and Discussion

Equilibrium water content, salt diffusivity, and salt
partition coefficient

Solubility and diffusivity to solutes and solvents are im-
portant inherent properties which determine the membrane
selectivity.36 For the CAP polymer with degrees of substitu-
tion DS (OH) ¼ 0.59, DS(Pr) ¼ 1.23 and DS(Ac) ¼ 1.18,
the equilibrium water content determined from dense mem-
branes is 6.6 wt. % while the diffusivity for NaCl is 1.6 �
10�14 m2 s�1 and the salt partition coefficient is 0.013. As
reported by Soltanieh,36 the equilibrium water content, the
diffusivity for NaCl and the salt partition coefficient for con-
ventional CA membranes are 12.0–13.6 wt %, 0.86–5.1 �
10�13 m2 s�1, and 0.013–0.038, respectively. It is evident
that the CAP membrane shows lower equilibrium water con-
tent. This is resulting from the addition of bulkier propionyl
group with increased hydrophobicity38 and decrease in
hydroxyl content. However, the newly synthesized polymer
has a lower diffusivity for NaCl and a lower partition coeffi-
cient because of the existence of propionyl group.

Viscosity profile and phase diagram

The viscosity increases with increasing CAP concentration
and the increment is small when the CAP concentration is
lower than 15 wt. % (Figure 4a). After 15 wt. % concentra-
tion, a exponential increase in viscosity can be observed
because of rapid chain entanglement. Two extrapolation lines
can be drawn as illustrated in Figure 4a and the cross point
corresponds to the critical concentration.39 Membranes pre-
pared from solutions with a concentration higher than the

Figure 3. Schematic diagram of the lab-scale FO-MD hybrid system.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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critical concentration may have fewer defects for separation
following the solution-diffusion mechanism. A CAP concen-
tration of 27 wt. % was used for dual-layer hollow fiber
spinning in order to eliminate the risk to form defects.

Figure 4b gives the ternary phase diagram of the CAP/(ace-
tone and formamide)/water system at 298 K. The cloud points
are far away from the polymer-solvents axis, indicating that
this system needs more water to induce CAP precipitation as
compared with other polymer solutions such as PVDF/NMP
and polysulfone/NMP.40,41 This phenomenon is similar to that
observed for the CA/NMP/water system.21

Morphology and topology of CAP membranes

As shown in Figure 5, the outer CAP layer is very thin and
dense, while the inner CA layer is thick and porous. There is
no delamination between them. A number of finger-like mac-
rovoids are observed across the inner support layer. These
macrovoids are favorable for enhancing the mass transfer by
offerring a resistance-free support layer because they have
‘‘open-cell’’ skins. The outer layer consists of a dense selective
skin and spongy like underneath, as illustrated by the FESEM
picture at a high mangification. It should be noted that there
are some cracks on the outer surface and these cracks are
caused by electron beams. As observed during FESEM inspec-
tion, the CAP-CA hollow fiber samples are easily burnt when
the magnification is over �10,000 and a similar phenomenon
has been reported for other cellulose esters.42

The atomic force microscope (AFM) images (Figure 6)
show that a large number of very tiny nodules exist at the outer
surface of the hollow fibers. This is an indication that the CAP
layer offers a high surface area for water to permeate through.
The mean roughness of the outer surface is 4.8 � 10�9 m and
the maximum vertical distance between the highest and lowest
data points is 8.3 � 10�8 m. The high surface roughness is ben-
eficial to improve mass transfer.43 Although it may encourage
fouling, fouling in FO processes is not as serious as pressure-
driven processes such as RO and the water flux of the fouled
membranes can be almost 100% recovered with a simple
cleaning method.19

Membrane characterization through NF

The PWP and NaCl rejection achieved by the CAP-CA
hollow fibers are 0.80 LMH/bar and 75.5%, respectively (Ta-
ble 4). From the rejections to neutral solutes (e.g., EG, DEG,

Figure 5. Morphology of the CAP-CA dual-layer hollow fibers.

Figure 4. (a) Viscosity of CAP/NMP solutions and (b)
the phase diagram of CAP/(Acetone and
Formamide)/water system.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].
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TEG, and Glycerol) shown in Figure 7a, the mean pore ra-
dius and molecular weight cut off (MWCO) of the hollow
fibers are determined as 0.31 nm and 226 Da, respectively.
It can be seen from Figure 7b that the surface pores of the
CAP-CA hollow fibers fall in a very narrow range of 0.18–
0.5 nm. The quantity and radius of pores within the active
layer are very important for FO membranes because they
govern the permeation rates of water and the draw solutes.

Performance in the FO process

With 0.5–2.0 M NaCl draw solutions and DI water feed,
the water fluxes achieved by the CAP-CA dual-layer hollow
fibers are in the range of 5.3–17.6 LMH in the PRO mode
with reverse salt fluxes of 0.7–2.5 gMH (Figure 8). In the
FO mode, lower water fluxes of 3.5–8.9 LMH and reverse
salt fluxes of 0.5–1.3 gMH are obtained. The reduced water
fluxes in the FO mode are due to the great impact of
ICP.25,27 One very encouraging observation is that the CAP-
CA hollow fibers show much better performance than the
CA-based membranes.21,25 For example, flat CA membranes
from Zhang et al.21 had a water flux of 11.1 LMH with a
reverse salt flux of about 6.9 gMH based on 2.0 M NaCl
draw solution and DI water feed in the PRO mode. Under
similar testing conditions, single-layer CA hollow fibers
from Su et al.25 showed a similar reverse salt flux of 2.3
gMH but a much lower water flux of 5.6 LMH. It is
believed because the propionyl group is bulkier and more
hydrophobic than the acetyl group, the newly developed
CAP has an enhanced water flux and salt retention.38 Gener-
ally, high hydrophobicity is not expected for FO membranes
since it is not favorable for increasing the water flux. Inter-
estingly, high content of propionyl and acetyl groups and
equal amount of them offer balanced physicochemical prop-
erties which not only guarantee a high salt retention but also
maintain a high water permeation flux.

Wastewater reclamation through a FO-MD hybrid
system

The FO-MD hybrid system is firstly run with 0.5 M
MgCl2 draw solution and DI water feed at 343 K. The water
fluxes created by FO and MD membranes are 19.9 and 16.2
LMH, respectively, with corresponding reverse salt fluxes of
1.3 and 1.7 gMH in the FO process. The water fluxes for
both processes can be higher with increasing the operating
temperature. However, a higher operating temperature is not
preferred in this study because the performance of CAP-CA
hollow fibers may be significantly affected at temperatures
higher than 343 K due to annealing effect.

Figure 9 shows the water flux in both FO and MD proc-
esses as a function of heavy metal ion concentration using
synthetic wastewater solutions containing 0.05–1 � 10�3 Kg

Table 4. Dimensions, Mean Pore Radius, MWCO, PWP and NaCl Rejection of the CAP-CA Dual-Layer Hollow Fibers

Fiber OD
(m)

Fiber ID
(m)

Mean Pore Radius
(nm)

MWCO
(Da)

PWP @ 1 bar
(LMH/bar)

Rejection to NaCl @ 1 bar
(%)

8.4�10�4 7.1�10�4 0.31 226 0.80 75.5

MWCO: molecular weight cut-off
PWP: pure water permeability

Figure 7. (a) Solute rejection and (b) probability density
function curve for characterizing the pore
structure of the CAP-CA dual-layer hollow
fibers.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].

Figure 6. AFM image of the CAP-CA dual-layer hollow
fibers.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].
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L�1 heavy metal ions (i.e., equal weight amount of FeCl2,
ZnCl2, MgSO4, and CoCl2) as the feed. The water flux
decreases with increasing the feed solution concentration. In

the FO process, more severe ICP occurs at higher heavy
metal ion concentrations which accounts for the reduction in
water flux. Due to the thermally driven characteristics of the
MD process, its water permeation rate is insensitive toward
metal ion concentration. Hence, the water flux observed at
the MD membrane stays nearly constant at different feed
concentrations. When the feed solution contains 5 � 10�5 or
1 � 10�4 Kg L�1 heavy metal ions, the water production
rate of the FO membrane is higher than that of the MD
membrane. At a feed concentration of 5 � 10�4 Kg L�1, the
FO and MD membranes have similar water fluxes, that is,
12.6 LMH and 13.0 LMH, respectively. As one can see in
Figure 10, the weight changes in both processes are almost
the same. Equal or similar water flux for both processes is
preferable, and the production rate of this hybrid system can
be easily sustainable. These observations prove that the FO-
MD hybrid system has a great potential for wastewater recla-
mation. The CAP-CA dual-layer hollow fiber membrane is
also a good candidate for this system because it generates an
attractive water production rate and a reasonably low draw
solute leakage.

Conclusions

We have developed high-performance dual-layer hollow
fiber FO membranes from a newly synthesized CAP poly-
mer. The as-prepared and annealed membranes have a very
dense selective layer and highly porous sublayer structure.
With an equal degree of substitution of acetyl and propionyl
groups, the CAP-based dense membranes show a lower equi-
librium water content as well as a lower salt diffusivity and
salt partition coefficient compared with CA-based mem-
branes. The reduced equilibrium water content may influence
the water flux, but the very low reverse salt flux that is
related to the reduced salt diffusivity and salt partition coef-
ficient would add significant values to the FO membranes
and make this CAP polymer much more attractive than CA.
The CAP-based hollow fibers have surface pores with an av-
erage radius of 0.31 nm and a MWCO of 226 Da. In the FO
process, these hollow fibers create much higher water fluxes
and lower reverse salt fluxes than CA-based membranes.

Figure 8. FO performance of the CAP-CA dual-layer
hollow fibers: (a) water flux; (b) reverse salt
flux.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].

Figure 9. Water fluxes achieved in the FO-MD hybrid
system for wastewater reclamation.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com].

Figure 10. Weight changes observed from the FO and
MD membranes in the FO-MD hybrid system
for wastewater reclamation.

Draw solution: 0.5 M MgCl2; Feed solutions: synthetic

wastewater containing 500 mg L�1 FeCl2, CoCl2,

MgSO4, and ZnCl2. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com].
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This observation verifies that high content of propionyl and
acetyl groups and their equal degree of substitution are very
important for CAP-based FO membranes. The very encour-
aging FO performance obtained through a FO-MD hybrid
system discloses that the newly developed CAP-CA hollow
fiber membranes have great potential for the application in
wastewater reclamation.
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Notation

Am ¼ effective membrane surface area, m2

C0 ¼ initial salt concentration of the feed, mol L�1

Cf ¼ solute concentration in the feed solution, mol L�1

Cmembrane ¼ concentration of NaCl in the dense membrane, mol L�1

Cp ¼ solute concentration in the permeate, mol L�1

CP ¼ concentration polarization
Csolution ¼ concentration of NaCl in the solution, mol L�1

Cs,w ¼ final salt concentration in the water chamber, mol L�1

Cs,s ¼ final salt concentration in the salt solution, mol L�1

Ct ¼ salt concentration in the feed after the operation time
interval, mol L�1

Cw ¼ equilibrium water content, wt %
Ds ¼ salt diffusion coefficient, m2 s�1

FO ¼ forward osmosis
ICP ¼ internal concentration polarization

Js ¼ salt flux, g m�2 h�1

Jw ¼ water flux, L m �2 h�1

Ks ¼ salt partition coefficient
Dm ¼ weight change, kg
MD ¼ membrane distillation
Mw ¼ molecular weight of the draw solute, kg mol�1

MWCO ¼ molecular weight cut off, Da
PRO ¼ pressure retarded osmosis
PWP ¼ pure water permeability, L m�2 h�1 bar�1

RE ¼ effective solute rejection coefficient, %
Dt ¼ the operation time interval, h

TFC ¼ thin film composite
V0 ¼ initial volume of the feed, L
Vt ¼ volume of the feed after the operation time interval, L

Wair ¼ weight of the dense in air, kg
Wliquid ¼ weight of the dense in the auxiliary liquid, kg

Wdry ¼ weight of the dry membrane sample, kg
Wwet ¼ weight of the wet membrane sample, kg
Dx ¼ thickness of the membrane sample, m

Greek letters

q ¼ density of the dense membrane, kg m�3

q0 ¼ density of the auxiliary liquid, kg m�3
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