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a b s t r a c t

Cellulose triacetate (CTA) membranes for forward osmosis (FO) were prepared by phase inversion. 
Effects of the polymer concentrations, solvents (1,4-dioxane, N-methylpyrrolidone, N, N-dimethylfor-
mamide), additives (lactic acid and PVP-K30) on the FO membrane performance and gelation kinet-
ics mechanism were explored. The pre-treated esterification wastewater was further treated via the 
optional membrane under the FO mode, the long-term FO performance and fouling behaviors of CTA 
membranes are further investigated. Results showed that the CTA membrane cast using 1,4-dioxane 
as solvent has shown lower water flux but higher salt rejection, whereas the membrane cast using 
N-methylpyrrolidone or N, N-dimethylformamide as solvent has excellent permeability but poor
selectivity. The water flux and reverse salt flux reduced with the increase of CTA concentration. As
the lactic acid and PVP-K30 increased, the gelation velocity accelerated, the water flux and reverse
salt flux enhanced. Furthermore, the water flux went down significantly by 51.1% in the long-term
test. Especially in the early 5 h, the flux declined sharply from 9.56 LMH to about 6.0 LMH, and then
the water flux reduced slowly since the membrane fouling become to stability. FO treatment brought
about 57.1% of water recovery and favorable pollutants rejection with TOC rejection exceeding 96%.
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1. Introduction

Esterification wastewater generated by esterification
reaction generally stems from polyester production pro-
cess in chemical enterprise [1,2]. Its water quality char-
acteristics include: (1) complicated component and high 
chroma; (2) high organic contents with aromatic com-
pounds; (3) low biodegradability; (4) high corrosivity and 
toxicity. Therefore, if discharged directly into the water, 
the esterification wastewater will threaten the environ-
ment and human health [1,2,4]. It is essential to strengthen 
the treatment for esterification wastewater based on the 

green environmental protection concept [3]. Traditional 
treatment methods for esterification wastewater are limited 
to biochemical treatment and physicochemical treatment, 
high investment and operation cost, low purification effi-
ciency and unstable effluent were prominent defects [1–3]. 
Therefore, an effective and applicable technique to treat 
esterification wastewater needs to be developed.

Recently, as a new membrane separation technology, 
forward osmosis (FO) is drawing increasing attention. FO 
is a membrane separation process which employs osmotic 
pressure difference to transport water through a semiper-
meable membrane [5]. Some apparent advantages such as 
lower energy consumption, high anti-polluting and strong 
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membrane reproducibility has attracted growing attention 
in application to wastewater treatment [6,7,8].

As early as the 1980s, Anderson and Votta [9] had pro-
posed the feasibility of using FO for industrial wastewa-
ter. Recently, Coday et al. [9] conducted an weeklong field 
test that revealed the FO system recovered 85% of drilling 
wastewater by concentrating it five times. Gebreyohannes 
et al. [10] employed FO to dehydrate olive mill wastewater, 
and obtained more than 98% rejection to those components. 
Zhao et al. [11] investigated the FO performance when used 
to treating the surfactant wastewater. A satisfactory result 
showed the surfactant rejection can be as high as 99.77% 
and the water flux was more than 8.0 L m–2 h–1. Besides, the 
FO process was also used for dye wastewater treatment by 
Zhao et al. [12], the influence of draw solution (DS) tem-
perature on FO performance was also investigated. It is 
worth noticing that the FO performed well at higher tem-
peratures (45oC). Kumar and Pal [13] developed a novel 
FO-nanofiltration system for treating coke wastewater and 
the effects of DS on the water flux and rejection of target 
contaminants were studied. When the DS was determined 
to be 1.5 M NaCl, about 96~98% rejection of contaminants 
could be obtained along with the water flux of 46 L m–2 h–1. 
In addition, Dong et al. [14] used a FO membrane system 
to post-treat the effluent of membrane bioreactor dispos-
ing of landfill leachate and found about 98.6% of COD was 
achieved. Direct filtration for municipal wastewaters by tri-
acetate acetate (CTA) FO membrane supplied by hydration 
technology innovations (HTI) was also investigated and 
showed a satisfactory flux of 3~7.4 L m–2 h–1 [15]. 

Desirable FO membranes are one of the key technol-
ogies of FO wastewater process that also is the current 
research focus. Nguyen et al. [16] develop triacetate/cellu-
lose acetate (CTA/CA) FO membrane casting from CTA/
CA, 1,4-dioxane, acetone, and methanol as solvent, maleic 
acid as additives. It was obtained that 10.39 L m–2 h–1 water 
flux and 0.084 mol m–2 h–1 NaCl. Sairam et al. [17] prepared 
CA FO membranes with lactic acid, maleic acid and zinc 
chloride (ZnCl2) as pore-forming agents. And the mem-
branes prepared with ZnCl2 gave 5.5 L m–2 h–1 water flux 
and a NaCl rejection of 95% in FO runs. Yip et al. [18] devel-
oped a type of membranes consisting of a selective polyam-
ide active layer formed by IP on top of a polysulfone (PSF) 
support layer. The water fluxes exceeded 18 L m–2 h–1, while 
the salt rejection maintained more than 97% when using a 
1.5 mol L–1 NaCl draw solution. Setiawan et al. [19] devel-
oped a type of hollow fiber FO membrane with a positively 
charged nanofiltration-like membrane by polyelectrolyte 
post treatment for apolyamide-imide (PAI) substrate using 
polyethyleneimine (PEI). The water flux was 9.74 L m–2 h–1, 
and the JS/JV is lower than the data of 0.85 g L–1 for commer-
cial FO membrane from HTI. 

It was observed that different materials were used for FO 
membranes [20]. As a kind of widely used membrane mate-
rial, CTA had significant advantages such as higher hydro-
philicity and the simple fabrication process (one step 
forming) of FO membranes [21]. Furthermore, CTA mem-
branes have superior resistance toward chlorine comparing 
to the polyamide-based thin film composite membranes [22]. 
CTA is also insensitive to thermal, chemical, biodegradation 
and hydrolysis. Above special advantages make CTA a good 
candidate as a FO material [8,22]. So far, the literature rele-

vant to CTA FO membranes is few which illustrates there’s 
more unknown territory to explore such as the choice of sol-
vents, additives as long as  formation conditions.

Therefore, this paper aims to study the functional 
mechanism toward the fabrication of CTA FO membranes 
by using different solvent such as 1,4-dioxane, N-meth-
ylpyrrolidone (NMP), N, N-dimethylformamide (DMF), 
additives (lactic acid and PVP-K30). Kinetic experiments 
were first applied to explore gelation kinetics mechanism 
in this study. The effects of the polymer concentrations, sol-
vents and additives on FO membrane performances and 
gelation kinetics mechanism were investigated in detail. 
The optional membrane was used in treating esterification 
wastewater under the FO mode. The long-term FO perfor-
mance such as water flux, contaminants rejection and foul-
ing behaviors of CTA membranes are further investigated.

2. Materials and methods 

2.1. Chemicals

Cellulose triacetate (CTA) was supplied by Eastman 
Chemical Company, USA. 1,4-dioxane (≥99.5% purity) 
and Sodium chloride (NaCl, 99.0% purity) were purchased 
from Sinopharm Chemical Reagent Co., Ltd. N-methyl pyr-
rolidone (NMP, ≥99.0 purity) and lactic acid (85.5~90.0% 
purity) were from Xilong Chemical Industry Co., Ltd. N, 
N-dimethyl formamide (DMF, ≥99.5%) and D-Glucose 
(C6H12O6·H2O) were from Beijing Chemical Works. Polyvi-
nylpyrrolidone (PVP-K30, ≥95.0% purity) was purchased 
from Beijing Lanyi Chemical Products Co., Ltd. All solvents 
were AR (analytical reagents) grade and used without fur-
ther purification. 

2.2. Membrane preparation

CTA membranes for forward osmosis were prepared 
by phase inversion. CTA polymer and additives were dis-
solved in solvents in the conical flask with stopper that was 
well-sealed by sealing film in order to prevent evaporation 
of solvents. Magnetic Stirrer was used to stir the mixture 
thoroughly until a homogeneous dope solution formed. A 
clean and dry glass plate was attached to flat workbench by 
strong tape. Then, the homogenized solution was cast on 
glass plate using a casting knife at room temperature. After 
volatilizing the solvent for 30 s, the coating attached on 
glass plate were soaked in coagulation to solidify. All new 
membranes were immersed in deionized (DI) water for 24 h 
with the purpose of further removing the residual solvent. 
Finally, the membranes were kept in DI water for stand-by 
and annealed in DI water for 15 min at 60oC before testing 
performance. All compositions of casting solution used in 
this paper were showed in Table 1.

2.3. Kinetic experiments

The gelation process of casting solution was determined 
using a high-precision inverted microscope (BDS-200PH, 
Chongqing OPTEC Instrument Co., Ltd, Chongqing, China) 
with an image real-time storage system. Its technical param-
eters of microscope were fixed to WF10X/20 and LPL 
10/0.25 W. D. When the microscope was ready, a drop of the 
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casting solution was placed on a glass slide, which was cov-
ered by another slide specially designed. Then a drop of the 
DI water was introduced from the holes in the second glass 
and ensure the casting solution droplet between two slides 
was surrounded by the DI water, and then the gelation pro-
cess was initiated soon. The whole gelation process was 
then recorded with the optical system. Professional image 
processing software was used for processing the resulting 
images, determining the precipitation rate [25].

2.4. Performance testing of FO membranes

The membranes were tested at room temperature by 
a self-made FO device (Fig. 1) that includes a membrane 
module with 40 cm2 (length, 10 cm; width, 4 cm) effective 
area, and its active layer faced FS. FS tank with 1 L DI water 
was placed on magnetic stirrer for stirring. A conductivity 
meter (DDS-307, Shanghai INESA Scientific Instrument Co., 
Ltd, Shanghai, China) was used to determine NaCl concen-
tration. Draw solution (DS) tank equipped with 1 L 1 mol 
L–1 NaCl was placed on an electronic balance (HZT-A2000, 
Huazhi Scientific Instrument Co., Ltd, Fujian, China) for 
recording DS quality change. The FS and DS were circu-
lated on each side of the membrane at a cross-flow rate of 1 
L min–1, which was controlled by flow meter and magnetic 
pumps (MP-20RM, Shanghai Xinxishan industrial Co., Ltd). 
All experimental tests were conducted under the FO mode. 

The water flux (Jw) and the reverse salt flux (RSF, Js) were 
assessed by running the device for 1 h after system stability. 
Experimental data was recorded every 10 min. 

The water flux (Jw, L m–2 h–1) was refers to the volume 
of pure water transferred from FS to DS per unit area and 
per unit time, which was calculated as follows: Jw = ∆W/
ρA∆t. Where, ∆W (g) is the quality of pure water passing 
through the membrane, ρ (kg m–3) is the density of water, 
A (m2) is the available membrane area, ∆t (h) is the effective 
testing time. The RSF (Js) was defined as the quality of NaCl 
diffusing from the DS to the FS per unit membrane area per 
unit time. It was calculated as follows: Js = ms/A ∆t. Where, 
ms is the quality of the NaCl diffused across the membrane 
per unit area during the 1 h tests, A (m2) is the available 
membrane area, ∆t (h) is the effective testing time. The salt 
quality was calculated by using the standard curve estab-
lished before experiments.

2.5. Other analysis indicators

2.5.1. Automatic surface tensiometer 

Surface tensions of drop solutions were determined by 
automatic surface tensiometer (JYW-200A, Chengde Jinhe 
Instrument Manufacturing Co., Ltd, Hebei, China) using 
platinum ring method. The sample stage moved up and 
down by buttons and results were displayed automatically. 

2.5.2 Rotary viscometer 

Viscosities of casting solutions were measured using 
rotary viscometer (NDJ-1, Shanghai Changji Co., Ltd., 
Shanghai, China) at room temperature. Four rotors and 
four different rotational speeds were provided. Any com-
bination of rotor and rotational speed can be free to choose 
as required. 

2.5.3 Scanning electron microscopy (SEM)

Surface and cross-section imagines were observed 
using scanning electron microscopy (SEM, FEI, Quanta 200, 
Holland). Each sample was cut in liquid nitrogen at first 
and then fixed on a specimen stage using carbon conduc-
tive adhesive tape. In order to improve the image forma-
tion quality, the samples were coated with platinum prior 
to observing the morphology. 

Table 1 
The composition of casting solution

Membrane Composition (wt.%)

CTA 1,4-dixane DMF NMP Lactic 
acid

PVP-K30

1 11.7 79.58 6.92 1.8
2 11.7 79.58 6.92 1.8
3 11.7 79.58 6.92 1.8
4 12.0 84.0 4.0
5 13.0 83.0 4.0
6 14.0 82.0 4.0
7 15.0 81.0 4.0
8 16.0 80.0 4.0
9 17.0 79.0 4.0
10 18.0 78.0 4.0
11 15.0 85.0 0
12 15.0 84.0 1.0
13 15.0 83.0 2.0
14 15.0 82.0 3.0
15 15.0 81.0 4.0
16 15.0 80.0 5.0
17 15.0 79.0 6.0
18 15.0 81.0 3.0 1.0
19 15.0 80.5 3.0 1.5
20 15.0 80.0 3.0 2.0
21 15.0 79.5 3.0 2.5
22 15.0 79.0 3.0 3.0

Fig. 1. Laboratory-scale forward osmosis testing device.
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2.5.4  Contact angle instrument 

Contact angle of membranes was determined by con-
tact angle instrument (JY-PHa, Chengde Jinhe Instrument 
Manufacturing Co., Ltd, Hebei, China) using sessible drop 
method. Dried sample was assembled on a slide with dou-
ble-sides tape, and then put on objective table. Change 
the focal length and obtained a clear image. DI water (about 
2.5 μL) was forced out so that the formation of a liquid drop-
let on the needle. Then, sample was contacted with liquid 
droplet by moving up the objective table. At this time, the 
moment that liquid droplet drop down, the membrane was 
recorded through imaging system. And the contact angle 
was measured using the ellipse fitting method by software. 

2.6. Application of CTA FO membranes in treating  
esterification wastewater

The esterification wastewater used in experiments was 
supported by Beijing Chemical Industry Group Co., Ltd, 
which contains large amounts of non-degradation organic 
compound. This study aims to concentrate the wastewa-
ter and evaluate the pollutants removal efficiency by FO 
membrane. 

2.6.1. Esterification wastewater pre-treatment 

For reducing the membrane fouling, the esterification 
wastewater was pretreated before flowing into FO system by 
two different pre-treatment methods: (1) Flocculation-pre-
cipitation (by adding 6.0 mg L–1 poly aluminium chloride 
and standing for 120 min) to eliminate a mass of glue and 
some organic matters; (2) Filtration through 1~3 μm pore 
size qualitative filter paper to further remove the residual 
floc in process (1). Details of the esterification wastewater 
such as pH, TDS, TOC after pretreatment were measured.

2.6.2. Water reclamation from wastewater

The effluent leaving pre-treatment unit was further treated 
by a lab-scale cross-flow FO unit to retain and fractionate the 
pollutants. The test was conducted under the FO mode where 
the membrane active layer faces the esterification wastewater. 
During the test for up to 24 h, the concentration of NaCl (1 L) 
acted as draw solution was maintained to be 2 M, while in 
order to clarify the fouling behaviors of membrane during the 
wastewater treatment, the feed solution was either 1 L esteri-
fication wastewater or DI water. The flow rate on both side of 
the membrane was kept at 0.3 L min–1, the temperature of feed 
solution and draw solution was maintained at 25 oC. 

2.6.3. Esterification wastewater characterization

Wastewater properties before and after treatment were 
characterized according to the following items:

Total organic carbon (TOC): was determined by TOC ana-
lyzer (TOC-Vcsn, Shimadzu Corporation, Japan)

Total dissolved solids (TDS): 400 mL of esterification 
wastewater was filtered through a filtering system and the 
filtrate was dried in a constant temperature oven until the 
weight was constant.

 Potential of hydrogen (pH): was measured by pH meter 
(PHS-3C, Shanghai REX Instrument Factory, China).

2.6.4. Membrane performance in long term FO test

The water flux (Jw) was calculated by the equation 
showed in section 2.4. The TOC rejection rate was used to 
show the pollutants rejection of membrane, which was cal-
culated by the following equation [26,27]:

R
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Where Cf (mg L–1) is the TOC concentration before FO test 
in the feed solution, and the Cp (mg L–1) is the TOC concen-
tration of FO permeate, which can be estimated from the 
following:
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Where Cd,e (mg L–1) is the TOC concentration at the end 
of the test, Cd,i is the initial TOC concentration in the draw 
solution with a volume of Ve (1 L), and (V (L) is the permeate 
water over 24 h. The water recovery Re was calculated as 
following:

R
V
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e = ×

∆
100%  

where Vf (L) is the initial volume of feed solution. 
Otherwise, the SEM images of membrane before and 

after the FO test were used to analysis the membrane 
 fouling. 

3. Results and discussion

3.1. Effects of different solvents on membrane performance

 1,4-dixane, DMF, NMP were used as solvent respec-
tively to prepare FO membranes (Table 1). As shown in 
Fig. 2, CTA membranes prepared from mixtures of CTA/
DMF/lactic acid/PVP-K30 were found having the highest 
water flux and reverse salt flux (RSF), were 11.87 L m–2 h–1, 
88.48 g m–2 h–1 respectively. CTA membranes prepared by 
1,4-dixane instead of DMF had lower water flux (9.52 L m–2 h–1) 
and RSF (50.76 g m–2 h–1). And the performance of membranes 
fabricated by NMP based dope solution fell somewhere in 
between.

Volatility and solubility of solvents was taken as reasons 
accounting for this phenomenon [16]. In generally, materi-
als with lower boiling point were more volatile, compared 
with DMF and NMP, 1,4-dixane was more likely to volatil-
ize from solution system owing to its lower boiling point. 
More solvent evaporation resulted in higher polymer con-
tent on the neonatal membrane surface. As the polymer con-
tent advanced, the macromolecule chains density went up 
[28], the collision and entanglement between polymer mol-
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ecules reinforced, which lead to the dope solution viscosity 
increased [29]. Given this, it need take more time for water 
to diffuse into polymer matrix. Therefore, the gelation rate 
reduced and instantaneous demixing was translated into 
delayed demixing, which was in favor of developing denser 
membrane with higher selectivity [28].

Since the solubility parameter of CTA is closer to 1,4-dix-
ane, there are higher affinities between CTA and 1,4-dixane 
than that between CTA and DMF (or NMP), resulting in 
that CTA tends to be more miscible in 1,4-dixane. For one 
thing, good miscibility of polymer in solvent may generate 
stronger bond energy, which hinders the exchange of sol-
vent and nonsolvent in coagulation bath during phase sep-
aration. As a result, lower gelation velocity was achieved 
and membranes prepared under the circumstances were 
compact. For another, as 1,4-dixane was the good solvent 
of CTA, the strong solvation of CTA in 1,4-dixane made the 
macromolecular chain unfold freely [28], the gelation veloc-
ity declined consequently, so as to form the network pores 
having little aperture. As a result, the selectivity went up 
along with the permeability decreased.

Based on above analysis, 1,4-dixane was selected as the 
optimal solvent compared with the other solvent in term of 
water flux and salt rejection, and was used in the following 
studies. 

3.2. Effects of CTA concentrations on membrane performance

Fig. 3 shows the performance of FO membranes prepared 
with CTA, 1,4-dioxane and lactic acid as membrane material, 
solvent and additive respectively. As the CTA concentration 
increased from 12.0 to 18.0 wt.%, the water flux decreased 
rapidly from 9.83 L m–2 h–1 to 5.44 L m–2 h–1, the reverse salt 
flux was reduced to 17.33 g m–2 h–1 from 47.23 g m–2 h–1. Mem-
brane performance depends on the membrane structure 
on the premise of determining membrane material [29]. 
Cross-section and top surface SEM images of the FO mem-
branes were shown in Fig. 4. Compared with membranes 
prepared from 14.0 wt.% CTA, the FO membranes cast from 
16.0 wt.% CTA have smaller open-cell in macroporous sup-
port layer. And higher content of CTA produces smoother 

surface layer, which could more prone to resistant mem-
brane fouling.

Possible mechanisms related to thermodynamic and 
kinetic factors likely account for this the membrane struc-
ture. First, as the CTA concentration increased, the collision 
and entanglement between CTA molecules intensified, the 
macromolecule chains density in casting solution system 
increased [28], which generated denser skin layer accord-
ingly, so that membrane selectivity was improved. More-
over, increasing polymer concentration improved viscosity 
of dope solution, which enhanced the flow resistance of 
dope solution. The casting solution surface tension also 
increased with the increase of the probability of collision 
and entanglement between polymer molecular (Fig. 3). 
Increased viscosity and surface tension severely hinder the 
exchange velocity between solvent and nonsolvent. The 
solvent has great difficulty evaporating into gelation bath, 
and the nonsolvent is hard to diffuse into casting solution. 
Delayed demixing resulted in the formation of dense mem-
brane. To get the suitable permeability, selectivity and bet-
ter performance stability, 15 wt.% CTA was used to prepare 
FO membranes.

Fig. 2. Performance of FO membranes prepared with different 
types of solvent.

Fig. 3. Effects of CTA concentrations on membrane performance 
and dope solution performance.



Q. Ji et al. / Desalination and Water Treatment 61 (2017) 88–97 93

3.3 Effects of different additives on membrane performance

In order to improve the water flux of FO membranes, 
lactic acid and PVP-K30 are used as additives to prepare 
membranes in this study. As shown in Fig. 5, with the lactic 
acid content increased from 0 to 6.0 wt.%, the water flux 
and RSF went up significantly, the water flux of membranes 
increased more rapidly especially when the concentration 
of lactic acid increase to 1.0 wt.% from 0. Therefore, lactic 
acid used alone as additives played a great role in improv-
ing membrane performance. When lactic acid concentration 
was 4.0 wt.%, the membrane with better performance was 
obtained based on the balance between water flux and RSF.

Lactic acid acted as a low-molecular-weight organic acid 
has hydrophilic groups (–OH and –COOH), which induces 
the hydrogen bond formation of hydrogen atom of lactic 
acid and the oxygen atom in the 1,4-dioxane, a high hydro-
philic groups is formed. Besides, there are oxygen atoms 
in CTA molecules, which can combine hydrogen atoms 
of the hydroxyl groups and carboxyl groups, and form 
hydrogen bonds. Since the instability of hydrogen bonds, 
the thermodynamics stability of casting solution reduces. So, 
increasing amount of lactic acid lead to more hydrogen bonds 
formed and accelerated the exchange rate between coagula-
tion bath and casting solution [30]. Furthermore, the casting 

solution viscosity and surface tension dropped off with the 
increasing of lactic acid concentration, which reduces the 
mass transfer resistance between molecules, raised the rate of 
solvent removing out from dope solution. These two effects 
both speeded up the gelation velocity, porous and loose 
membrane with higher water flux was obtained eventually. 

In the premise of determining the lactic acid concentra-
tion, PVP-K30 acted as pore-forming agent was used for 
membrane preparation. It indicated in Fig. 5 that the water 
flux and RSF increased 55.05 and 220.7% respectively with 
the increasing of PVP-K30 content from 1.0 to 3.0 wt.%. 

As a swelling agent, PVP-K30 dissolved in solvent, which 
was equivalent to compete with polymer for solvent. Thus, 
with the increasing of PVP-K30, the salvation of CTA with 
solvent decreased, the crimp ratio of macromolecule chains 
increased, and the interactions between polymer chain 
segments diminished, and the aggregation pores and liq-
uid-liquid interfacial phase micro-void with large aperture 
were obtained [28]. In addition, the hydrophilic characteris-
tic of PVP-K30 could enhance the affinity between gelation 
bath and dope solution, so when more PVP-K30 was added 
to casting solution, the exchange rate between solvent and 
non-solvent would speed up, which lead to the advanc-
ing gelation rate. Therefore, these two effects were favor 
to form loose and porous membrane, and induced bigger 

   

   

   

Fig. 4. Cross-section SEM images of different CTA concentrations and PVP-K30 concentrations. (a) 12 wt.% of CTA, (b) 13 wt.%  
of CTA, (c) 14 wt.% of CTA, (d) 15 wt.% of CTA, (e) 16 wt.% of CTA, (f) 17 wt.% of CTA, (g) 18 wt.% of CTA; (h) 1.0 wt.% of PVP-K30, 
(i) 1.5 wt.% of PVP-K30, (j) 2.0 wt.% of PVP-K30, (k) 2.5 wt.% of PVP-K30, (l) 3.0 wt.% of PVP-K30.
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water flux and RSF. On the other hand, however, along 
with the increasing PVP-K30, the dope solution viscosity 
and surface tension increased, which consequently restrain 
the movement of macromolecule chains, the exchange rate 
between solvent and non-solvent decreased, as a result, it 
tends to form a compact structure. 

Above two mechanisms suppressed each other and 
jointly affect the formation of membrane structure. Here, 
the factors that generated looser and more porous mem-
branes played a dominant role. Besides, it also indicated 
(Fig. 6) that the addition of PVP-K30 improved the hydro-
philicity of CTA membrane. This is one of the reasons which 
resulted in increased water flux. As shown in Fig. 4, as the 
PVP-K30 content went up, larger pores and more porous 
membrane were formed. Compared with the date in Fig. 5, 
the RSF was lower at same water flux, which revealed that 
the membranes prepared by PVP-K30 had better selectivity. 
When PVP-K30 concentration was 1.5 wt.%, the membrane 
was desirable based on the balance between water flux and 
RSF, and the optional membrane was applied for treating 
esterification wastewater.

Fig. 7 demonstrates the gelation distance of cast-
ing solution with different additives. It is observed 
that the gelation front advanced forward with time. 

Along with the time, gelation distance increased at dif-
ferent rates. Two additive combinations had roughly 
same trend. Before 1.0 s, the gelation velocity increased 
most rapidly, and gradually descended afterwards until 
reached phase equilibria. Within 1.0 s, the gelation veloc-
ities of both were almost equal. And whereafter, the gela-
tion rate of 3.0 wt.% lactic acid and 1.5 wt.% PVP-K30 was 
larger than that of 3.0 wt.% lactic acid, which explained the 
membranes prepared from 3.0 wt.% lactic acid and 1.5 wt.% 
PVP-K30 were looser and more porous. It was consistent 
with the results of Figs. 5, 6 showed. 

3.4. Application of CTA FO membrane to treat esterification 
water

Through the comparison for the solvent type, CTA con-
centration and additives concentrations, the optional compo-
sition of casting solution was determined as 15.0 wt.% CTA, 
80.5 wt.% 1,4-dioxane, 3.0 wt.% lactic acid and 1.5 wt.% PVP-
K30. The optional membrane was utilized to treat esterifica-
tion wastewater [31]. 

The long-term running performance and fouling prop-
erties of developed CTA membranes under the FO mode 

Fig. 5. Effects of lactic acid concentration on membrane perfor-
mance and dope solution performance.

Fig. 6. Effects of PVP-K30 concentration on membrane perfor-
mance and dope solution performance.
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were further studied. As shown in Fig. 8, the initial water 
flux were around 11.56 L m–1 h–1 and 9.40 L m–1 h–1 when 
the feed solution were DI water and esterification wastewa-
ter, respectively. Since the draw solution was maintained at  
2 M NaCl throughout the both long-term test over 24 h 
containing baseline test and actual test, the baseline curves 
showed a slightly reduction of 18.7%. This little change 
was attributed to RSF and internal concentration polariza-
tion (ICP) effects [32]. Whereas, the water flux went down 
significantly by 55 % in the actual experiment. Compared 

to the baseline, except the RSF and ICP effects, membrane 
fouling was also regarded as one of the reasons for water 
flux declination. Especially in the early 5 h, the flux declined 
sharply from 9.56 L m–1 h–1 to about 6.0 L m–1 h–1, which was 
probably because of the cake layer generated by contam-
inants on the membrane surface or the pore blocking due 
to the small pollutants particles (Fig. 8). And after 5 h, the 
water flux reduced slowly since the membrane fouling 
become to stability [33]. 

After 24-hour continuous treatment, the water recov-
ery reached to 57.1%. The FO process brought a high pol-
lutants rejection efficiency with TOC rejection up to 96.5% 
(Table 3). However, it was noticing that, there still existed a 
larger TOC concentration after the FO process (Table 2), the 
reasons for this phenomenon could be that the poor den-
sity of membrane skin layer gave small organic molecules 
a pass, and this kind of wastewater contained a lot of such 
small molecules, for example, 1,3-propanediol, glycerol, 
ethylene glycol etc. Even so, the molecular of 1,3-propane-
diol, glycerol and ethylene glycol was all larger than that 
of Na+ and Cl–, denser membranes would be more capable 
to achieve a quite high TOC rejection. Besides, the TDS 
in the FO concentrated solution should have been as 2.33 
times as initial concentration, but the actual TDS concen-
tration exceeded 2.33 times of initial concentration due to 
the reverse salt flux.

4. Conclusions

Compared with NMP and DMF, CTA FO membranes 
prepared from 1,4-dixane possessed more selectivity, lead-
ing to lower water flux. With the increasing polymer con-
tent, the water flux and RSF showed a gradual reduced 

Table 2 
Concentration of raw wastewater and properties of FO process 
streams (pre-treatment effluent, FO concentration, initial draw 
solution and draw solution at the end of test and FO permeate) 

Properties TOC 
(mg L–1)

TDS 
(mg L–1) 

pH

Raw wastewater 49800 295 3.69
Pre-treatment effluent (Cf) 39420 284 7.30
FO concentration 91000 2380 7.48
Initial draw solution (Cd,i) 2.76 – 7.67
Draw solution at the end of 
the test (Cd,e)

509.00 – 7.35

FO permeate (Cp) 1395.58 – 7.35

Fig. 7. Gelation kinetics curves using different additives.

Fig. 8. Water flux of FO membrane measured in a 24-hour last-
ing test (DS: 2 M NaCl; flow velocity: 0.3 L min–1; feed solution: 
DI water or 1 L of pre-treatment effluent). 

   

Fig. 9. Surface and cross-section SEM images of virgin membrane (a, c) and fouled membrane (b, d).
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tendency. More lactic acid as additives added into dope 
solution produced looser and more porous membranes. 
Addition of PVP-K30 also improved membrane permeabil-
ity, instead, the selectivity dropped off with it. In order to 
achieve better permeability and selectivity, 15.0 wt.% CTA, 
80.5 wt.% 1,4-dixane, 3.0 wt.% lactic acid, 1.5 wt.% PVP-K30 
were used for making up the optional dope solution. For the 
long-term test, the water flux went down significantly by 
51.1%, especially in the early 5 h, the flux declined sharply 
from 9.56 L m–1 h–1 to about 6.0 L m–1 h–1, and then the water 
flux reduced slowly since the membrane fouling become to 
stability. FO treatment brought about 57.1% of water recov-
ery and favorable pollutants rejection with TOC rejection 
exceeding 96%. The application of CTA FO membranes to 
treat esterification wastewater was feasible.
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