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Herein, copper ion doped calcium alginate (Cu2+/CaAlg) composite hydrogel filtration membranes were
prepared by using natural polymer sodium alginate (NaAlg) as raw material. The thermal stability and
structure of the composite membranes were characterized by thermogravimetric analysis and infrared
spectroscopy. The mechanical strength, anti-fouling performance, hydrophilicity and filtration
performance of the membrane were studied. The results show that Cu2+/CaAlg hydrogel membrane
has excellentmechanical properties and thermal stability. The anti-swelling ability of themembranewas
greatly enhanced by doping Cu2+. After three alternate filtration cycles, the flux recovery rate of
Cu2+/CaAlg hydrogel membrane can still reach 85%, indicating that the membrane has good anti-
pollution performance. When the operation pressure was 0.1MPa, the rejection of coomassie brilliant
blue G250 reached 99.8%with afluxof 46.3 Lm�2 h�1, while theNa2SO4 rejectionwas less than 10.0%. The
Cu2+/CaAlg membrane was recycled after 24 h in the filtration process, and its flux and rejection rate did
not decrease significantly, indicating that the hydrogel membrane has long-term application potential.
The Cu2+/CaAlg membrane has a wide range of applications prospect in dye desalination, fine separation
and biopharmaceutical technology fields.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Membrane separation technology belongs to the high-tech
category, which has the characteristics of simple operation, energy
saving, high efficiency and high safety [1–4]. It is one of the most
promising technologies in the fields of water treatment, desalina-
tion, drug separation and protein purification [2,5]. Due to its high
separation efficiency, it has been widely used in the past few
decades. Among them, the nanofiltration membrane allows
inorganic salts and small molecules to pass through and repel
large molecules, thereby achieving efficient separation of dye
molecules and inorganic salts, and purification of drugs.

However, most nanofiltration membranes are made of hydro-
phobic polymer materials, such as PVDF, PAN, PSF [6–8]. Particles,
colloidal particles or solute macromolecules in water can easily
block the pores and cause membrane fouling, thus limiting the
applications of nanofiltration separation technology [9]. In order to
overcome this shortcoming, people are exploring a variety of
methods to modify the membrane material to give it certain
).
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characteristics, such as hydrophilicity, anti-pollution, self-clean-
ing, photocatalytic and photodegradability [10,11]. Improving the
hydrophilicity of membranematerials is an effectiveway to reduce
membrane fouling. As a hydrophilic polymer material, polyvinyl
alcohol, polyacrylic acid, chitosan, etc. can be used for membrane
synthesis by coating, grafting and other methods to reduce
membrane fouling [12,13].

Sodium alginate is a natural polymer material extracted from
kelp or brown algae. It has a wide range of sources, low prices and
no toxicity, so it is widely used in food processing, biomedicine,
water treatment and other fields [14,15]. Sodium alginate and
calcium ions form a hydrogel through ion cross-linking, and have
high hydrophilicity because of a large number of hydrophilic
groups (�OH, �COO�) in the molecular structure. In the previous
work, Zhao et al. [16] prepared a self-supporting antifouling
calcium alginate film by adding porogen, which has good retention
of dyemolecules. After three cycles of bovine serum albumin (BSA)
and pure water alternating filtration, the flux recovery rate was as
high as 90%. Due to the unique structure, the calcium alginate
hydrogel membrane can achieve the fine separation of body
molecules with similar structure and different molecular weights.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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But calcium alginate hydrogel is not antibacterial and the hydrogel
can swell in monovalent ion solutions.

In this paper, copper ion doped calcium alginate (Cu2+/CaAlg)
hydrogel antibacterialfiltermembranewaspreparedbya simple ion
crosslinkingmethod. The Cu2+/CaAlgmembranewere characterized
by FTIR, water contact angle and thermal stability. A series of salts
(MgCl2, MgSO4, NaCl and Na2SO4, 0.5 g/L) and dyes (coomassie
brilliant blue G250 (CBB), direct black 38 (DB), Congo red (CR),
amaranth (AR) and methyl orange (MO), 0.1 g/L) aqueous solutions
were used for filtration tests to evaluate the membrane’s perme-
ability. The antibacterial performance and anti-fouling property of
the obtained film were investigated. This membrane has potential
application prospects in the separation of dyes, saline wastewater
and purification of active ingredients of Chinese herbal medicine.

Fig.1 shows the schematic representations for the preparation of
Cu2+/CaAlg hydrogel filtration membrane, the dye/salt separation
processandCu2+antibacterialprinciple.First,2.5wt%NaAlgaqueous
solutionwas prepared. After vacuumdefoaming, it is evenly scraped
on a clean glass plate with a glass rod (winding a 0.4mm diameter
brass wire at both ends). Then put the glass plate in 2.5wt% CaCl2
solution forcross-linking for8 h toobtainCaAlghydrogelmembrane
[16]. The Cu2+/CaAlg hydrogel filtrationmembrane was obtained by
immersing the CaAlg membrane to a CuCl2 solution for 2 h to
introduce Cu2+. The resulted Cu2+/CaAlg membrane was stored in
deionized water before any treatment or test.

The flux and rejection rate of the Cu2+/CaAlg hydrogel filtration
membrane is evaluated by a cross-flow filtration device. Yeast
aqueous solution (0.5 g/L) was used to investigate the anti-fouling
property of the membrane. CBB, DB, CR, AR, MO aqueous solutions
(0.1 g/L) were used to research the rejection property of the
Cu2+/CaAlg membrane. The chemical structures and maximum
adsorption wavelength of the dyes are listed in Table S1
(Supporting information). The concentrations of dyes in the feed
and permeate solutions were measured by UV–vis spectropho-
tometer (TU-1901, Beijing Purkinje, China). The flux (J, L m�2 h�1)
and the rejection (R, %) were calculated by following equations
(Eqs. 1 and 2) [16]:

J ¼ V
A� t

ð1Þ

R ¼ 1� Cp

Cf

� �
� 100% ð2Þ
[(Fig._1)TD$FIG]

Fig. 1. Schematic representation for the preparation of Cu2+/CaAlg hydrogelfiltration
membrane (a), dye/salt separation process (b) and antibacterial principle (c).
where V is the permeate volume (L), A is the effective membrane
area (m2), t is the filtration time (h), Cp and Cf are the dye
concentrations of permeate and feed solution, respectively.

Thepurewaterflux(PWF)ofCu2+/CaAlgfiltrationmembranewas
determinedat0.1MPaanddenotedas Jwo (Lm�2 h�1). Then, the feed
solution was switched to yeast solution for 60min, and the flux of
yeast solutionwasdenotedas JB1. Theprocesswas repeated for three
times. The anti-fouling property of the Cu2+/CaAlg membrane was
determined by the flux recovery rate (FRR) (Eq. 3) [16]:

FRRi %ð Þ ¼ Jwi

Jw0
� 100% ð3Þ

where, Jwi is the PWF of i cycle.
Fourier transform infrared spectra (FTIR)of CaAlg andCu2+/CaAlg

membraneweremeasured. It canbeseen fromFig. 2a that theC�OH
stretching vibration absorption peak of the CaAlg filtration
membrane is located at 1027.3 cm�1, and the Cu2+/CaAlgmembrane
has aweak absorptionpeak here. This is because the oxygen atomof
the C�OH group in CaAlg forms a coordination structure with Ca2+,
while theoxygenatomof theC�OHgroupdoesnotparticipate in the
coordination structure of Cu2+ [17]. The peak at 1414.2 cm�1 was
assigned to the symmetric stretching peaks of �COO� groups, and
1583.6 cm�1 peak was corresponding to hydroxyl symmetric
stretching. With respect to CaAlg membrane, the decrease of the
distancebetweenthetwocarboxylbandsofCu2+/CaAlgmembraneis
an indication of complexation reactions between those groups and
Cu2+. In addition, it canbe seen fromtheDTGcurves (Fig. 2b) that the
introduced Cu2+ changes the structure of calcium alginate and
changes its thermal cracking process.

Figs. 2c and d show the mechanical properties of different
Cu2+/CaAlg filter membranes. After doping with copper ions, the
fracture energy and elastic modulus of the CaAlg film increased
significantly. When the concentration of CuCl2 is 0.5wt%, the
mechanical strength of Cu2+/CaAlg film is the largest. As can be
seen from Fig. 2e, compared with the CaAlg membrane, the anti-
swelling performance of Cu2+/CaAlg membrane is significantly
improved. When CuCl2 concentration was 2wt%, the swelling rate
of the membrane was the lowest, and swelling hardly occurred.
Fig. 2f shows the static water contact angle of different Cu2+/CaAlg
membrane. The stable water contact angles of CaAlg membrane
and Cu2+/CaAlg membrane (1wt% CuCl2) were 0.4� and 7.7�,
respectively. The contact angle of themembrane decreased slightly
after copper ion crosslinking, still below 10�, indicating that the
Cu2+/CaAlg membrane has good hydrophilicity.

The number of colonies growing on the CaAlg membrane is 134
(Fig. 3a), while the Cu2+/CaAlg hydrogelmembrane has no bacteria,
and the antibacterial rate is 100% (Fig. 3b). After the CaAlg hydrogel
membrane was stored in the deionized water for two weeks at
room temperature, many microorganisms grew on the surface, as
shown in Fig. 3c. The CaAlg hydrogel membrane does not show
antibacterial property. Similarly, the SEM image of Cu2+/CaAlg
hydrogel filtration membrane is shown in Fig. 3d. The Cu2+/CaAlg
membrane showed good antibacterial property. Moreover, as
shown in Fig. 3e, the antibacterial rate of the membrane increases
with the increase of the CuCl2 concentration and the antibacterial
rate reach 100% when the concentration of CuCl2 is 0.5wt%. In
addition, the surface SEM image shows the rough structure of the
Cu2+/CaAlg membrane surface, while the surface of the CaAlg
hydrogel membrane is relatively flat and smooth. Fig. 3f shows the
antifouling properties of Cu2+/CaAlg membrane. The Cu2+/CaAlg
membrane exhibits excellent yeast anti-fouling property. The FRR1

was 97.6%. After three consecutive yeast suspension filtrations, the
FRR3 still reached 85.0% without any washing operation.

Fig. 4a shows the flux and rejection of five different molecular
weight dyes. The Cu2+/CaAlg membrane showed similar and high
permeate fluxes (> 40 L m�2 h�1 bar�1) for almost all the dye
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Fig. 2. FTIR spectra (a) and DTG curves (b) of CaAlg and Cu2+/CaAlg filtrationmembranes. The elastic modulus (c) and fracture energy (d) of different Cu2+/CaAlg membranes.
(e) Swelling radio of different Cu2+/CaAlg membranes in 0.9wt% NaCl solution. (f) Static water contact angle.
[(Fig._3)TD$FIG]

Fig. 3. Demonstrated antibacterial properties of the membranes by the plate counting method: CaAlg (a), Cu2+/CaAlg membrane (b), FE-SEM images of CaAlg (c) and
Cu2+/CaAlgmembrane (d). (e) Antibacterial rate of Cu2+/CaAlgmembranes preparedwith different CuCl2 concentrations. (f) Alternatingfiltrationflux betweenpurewater and
yeast solution.
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solutions, but different rejection behaviors. The order of rejections
is well in agreementwith the order of the dyemolecular weights. A
rejection of 25.3% are obtained for the MO dye which has the
smallest molecular weight of 327 Da among the dyes used in this
study. The rejection goes up to 99.3% and 99.7% for DB and CBB
dyes, respectively, which possess larger molecular weights. In
addition, the dye molecules may form larger clusters or aggregates
via hydrophobic interactions between their aromatic rings [18,19].
Therefore, this Cu2+/CaAlg membrane has a high rejection rate for
dyes with a molecular weight greater than 600 Da, and can be
applied to fine separation of drugs and biological samples.

Fig. 4b shows the flux and retention of Cu2+/CaAlg hydrogel filter
membraneforCBB indifferentkindsofsalt solutions.Therejectionof
the Cu2+/CaAlgmembranes fordifferent inorganic salts followed the
order:Na2SO4>MgSO4>NaCl>MgCl2. The separationperformance
of theCu2+/CaAlgmembrane fordifferent salts couldbeexplainedby
sievinganddielectric exclusioneffects. The rejectionof saltswas less
than10%becausethe ionicradiusofsalt issmallandthesaltscanpass
through the hydrogel film.

For practical application, the membrane stability under long-
term operation is crucial [20]. The stability of the Cu2+/CaAlg
membrane in the removal of CBB with 0.5 g/L Na2SO4 aqueous
solution was investigated at room temperature. As shown in
Fig. 4c, no obvious decrease in the permeation flux (ca. 46 L
m�2 h�1 bar�1) was observed over 24 h and the rejection rate for
CBB remained constant (ca. 100%). Cu2+/CaAlg membranes have a
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Fig. 4. The flux and rejection of the Cu2+/CaAlg membranes to different dyes (a) and different salts (b). (c) Long-term performance of the Cu2+/CaAlg membrane. (d)
Comparison of the dye removal performances of Cu2+/CaAlg membrane with other membranes reported in literatures.
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good long-term running stability. Therefore, this membrane
exhibited excellent ability to fractionate and recovery valuable
inorganic salts and dyes in textile wastewater.

The pure water flux can reach 61.4 L m�2 h�1 at 0.1MPa.
Compared with the conventional NF membranes and other
reported NF membranes, the Cu2+/CaAlg membrane prepared at
optimal conditions in present work exhibited relatively higher
permeate flux and higher dyes rejection (Fig. 4d). The Cu2+/CaAlg
membrane has broad application prospects in the fields of fine
separation, dye desalination and wastewater treatment.

In summary, the Cu2+/CaAlg membrane provides a facile
approach to constructing an efficient separation membrane with
anti-fouling performance in dye desalination field.
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