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a b s t r a c t

Calcium alginate (CaAlg) hydrogel filtration membrane was prepared using polyethylene glycol (PEG) as
the pore-forming agent. Ultrasonic time-domain reflectometry technology was employed to analyze the
membrane-forming process. The CaAlg filtration membrane was characterized by SEM, FTIR, TG and
DTG. The mechanical behavior of the membrane was also evaluated. Concentrations of sodium alginate
(NaAlg) and PEG on the pure water flux (PWF) and filtration properties of lysozyme (Lyz) solutions were
investigated. Results showed that the PWF increased with an increase in the pressure initially, and then
reached a stable value. The CaAlg filtration membrane prepared with lower NaAlg concentration and
higher PEG concentration had higher flux. CaAlg filtration membranes exhibited good anti-fouling
properties. The rejection of PEG reached above 90% when the molecular weight (Mw) of PEG in feed
solution was larger than the pore-forming agent PEG for preparing the membranes. The CaAlg filtration
membrane prepared using PEG400 as the pore-forming agent could reject almost 100% Brilliant Blue
G250 (Mw¼854.02 Da), and 99.5% Congo Red (Mw¼696.68 Da).

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Membrane separation technology has been widely used as an
effective method for wastewater treatment [1]. However, mem-
brane fouling resulting from concentration polarization and pore
blocking reduces the reliability of membrane filtration equipment
and seriously limits its further application [2]. The hydrophobic
nature of traditional membrane materials is the main reason for
membrane fouling, which is inclined to cause irreversible pre-
cipitation of macromolecules, colloids, or electrolytes on mem-
brane surfaces or pores. One of the effective methods to reduce
membrane fouling is to improve its hydrophilicity. Much effort has
been exerted to modify membranes, including polymer blending
[3,4], surface coating [5,6], and surface grafting [7,8]. Composite
membranes coated with such a hydrophilic polymer layer as
polyvinyl alcohol and chitosan were fabricated through electro-
static spinning method. These membranes exhibited hydrophili-
city and anti-fouling properties [9–11]. However, the above
methods pose some drawbacks, such as the complex process of
blending modification, deciduous and non-uniform coating layer

of surface grafting, low efficiency of electrostatic spinning, and
poor mechanical strength of the hydrophilic fiber layers.

Some studies have been reported on coating or grafting
hydrogel on the membrane surface to alleviate membrane fouling
[12–15]. La et al. [16] synthesized a polysulfone membrane coated
with cross-linked POSS–PEGM hydrogel layer through ultraviolet
radiation cross-linking using polyethylene glycol (PEG) as pore-
forming agent. The hydrogel layer exhibited outstanding hydro-
philicity and permeability, as well as excellent anti-fouling prop-
erty for BSA solution and oily sewage.

Sodium alginate (NaAlg), a polysaccharide extracted from sea-
weed, has shown excellent water solubility and can create an ionic
cross-linked hydrogel under mild conditions [17–19]. Huang et al.
[20] prepared an evaporation membrane by cross-linking NaAlg
with different divalent cations. The resulting membrane had a high
flux and separation factor when used in pervaporation process for
alcohol dehydration. Dong et al. [21] prepared polyvinyl alcohol–
NaAlg blend composite membrane coated on polysulfone hollow
fiber ultrafiltration membrane for pervaporation dehydration. In
our previous work, calcium alginate/polyacrylamide hydrogel filtra-
tion membrane was synthesized using acrylamide as monomer,
sodium alginate as matrix, urea as pore-forming agent, N,N0-
methylene-bisacrylamide as covalent crosslinker, and CaCl2 as ionic
crosslinker [22]. The hydrogel filtration membrane showed excel-
lent anti-fouling performance.
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In this paper, calcium alginate (CaAlg) hydrogel filtration
membrane was prepared through ionic cross-linking method
using polyethylene glycol (PEG) as pore-forming agent. The
fabricating process is simple, low cost without producing organic
wastewater. CaAlg hydrogel filtration membranes showed excel-
lent anti-fouling efficiency when tested in a cross-flow filtration
system using protein solution and an oil–water emulsion as the
feed. The rejection rate of PEG reached above 90% when the
molecular weight of PEG in feed solution was larger than the pore-
forming agent for preparing the membranes. The CaAlg filtration
membrane was prepared simply without using any organic sol-
vent. And the membrane prepared with low molecular weight of
PEG can be used as nano-filtration membrane.

2. Experimental

2.1. Materials

Sodium alginate (NaAlg), polyethylene glycol (PEG) and calcium
chloride (CaCl2) were purchased from Sinopharm Chemical
Reagent Co., Ltd. The molecule weights (Mw) of PEG were
0.4 KDa, 2 KDa, 4 KDa, 6 KDa, 10 KDa and 20 KDa. Lysozyme (Lyz,
Mw 14.4 kDa) and bovine serum albumin (BSA, Mw 67 kDa) were
purchased from Lanji of Shanghai Science and Technology Devel-
opment Company (Shanghai, China). Tween-80 and 0# diesel were
purchased from Tianjin Kermel Chemical Reagent Co., Ltd. Brilliant
blue G250, Congo red and methylene blue were got from Tianjin
umbrella science & Technology Co. Ltd. Fluorescein isothiocyanate
labeled PEG (mPEG-FITC, Mw¼20 KDa) was provided by Nanocs
Company (USA).

2.2. Preparation of calcium alginate filtration membrane

Fig. 1 shows the scheme for the preparation of CaAlg filtration
membrane. In a typical recipe, 0.5128 g NaAlg and 0.5128 g PEG
were dissolved in 20 mL deionized water under magnetic stirring
to obtain the casting solution. Then, 6 g of the casting solution was
poured on a clean flat glass and unrolled uniformly by a glass rod
with winding copper wire at both ends. The thickness of the

membrane was directed by the diameter of the copper wire
(0.4 mm). Then, the glass was placed in 2.5 wt% CaCl2 aqueous
solution for cross-linking for 12 h to obtain the CaAlg hydrogel
membrane containing PEG. Finally, the CaAlg filtration membrane
was obtained after eluting for 48 h in warm water to remove PEG.
The CaAlg filtration membrane was stored in 1 wt% of CaCl2
solution before treatment or test.

2.3. Membrane-forming monitored by ultrasonic time-domain
reflectometry (UTDR)

To investigate the formation of the CaAlg filtration membrane,
differential signal-based ultrasonic measurement was employed to
visualize real-time changes in the casting solution (2.5 wt% NaAlg
and 2.5 wt% PEG20000) placed in 2.5 wt% CaCl2 solution. A glass
plate with casting solution was placed into a tank of CaCl2 solution.
The pulser–receiver of the ultrasonic measurement system was
situated below and above the glass plate. The oscilloscope con-
nected to the pulser–receiver captured and displayed data signals
as amplitude changes on its front panel. When the system was
operating, sustaining ultrasonic signal was generated by the pulser
passed through the glass plate with casting solution, and finally
received by the receiver. Data were collected every 5 s according to
the literature [23,24].

2.4. Characterization of CaAlg filtration membrane

The surface morphologies of CaAlg membrane and CaAlg
filtration membrane (prepared using PEG20000 as the pore-
forming agent) were observed using SEM (S-4800, HITACHI,
Japan). Membrane specimens were fractured after freeze-dried
and coated with a gold layer before observation.

The chemical structures of NaAlg and CaAlg filtration mem-
brane were characterized using Fourier transform infrared spec-
trometry (FTIR, Nicolet 6700).

The CaAlg filtration membrane was evaluated using thermal
gravimetric analysis (TGA; PerkinElmer, TGA-7) under ambient
atmosphere with air flow of 25 mL/min.

Fluorescein isothiocyanate labeled PEG (mPEG-FITC) with a
concentration of 1.5 wt% was used as the pore-forming agent to

Fig. 1. The scheme for the preparation of CaAlg filtration membrane.
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