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A B S T R AC T

A novel composite nanofi ltration (NF) membrane was prepared by over-coating the polysul-
fone ultrafi ltration membrane with an alginate thin layer. The effects of the membrane prep-
aration techniques and operating conditions on the rejection performance of the composite 
membranes were studied. The structure of the composite NF membrane was characterized by 
scanning electron microscopy and infrared spectroscopy. The results suggested that compos-
ite membrane with excellent performances was prepared while the concentration of sodium 
alginate was 2%, the concentration of glutaraldehyde was 0.9%, and the cross-linking time 
was 4 h at 30°C. Characterization suggested: The salt rejections to Na2SO4, MgSO4, NaCl and 
MgCl2(1000 mg·L−1) were 87.2%, 21.5%, 32.0%, 12.2%, respectively. And the permeation fl uxes 
were 30.6 L·h−1·m−2, 35.2 L·h−1·m−2, 33.5 L·h−1·m−2, 22.4 L·h−1·m−2, respectively. In addition, the 
curve about the streaming potential illustrated the negatively charged characteristics of this 
membrane, with a pressure osmobic coeffi cient of −32.971 mV·MPa−1.

Keywords:  Composite nanofi ltration membrane; Sodium alginate; Polysulfone ultrafi ltration 
membrane; salt rejection

1. Introduction

Nanofi ltration (NF) with separation characteristics is 
between ultrafi ltration (UF) and reverse osmosis (RO). 
Compared to UF, NF membranes have smaller pore 
size, so that smaller organic molecules can be retained 
(MW>200). Compared to RO, a lower retention is found 
for monovalent ions. The pressure of NF membranes 
ranges from 0.5 to 1.5 MPa which is much lower than RO 
membranes [1,2]. Due to the above characteristics, NF 
membranes have been applied widely in many industry 
fi elds such as purifi cation for drinking water (water soft-
ening, removal of micropollutants) [3] and wastewater 
[4]. In recent years, research on composite membrane and 
its application are highly attention-getting. Especially 

composite technique for making NF membranes was 
mostly commercial and has the most yields [5].

Among the hydrophilic polysaccharide type poly-
mers, alginate membrane has gained special interest 
because it showed the highest fl ux and separation fac-
tor among the hydrophilic materials tested for the per-
vaporation dehydration. Alginic acid is a heteropolymer 
containing mannuronic and guluronic acid groups and 
is commonly found in seaweeds. Its Chemical formula 
is showed in Fig. 1 [6–8].

However, a very high hydrophilicity of sodium alg-
inate resulting from both of its carboxyl and hydroxyl 
groups, leads to a signifi cant swelling of membrane in 
aqueous solution, followed by a remarkable decline of 
selectivity and mechanical strength [9]. To overcome 
these drawbacks, several researchers have modifi ed the 
alginate membranes for the effective dehydration per-
formance. Yeom and Lee [10], crosslinked the sodium 
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alginate membrane with glutaraldehyde for the sepa-
ration of water–isopropanol mixture. Haung and co-
workers [11] prepared a novel two-ply dense composite 
membranes using successive casting of sodium alg-
inate and chitosan for the dehydration of isopropanol 
and ethanol. However, to our knowledge there is few 
reported literatures on using sodium alginate to prepare 
composite NF membrane.

In this study, a composite NF membrane was pre-
pared using sodium alginate as fi lming-forming mate-
rial and glutaraldehyde as cross-linking reagent.

2. Experiments

2.1. Materials and apparatus

2.1.1. Materials

Sodium alginate was purchased from Chinese Medi-
cine Shanghai Chemical Reagent Limited Company. 
Polysulfone UF Membrane with molecular weight cut-
off (MWCO) of 1×105 Da was supplied by the Devel-
opment Center of Water Treatment technology, State 
Oceanic Administration (Hangzhou, China). All other 
reagents and chemicals were of analytical grade and 
used without further purifi cation. De-ionized water 
with a conductivity of 2×10−4 S/m was used for mem-
brane preparation and permeation experiments.

2.1.2. Apparatus

Scanning electron microscopy (SEM) apparatus 
was JEOL JMS-840 (Japan). Salt concentrations were 
determined with a model DDS-11A conductivity meter 
(Shanghai Leida Instrument, China). Infrared (IR) spectra 
were measured with an Aratar 360 IR spectrometer pur-
chased from Nicolet. Membrane potential apparatus and 
PMI membrane evaluation apparatus were provided by 
the Development Center of Water Treatment technology, 
State Oceanic Administration (Hangzhou, China).

2.2. Preparation of sodium alginate/polysulfone composite 
nanofi ltration membranes

The casting solution was prepared by dissolving 
a certain amount (1.0–2.5 wt%) of sodium alginate in 

de-ionized water. The sodium alginate solution was 
over-coated on the surface-dried polysulfone UF mem-
brane with a roller. Then the composite membrane was 
vaporized at 50°C for 2 h, and crosslinked with glutar-
aldehyde in ethanol solution in an airtight container. 
The cross-linked membrane was heat-treated for 10 min 
at 50°C again, then washed thoroughly with de-ionized 
water and immersed in de-ionized water for 24 h.

2.3. Permeation experiments

The permeation fl ux of the membrane was deter-
mined by the weight of the permeated fl uid through the 
membrane during a certain period of time and calcu-
lated as the following Eq. (1):

W
F t

A
= ×  (1)

where F is the permeate fl ux, A the effective area of the 
membrane, t the time for permeation and W is the weight 
of the permeated fl uid passing through the membrane. 
Rejection was calculated with the following Eq. (2):

p

M
1

C
R

C
= −  (2)

where CP is the permeate concentration and CM is the 
feed concentration. Three membrane disks were cut 
from sheets, and the data presented are the averages of 
these measurements [1].

3. Results and discussion

3.1. Effect of preparation parameters upon rejection and
fl ux of sodium alginate/polysulfone composite nanofi ltration 
membranes

The sodium alginate/polysulfone NF membrane 
prepared under optimum conditions was characterized 
by determining the rejection and fl ux of individual sol-
utes (Na2SO4, MgSO4, NaCl, MgCl2) from their aqueous 
solution. The performance tests for the prepared mem-
brane were carried out under 1.2 MPa at 25°C in 1.0 g/L 
Na2SO4 solution without specifi cation. The recirculation 
rate of feed was kept 40 L/h. Both the retentate and per-
meate were re-circulated to the feed tank to maintain 

Fig. 1. The chemical structure of alginic acid.
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a constant feed concentration during the permeation 
experiments. Salt concentration were determined with 
a model DDS-11A conductivity meter. Before testing the 
membrane was pre-pressurized for 1 h at 1.2 MPa, and 
the effective membrane area was 19.6 cm2.

3.1.1. Effect of the casting solution (sodium alginate
solution) concentration on rejection and fl ux of sodium
alginate/polysulfone composite nanofi ltration membranes

There is necessary to choose a proper sodium alginate 
concentration because viscosity of sodium alginate solu-
tion is relevant to concentration, and it is not good for 
preparation of NF membrane if the solution is too dilute 
or too concentrated. To determine the casting solution 
concentration, a series of membranes were prepared by 
changing sodium alginate concentration from 1.0 to 2.5 
wt%. As shown in Fig. 2, when sodium alginate concen-
tration changed from 1.0 to 2.5 wt%, rejection increased 
linearly from 42.6% to 84.0%, whereas permeation fl ux 
decreased linearly from 110.2 to 27.2 L/m2

.h
−1. This was 

due to the thickness of the selective layer increased with 
the increase of sodium alginate concentration, which 
resulted in higher rejection and lower permeation fl ux. 
But the rejections began to decrease when the sodium 
alginate concentration exceeded 2.0 wt%, which might 
result from the decrease of cross-linking degree of the 
membrane surface [12]. Considering rejection and fl ux 
of Na2SO4 together, the optimal concentration of sodium 
alginate is 2.0 wt%.

3.1.2. Effect of cross-linking reagent (glutaraldehyde) 
concentration on rejection and fl ux of sodium
alginate/polysulfone composite nanofi ltration membranes

Glutaraldehyde is a type of familiar reagent; it can 
enhance compact degree of the membrane surface. To 

investigate this preparation parameter, a series of sodium 
alginate/polysulfone composite NF membranes were 
prepared by changing glutaraldehyde concentration 
from 0.5 to 1.5 wt%. The results were shown in Fig. 3. 
As glutaraldehyde concentration changed from 0.5 to 
0.9 wt%, rejection increased from 66.5% to 87.2%, and 
permeation fl ux decreased from 50.6 to 30.6 L/m2.h−1, 
because the reaction was intensifi ed between glutar-
aldehyde solution and surface of membrane with the 
increase of glutaraldehyde concentration. However, 
when it exceeded 0.9 wt%, rejection decreased and fl ux 
increased. It may be explained that reversible reaction or 
side reaction occurred. Considering rejection and fl ux of 
Na2SO4 together, 0.9 wt% is proper.

3.1.3. Effect of cross-linking temperature on rejection and 
fl ux of sodium alginate/polysulfone composite nanofi ltration 
membranes

For this test, cross-linking temperature varying 
from 20 to 60°C was investigated. As is shown in Fig. 4, 
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Fig. 2. Effect of sodium alginate casting solution concentra-
tion on rejection and fl ux of sodium alginate/polysulfone 
membrane.

Fig. 3. Effect of cross-linking reagent (glutaraldehyde) on 
rejection and fl ux of sodium alginate/polysulfone mem-
brane.
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Fig. 4. Effect of cross-linking temperature on rejection and 
fl ux of sodium alginate/polysulfone membrane.
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rejection increased from 78% to 84% and permeation 
fl ux decreased from 33.7 to 30.6 L/m2.h−1 when the 
cross-linking temperature changes from 20 to 50°C. 
It could be explained that carbonyls take part into the 
cross-linking reaction [13] and this reaction will be suffi -
ciency when the temperature is above 30°C. Besides, the 
membrane surface formed compact reticular structure 
as a result of cross-linking, leading to decrease of pore 
size [14], so rejection increased and permeation fl ux 
decreased. However, when it is above 30°C, the rejection 
decreased and fl ux increased as a result of the decrease 
in the degree of cross-linking due to the decomposition 
of cross-linking bonds. Considering rejection and fl ux 
of Na2SO4 together, the optimal temperature for cross-
linking is 30°C.

3.1.4. Effect of cross-linking time on rejection and fl ux 
of sodium alginate/polysulfone composite nanofi ltration 
membranes

To investigate this effect, a series of sodium alginate/
polysulfone composite NF membranes were prepared 
when cross-linking time changed from 1 h to 5 h. As shown 
in Fig. 5, rejection increased and permeation fl ux decreased 
with the increase of cross-linking time until it was 4 h, 
which may result from the increase in cross-linking degree. 
However, when cross-linking time exceeds 4 h, rejection 
decreased and permeation fl ux increased, because the 
decomposition of cross-linking bonds occurs, leading to 
a decreasing rejection and increasing fl ux. Thus, a cross-
linking time of 4 h is proper.

It draws a conclusion from the experiments above 
that the sodium alginate/polysulfone composite NF 
membrane prepared from 2.0 wt% sodium alginate 
solution, cross-linked at 30°C for 4 h with 0.9 wt% glu-
taraldehyde in ethanol and heat-treated at 50°C for 20 
min show excellent properties. The resultant membrane 
was used to carry out experiments hereinafter.

3.2. Characteristics of the sodium alginate/polysulfone
composite nanofi ltration membrane

3.2.1. Infrared spectra of sodium alginate/polysulfone 
membranes

The IR spectra of polysulfone UF membrane (a), 
sodium alginate/polysulfone membrane (b) cross-
linked with glutaraldehyde were measured in the 
range of 1000–3500 cm−1. The absorption band of 
1454.35 cm−1 in (b) was characteristic of –CH2 scis-
sors vibration [15], which is very small in (a). It can 
be explained that more –CH2 bonds were brought in 
because of cross-linking. There was a new absorption 
band at 1166.23 cm−1 in (b) correspond to–C–O–C– 
bond, suggesting ether linkage was formed as the 
result of cross-linking with glutaraldehyde.
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Fig. 5. Effect of cross-linking time on rejection and fl ux of 
sodium alginate/polysulfone membrane.

Fig. 6. IR spectra of polysulfone UF membrane (a), sodium 
alginate/polysulfone composite NF membrane (b), and IR 
spectra of sodium alginate (c).
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3.2.2. Structure characteristic of the sodium
alginate/polysulfone composite nanofi ltration membrane

The cross-section and surface of the composite NF 
membrane were characterized with a SEM and the results 
are shown in Fig. 7 and 8. The two pictures showed that 
there was a thin active functional layer with a compact 
surface on a fi nger-like supporting layer of polysulfone 
UF base membrane, which suggested that the thin func-
tional layer probably determined rejection performance 
and permeation fl ux of sodium alginate/polysulfone 
composite NF membrane.

3.2.3. Roughness measurement with AFM

Roughness is one of the most important surface 
properties because it has a strong infl uence on adhe-
sion and local mass transfer. Fig. 9 show typical surface 
structure of the membrane. The colorifi c intensity shows 
the vertical profi le of the membrane surface. The light 
regions were for the highest points and the dark regions 
were for the depressions. The total scanning area was 
0.25 μm2. The average roughness of the composite mem-
brane surface was about 0.0112 μm [16].

3.2.4. The streaming potential of the sodium alginate/
polysulfone composite nanofi ltration membrane

The membrane streaming potential was measured in 
0.1 mol KCl aqueous solution fi lled between the sides of 
the membrane under the pressure range of 0.1–0.3 MPa. 
The curve for streaming potential against pressure is 
shown in Fig. 10, streaming potential decreased linearly 
with the increase of operating pressure and the pressure 
osmobic coeffi cient (β) was about −32.971 mV·MPa−1, 
suggesting that sodium alginate/polysulfone compos-
ite NF membranes active layer was negatively charged 
[17]. It could be explained that the membrane surface 
layer absorbed anions from the electrolyte solution. 

Fig. 7. SEM photograph of cross-section of the composite NF 
membrane. 

Fig. 8. SEM photograph of surface texture of the composite 
NF membrane.

Fig. 9. Two-dimensional AFM image of composite NF mem-
brane.
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3.2.5. Molecular weight cut-off of glycolchitin/poly 
(acrylonitrile) composite nanofi ltration membrane

MWCO of composite membrane was measured with 
1.0 g/L aqueous solutions of glucose, sucrose and polyeth-
ylene glycols (MW 600–1000) at 25°C under 1.0 MPa. The 
concentrations of these neutral organic matters in feed and 
permeated samples were determined by absorptionm-
etry, from which rejection can be obtained. The MWCO of 
membrane was the molecular weight of organic substances 
with retention of 90% [18]. The curve about rejection 
against molecular-weight is shown in Fig. 11. Obviously 
the MWCO of this membrane is approximately 625 Da.

3.3. Effects of operating conditions on rejection and fl ux of 
the sodium alginate/polysulfone composite nanofi ltration 
membrane 

For these tests, the resultant membrane was used. 
Before testing the membrane was pre-pressurized for 
1 h, and the recirculation rate of feed was kept 40 L/h.

3.3.1. Effect of operating pressure on rejection and fl ux 
of the sodium alginate/polysulfone composite nanofi ltration 
membrane 

The effect of operating pressure on the permeation 
fl ux and rejection of the membrane of 1.0 g/L Na2SO4 
is shown in Fig. 12. Permeation fl ux increased all of the 
time with the increase of operating pressure. Rejection 
increased with the increase of operating pressure until 
it was 1.2 MPa, after that rejection decreased. It can be 
explained by dissolution–diffusion model [19]:

( )WF A P π= Δ −Δ  (3)

where Fw is water fl ux, A the water permeation coef-
fi cient, ΔP the operating pressure difference, β the polar-
ization factor of the concentration difference, Δπ is the 
osmosis pressure.

( )1 2SF B C Cβ= −  (4)

where Fs is salt fl ux, B the salt permeation coeffi cient, C1 
and C2 are the salt concentrations on the upstream and 
downstream sides of the membrane, respectively.

b

m

C
C

β =  (5)

where Cb is the salt concentration on the membrane sur-
face and Cm is the salt concentration of the feed.

It can be seen from formula (3) that Fw increases lin-
early with the increase of ΔP. And formula (4) shows 
that Fs is a function of salt concentration on both sides 
of the membrane, it has no direct relation to ΔP. There-
fore, as ΔP increases, so does the water fl ux, but salt 
fl ux remains constant thereby resulting in an increase in 
salt rejection. On the other hand, C2 is reduced by vir-
tue of the increase of Fw and the concentration differ-
ence on the two sides of the membrane increases, that 
is β(C1 − C2) increased, leading to an increase of Fs, and 
the rejection decreased, so these two sides cooperated 
to make the rejection increased in the fi rst instance and 
decreased afterward [20].

3.3.2. Effect of feed solution concentration on rejection 
and fl ux of the sodium alginate/polysulfone composite
nanofi ltration membrane 

The effect of feed concentration on fl ux and rejection 
of the membrane of Na2SO4 is shown in Fig. 13. It can 
be seen that both rejections decreased and permeation 
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fl uxes decreased with the increase of Na2SO4 concen-
tration, which can be explained by Donnan effect. The 
concentration of Na+ on the membrane surface increased 
with the increase of feed concentration, which results in 
increasing of permeation rate of Na+, so the electroneu-
trality between the two sides of the membrane was bro-
ken, and in order to maintain the electroneutrality, more 
SO4

2− permeated from upstream side to downstream 
side, thereby those rejections decreased. 

3.3.3. Effect of different type of feeds on rejection and fl ux 
of the sodium alginate/polysulfone composite nanofi ltration 
membrane

To test the rejection performance of sodium alginate/
polysulfone composite membrane, NaCl, MgCl2, Na2SO4 
and MgSO4 solutions were used as feed solutions. The 
test was carried out at 25°C under 1.0 MPa and the con-
centration of feed solution is 1 g/L. The result was shown 
in Table 1; the rejections to different inorganic electrolytes 
follow the order of Na2SO4 > MgSO4 > NaCl > MgCl2, which 
shows the static electrifi cation characteristic of negatively 
charged NF membrane [21]. The active functional layer of 
the composite membrane has stronger repulsion to SO4

2− 

than Cl−. Therefore, SO4
2− was rejected, so the rejection 

order is NaCl < MgSO4. On the other hand, Mg2+ is easy 

to get combination with anions on the membrane surface 
which maybe decreases the effective surface charge of the 
membrane, and so MgSO4 < Na2SO4 and MgCl2 <NaCl. 
Based on its excellent selective rejections, it can be used to 
separate mono/divalent salts.

4. Conclusions

A novel composite NF membrane with excellent 
performance have been prepared from 2.0 wt% casting 
solution cross-linking with 0.9% glutaraldehyde at 30°C 
for 4 h. The structure of the resultant membrane was 
characterized by SEM. 

In addition, some performance tests have been per-
formed for the composite NF membrane. It was found 
its properties were infl uenced to a great extent by feed 
concentration and the type of model solutions. The order 
of their rejections is Na2SO4 > MgSO4 > NaCl > MgCl2, 
which is typical characteristic of a negatively charged 
membrane. Additionally, the curve about the streaming 
potential illustrates the negatively charged character-
istics of this membrane, with a pressure smobic coeffi -
cient of −32.971 mV·MPa−1. The membrane has a high 
rejection to divalent salts and can be used to wastewater 
treatment in the future.
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