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Zirconium mesostructures immobilized in calcium alginate for phosphate removal
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Abstract—Eutrophication caused by the excessive supply of phosphate to water bodies has been considered as one
of the most important environmental problems. In this study, the powder of zirconium mesostructure (ZM), which was
prepared with the template of surfactant, was immobilized in calcium alginate for practical application and the resulting
material was tested to evaluate the phosphate removal efficiency. Sorption isotherms and kinetic parameters were ob-
tained by using the entrapped ZM beads with 30 to 60% of ZM. The maximum sorption capacity increased with the
higher ZM content. Q,,,. in Langmuir isotherm was 51.74 mg/g for 60% of ZM with 7 mm of size. The smaller the
particle size of the ZM beads, the faster the rate of phosphate removal, because the phosphate ions had less distance
to reach the internal pores of the immobilized ZM beads. Chemical and electrochemical regeneration techniques were
compared. Phosphates adsorbed on the ZM beads were effectively desorbed with NaCl, NaOH, and Na,SO, solutions.
An electrochemical regeneration system consisting of an anion exchange membrane between two platinum-coated tita-
nium electrodes was successfully used to desorb and regenerate the phosphate-saturated ZM beads. Complete regenera-
tion was reached under optimal experimental conditions. Chemical and electrochemical regeneration proved the reusabil-
ity of the bead form of the entrapped ZM, and will enhance the economical performance of the phosphate treatment

process.

Key words: Zirconium Mesostructure, Phosphate, Adsorption, Regeneration

INTRODUCTION

Phosphate, an essential nutrient for all organisms, has been exten-
sively used in agriculture for profitable crop and livestock produc-
tion as well as in many other industries. Its increased use generates
large amounts of phosphate-containing wastes, which are usually
discharged into receiving water bodies as a form of sewage efflu-
ents. This excessive supply of phosphate to lakes, rivers, and coasts
causes eutrophication, which is considered as one of the most im-
portant environmental problems. To reduce eutrophication, stringent
discharge limits of phosphates are being imposed by the environ-
mental regulators in many countries. The limit of total phosphate
in the effluent of wastewater treatment plants in South Korea is 2.0
mg/L.

Several chemical and biological methods can be used for the re-
moval of phosphate [1-5]. Chemical dosing approach precipitates
phosphates with lime, Ca(OH),, to form calcium hydroxyapatite,
Ca;OH(PO,),, under alkaline conditions. A disadvantage of this meth-
od is the cost of the reagents. Furthermore, the reagents require
safe handling and regular operator intervention, and also increased
space for storage. Treatment using chemicals for phosphate removal
also results in a higher sludge production, imposing associated sludge
treatment and disposal problems. Biological methods are often based
on the accumulation of intracellular polyphosphates by bacteria dur-
ing alternating anaerobic and aerobic process cycles [6]. However,
a disadvantage of this technology is that there must be anaerobic
and aerobic stages for the treatment of the returned liquor.
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A variety of adsorbents have been developed for phosphate re-
moval: aluminum oxide [7,8], iron oxide [9-11], zirconium oxide
[12], ion exchange resin [5], and basic yttrium carbonate [13]. In
previous researches, most adsorbents made of metal oxide required
acidic conditions for phosphate removal [7,12,14]. Recently, the
mesoporous structures of zirconium sulfate synthesized by using a
template of surfactants, have shown high sorption capacity for the
phosphate without pH control [15-18]. And, several researchers have
reported that the zirconium mesostructure (ZM) had high surface
area and nano-sized regular pores in it, and showed 2-3 times higher
phosphate sorption capacity than the commercial anion exchange
resins [16]. Although the ZM presented highly effective sorption
for single-existing phosphate in water, the powder form of ZM has
been rarely applied due to the packing difficulty in a bed, decreas-
ing free flow with the operation, high operating pressure caused by
suspended solids accumulated in the bed. Moreover, the high cost
of the powder severely limits its use for commercial purposes. A
solution to these limitations is to immobilize the powder of ZM on
a non-soluble support, thereby creating a bead or gel form. Immo-
bilized ZM can be used repeatedly or continuously in different types
of reactors and separated easily from soluble reaction products. This
simplifies operations and ensures reusability of ZM.

Various immobilization techniques such as adsorption, covalent
binding and entrapment have been introduced and widely used in
catalysis [19]. The entrapment method was selected to immobilize
the ZM because the ZM does not need to provide reactive sites. En-
trapment can be defined as physical restriction of reaction materi-
als within a confined space or a network. Gelation of polyanionic
or polycationic polymers by the addition of multivalent counter ions
is a simple method of entrapment. In this study, ZM was entrapped
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in calcium alginate (Ca-Alg) because of Alg’s mild gelling proper-
ties and non-toxicity. The resulting material was tested to evaluate
the removal efficiency for phosphate and characterize for its poten-
tial use in wastewater, especially reject water after sludge dewater-
ing. In addition, several regeneration methods of the entrapped ZM
saturated by phosphate ions were examined and the possibility of a
continuous use of the materials was discussed.

MATERIALS AND METHODS

1. Synthesis of Zirconium Mesostructure

ZM was prepared from zirconium sulfate tetrahydrate (Zr(SO,),:
4H,0, Aldrich Chemical Co., USA) and cetyltrimethylammonium
bromide (CH;(CH,);sN(CH,);Br, Aldrich Chemical Co., USA) by
the procedure reported previously [15,20,21]. An aqueous solution
of 2.5 g of CTAB, which was used as templates, was added to 85 g
of deionized water. Inorganic solution was prepared by dissolving
4.55 g of Z1(SO,),-4H,0 in 15 g of deionized water. Then two solu-
tions were mixed, and vigorously stirred for 2 h. Upon mixing, white
precipitates were observed in the solution. After stirring, the solu-
tion containing precipitates was statically heated at 100 °C for 48 h,
and passed through 0.45 um membrane filters to separate the solid
phase. The filtered precipitates were rinsed with 5,000 ml of deion-
ized water and dried at 80 °C for 12 h, and then ground to powder
type for the experiments.

2. Entrapment of Zirconium Mesostructure in Calcium Algi-
nate

Alginate is an anionic linear copolymer that consists of 1,4 linked
S-p-mannuronic acid and orL-guluronic acid in different propor-
tions and sequential arrangements [22]. To prepare the bead form
of ZM entrapped in Ca-Alg, the powder of ZM (30 to 60%, w/v)
was mixed with sodium alginate solution (10%, w/v) and then the
mixture was stirred thoroughly to ensure complete mixing. 70% of
ZM was also tested, but the resulting product turned out to be an
unsuitable medium for experiments. This may be due to the low
content of Ca-Alg, which provides the mechanical properties. As
soon as the mixture was dripped into CaCl, (1%, w/v) and poly-
ethylenimine (5%, w/v) solution by using a syringe, beads were
formed. The bead size was changed by using syringes with differ-
ent needle diameters (1-7 mm in diameter). After 3 h of hardening,
the beads were separated from calcium chloride solution by vacuum
filtration. They were rinsed on a filter for five times with deionized
water and then transferred into a desiccator for the storage at room
temperature.

The surface morphology of the entrapped ZM in Ca-Alg was
observed with a field-emission scanning electron microscope (FE-
SEM, S-4700, Hitachi, Japan). The ZM beads were fixed on a sup-
port with carbon tape and coated with platinum under argon atmo-
sphere by using a platinum sputter module in a high-vacuum evap-
orator. The samples were then examined at 20 kV. All images were
captured on black and white. An energy dispersive x-ray spectrom-
eter (EDS) was also used in conjunction with SEM to confirm the
chemical constituents of the surface. EDS spot analysis using a spot
diameter of about 3 nm at selected areas on the samples was con-
ducted.

To measure the hydraulic resistance of the medium in a column, the
permeability of the entrapped ZM was calculated from the equation:

Permeability = J;—;‘

M
where J is the flux, L is the thickness of the medium, AP is the pres-
sure difference across the medium.

3. Adsorption Characteristics of the Beads Entrapping ZM

To assess the affinity of phosphate ions into the beads, the dis-
tribution coeficient, K, was measured at various pH. First, the beads
were washed with distilled water. The water remaining on the sur-
face of the beads was wiped off. Fifty milliliters of 1,000 ppm phos-
phate solution and 50 cm’ of sample beads were added to a test tube.
The mixture was shaken for 24 h. K, values were obtained from
the equation, K,=M,,/M;, where M,,, and M, were the amounts
of phosphate exchanged into one gram of ZM and 1 ml the solu-
tion, respectively.

Phosphate sorption capacity of the ZM entrapped in Ca-Alg was
tested. Materials weighing between 0.20 g and 3.00 g were placed
in 60 ml glass tubes with 50 ml of deionized water having phos-
phate concentration of 1,000 mg/L. The tubes were shaken on a
rotary shaker (099ARD4512, Glas-Col Co., USA) for 24 h at room
temperature (20 °C). Preliminary tests showed that shaking time of
12 h was sufficient for phosphate concentration to reach equilibrium.
After shaking, solution was separated from solids by 0.45 um mem-
brane filters, and analyzed for the residual phosphate concentration
by ion chromatography (DX-120, DIONEX, USA). Langmuir iso-
therm model was applied to evaluate the sorption capacity of the
ZM beads. The Langmuir model can be described as below:

_bQ..C.

qe_ 1+bCL, (2)

where q, represents for sorption amount at equilibrium, b for Lang-
muir constant, Q,,,. for maximum sorption amount of unit gram of
material, C, for the concentration in aqueous phase at equilibrium.
Q,.. and b are the Langmuir constants related to the adsorption ca-
pacity and energy of adsorption, respectively. The adsorption capac-
ity is the number moles of solute adsorbed per unit weight of ad-
sorbent in forming a complete monolayer on the surface. The adsorp-
tion energy is a constant representing the energy of interaction with
the surface.

Adsorption kinetics of materials was evaluated with a series of
60 ml glass tubes containing 0.30-0.70 g of adsorbents and 50 ml
of 1,000 ppm phosphate solution. The tubes were shaken on the
rotary shaker, and each tube was taken at the predetermined time
interval. Solution in the tubes was separated from solid phase by
0.45 um membrane filters, and analyzed for the residual phosphate
concentration. A pseudo-second order rate equation was used for
describing the kinetics of sorption of phosphate ion [23]. The pseudo-
second order model can be described as below:

dg_,
=k(@.-q) G)

where t represents for time, g, (mg/g) for sorption amount at time t,

qg. (mg/g) for phosphate sorption amount at equilibrium, k (g/mg

min) for pseudo-second order reaction rate constant.

4.Chemical and Electrochemical Regeneration of the ZM Beads
Adsorbent regeneration is an important operation which has a

strong impact on the economical performance of adsorption pro-
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Fig. 1. SEM images of the entrapped zirconium mesostructures with different ZM content: (a) 30% of ZM, (b) 40% of ZM, (c) 50% of

ZM, and (d) 60% of ZM in calcium-alginate.

cess. In this study, chemical and electrochemical regeneration meth-
ods of the exhausted ZM beads were evaluated. Chemical regener-
ation methods tested three different solutions: NaOH, NaCl, and
Na,SO, with 0.3 N to 1.0 N concentration. Electrochemical regenera-
tion was achieved by using a dc voltage to create a current through
the bed. The electrochemical cell consists of plate packing to fix
the module, an anion exchange membrane (AMX, ASTOM, Japan)
between two platinum-coated titanium electrodes, distributor for
solution to flow, and gasket. The effective surface area was 50 cm’,
and 50 mL of ZM beads was packed in the device. Sodium hydrox-
ide and phosphoric acid solution were circulated through the regen-
eration and recovery chamber, respectively. The effects of phos-
phoric acid concentration and current density on the recovery of
phosphates were measured.

The efficiencies of the desorption of phosphates from the entrap-
ped ZM and the regeneration of it using chemical and electrochem-
ical methods were compared. For chemical regeneration, 3 g of the
ZM beads saturated with phosphate (15.35 mg P/g) were added into
50 mL of each regenerating solution and shaken for 24 h at 25 °C.
For electrochemical regeneration, 0.1 M sodium hydroxide and 0.01
M phosphoric acid were circulated and a current of 25 mA/cm’® was
applied. The ZM beads obtained by these procedures were put into
the Langmuir isotherm tests and k and q, values were calculated to
compare with the initial values.

RESULTS AND DISCUSSION

1. Characteristics of the ZM Beads
September, 2008

The SEM/EDS investigation indicated the variation across the
entrapped ZM surface and gave further insights into the nature of
the material. SEM images showing the surface texture of the en-
trapped ZM with different ZM contents at 800-fold magnification
are presented in Fig. 1. The images supported the ZM powders (white
color) are immobilized by calcium alginate (dark gray color). The
white portion increased with the content of ZM powders. The as-
sociated EDS analyses also confirmed that ZM was successfully
entrapped in Ca-Alg by showing the relatively high levels of C, O,
Zr, and S. Quite low levels of Al and Cl were also present (Fig. 2).

The permeability of a medium is a function of particle diameter,
packing, size distribution, asymmetry, etc. The medium permeabil-
ity has significant impacts on the design of a reactor as well as on
the process economics [24,25]. The permeability tests were con-
ducted by using a glass column with 30 mm of diameter and 150
mm of length, and the results are summarized in Table 1. Amber-
lite IRA 402 ion exchange resin, a widely used strong basic anion
exchange resin in the environmental applications, was used for com-
parison with the ZM beads. The permeability of the ZM beads with
7.0 mm was higher than those of the others due to its larger size.
The permeabilities decreased as bead diameters or porosities were
reduced. And, the bead form of the entrapped ZM proved to be ap-
plicable in water treatment plants because their permeability values
were similar to that of Amberlite resin.

2. Effects of the pH on the Removal of Phosphate

Fig. 3 shows the pH dependence of the K, values of phosphate
ion. The predominant ion species is H,PO; at pH values between
2.1 and 7.2, while HPO;~ predominates at pH 7.2-12.3. The result
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30 % ZM in Ca-Alg (Zr 66.67%)

50 % ZM in Ca-Alg (Zr 76.92%)

40 % ZM in Ca-Alg (Zr 73.00%)
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Fig. 2. Analysis of zirconium peaks from energy dispersive x-ray spectrometer.

Table 1. Permeability of the resin and the entrapped zirconium

mesostructures
. Diameter Permeability
Media (mm) (I/m-hr-MPa)
Anion exchange resin 0.7 49,930
(Amberlite IRA 402Cl)
ZM in calcium alginate 1.0 58,909
3.0 79,880
7.0 132,000
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Fig. 3. Variation in K, with pH of solution. Conditions: initial phos-
phate concentration=1,000 ppm; equilibrium time=24 h;
7ZM bead dosage=0.20 g; and at 20 °C.
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Fig. 4. Phosphate adsorption isotherms on the zirconium meso-
structures synthesized with different ZM content in calcium
alginate. Conditions: initial phosphate concentration=1,000
ppm; equilibrium time=24 h; dosage=0.30-1.0 g; and at 20
°C.

indicated that the K, for ZM was independent of equilibrium pH in
the range of 2-11. The K, values decreased significantly at pH 12
and higher. This reduction could be explained as that HSO; ions in
ZM were exchanged into 0.01 N (pH 12) of OH" ions rather than
0.0035 N (1,000 ppm) of phosphate ions due to the concentration
difference. Hence, for the following studies, the experiments were
performed in a solution at pH values below 10.
3. Phosphate Adsorption by the Entrapped ZM

ZM powder in the beads offers the sorption capacity. Therefore,
the properties of the entrapped ZM were greatly influenced by the
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Table 2. Langmuir parameters of the entrapped zirconium meso-
structures with different ZM content in calcium alginate

(size: 7 mm)
Percent of zirconium
mesostructures Qe [mee] b [Lke] ¥
30% 26.95 0.006 0.98
40% 31.31 0.012 0.99
50% 38.44 0.021 0.99
60% 51.74 0.058 0.98

Table 3. Kinetic parameters of zirconium mesostructures synthe-
sized with different ZM content in calcium alginate (size:

7 mm)
Percent of zirconium .
mesostructures klg/mgmin] q. [mg/e] v
30% 1.17x107* 23.81 0.98
40% 0.65x10™* 28.18 0.96
50% 0.30x10™* 35.29 0.98
60% 0.23x10™* 39.84 0.97
70
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Fig. 5. Phosphate adsorption kinetics of the entrapped zirconium
mesostructures with different diameter. Conditions: initial
phosphate concentration=1,000 ppm; equilibrium time=24
h; ZM content=60% w/v; dosage=0.30-1.0 g; bead size
(mean diameter)=1+0.17, 3+0.15, 7+0.12 mm; and at 20 °C.

ratio of ZM powder to Ca-Alg. Fig. 4 shows the phosphate adsorp-
tion isotherms on the ZM beads synthesized at ZM content from
30% to 60% in calcium alginate. Q,,,. and b were determined from
the Langmuir plots and the values are summarized in Table 2. It is
evident that the maximum sorption capacity (Q,,.,) of the ZM beads
increases with the ZM content. The Q,,,. for the beads with 60% of
ZM was 51.74 mg/g or 1.63 meq/g.

Table 3 presents the results of phosphate sorption kinetics and
pseudo-second order model fitting on the zirconium mesostructures
synthesized at different ZM contents in Ca-Alg. The reaction rate
constants (k), corresponding to the removal rate of phosphate from
the solution, decreased with increasing the ZM content. When high

September, 2008

Table 4. Langmuir parameters of 60% zirconium mesostructures
with different size

Diameter Q... [mg/g] b [L/kg] r
1 mm 67.99 0.050 0.97
3 mm 56.50 0.054 0.97
7 mm 51.74 0.058 0.98

Table 5. Kinetic parameters of 60% zirconium mesostructures syn-
thesized with different size

Size k [g/mg min] q. [mg/g] r
I mm 1.00x10™ 62.89 0.99
3 mm 0.41x10™ 59.33 0.99
7 mm 0.23x10™* 40.08 0.99
NaOH H,PO,
AEM
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1

NaOH  H;PO,

Fig. 6. Schematic diagram of the electrochemical regeneration sys-
tem for the bead type of the entrapped zirconium meso-
structures.

content of ZM exists, more external surface is covered by ZM. This
can reduce or block the opening of the capillary pores that offer the
paths of phosphate ions to the sorption sites within the Ca-Alg.

To investigate the effect of particle size on performance, the iso-
therms and kinetic tests on the entrapped ZM of diameter ranging
from 1 to 7 mm were conducted. The smaller the particle size of
the beads, the faster the rate of removal, because the phosphate ions
have less distance to go to reach the pores within the beads (Fig. 5,
Tables 4 and 5). The pseudo second-order kinetic constant k of the
ZM beads with 1 mm size was 1.00x10™* g/mg min, and the k value
was reduced to 0.23x10™* g/mg min when the bead size increased
to 7 mm.

4. Regeneration of the Entrapped ZM

Fig. 6 is a schematic diagram of ion transport during the electro-

chemical regeneration process. Phosphate ions adsorbed on the ZM
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beads are replaced with hydroxide ions generated at a cathode. The
desorbed phosphate ions penetrate through the AEM and move to
the next chamber where the phosphate ions meet the hydrogen ions
generated at an anode and they form H;PO,. After the regeneration,
the entrapped ZM materials take their hydroxide form.

The advantage of electrochemical regeneration is no need for
desorption and/or regeneration solution. Hydroxide ions and hydro-
gen ions generated by electrical field are consumed during the regen-
eration process. Therefore, storage space for chemicals is not needed.
In addition, the system can be operated continuously. The ZM beads
are stored into the device and the influent containing phosphates is
run through the system and ZM beads remove the phosphates from
the solution. After the beads are saturated with phosphates and the
removal efficiency get decreased, electrical current is provided by
using a dc voltage to regenerate the ZM beads.

The effect of the concentration of the circulating phosphoric acid
was tested between 0.01 M to 0.50 M at 0.1 M of NaOH and cur-
rent density of 25 mA/cn’. Table 6 indicates that the phosphates

Table 6. Variation of phosphate recovery with the concentra-
tion of phosphoric acid in an electrochemical module

Phosphoric acid (M) Recovery (%)
0.01 95
0.05 88
0.10 71
0.50 57

Table 7. Variation of concentration of phosphoric acid on the cur-
rent density in an electrochemical module

Current density (mA/cm?) Phosphoric acid (M)
25 1.74
30 2.01
40 2.74
50 3.12

Table 8. Chemical and electrochemical regeneration of the
bead form of the entrapped zirconium mesostructures

k [g/mgmin] q, [mg/g] 1
Chemical NaOH 03N 435x10™* 4638  0.99
regeneration 05N 312x10™ 46.71 099
07N 298x107* 46.94  0.99
1.ON 384x10™ 46.71  0.99
NaCl 03N 255x10™* 47.07  0.99
05N 148x10™ 48.17  0.99
07N 112x10™* 4943  0.99
L.ON 106x10™* 49.56  0.99
Na,SO, 03N  193x10™* 4735  0.99
05N 181x10™ 47.57 0.99
07N 182x10™ 47.46  0.99
1.ON 175x10™* 47.74  0.99

231x10™ 47.86  0.99
194x10™ 47.55 0.99

Regeneration solution

Electrochemical regeneration

Initial ZM beads (7mm)

were desorbed more with a lowering phosphoric acid concentration.
The best recovery was obtained at 0.01 M of phosphoric acid. High
level of circulating phosphoric acid could interfere with the transport
of phosphate ions to the anode by concentration gradient. But, it
should be noticed that a concentration lower than 0.01 M increased
the electrical resistance and consumed more electricity.

Table 7 shows that the concentration of phosphoric acid was pro-
portional to the current density applied to the cell. The concentra-
tion of circulating phosphoric acid reached 1.74 M at the current
density of 25 mA/cm?, and it doubled when 50 mA/cm® was pro-
vided. But, operational costs need to be considered because the elec-
tricity consumption increased by 4.0, 8.2, 11.7, and 18.7 kwh/ton.

The performance of several regeneration methods can be com-
pared by using k and q, values from Eq. (3). The results are pres-
ented in Table 8. Three chemical solutions effectively desorbed the
phosphates from the ZM_Ca-Alg. However, the lower q, values
suggest that chemical regeneration with sodium hydroxide failed
to provide complete restoration of the initial adsorption capacity.
Sodium chloride and sodium sulfate solutions with concentration
of 0.5 N and higher restored the adsorption capacity completely in
terms of q,. However, k values were not fully recovered. An electro-
regeneration system was successfully used to desorb and regener-
ate the phosphate-saturated ZM beads. Complete regeneration was
reached under optimal experimental conditions. Phosphate resources
will be exhausted within several decades. Therefore, a phosphate
recovery process should be incorporated with a phosphate removal
system [26]. The enriched phosphates in the circulating solution
could be recovered as a precipitate of calcium phosphate by addi-
tion of CaCl,. The returned calcium phosphates can be recycled as
a fertilizer.

CONCLUSIONS

ZM was prepared by using a surfactant as a template and it was
successfully entrapped in calcium alginate for practical application.
The phosphate sorption by the entrapped ZM was investigated by
Langmuir isotherm and kinetic tests. The phosphate sorption by
the ZM beads was not affected by pH variation from 2 to 11. The
maximum sorption capacity increased with the higher ZM content.
The smaller the particle size of the ZM beads, the better the access
to the pores within the beads and the faster the rate of adsorption
kinetics. The 1 mm of bead containing 60% of ZM showed the best
performance for phosphate sorption with Q,,,. of 67.99 mg/g. Phos-
phates adsorbed on the ZM beads were effectively desorbed with
NaCl, NaOH, and Na,SO, solutions. Complete regeneration of the
exhausted ZM beads was reached under optimal experimental con-
ditions with an electro-regeneration system. Chemical and electro-
chemical regeneration proved the reusability of the bead form of
the entrapped ZM, and suggested the enhanced economical perfor-
mance of the phosphate treatment process.
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