Chemical Papers (2018) 72:3159-3167
https://doi.org/10.1007/5s11696-018-0554-z

ORIGINAL PAPER

@ CrossMark

Study on preparation and performances of cellulose acetate forward
osmosis membrane

Min Shang’ - Baoli Shi'

Received: 8 January 2018 / Accepted: 6 July 2018 / Published online: 9 July 2018
© Institute of Chemistry, Slovak Academy of Sciences 2018

Abstract

Cellulose acetate (CA) forward osmosis (FO) membranes were prepared via a phase inversion process. CA was used as
membrane material for FO. Acetone and 1,4-dioxane were employed as solvent. Polyvinylpyrrolidone (PVP), maleic acid,
and methanol were applied as additives. An orthogonal experiment was performed to optimize the ratio of every component
in the casting solution. The membrane with best performance was selected to concentrate an anthocyanin solution. Saturated
sucrose solution (about 60°Brix) was fit for using as draw solution in the concentration experiment. Water flux, porosity, and
rejection rate were measured to evaluate the membrane properties. Reverse water rinsing was used in cleaning membrane that
was fouled by anthocyanin solution. Results showed that under membrane thickness of 100 um, coagulation temperature at
room temperature, and evaporation time of 30 s, the optimum components in casting solution were 13% CA, 45% 1,4-diox-
ane, 31% acetone, 2% maleic acid, 3% PVP, and 6% methanol. In the concentration experiment, the prepared FO membrane
showed water flux of 2.04 L m~2 h~! and rejection rate of 98.61%. In the membrane cleaning experiment, the water flux of
the FO membrane recovered 87.51% after rinsing for 1 h. The prepared membranes and previously published membranes
were compared which showed the prepared membrane could significantly improve the rejection rate for anthocyanin solution.
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Introduction

Forward osmosis (FO) is a membrane technology driven
by osmotic pressure operated at zero or low pressure (Lee
et al. 2010; Xu et al. 2017). In this process, a selective
semi-osmotic membrane is used, and water flows from the
side with higher chemical potential to the lower side (Gao
et al. 2018; Gray et al. 2006; Qasim et al. 2017). FO can
achieve the separation of water in the solution at the molec-
ular level (Ge et al. 2013). Compared with the pressure-
driven membrane in reverse osmosis, the FO membrane has
higher water flux, lower tendency for membrane fouling,
and higher energy efficiency (Chung et al. 2012; Cath et al.
2006; Phuntsho et al. 2013). Thus, FO can be applied to
desalination (Roy et al. 2016; Akther et al. 2015), wastewa-
ter recovery (Lutchmiah et al. 2014), food processing (Law
and Mohammad 2017), and other fields.
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Anthocyanin is a natural pigment with many important
nutritional and pharmacological functions, such as for main-
taining the skin, enhancing eyesight, and delaying the aging
of brain nerves (Baron et al. 2017). The concentration of
anthocyanin solution is an important parameter in the pro-
duction of anthocyanin products. Nowadays, heat treatment
and freeze concentration are usually applied during produc-
tion (Jafari et al. 2017). However, these methods do not only
influence the nutritional value and taste of the anthocyanin
products, but they also entail high production costs (Nayak
and Rastogi 2010). For food processing, FO has the advan-
tage of concentrating the feed solution without the need for
high pressure or high temperature of this solution (Jiao et al.
2004; Petrotos and Lazarides 2001). In a related study, the
use of FO membrane to process fruit juice has stimulated our
attention (Babu et al. 2006; Chanukya and Rastogi 2017).
However, commercial FO membrane hardly achieves com-
plete rejection of anthocyanin solution.

Cellulose acetate (CA) has several advantages such as
high selectivity, good hydrophilicity, safety, and low cost
(Etemadi et al. 2017; Waheed et al. 2014). This material
is ideal for preparing FO membranes. Sucrose is cheaper
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than other sugar in China. Because the solubility of sucrose
in water is large, a high osmotic pressure will be produced
if it is used as draw agent. Selection of additive species in
the casting solution is quite important when preparing CA
membrane to enhance the application of the FO membrane
in rejecting anthocyanin molecules. Sairam et al. prepared
an FO membrane by adding maleic acid as additive (Sairam
et al. 2011). The resultant membrane showed remarkably
higher water flux and rejection rate than those of HTI com-
mercial FO membrane. Malek et al. used PVP as additive
to prepare an FO membrane and obtained a membrane with
improved hydrophilicity and permeability (Malek et al.
2017). Chen et al. proposed the preparation of an FO mem-
brane using mixed additives (Chen et al. 2017). The results
showed membranes with enhanced structures and properties.
In this study, PVP, maleic acid, and methanol were used as
additives to improve the permeability of an FO membrane.
Acetone and 1,4-dioxane were selected as solvents. Orthogo-
nal experiment was performed to determine the best ratio
of every component in the casting solution. The membrane
with best performance of all components was used to con-
centrate an anthocyanin solution. Reverse water rinsing was
used in cleaning membrane that was fouled by anthocyanin
solution.

Experimental
Materials

CA with approximately 54.5-56.0% acetic acid bonded was
purchased from Sinopharm Chemical Reagent Co., Ltd,
China. Analytical grade 1,4-dioxane and acetone were used
as solvent which were purchased from Tianjin Fuyu Fine
Chemicals Co., Ltd, China. Analytical grade polyvinylpyr-
rolidone (PVP-K30), maleic acid and methanol were pur-
chased from Shanghai Blue Season Technology Develop-
ment Co., Ltd, Tianjin Guangfu Fine Chemical Research
Institute, and Tianjin Tianli Chemical Reagent Co., Ltd,
China. Analytical grade n-butanol was purchased from
Tianjin Fuyu Fine Chemicals Co., Ltd, China. Food-grade
sucrose was purchased from Nanjing juice sugar industry
Co., Ltd, China. Deionized water was used both in the mem-
brane preparation process and in the membrane performance
test experiment. Lonicera edulis anthocyanins (main compo-
nent cyanidin-3-O-glucoside) were made in our laboratory.

Membrane preparation
A certain amount of PVP was added to a dry conical flask
and dissolved in methanol. Then, 5 g of dried CA and sol-

vents (1,4-dioxane and acetone) were added to the flask.
Finally, maleic acid was dissolved in the mixed solvent.
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After a few hours of standing at room temperature, the cast-
ing solution was mixed by a glass bar. The mixed solution
was allowed to settle until it bubbled completely. A non-
woven fabric was fixed on a clean glass plate. The casting
solution was poured on one end of the nonwoven fabric and
cast using a 100-pm casting knife. After standing in air for
a few seconds, the nonwoven fabric was moved into a water
bath. The fabricated membrane was stored in deionized
water prior to use. The ratio of each component in the cast-
ing solution was varied.

Variation in ratio of components in casting solution

The ratio of each component in the casting solution will
affect membrane structure and consequently influence
remarkably the membrane performance. Five factors were
designed, and four different levels were formulated for each
factor. The parameters of the orthogonal experimental design
are listed in Table 1. 16 kinds of different membranes were
prepared. Each membrane was cut into three small pieces
with the same area. The three small pieces membranes were
tested for 3 h, respectively. The FO membranes were pre-
pared under the following conditions: membrane thickness,
100 pm; coagulation temperature, room temperature; and
evaporation time, 30 s.

Measurement of flux and rejection

The prepared FO membrane was cut into the appropriate size
and installed in a homemade test cell with an effective area
of 1.35x 10™* m?. Figure 1 shows the schematic diagram
of the FO experiment. A sufficient amount of 0.27 g L~!
anthocyanin solution as feed solution and sucrose solution
as draw solution were placed in membrane two sides with
mode II (mode I: feed solution towards the support layer,
mode II: feed solution towards active layer). The beakers
containing the solutions were sealed with cling-film to pre-
vent the evaporation of water. The solutions were circulated
by peristaltic pumps for 3 h. Changes in the mass of the
draw solution in the beaker were monitored by an electronic

Table 1 Factors and levels of the orthogonal experiment

Level Factor
A (%) B (%) C (%) D (%) E (%)
1 13 27 1 1 5
2 14 36 2 2 6
3 15 45 3 3 7
4 16 54 4 4 8

A: mass concentration of CA. B: mass concentration of 1,4-dioxane.
C: mass concentration of maleic acid. D: mass concentration of PVP.
E: mass concentration of methanol
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Fig.1 Schematic diagram of the FO experiment

balance. To research the influence of concentration of draw
solution on flux, four sucrose solutions with the concentra-
tion of 30, 40, 50 and 60°Brix (saturated solution) were used
as the draw solutions.

Water flux (J,, L m~2 h™!) was measured and calculated
as follows:
Jw=—20 )

P X Se Xt

where AW (kg) is the change in the mass of water perme-
ated from the feed solution to the draw solution, ¢ (h) is the
circulation time, S ¢ (m?) is the effective membrane area, and
p (kg m™) is the water density.

The rejection rate (R, %) was calculated as follows:

¢
R=|[1-=
Co

x 100%, @)

where C; is the concentration of anthocyanin solution
before circulation and C, is the permeate concentration of
anthocyanin solution after 3 h of circulation. The permeate
concentration was measured by a homemade illuminometer
device which was composed mainly of a digital illuminom-
eter (TES-1332A) and a light source. The resolution of the
homemade illuminometer device was 0.001 g/L.

Measurement of membrane porosity
The average porosity (P, %) of the membranes was meas-

ured by the weight method (Asghar et al. 2018; Babu and
Murthy 2017; Boriboon et al. 2018; Cui et al. 2017; Li et al.

Flux of clean membrane

Flux

Time

Fig.2 Membrane fouling and cleaning protocol

2009; Rabiee et al. 2015). The porosity was calculated by
the following equation:

P=W2/W1 W3’ 3

pPxXSxl

where W, and W, are the initial mass of the dry membranes,
the mass after immersing in n-butanol for 12 h, respectively;
Wj; is the mass of the nonwoven fabric after immersing in
n-butanol for 12 h; p' is the density of n-butanol, S (m?) is
the area of the membranes and / (pm) is the thickness of the
membranes.

Membrane fouling and cleaning

Figure 2 illustrates the protocol for the fouling and cleaning
experiments. First, the FO membrane was stabilized for at
least 30 min with deionized water as the feed solution and
saturated sucrose solution as the draw solution, until a stable
water flux was achieved. And then the pure water flux was
recorded before fouling tests. Next anthocyanin solution was
used as the feed solution and saturated sucrose solution was
used as the draw solution. After the fouling experiments, the
feed solution and draw solutions were changed into saturated
sucrose solution and deionized water, respectively. FO mem-
brane was rinsed in reverse for 1, 3, 5 h. The water flux was
measured again after cleaning.

@ Springer
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Table 2 Results of orthogonal

: Number A B C D E Flux (Lm™  Porosity (%) Rejection

experiment h rate (%)

1 1 1 1 1 1 0.85 44.15 97.32

2 1 2 2 2 2 1.75 66.65 98.10

3 1 3 3 3 3 1.65 64.76 97.63

4 1 4 4 4 4 1.09 48.99 98.35

5 2 1 2 3 4 1.38 39.91 97.89

6 2 2 1 4 3 0.97 40.14 98.67

7 2 3 4 1 2 1.53 52.87 98.37

8 2 4 3 2 1 1.13 40.95 98.31

9 3 1 3 4 2 0.89 40.06 98.59

10 3 2 1 3 1 1.56 37.14 98.39

11 3 3 4 2 4 0.84 51.26 98.90

12 3 4 2 1 3 1.40 44.93 98.74

13 4 1 4 2 3 0.83 27.67 98.95

14 4 2 3 1 4 0.70 35.49 99.39

15 4 3 2 4 1 1.23 54.27 98.62

16 4 4 1 3 2 1.28 52.36 98.73
Table 3 Average flux results Table 4 Average porosity results
Project A B C D E Project A B C D E
K, 1.34 0.99 1.17 1.12 1.19 k, 56.14 37.95 43.45 44.36 44.13
K, 1.25 1.25 1.44 1.14 1.36 k, 43.47 44.86 51.44 46.63 52.98
K, 1.17 1.31 1.09 1.47 1.21 k, 43.35 55.79 4532 48.54 44.38
K, 1.01 1.23 1.07 1.05 1.00 k, 42.45 46.81 45.20 45.87 4391

K,, is average flux result at each level for each factor

Membrane characterization

The surface of the fractured membrane was coated with
gold, and the surface morphology was observed by a scan-
ning electron microscope (SEM) (FEI Quan Ta200 SEM,
Holland). The contact angle of water at the surface of the
membrane was measured by a contact angle measuring
instrument (JC2000A) at room temperature. 5 pL of distilled
water was dripped on the membranes to test. Measurements
were taken five times for one membrane and the average
value was obtained. The chemical composition of the mem-
brane surface was analyzed by attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy (Nico-
let IS10). The measurement range was 4000-500 cm™! with
a resolution of 4 cm™".

@ Springer

k, is average porosity at each level for each factor

Results and discussion
Orthogonal experimental results

The results of the orthogonal experiments are listed in
Table 2. The five factors influenced water flux, rejection
rate, and porosity under a single factor. The rejection rates
were all over 97%.

Optimum ratio of component in the casting solution

The average flux and porosity of the five factors of the cast-
ing solution are listed in Tables 3 and 4, respectively. Fig-
ure 3 shows the variations in the flux and porosity of each
factor, and the tendencies were basically the same. The best
combinations of casting solution conditions are identical,
that is, a,;bsc,dse,. Thus, the ratios of the components in
the casting solution were 13% CA, 45% 1,4-dioxane, 2%
maleic acid, 3% PVP, 31% acetone, and 6% methanol.
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The FO membrane exhibited the best performance with
2.04 L m~2h~! flux and 98.61% rejection rate.

Effect of sucrose concentration on water flux

Figure 4 shows the variation of water flux with the sucrose
concentration. The flux increases with the increase of
sucrose concentration. The reasons are as follows. When
the sucrose concentration increased, the osmotic pressure
increased, which induced the driving force to become large.
Certainly, increasing the sucrose concentration would induce
the viscosity to increase, which also made the concentration
polarization at the membrane surface in the draw solution
to aggravate. However, the increase of water flux caused by
the increase of osmotic pressure was a major role and the

@ Springer

concentration polarization caused by the increase of sucrose
concentration was only a secondary role. Consequently,
using saturated sucrose solution as the draw solution was a
good choice in this work.

Effect of membrane rinsed in reverse

Figure 5 shows flux after rinsing 1, 3, 5 h. We can see that
the flux after rinsing is larger than flux after fouling, espe-
cially after short-time (1 h) water rinsing. After rinsing for
1 h, the water flux of the FO membrane recovered 87.51%.
When the rinsing time is increased to 3 and 5 h, the flux
changes are not very obvious. The results show that reverse
water rinsing is useful in membrane cleaning.

Surface morphology and characteristic analysis

Figure 6 shows the scanning electron micrograph of the FO
membrane with optimum performance. The membrane had
a typical asymmetric structure. The top surface of the mem-
brane is shown in Fig. 6a, which shows a porous structure on
this surface. The cross section of the membrane is shown in
Fig. 6b. The cross section consisted of three parts, namely
surface layer, middle sublayer, and bottom layer. The very
compact structure in the upper half of the image was a dense
surface layer, which plays the main role in the rejection rate.
The middle sublayer, which occupied more than half of the
whole thickness, displayed tear-like voids. The bottom layer
exhibited a sponge-like porous structure.

For FO membranes, the better the hydrophilicity, the
higher the water flux will be. The water contact angle of
the FO membrane was 58°, which showed good hydrophilic
property. Figure 7 illustrates the ATR-FTIR spectrum of
the membrane with optimum performance. The peak at
3476 cm™ is in agreement with the O-H stretching vibra-
tion of CA. The peak at 2923 cm™! is the stretching vibra-
tion of C—H. The peak at 1737 cm™' is in agreement with
the —C=O0 stretching vibration of CA. The peaks at 1431
and 1367 cm™! represent the bending vibration of C—H. The
three absorption bands at 1034, 1162, and 1220 cm™! were
attributed to the ether bond of CA. The peak at 1659 cm™!
(C=C) may be the stretching vibration of rudimental PVP.

Comparison with published performance of an FO
membrane

Several previously published parameters are listed in Table 5
to compare with those of the proposed FO membrane
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Table 5 Comparison of FO membrane properties for food processing

performance for food processing. The flux of the proposed
membrane was 1.7 times higher than that obtained by Babu
et al. (2006). The present flux was also within the range of
that reported by Chanukya and Rastogi (2017), but the pro-
posed membrane showed a higher rejection rate by 1.2-fold.
Moreover, the molecular weight of anthocyanin obtained in
this study was smaller than those in the two previous stud-
ies, but the rejection rate of the proposed membrane still

Membranes name Feed solution Main component and molecular weight Flux (Lm™2h7") Rejection (%)
(g mol™)
Commercial direct osmosis membrane Pineapple juice Pectin (~ 100,000); sucrose (342.3) 1.18 -
(Babu et al. 2006)
Commercial forward osmosis membrane  Rose extract solution  Peonidin-3-glucoside (498.8); delphini- 11.50-0.50 81.66%
(Chanukya and Rastogi 2017) containing antho- din-3-glucoside (500.8)
cyanin
CA forward osmosis membrane Anthocyanin solution  Cyanidin-3-O-glucoside (449.2) 2.04 98.61%

@ Springer
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Conclusions

In this study, CA FO membranes were fabricated using a
phase inversion method. The membrane with optimum per-
formance was applied to concentrate anthocyanin solution.
Saturated sucrose solution (about 60° Brix) was fit for using
as draw solution. The experimental results showed that the
prepared membrane could significantly improve the rejection
rate for anthocyanin solution. The permeation properties of
the FO membrane were optimized with the following com-
ponents in the casting solution: 13% CA, 45% 1,4-dioxane,
31% acetone, 2% maleic acid, 3% PVP, and 6% methanol.
The water flux was 2.04 L m~2 h™', and the rejection rate
was 98.61%. Reverse water rinsing was used in cleaning
membrane that was fouled by anthocyanin solution. When
using FO membranes for concentration anthocyanin solu-
tion, reverse water rinsing was useful in membrane clean-
ing. After rinsing 1 h, the water flux of the FO membrane
recovered 87.51%.
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