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Abstract Insolubilized alginate membranes were obtained by crosslinking alginate with calcium 
ions, and alginate membranes embedded with zeolite in order to improve their ion exchange 
capacities were also successfully prepared. The alginate membranes were ion exchangeable 
due to the release of crosslinking ions, and showed an ion exchange capability for copper (II) 
ions that was comparable to that for alginate hydrogel beads. Additionally, while both the 
insolubilized alginate membranes and the zeolite-embedded membrane exhibited ion-exchange 
abilities, additional ion-exchange capacities was imparted by embedding zeolite in the latter. 
However, it was also found that embedding partially inhibits the ion-exchange capacities of the 
zeolite contained therein. 

1 Introduction 
Although copper is one of the elements essential for 
living organisms, it is also an element that may adversely 
affect ecosystems if they are subjected to long-term 
exposure. In developing countries, there are areas where 
artificial or non-artificial pollution of underground water 
by copper and other heavy metals is a serious concern 
(Fenglian and Wang, 2011). Therefore, technological 
developments aimed at the recovery and removal of 
heavy metals from water systems is an ongoing issue for 
those seeking to facilitate sustainable development in 
industry and society.  

Various conventional methods of removing ions 
from solutions have been applied to this problem. These 
include, for example, ion-exchange, evaporative 
concentration, chemical precipitation, reverse osmosis, 
adsorption, electrodialysis, and others (Barakat, 2011). 
Among these methods, adsorption and ion-exchange 
methods are considered to be effective for the removal of 
copper ions in low concentration solutions from the 
viewpoint of economy and efficiency, and various 
chelating ion-exchange resins have been developed and 
put into use for the removal of heavy metal ions (Botelho 
Jr. et al., 2019).  

In recent years, new ion removal processes using 
biological materials have also been studied (Ho, 2003; 
Benaïssa and Elouchdi, 2007). One resource-rich 
biological material is the polysaccharide of brown algae, 
which is a marine biomass (Lee and Lee, 2016). Alginate 
is a polysaccharide obtained from brown and red algae 
that can be extracted as a soluble salt, such as sodium 

alginate. Alginates are well known as gel-forming 
materials because they form hydrogels by ionic or 
covalent crosslinking (Mongar and Wassermann, 1947). 
This feature has prompted wide-ranging studies on the 
formation of alginate microcapsules and their 
applications. Alginate microcapsules acquire various 
functions when combined with functional microparticles 
(Papageorgiou et al., 2006; Hong et al., 2016). For 
example, Vipin et al. (2013) prepared an alginate gel 
containing Prussian blue for use in the removal of 
radioactive cesium generated during a nuclear accident. 
Additionally, our recent studies revealed the potential 
utility of alginate membranes and showed how they 
could be compositely prepared using various materials 
(Kashima and Imai, 2012; Kashima and Imai, 2017). The 
membrane preparation method discussed in those studies 
was further applied to the development of an alginate 
membrane containing activated carbon that could be 
used efficiently for dye removal. Advantageously, this 
membrane could also be used for membrane separation 
processes (Kashima et al., 2016). Furthermore, as an 
application for another biopolymer, the removal of 
cesium ions from aqueous solutions has also studied and 
reported using a chitosan membrane embedded with 
Prussian blue (Fujisaki et al., 2019).  

In this paper, we report a preparation method for 
alginate membranes and their resulting ion-exchange 
capabilities. We also report the influence of zeolite 
embedding on the ion-exchange capacities of these 
membranes.  

2 Experimental  
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2.1. Materials 

Sodium alginate (Kanto Chemical), polyethylene glycol 
(PEG), average molecular weight 1000 (Wako 
Chemical), calcium chloride (Wako Chemical), copper 
(II) chloride (Wako Chemical), and Na+ exchanged A-
type zeolite (Wako Chemical) were used as received 
without further purification. In every membrane 
preparation, experiments were performed using the same 
lots of sodium alginate and PEG. The particle size of the 
Na+ exchanged A-type zeolite was in the range of 2–5 
µm. The copper and calcium standard solutions used for 
quantitative analysis were prepared from 1000 mg/L of 
copper (II) ion standard solution (Junsei Chemical) and 
1000 mg/L calcium ion standard solution (Wako 
Chemical) by dilution with nitric acid. Solutions 
containing copper (II) ions used in the ion-exchange 
experiments were prepared by dissolving copper (II) 
chloride dihydrate (Wako Chemical) in distilled water. 
The pH of the copper (II) ion solutions used in the ion-
exchange experiments was within the range of 4.5–6.0. 

2.2. Preparation of Membranes 

The preparation of free-standing alginate membranes 
crosslinked with calcium ions was performed as follows. 
First, a 1.0% aqueous sodium alginate solution 
containing 0–3.0% PEG was prepared and aliquoted into 
a polypropylene container (diameter 25 mm) and then 
allowed to stand in an incubator to dry (25°C, 48 h). 
PEG was added to improve the permeability of the 
membranes. Alginate membranes were then obtained by 
contacting the obtained dried product with a 10% 
aqueous calcium chloride solution. 

The preparation of alginate membranes containing 
zeolite was conducted using a method similar to that 
described above. Zeolite was added at 0–5.0% to a 1.0% 
aqueous sodium alginate solution containing 0–5.0% 
PEG and then well dispersed by ultrasonication. The 
dispersion was then dispensed into a polypropylene 
container and dried by heating in an oven (80°C, 30 min) 
with an air flow, and then allowed to stand in an 
incubator (25°C, 48 h) for additional drying. In the next 
step, the dried product obtained was brought into contact 
with a 10% aqueous calcium chloride solution in order to 
obtain alginate membranes containing zeolite.  

The alginate beads crosslinked with calcium ions 
used for ion-exchange ability comparisons were prepared 
by a microencapsulation method in which an aqueous 
solution consisting of 1.0% sodium alginate and 
containing 0-10% PEG was dropped at a constant rate 
into an aqueous solution containing 10% calcium 
chloride in order to prepare a hydrogel containing PEG. 

2.3. Evaluation of Membranes  

Preliminarily, the membranes were washed with 
water at 60°C for 10 minutes before immersion to 
remove the PEG. In the batch type isothermal adsorption 
test, the alginate membranes or beads obtained above 
were immersed in a solution containing copper ions and 
shaken for a fixed time at a constant temperature (25°C).  

After immersion, the copper ion content of the 
solution was quantified by inductively coupled plasma 
optical emission spectrometry (ICP-OES; Perkin-Elmer 
Optima 7300). For some samples, we also investigated 
the calcium ion elution behavior. The concentration was 
determined using a calibration curve based on an 
external standard. The visible light transmission spectra 
of membranes were recorded by a Shimadzu Biospec-
1600 spectrophotometer. 

3 Results and Discussion 

3.1. Preparation and evaluation of alginate 
membranes 

Crosslinked alginate membranes were obtained by 
contacting the dried sodium alginate membranes with a 
calcium chloride solution using the method described in 
our previous report (Kashima and Imai, 2017). From the 
results obtained, it appears that alginate has numerous 
crosslinking points that result in a crosslinked body, due 
to densification of polymeric structure by drying process. 
The membranes did not shrink in either the aqueous 
alginate solution drying process or the process of contact 
with the calcium chloride solution. This was confirmed 
by the fact that the obtained membranes had the same 
sizes and shapes as the containers used in their 
production. The transmission spectra in the visible light 
region for the obtained alginate membranes are shown in 
Figure 1. Photographs showing the appearance of the 
membranes are also included. 
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Figure 1. Visible-light transmission spectra of the obtained 
alginate membranes in swollen; (a, solid line) The 
membrane prepared without PEG; (b, dashed line) 
with 1.0% PEG  

 

The membranes obtained without PEG showed high 
smoothness and transparency. When up to 3.0% of the 
raw material composition was added with PEG as an 
auxiliary agent, the transparency of membranes reduced 
while maintaining smoothness. This devitrification was 
due to the introduction of voids as a result of PEG acting 
as a template. A conceptual diagram of void formation is 
shown in Figure 5 in the reference (Kashima and Imai, 
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2011).  Furthermore, the SEM image of the membrane 
cross section is shown in Figure 3 in our previous report 
(Kashima et al., 2016). All of the obtained membranes 
had a mechanical strength sufficient to allow them to be 
subjected to pressure filtration testing without being 
damaged. Therefore, after the membranes were washed, 
they were subjected to subsequent batch type ion-
exchange experiments.  

In those experiments, the obtained membranes were 
first immersed in a solution containing 4.7 mmol/L (300 
mg/L) of copper (II) ions, after which the time changes 
of the concentration were observed. A plot of the relative 
changes in concentration of copper (II) ion, Ct / C0 [–] 
against time, t [h] is shown in Figure 2. Here, C0 
represents the initial concentration (4.7 mmol/L), and Ct 
[mmol/L] represents the concentration at time t.  
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Figure 2. Time course of captured copper (II) ions onto the 
alginate membrane prepared without PEG. 

 

The increase in copper (II) ion uptake was swift. In the 
early stage of the uptake, the increase was exponential. 
Its time constant was estimated to be around 1.7 h. Chen 
et al. measured the exchange rate of copper (II) ions in 
order to apply crosslinked alginate beads to ion-
exchange media (Chen et al., 1997). That study reported 
that the ion-exchange process was fundamentally 
complete within about 1 h, but also suggested the 
presence of a slow component of about 15 h. 

In another study, Rodrigues et al. focused on the 
formation kinetics of a copper ion-crosslinked alginate 
gel and revealed that bond formation between alginate 
and copper (II) ion reaches equilibrium within 30 min at 
a copper (II) ion concentration of 32 mmol/L, and within 
about 3 h at 3 mmol/L (Rodrigues et al., 2006). The time 
constant of 1.7 h in the exponentially decreasing region 
obtained in our experiment is consistent with those 
results, and it is clear that the alginate in the membrane 
plays a role as an ion-exchange medium. Furthermore, 
the elution amount of calcium ions examined along with 
the copper (II) ion analysis was equimolar to the copper 
(II) ions removed. This also supports the occurrence of 
ion exchange by the alginate membrane. The immersion 
time was set to 72 hours in the batch-type ion-exchange 
test, which thoroughly considered the presence of the 
late time component that will be shown later. 

Subsequently, alginate membranes prepared by 
adding 0–3% PEG were subjected to ion-exchange tests 
using various concentrations of copper (II) ion solution 
([Cu2+]=1.6–7.9 mmol/L) in order to obtain an ion-
exchange isotherm. The solution amount and ambient 
temperature were constant at 10 mL per membrane and 
25°C, respectively. The pH levels of the copper (II) ion 
solutions used in the ion-exchange experiments were all 
in the range of 4.5–6.0. Figure 3 shows an adsorption 
isotherm in which the amount of copper (II) ions trapped 
per unit mass of alginate q [mmol/g] is plotted against 
the equilibrium concentration C [mmol/L] of the copper 
(II) ions. The ion-exchange amount at equilibrium 
estimated from the figure is approximately 2.0 mmol/g. 
This corresponds to 30 µmol/memb. and 6 µmol/cm2 for 
the ion-exchange amount per membrane and per 
membrane area, respectively. 
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Figure 3. Isothermal plots for capturing copper (II) ions onto 
alginate membranes prepared with various PEG mass 
fractions 

 

The ion-exchange amount increases with the 
equilibrium concentration and tends to saturate at high 
concentration, and the isotherm is a typical Langmuir-
type curve (Langmuir, 1918). The linear form of the 
Langmuir equation, which is a typical ion-exchange and 
adsorption model, is shown in Eq. (1). 

𝐶𝐶
𝑞𝑞

= 1
𝑞𝑞∞𝐾𝐾

+ 𝐶𝐶
𝑞𝑞∞ 

   (1) 

Here, C represents the equilibrium concentration 
[mmol/L], q represents the ion-exchange amount per unit 
mass [mmol/g], K represents the adsorption equilibrium 
constant [L/mmol], and q∞ represents the saturated ion-
exchange amount [mmol/g]. Since the experimental 
results fit the Langmuir-type adsorption isotherm, the 
results are analyzed using Eq. (1). The plot of C/q vs. C 
in Eq. (1), which is the so-called Langmuir plot, is 
shown in Figure 4. The dotted line in the figure presents 
an approximately straight line for the Langmuir plot of a 
free-standing membrane containing 3.0% PEG in a raw 
solution. From these results, it was found that the free-
standing membrane exhibits a copper ion-exchange 
capability and that its Langmuir plot is linear.  
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Figure 4. Isothermal plots for adsorption of copper (II) ions 
onto alginate membranes adapted for Langmuir 
model 

 

Table 1 shows the relationship between the amounts 
of PEG used in alginate membrane preparations and the 
copper ion-exchange capacity obtained from the 
Langmuir plot. Similar results were obtained from ion-
exchange isothermal experiments of alginate beads, and 
those results are also shown. Here, qm

∞ represents the 
ion-exchange capacity per membrane, and q∞ represents 
the ion-exchange capacity per membrane as a dried body. 
Table 1 also shows that the introduction of PEG into the 
membrane does not affect its copper ion-exchange 
capacity. Additionally, it was found that the membrane 
has an ion-exchange capacity equivalent to alginate 
beads. Alginate beads are a hydrogel containing a large 
amount of water, and the mass fraction of alginate in 
beads prepared from sodium alginate solution is 
approximately 1 w/v%.  

In contrast, the obtained free-standing membrane is 
denser than gel beads, and the alginate volume fraction is 
about 7-8 w/v%. Although the diffusivity of the solvent 
and the ions into the material structure is considered to 
be different, it is interesting to note that the copper ion-
exchange capacities of the beads and membranes were 
nearly equal. 

Table 1. Estimated copper (II) ion-exchange capacity of 
alginate membranes.  

Mass percentage 
of PEG [%] 

Cu2+ ion-exchange capacities 
qm∞ [mmol/memb.] q∞ [mmol/g] 

0a           -     1.90  
0      0.0278 2.09  
0.30 0.0291 2.19 
0.50 0.0273 2.05 
1.0   0.0277 2.08 
3.0   0.0287 2.16  

a This data was determined for alginate beads. 

3.2. Preparation and evaluation of alginate 
membranes embedded with zeolite 

Insoluble solid substances present in an aqueous sodium 
alginate solution during the preparation of alginate beads 

are easily incorporated into the gel. This method is 
known as microencapsulation and is currently used in the 
production of persistent pesticides, medicines, and other 
products. The alginate membranes prepared in this study 
were also capable of incorporating solid matters into 
their compositions. For example, fine particles of 
activated carbon have been introduced into membranes 
that can adsorb to organic dyes (Kashima et al., 2016). 
Focusing on this point, we are now proceeding with the 
preparation of membranes containing an adsorbent and 
determining their adsorption capacities.  

The above examinations revealed that it is possible to 
remove copper (II) ions with alginate membranes. We 
further realized that by introducing a cation-exchange 
medium into this membrane, it would be possible to 
enhance its ion-exchange capacity. Therefore, a method 
of introducing zeolite, which is an inorganic material 
having an ion-exchange capacity, into the membrane was 
explored. In this study, A-type zeolite with sodium ions 
as a charge compensating cation was used. A-type 
zeolite, which is known as Linde Type A (LTA) in the 
structural code, has a structure in which the basic 
framework sodalite cages are connected (Reed and 
Breck, 1956). The pore size is 0.41 nm, and the 
composition of the unit cell is represented by 
Na12[Al12Si12O48]·96H2O. Since the sodium ions used as 
charge compensating cations are exchangeable, A-type 
zeolite is ion-exchange capable and is currently used in 
various fields such as industrial production, agriculture, 
and toiletry products. 

In the preparation of alginate membranes containing 
zeolite, an aqueous sodium alginate solution in which 
zeolite was added and dispersed by ultrasonic irradiation 
was used as a raw material. However, when the solution 
was prepared the same way as used for membranes 
without zeolite, body cracks frequently occurred during 
the drying process. One of the causes for this is the 
aggregation and precipitation of zeolite during the slow 
drying process. To avoid this, it was thought that quick 
drying would be more appropriate. However, rapid 
drying leads to the formation of cracks, and insufficient 
drying leads to embrittlement. Therefore, the drying 
process was divided into two steps: rapid drying under 
initial heating, followed by slow drying at room 
temperature. The former was 80°C for 30 minutes under 
air convection, and the latter was approximately 25°C 
for 24 hours. These conditions significantly decreased 
dried body crack occurrences, and the products thus 
obtained were then insolubilized by immersion in an 
aqueous calcium chloride solution. 

The mass fractions of alginate MFA and zeolite MFZ 
are defined by the following Eq. (2). Here, WA is the 
mass of alginate in the membrane as solid content, and 
WZ is the zeolite. 

𝑀𝑀𝑀𝑀𝐴𝐴 = 𝑊𝑊𝐴𝐴
𝑊𝑊𝐴𝐴+𝑊𝑊𝑍𝑍

,𝑀𝑀𝑀𝑀𝑍𝑍 = 𝑊𝑊𝑍𝑍
𝑊𝑊𝐴𝐴+𝑊𝑊𝑍𝑍

  (2) 

Membranes containing various amounts of zeolite 
were prepared with a maximum MFZ of 0.83. The mass 
fraction of zeolite MFZ = 0.83, which corresponds to 5% 
in the feed casting solution. In addition, stable 
membranes were obtained when the amount of PEG 
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added was 0–3.0%. Hereinafter, the added amounts of 
zeolite and PEG are 5.0% (MFZ=0.83) and 1.0% for all 
cases. Photographs showing the appearance of alginate 
membranes embedded with zeolite at MFZ=0.83 are 
provided in Figure 5. 

  

Figure 5. Photographs of alginate membrane; 
(a) prepared without PEG in the same manner 
as shown in Figure 1a;  (b) embedded with 
zeolite, MFZ=0.83 

 

The alginate membranes embedded with zeolite were 
subjected to the same ion-exchange test described above 
in order to obtain ion-exchange isotherm values. One 
membrane was immersed in 10 mL of the solution 
during each experiment. The amount of zeolite added to 
the membrane in the composition of raw solutions was 
3%, which amounts to three times the alginate content of 
the membrane. Figure 6 shows an adsorption isotherm in 
which the amount of copper (II) ion trapped per unit 
mass of alginate q [mmol/g] is plotted against the 
equilibrium concentration C [mmol/L] of the copper (II) 
ions. 
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Figure 6. Isothermal plot for capture of copper (II) ions by an 
alginate membrane embedded with zeolite 

 

In the case of a zeolite-embedded membrane, the 
crosslinking points in alginates and the framework 
cations of the zeolite should serve as ion-exchange sites. 
The plot also shows a linear relationship between C/q 
and C. Therefore, the ion-exchange capacity could be 
simply determined from the slope of this plot. Table 2 
shows the relationship between the amount of embedded 
zeolite and the copper ion-exchange capacity, qm

∞ and q∞, 
obtained from the Langmuir plot. 

Table 2. Estimated copper (II) ion-exchange capacity of 
alginate membranes embedded with zeolite 

MFZ [-] Cu2+ ion-exchange capacity 
qm∞ [mmol/memb.] q∞ [mmol/g] 

1.00a    -      3.21 
0b 0.0277 2.08 

0.83c 0.0515 0.585 
a This data was determined for raw zeolite powder. 
b The membrane was prepared with 1.0% of PEG as solution. 
c The membrane was prepared with 5.0% of zeolite and 1.0% of PEG as 
dispersion. 

As a result of this analysis, it was found that the 
introduction of zeolite improved the ion-exchange 
capacity per membrane by about double. Additionally, 
while alginate naturally possesses ion-exchange 
capabilities, when it is combined with zeolite, the ion-
exchange capacity of the membrane improves. Therefore, 
it can be said that the addition of zeolite contributes to an 
improvement in the overall ion-exchange capacity of the 
membrane. On the other hand, focusing on the ion-
exchange capacity per mass, it appears that the value can 
be as small as 0.585 mmol/g. The ion-exchange capacity 
per mass was 3.21 mmol/g for the zeolite used, and 2.08 
mmol/g for the alginate membrane without zeolite. If the 
membrane structure does not inhibit these ion exchanges, 
the ion-exchange capacity IECAZ of the zeolite composite 
membrane is estimated using Eq. (3) below based on the 
solid composition of the membrane. Here, IECA and 
IECZ are the ion-exchange capacities [mmol/g] of 
alginate and zeolite, respectively. 

𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐴𝐴 ∙ 𝑀𝑀𝑀𝑀𝐴𝐴 + 𝐼𝐼𝐼𝐼𝐼𝐼𝑍𝑍 ∙ 𝑀𝑀𝑀𝑀𝑍𝑍     (3) 

The IECAZ calculated using the values shown in Table 2 
is 3.02 mmol/g. Since the experimental value for the 
actual membrane is far below this, it is considered likely 
that inhibition mechanisms are involved. More 
specifically, it is thought that both a decrease in the 
crosslinking point of alginate acting as an ion-exchange 
site and an inhibition of the zeolite ion-exchange 
capability due to clathration are involved. Since MFA is 
smaller than MFZ, and IECA is smaller than IECZ, the 
influence of the reduction in the number of crosslinks is 
considered to be small as well. This means that the latter 
has a significant impact on quantity. Therefore, the 
inhibition of the zeolite ion-exchange capability is linked 
to the decrease in the ion diffusion rate caused by the 
alginate pore blockage and the increase in the ion 
concentration around it. This is supported by the fact that 
the adsorption constant K in the Langmuir plot of the 
membrane is smaller than both the alginate membrane 
and the zeolite powder. 

As significant findings, Vipin et al. (2013) prepared 
alginate beads embedded with Prussian blue for 
removing cesium ions from contaminated water (Vipin 
et al., 2013) and then demonstrated an efficient process 
for the removal of these ions. Meanwhile, Yurekli et al. 
(2016) prepared zeolite nanoparticle impregnated 
polysulfone membranes for heavy metal ion removal 
(Yurekli, 2016). This material also showed a high 
removal performance for heavy metal ions. In this way, 
ion-exchange performance evaluations have been 

(a) (b) 
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performed previously on composite gels and membranes 
in which various adsorbents have been embedded. 
However, ion-exchange performance comparisons 
between the membranes with and without embedded 
substances have not been conducted previously. Hence, 
this study is expected to provide essential insights into 
the issues involved in the preparation and application of 
such composite materials. 

4 Conclusion 

In order to facilitate the development of materials 
with low environmental impact, this study examined the 
copper ion-exchange capabilities of alginate membranes 
with and without embedded zeolite. The results obtained 
show that both membrane types exhibited ion-exchange 
capacities and that increased ion-exchange capacity 
could be obtained by embedding zeolite in the 
membranes. However, it was also found that the 
embedding partially inhibited the ion-exchange 
capability of the zeolite. As a result, we are currently 
studying the relationship between the amount of zeolite 
added and its effect on ion-exchange capacity. 
Experiments are also underway to permeate the feed 
solution through a membrane that has improved 
permeability by the addition of PEG. 
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