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a b s t r a c t 
In situ interfacial polymerization method was utilized to fabricate cellulose triacetate (CTA) forward 
osmosis (FO) flat-sheet membrane using CTA–N-methyl-2-pyrrolidone (NMP)–trimesoyl chloride 
(TMC) casting solution, non-woven fabric as the support layer and m-phenylenediamine (MPD) 
aqueous solution as the coagulation bath. It is believed that interfacial polymerization occurred 
synchronously with the precipitation process of the casting solution. On the one hand, the interfacial 
polymerization occurred on the both surfaces of the CTA’s top and bottom; on the other hand, the in situ 
interfacial polymerization resulted in the polyamide selective separation layer throughout the whole 
bulk of resultant CTA FO membranes. One of the interesting results was that the permeability prop-
erties of FO and pressure retarded osmosis mode improved in terms of increased pure water flux and 
decreased reverse salt flux as the increasing concentration of the MPD in the coagulant. Besides, the 
permeability difference between the two modes was tiny. The other novel result was that the increased 
MPD concentration of the coagulant contributed to the decreased S value. In addition, the resultant 
CTA membranes had excellent rejection and improved hydrophilicity. 
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1. Introduction

With the population drastically growing and the oil 
reserves rapidly depleted in twentieth century, water and 
energy consumption is increasing at a tremendous rate. 
Thus, water shortage and energy crises have been a serious 
issue all over the world [1–3]. Membrane separation tech-
nology plays a more crucial role in water treatment area 
in recent years. The membrane process especially reverse 
osmosis (RO) and nanofiltration (NF) has been an emerg-
ing and effective technology to obtain drinkable water. 
Nowadays, forward osmosis (FO) becomes a promising 
technology grabbing increasing attention [4,5]. Unlike pres-
sure-driven membranes, it takes use of osmotic pressure 

gradient between the feed solution and draw solution 
instead of hydraulic pressure to drive water permeation 
through the semi-permeable membranes. It consumes 
significantly less energy and more resistant to membrane 
fouling, and the operation cost is lower [6–8]. However, the 
lack of high performance FO membranes impedes the large-
scale application of FO technology in industry [9–11].

For the past few years, cellulose acetate (CA) becomes 
a preferential FO membrane material [12–15]. It is excellent 
for numerous distinct advantages including readily avail-
ability, high chloride resistance, good mechanical strength 
and excellent biocompatibility, and it has been a popular 
material to fabricate various membranes such as RO mem-
branes [16–19], dialysis membranes [20–22], NF membranes 
[23] and ultrafiltration membranes [24]. Most impor-
tantly, CA’s high hydrophilicity contributes to increasing 
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water flux and decreasing membrane fouling propensity. 
Compared with CA, cellulose triacetate (CTA) is superior 
to chlorine resistance and exhibits much better hydrolytic 
stability. Therefore, it is a more preferential material to pre-
pare FO membrane. 

There are two main methods for fabrication of FO mem-
branes: (a) non-solvent-induced phase inversion method 
for regular symmetry or asymmetry ones and (b) interfacial 
polymerization for thin-film composite (TFC) ones. As for 
the former, many researchers focus on the double-skinned 
FO membranes [25,26]. Reason behind that is the dense top 
and bottom surfaces enable to prevent the salt diffusion into 
the porous support layer thus mitigating the internal con-
centration polarization (ICP). Chung et al. [9] systematically 
explored the formation engineering and science of CTA FO 
membrane. It demonstrated that CTA polymer chain showed 
different interaction with different solvents thus resulting in 
different membrane structure. The CTA membrane processed 
denser bottom layer when using dioxane as solvent instead 
of NMP [27]. For the latter, the TFC membranes always pos-
sess a porous substrate and dense active layer [28–30]. The 
dense active layer is obtained via interfacial polymerization, 
whereas the porous substrate is the supportive layer. Using 
hydrophilic polyethersulfone (PES)/polysulfone (PSF) and 
cellulose ester as substrates, Chung’s group prepared sev-
eral TFC FO membranes [31–33]. The hydrophilic substrate 
is conducive to enhance FO performances. Nowadays, the 
popular porous support layer is nanofibers fabricated with 
electrospinning [34–37]. The highly interconnected pore 
structure and high porosity of the supportive layer contrib-
ute to significantly eliminate ICP [38,39]. Recently, modifying 
FO membranes with nanomaterials is another novel method 
to fabricate TFC FO membrane. The functional nanomate-
rial is directly grafted on surface of polyamide active layer 
or incorporated into the membrane substrate by blending 
method. The nanoparticles would affect membrane hydro-
philicity, porosity and structural parameter (S), and improve 
membrane permeability performance [40]. The ocular inter-
pretation of regular fabrication methods of FO membranes is 
exhibited in Fig. 1. 

Considering the tedious steps of the TFC membranes’ 
fabrication, one simplified method was used to fabricate FO 
membranes with dense selective layer and porous substrate. 
In our previous study, in situ interfacial polymerization was 
designed to prepare CTA FO membranes with the dense 

selective bottom surface, as well porous top surface and the 
substrate. The in situ interfacial polymerization was that the 
interfacial polymerization between the organic monomer 
of trimesoyl chloride (TMC) and the aqueous monomer of 
m-phenylenediamine (MPD) synchronously occurred with 
that of the demixing process, and its implementation steps 
of the in situ interfacial polymerization were as follows. 
First, the TMC was directly blended with CTA to form the 
casting solution. Then MPD aqueous solution was utilized 
as coagulation bath. And the CTA FO membranes were suc-
cessfully fabricated after the precipitation process of the 
casting solution in the MPD coagulant. It is believed that the 
polyamide that synthesized via in situ interfacial polymer-
ization worked as the selective layer thorough the whole 
porous substrate. However, the dense layer that formed on 
the glass plane side limited the further improvement of the 
FO permeability properties of resultant CTA membranes. 
In order to eliminate the dense layer, the non-woven fabric 
was utilized as support substrate. In this study, the mem-
branes were casted on the non-woven fabric to inquire into 
the structure and performances changes. During the demix-
ing process, the in situ interfacial polymerization synchro-
nously occurred on the bottom and top surfaces of resultant 
CTA membranes. The influence of MPD concentration in 
the coagulant on the FO permeability properties, membrane 
morphology and contact angle was investigated.

2. Experimental
2.1. Materials

CTA (99.5%) polymer was purchased from Sino 
Polymer Co. Ltd., Shanghai, China. It should be stored in 
the 60°C vacuum oven overnight before using. N-methyl-2-
pyrrolidone (NMP, 99.5%) and hexane were obtained from 
Merck and Shanghai Chemical Agent Co., Shanghai, China, 
respectively. TMC (≥98%) and MPD (>99%) were employed 
as monomers for polymerization, and they were obtained 
from Qingdao Benzo Chemical Company (China) and 
Sigma-Aldrich, Shanghai, China, respectively. Sodium chlo-
ride (NaCl) was draw solute to test membranes. It was pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (China). 
All these reagents were of analytical grade and were directly 
used without purification. Deionized (DI) water was pro-
vided by our own lab. 

2.2. Preparation of CTA TFC FO membranes via in situ 
polymerization

13.0 wt% CTA was added in NMP at 60°C for at least 12 h to 
form the homogeneous solution. Then 0.1 wt% TMC dissolved 
in hexane was added into the above solution. Keep stirring at 
60°C until the solution was homogeneous again. Finally, the 
solution was stored in a 60°C vacuum oven for 12 h to degas. 

The membrane was prepared via in situ polymerization 
method using the non-woven as porous substrate. First, the 
non-woven was pasted onto a clean and smooth glass. Then 
the CTA casting solution was casted with a certain thick-
ness casting knife, followed with immediate immersion into 
a certain concentration MPD aqueous solution for 2 min at 
ambient temperature. The MPD solution acted as coagula-
tion bath to induce phase inversion and MPD reacted with Fig. 1. Schematic diagram of different membrane structure.
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TMC to form the polyamide selective active layer simulta-
neously. After precipitation, the as-cast membranes were 
stored in DI water for 3 d to remove residual solvents. The 
detailed membrane fabrication conditions were summa-
rized in Table 1. And the membranes fabrication process 
was shown in Fig. 2.

2.3. Characterizations of TFC FO membrane

2.3.1. Evaluation of FO permeability properties 

The FO performances including the water flux and the salt 
reverse flux were tested in a lab-scale FO setup as depicted 
in Fig. 3. DI water and 1 M NaCl aqueous solution were used 
as feed solution and draw solution, respectively. Both of them 
were circulated with cross flow at ambient temperature. And 
the cross-flow velocity was 80 mL/min. All membranes were 
evaluated in FO mode (top surface faced feed solution) and 

pressure retarded osmosis (PRO) mode (bottom surface faced 
feed solution). And all the results were gained from three 
repeat experiments. The water flux was obtained from Eq. (1):

J m
A tw
m

=
∆ / ρ

∆
 (1)

where Jw is water flux (L/m2h, abbreviated as LMH); Δm 
represented the quality change of the feed solution in the 
predetermined time. ρ is the density of the feed solution 
(ρwater = 1 g/cm3). A is effective membrane area 23.76 × 10–4 m2, 
and Δt expresses the measuring time interval. 

And reverse salt flux was calculated by using Eq. (2):

J
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∆
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where Js is salt reverse flux (g/m2h, abbreviated as gMH); 
Ct and Vt represent the salt concentration and volume of 
the feed solution at the end of the test, respectively. In this 
research, the salt concentration was obtained by measuring 
the solution conductivity; then, the salt concentration was 
calculated on the fitting curve of NaCl solution conductivity 
and concentration.

2.3.2. Membrane intrinsic separation properties 

The pure water permeability coefficient A of resultant 
CTA flat-sheet FO membranes was measured in the RO mode 
by cross flow with applied pressure being 1 bar. And A was 
measured by using DI as feed solution, and it was obtained 
from Eq. (3):

A
J
P
v=

∆
 (3)

where ΔP presented the applied pressure, and pure water 
volume flux Jv was obtained by measuring the volume of the 
permeation water during a predetermined time.

The salt permeability coefficient B was obtained in PRO 
mode. Using 1,000 ppm NaCl and DI as draw solution and 
feed solution, respectively. And B was gained by using 
Eq. (4) [41]:
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Table 1 
The influence of MPD concentration

Membrane No.a CTA 
(wt%)

NMP 
(wt%)

TMC 
(wt%)

MPD 
(wt%)

MCTA13-00 13 86.9 0.00

MCTA13-02 13 86.9 0.02
MCTA13-04 13 86.9 0.04
MCTA13-06 13 86.9 0.1 0.06
MCTA13-08 13 86.9 0.08
MCTA13-10 13 86.9 0.10
MCTA13-100 13 86.9 1.00

aThe precipitation time of all membranes is 120 s. 
Note: Thickness is 80 μm.

Fig. 2. The in situ interfacial polymerization method diagram for 
fabrication of CTA FO flat-sheet membranes using non-woven 
as supportive. Fig. 3. The lab-scale FO test setup.
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where Am represents effective membrane area 23.76 × 10–4 m2; 
Vdraw and Vfeed are the volume of the draw and the feed solu-
tion, respectively. The concentration of NaCl in the draw 
(Cdraw) and feed (Cfeed) were obtained by measuring the solu-
tion conductivity.

The salt rejection (R) was obtained from FO performance 
characterization by using Eq. (5) [42]:

R
C C
C

= −
−







1 100ft f0

Ds0

∗  (5)

where R denotes the salt rejection, and CDs0 is the salt con-
centration in the initial draw solution; Cf0 and Cft are the salt 
concentration of the feed solution at the beginning and the 
end of the test, respectively.

S was acquired from the FO testing experiment in the 
PRO mode. Then it was obtained based on Eq. (6) [41]:
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where D was the salt diffusion coefficient, and it was 
1.61 × 10–9 m2/s for NaCl. πD,b and πF,b signified the osmotic 
pressure of draw solution and feed solution, respectively. In 
this research, the osmotic pressure of 1 M NaCl draw solu-
tion was 4.74 MPa.

The porosity (ε) of CTA flat-sheet FO membranes was 
determined by dry-wet weight method. Remove the water on 
the membrane surface by tissue paper and obtain the weight 
of wet membrane m1. Then wet membrane was stored in the 
60°C dry oven for 24 h to obtain the weight of dry membrane 
m2. The porosity was finally calculated by using Eq. (7):
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where ρH2O is the density of water, 1.0 g/cm3, and ρp is the density 
of CTA, 1.33 g/cm3.

2.3.3. Dynamic contact angle (DCA) 

To obtain the membrane hydrophilicity, the pure water 
DCA of membrane top surface was measured with a con-
tact angle machine (JC2000A, Shanghai Zhongcheng Digital 
Equipment Co., Ltd., China) at ambient temperature. First, 
the samples were pasted onto the glass slide. Then disperse a 
water droplet of about 0.2 μL on the membrane top surface. 
The picture would be captured by the machine connected 
with the camera. And the contact angle was finally obtained 
via the specific calculation software. Each membrane was 
tested 3 times, and the average results were taken.

2.3.4. Field-emission scanning electronic microscopy 
(FESEM) 

The membranes surface morphology was characterized 
by FESEM (S-4800, HI-9054-0006). The membranes were 
first immersed into liquid nitrogen and fractured. Then, 
all samples were sprayed with a thin gold layer for 60 s. 

The morphology of the top surface and cross section were 
obtained.

2.3.5. Atomic force microscope (AFM) 

The surface roughness of resultant CTA FO membranes 
was characterized by AFM (Veeco, Nanoscope IIIa Multimode 
AFM). Then use the NanoScope Analysis software to obtain 
the membrane surface roughness including the root mean 
square roughness (Rms) and the mean roughness (Ra).

2.3.6. Energy-dispersive spectrometer (EDS) 

EDS (Falcon, EDAX Inc., USA) was adopted to analyze 
the elemental composition mainly the oxygen, carbon and 
nitrogen mass ration of top surface of CTA FO membranes.

2.3.7. X-ray photoelectron spectroscopy (XPS) 

Surface chemical composition of CTA FO membrane was 
further analyzed by XPS. 

3. Results and discussion 

3.1. Characterization of CTA membranes prepared via in situ 
interfacial polymerization using non-woven as substrate

3.1.1. SEM analysis 

Fig. 4(A) shows the SEM images of top surface of the CTA 
FO membranes fabricated from various concentrations of 
MPD coagulant at 50,000 magnifications. There were some 
obvious cracks on the top surfaces of those membranes. 
Observed in detail of Fig. 4(A), the wrinkles appeared 
with the existence of MPD in the coagulant. Besides, those 

Fig. 4. SEM image of CTA membranes prepared via in situ inter-
facial polymerization using non-woven as substrate ((A) – top 
surface, (B) – cross section).
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wrinkles were enhanced with increasing concentration of 
MPD in the coagulant. The reason for the formation of the 
wrinkles was the polymerization reaction of TMC and MPD 
on the membrane surface during demixing process. And the 
enhanced cracks came from the enlarged polyamide selective 
layer with increasing MPD concentration in the coagulants.

Fig. 4(B) is the SEM images of the cross section of CTA 
FO membrane prepared by using DI water and 1 M MPD 
as coagulation bath. It should be noted that all these mem-
branes possessed a thin, dense skin layer and the porous sub-
layer. When DI water was coagulation bath, the membrane 
presented sponge-like structure near the both top surface 
and bottom surface with macrovoids between them. And the 
macrovoids were relatively closer to the top surface. When 
further magnified, it showed the highly porous network 
structure of the sub-layer. However, when MPD worked as 
the coagulation bath, the macrovoid structure disappeared, 
and the whole cross section of resultant CTA membrane was 
sponge-like structure. And the sub-layer was obviously less 
porous. It was ascribed to the polyamide active layer through-
out the whole membrane bulk. Generally, macrovoids of 
the membrane tend to lead to high porosity. As is shown in 
Table 6, the CTA membrane presented the highest porosity 
when using DI water as coagulation bath, and the porosity 
decreased obviously as the MPD concentration increased in 
the coagulation bath. 

3.1.2. AFM analysis 

For the better understanding of membrane surface mor-
phology, AFM was exploited to characterize the roughness 
of membrane top surface. Fig. 5 shows the AFM images of 
various CTA FO membranes, and the Rms and the Ra are 
summarized in the Table 2. Peak and valley structure was 
observed on the both membrane surface. Besides, both the Ra 
and the Rms increased remarkably with the increase of MPD 
concentration in the coagulation bath, which indicated the 
increasing roughness of membrane surface. It was attributed 
to the enlarged polyamide forming on the membrane sur-
face as MPD concentration increased. However, the Ra of 
MCTA13-00 was little different from the Ra of MCTA13-10. 
The reason was that there was only 0.1 wt% TMC in the cast-
ing solution and little polyamide was formed. Furthermore, 

the rougher membrane surface was advantageous for the 
droplet to spread out so the contact angle decreased. This 
partly explained the decrease of DCA as increasing the MPD 
concentration in the coagulation bath. What’s more, higher 
roughness led to larger membrane effective area, which was 
conductive to increase water flux. 

3.1.3. EDS and XPS analysis 

Besides the surface roughness, the contact angle of mem-
brane was also influenced by the membrane composition. 
Therefore, the elemental composition of top surface of CTA FO 
membrane was further analyzed by EDS and XPS. XPS wide-
scan spectra of CTA membranes are shown in Fig. 6. And the 
results are summed up in Tables 3 and 4, respectively. The exis-
tence of nitrogen element (N) exactly proved the formation of 
polyamide during the demixing process. Although the N con-
tent was remarkably varied when measured by EDS and XPS, 
the change rule remained same namely N content increased as 
MPD concentration in coagulation bath increased, which was 
the result of enhanced polyamide active layer. The different 
results in EDS and XPS were owing to the fact that the poly-
amide was throughout the whole membrane bulk, whereas 
EDS and XPS showed different scan depth. Namely the scan 
depth of XPS was only about 10 nm from membrane surface, 
whereas the scan depth of EDS was almost several microme-
ters. The different results exactly exhibited the separation of 
polyamide in the membrane bulk.

3.1.4. Dynamic water contact angle (DCA) 

Fig. 7 exhibits the DCA of CTA membranes prepared 
from various MPD coagulants. It could be observed that both 

Fig. 5. AFM images of CTA membranes prepared via in situ interfacial polymerization using non-woven as substrate.

Table 2 
The roughness of CTA membranes prepared via in situ interfacial 
polymerization using non-woven as substrate

Membrane No. Ra (nm) Rms (nm)

MCTA13-00 2.97 85.6
MCTA13-10 2.92 55.3
MCTA13-100 3.43 88.8
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the start contact angle and the equilibrium contact angle 
decreased as increasing concentration of MPD in the coag-
ulants. Reason behind that could be the enlarged polyamide 
selective layer caused by the increased MPD. Besides, the 
curves indicated that the DCA significantly decreased with 
the measuring time increasing. It was the active layer of the 
porous structure that explained the decreased contact angle. 
And these results were well in accordance with the FO per-
formance of resultant CTA membranes. Without MPD in the 
casting solution, MCTA13-00 had the lowest contact angles 
of the start and the equilibrium, reason for that could be the 
hydrophilicity of CTA was much better than that of polyam-
ide formed on the membrane surface. 

3.2. Evaluation of the FO and PRO modes’ permeability properties 
of CTA membranes prepared via in situ interfacial polymerization 
using non-woven as substrate

3.2.1. Performance of CTA FO membranes 

Table 5 displays the permeability properties of the FO 
and PRO mode of resultant CTA FO membranes. As the 

results showed that with the increasing concentration of 
MPD in the coagulants, the water flux improved, and the 
reverse salt flux decreased. It is attributed to the fact that 
TMC in the casting solution reacted with the MPD in phase 
separation process forming the polyamide selective layer. 
And the selective layer enhanced when MPD concentration 
increased. This selective layer explained the improvement of 
the permeability properties of both FO and PRO mode. The 
reason for tiny differences between FO and PRO mode was 
the polyamide selective layer throughout the whole bulk of 
the resultant CTA membranes. Besides, the polyamide selec-
tive layer prevented the salt diffusion into the porous layer 
thus alleviating the ICP and increasing water flux. 

Fig. 8 shows the NaCl rejection of CTA FO membranes 
fabricated from various MPD coagulants. It is obvious 
that the R increased when MPD existed in the coagulation 
bath. The reason was the polyamide selective layer formed 
during the demixing process. Besides, the R increased 
when MPD concentration increased. That was owing to 
the enhanced selective layer throughout the whole bulk of 
resultant CTA membranes.

The A, B, porosity and S value of resultant CTA FO 
membranes are shown in Table 6. Obviously, A and B were 
much higher than the values reported in other literatures 
[43,44]. It was due to the elimination of dense bottom and 

Fig. 6. XPS wide-scan spectra of CTA membranes prepared via in situ interfacial polymerization using non-woven as substrate.

Table 3 
Elemental composition by EDS of top surface of CTA membranes 
prepared via in situ interfacial polymerization using non-woven 
as substrate

Membrane 
No.

C O N
wt% Atom% wt% Atom% wt% Atom%

MCTA13-00 55.15 62.09 44.85 37.91 0 0
MCTA13-10 46.25 52.47 39.28 33.45 14.47 14.08
MCTA13-100 42.60 48.81 42.38 36.45 15.02 14.75

Table 4 
Elemental composition by XPS of top surface of CTA membranes 
prepared via in situ interfacial polymerization using non-woven 
as substrate

Membrane No. Atom%
C O N

MCTA13-10 59.45 37.95 1.04
MCTA13-100 61.01 35.45 1.45

Fig. 7. Dynamic contact angles of CTA membranes prepared via 
in situ interfacial polymerization using non-woven as substrate.
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top layer. Besides, both A and B decreased when MPD con-
centration increased in the coagulation bath. The B value 
of MCTA13-00 was much higher than that using MPD 
solution as coagulation bath. It was attributed to the poly-
amide layer formed in the demixing process. It was nota-
ble that the porosity of membrane MCTA13-00 was higher 
than that using MPD solution as coagulation bath. The 
much higher porosity was owing to the macrovoids in the 
membrane that could be observed from the SEM image. 
Besides, the porosity decreased remarkably as MPD con-
centration increased in the coagulation. However, the 
S decreased as well with the improvement of MPD con-
centration in the coagulants. In general, higher porosity 

was conductive to decrease S [45]. However, S decreased 
though porosity decreased. The decreased S indicated the 
ICP being mitigated. The reason was that the polyamide 
selective layer prevented the salt diffusion into the porous 
layer thus alleviating the ICP. This was quite in accordance 
with the membranes FO performance.

4. Conclusion

The CTA flat-sheet FO membranes were prepared on the 
non-woven substrate by the in situ polymerization method. 
TMC in the casting solution reacted with the MPD in the 
coagulation bath to form the polyamide selective layer syn-
chronous during the precipitation process. The active layer 
was formed not only on the both top and bottom surface 
but also throughout whole bulk of resultant CTA FO mem-
brane. And the selective layer enhanced with increasing 
concentration of MPD in the coagulants. Furthermore, the 
non-woven substrate and the in situ polymerization method 
resulted in decreasing S with increasing MPD concentra-
tion in the coagulant. This explained that FO permeability 
properties were improved in terms of increasing water flux 
and decreasing reverse salt flux when MPD concentration 
increased. Besides, the selective layer throughout the whole 
bulk of CTA FO membrane prevented the salt diffusing into 
the porous layer. Therefore, the ICP was effectively alle-
viated. This resulted in the tiny performance differences 
between FO mode and PRO mode.
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