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a b s t r a c t

The specific surface area and X-ray diffraction patterns for an aluminum hydroxide gel (AHG) calcined
at 300–1150 ◦C, the number of surface hydroxyl groups in the AHG, and the adsorption isotherms of
phosphate on AHG were measured in order to develop a phosphate recovery agent. AHG was transformed
into �- and �-alumina by the calcinations treatment. The amount of phosphate adsorbed onto AHG
increases at calcining temperatures of 300–700 ◦C and decreases above a calcining temperature of 800 ◦C.
It was found that AHG selectively adsorbs phosphate ions, but not other anions, and shows the highest
eywords:
dsorption isotherms

on–solid interactions
luminum hydroxide gel
hosphate

adsorption capacity at pH 4–6. Further, the alkali resistance of AHG increased with calcination, and more
than 80% of the phosphate adsorbed with an NaOH aqueous solution underwent desorption. The addition
of colloidal alumina and colloidal silica resulted in the formation of granules of 500–840 �m size. The
amount of phosphate adsorbed onto AHG after granulation was similar to that before granulation. Thus,

capa
rbent
the phosphate absorption
used as a phosphate adso

. Introduction

Phosphorus is one of the major nutrients responsible for
utrophication. While phosphate ores are expected to be depleted
ithin approximately 50 years [1,2]. Since phosphate ores account

or approximately 80% of fertilizer raw materials [3], the depletion
f these ores will greatly impact agricultural production and may
otentially even lead to a food crisis. Advanced treatments are typ-

cally required to remove phosphorus from wastewater. Since the
iological method yields phosphorus-containing sediments with
igh water content, further concentration and dehydration pro-
esses are necessary for the recovery of phosphorus [4]. In an
dsorption method, phosphorus is recovered in the form of highly
ure phosphate alkali during the regeneration of the adsorbent.

n addition, after desorption of phosphorus, the adsorbent can be
eused for phosphorus recovery.

Phosphorus adsorbents made from zeolites [5], lanthanum and
ttrium compounds [6,7], aluminum compounds [8–11] and acid
ype F fly ash [12] have been reported thus far. However, the
dsorbed phosphate has to be desorbed from adsorbents for the
ecovery of phosphate. For instance, only approximately 60% of
dsorbed phosphate is desorbed when boehmite is used for phos-

horus recovery [9]. Multi-component adsorbents comprising of
ixtures of metal oxides and clay are ubiquitous in water envi-

onment. They have been shown to be significant in determining
he environmental distribution of various contaminants [13]. These
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city of AHG did not decrease after granulation suggesting that AHG can be
.

Published by Elsevier B.V.

adsorbents exhibit different adsorption behaviors compared with
single-component ones [14]. Characterization studies of phosphate
adsorption onto many kinds of adsorbents have been investigated
[15–17]. Many studies have shown that in water environment
aluminum often control the biogeochemical cycling of phosphate
[18,19].

Dried aluminum hydroxide gel (AHG) is widely used as an
antacid. It can be therefore safely be used as a phosphate adsor-
bent for the treatment of hyperphosphatemia. However, patients
with renal dysfunction show impairment in aluminum excrement,
and hence, the use of this gel as a treatment leads to an increase
in the plasma concentration of aluminum, eventually leading to
aluminum intoxication. Therefore, the dried AHG with high phos-
phate adsorption capacity as well as a stable structure are required.
Furthermore, increasing the particle size of the adsorbent leads
to a decrease in its adsorption capacity, thereby limiting practical
applications.

In this study, AHG was calcined at different tempera-
tures to obtain a stable AHG structure, and the characteristics
of the calcined AHG, including surface area, XRD, phosphate
adsorption–desorption, and the influence of granulation on phos-
phate adsorption capacity, were investigated to evaluate the
stability of AHG.

2. Materials and methods
2.1. Material

The AHG used in this study was in the form of a white amorphous
powder (Tomita Pharmaceutical Co., Ltd.). 20 g of AHG was placed in

dx.doi.org/10.1016/j.jhazmat.2010.05.051
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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magnetic crucible and heated to the target temperature over 2 h in
muffle furnace. The temperature was maintained at 300–1150 ◦C

or 2 h (AHG30–AHG115). The granulated AHG (G-AHG) was pre-
ared as follows. After adding 0.5 g of ethyl cellulose and 18 ml of
thanol to 9.5 g of AHG45 calcined at 450 ◦C and drying at 110 ◦C for
4 h, particles with sizes of 500–840 �m (EC-AHG) were obtained.
fter adding 8 g of virgin AHG into 10 ml of 20% colloidal alumina or
0% colloidal silica (Nissan Chemical Industries, Japan) and main-
aining the temperature at 450 ◦C for 2 h, particles with diameters
n the range of 500–840 �m (AS-AHG and ST-AHG) were obtained.
ranulated AHG (0.1 g) was added to 50 ml of KH2PO4 solution of
27–1130 mg-PO4/l and shaken for 15 h at 25 ◦C, and the phosphate
oncentration in the filtrate was then measured. The amount of
hosphate adsorbed was calculated from the difference between
he initial concentration and equilibrium concentration.

Differential thermal analysis of AHG was conducted using
simultaneous thermogravimetry/differential thermal analyzer

TG-60AH (Shimadzu, Japan). XRD analysis was carried out using
RINT2100V (Rigaku, Japan) diffractometer. Electron microscopy
as carried out using a scanning electron microscope JSM-5200

JEOL, Japan), and the specific surface area of AHG was measured
sing a specific surface analyzer, NOVA e4200 (Yuasa Ionics, Japan).

.2. Hydroxyl groups of AHG

The number of surface hydroxyl groups in AHG was calculated
y fluoride ion adsorption [20]. After adding 0.125 g AHG to 50 ml
f 420 mg/l NaF solution, whose pH was adjusted to 4.6 using a
.2 mol/l acetic acid–0.2 mol/l sodium acetate buffer, and shaking
or 15 h, the fluoride ion concentration in the filtrate was then

easured using a UV–vis spectrophotometer DR/4000 (Hach, USA).
he number of hydroxyl groups was calculated from the difference
etween the initial and equilibrium fluoride ion concentrations.

.3. Gelation percentage of AHG

The gelation percentage of AHG was measured according
o the Japan Pharmacopoeia standards. Approximately 2.0 g of
HG was added to 15 ml of HCl and heated for 30 min. After
ooling, 500 ml total volume was obtained by the addition of
istilled water. 20 ml of the obtained solution was added to
0 ml of 0.05 mol/l ethylenediaminetetraacetic acid solution and
0 ml of pH 4.8 acetic acid–ammonium acetate buffer and heated
or 5 min. After cooling, 55 ml of ethanol was added to this
olution and titrated by a 0.05 mol/l zinc acetate solution. The
elation percentage of AHG was calculated using the formula
= (30.0 − a) × 2.549 × (b × 20/500), where p indicates the gelation
ercentage (%), a is the amount of zinc acetate required for titration
ml) and b is the amount of AHG (g).

.4. Phosphate adsorption onto AHG

After adding 0.1 g of AHG to 50 ml of KH2PO4 with 127 mg-PO4/l
nd shaking the solution for 15 h at 25 ◦C, the phosphate concen-
ration in the filtrate was measured and the amount of phosphate
dsorbed was calculated from the difference between the phos-
hate concentration before and after adsorption. The phosphate
oncentration was measured using a phosphate test kit (Hach, USA).
he amount of phosphate adsorbed onto AHG at equilibrium was
alculated using the formula q = (Co − Ce) × V/Ws, where q denotes
he amount of phosphate adsorbed per gram (mg-PO4/g), Co is the

nitial concentration of phosphate (mg-PO4/l), Ce is the equilib-
ium concentration of phosphate (mg-PO4/l), V is the volume of
he solution (l) and Ws is the amount of AHG (g).

In addition, the amounts of phosphate adsorbed in solutions
ith different pH values were measured in order to assess the
s Materials 181 (2010) 574–579 575

effect of the pH on phosphate adsorption. The pH values, measured
using a digital pH meter (Mettler Toledo, Japan), were adjusted to
between 2 and 9 using HCl and NaOH solution. After adding 0.1 g
AHG to 50 ml of 127 mg/l phosphate aqueous solution, adjusting the
pH of the solution, and shaking it for 15 h at 25 ◦C, the phosphate
concentration in the filtrate and its pH value were measured.

2.5. Selective adsorption of phosphate onto AHG

The amounts of chloride ions, nitrate ions, and sulfate ions
adsorbed on AHG were measured to assess the selectivity of phos-
phate adsorption on AHG. After adding 0.1 g of AHG to 50 ml of
58 mg/l sodium chloride solution, 144 mg/l sodium sulfate solu-
tion, and 85 mg/l sodium nitrate solution or to a mixed solution
consisting of these 4 species of anions, and shaking the solution
for 15 h at 25 ◦C, the concentration of each ion in the filtrate was
measured. The concentrations of chloride and sulfate ions were
measured using a UV–vis spectrophotometer, the concentration
of nitrate ions was measured using a nitrate test kit (Hach, USA),
and the amount of phosphate adsorbed was calculated from the
difference between its initial and equilibrium concentrations.

2.6. Phosphate adsorption–desorption onto AHG

After adding 0.5 g of AHG to 50 ml of KH2PO4 aqueous solution
with 1100 mg-PO4/l and shaking the solution for 15 h at 25 ◦C, the
phosphate concentration in the filtrate was measured. Then, after
adding 0.3 g of AHG (amount of phosphate adsorbed + amount of
AHG) that had been dried at 110 ◦C following adsorption to 500 ml
of 400 mg/l NaOH and shaking the solution for 15 h at 25 ◦C, the
phosphate concentration in the filtrate was measured, and the
amount of phosphate desorbed on AHG was calculated for the des-
orption analysis. In addition, the mass of phosphate was measured
after drying by adding 0.5 g of AHG to 400 mg/l NaOH solution and
shaking the solution for 15 h at 25 ◦C in order to determine the
amount of aluminum dissolved after the treatment of AHG with the
NaOH solution. The aluminum ion concentration in the filtrate was
measured using UV–vis spectrophotometry. The aluminum con-
centration in the alkaline solutions was also measured. The AHG
meets the Japan and US pharmacopoeia standards, with the total
concentration of aluminum being less than 10 mg/l. Further, AHG
has an unstable structure, and undergoes dissolution in basic solu-
tions, resulting in an increase in the aluminum ion concentration
in the solutions.

2.7. Adsorption isotherms of phosphate onto P-AHG and G-AHG

After adding 0.1 g of P-AHG or G-AHG to 50 ml of KH2PO4 with
127–1130 mg-PO4/l and shaking the solution for 15 h at 25 ◦C, the
phosphate concentration in the filtrate was measured, and the
amount of phosphate adsorbed was calculated from the difference
between phosphate concentrations before and after adsorption.
The phosphate concentration was measured using the phosphate
test kit.

3. Results and discussions

3.1. Physical properties of AHG

The results of differential thermal analysis of AHG are shown in
Fig. 1. An endothermic reaction occurred at a calcining temperature

of approximately 100 ◦C, which was accompanied by a significant
decrease in quality. From these results, AHG is assumed to have
undergone dissociation to release the water of crystallization at a
temperature near 100 ◦C. The results of XRD analysis of AHG are
shown in Fig. 2. These results confirmed that AHG30 and virgin
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Fig. 1. Differential thermal analysis of virgin AHG.
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Table 1
Physical and chemical properties of AHGs calcined at different temperatures.

Samples Specific surface
area (m2/g)

Amount of
hydroxyl
group
(mmol/g)

Number of
hydroxyl
groups
(site/nm2)

Gelation (%)

Virgin 94.9 1.00 6.3 51.9
AHG30 96.5 1.12 7.0 67.9
AHG40 92.3 1.12 7.3 81.7
AHG50 89.0 1.00 6.8 78.3
AHG60 107.2 1.12 6.3 85.9
AHG70 96.9 1.06 6.6 86.7
AHG80 91.1 0.76 5.0 44.5
AHG90 101.5 0.59 3.5 26.1

Therefore, AHG30–AHG70 that show higher adsorption capacity

T
A

Fig. 2. XRD of calcined AHG. (�) �-Alumina and (�) �-alumina

HG have similar structures and AHG40–AHG70 have an amor-
hous structure. Compared to virgin AHG, the crystalline structure
f AHG80–AHG115 changed significantly to form a crystalline alu-
inum compound. The results of the XRD analysis indicate that
HG100–AHG115 have �- and �-type structures, and calcining
HG above 600 ◦C transforms its structure into the �-type structure.
highly porous platinum-alumina catalyst is produced at 1200 ◦C,
ith alumina having a �-type structure [21]. Alumina produced

rom unstable aluminum compounds has been reported to have a
-type structure.

The number of surface hydroxyl groups calculated from the spe-
ific surface area of AHG and the amount of fluoride ions adsorbed
s presented in Table 1. The specific surface area of AHG30–AHG100
id not change significantly, however that of AHG110 and AHG115
hanged slightly. It has been reported that the specific surface area
f gibbsite, an aluminum compound, becomes 254 m2/g at a calcin-

ng temperature of 300 ◦C and 18 m2/g at 1150 ◦C [11]. However, no
pparent decrease in the specific surface area of AHG was signifi-
antly observed after calcining. Also, the adsorption of phosphate
y various aluminum compounds is related to their specific surface

able 2
mount of anions adsorbed, and removal percentage of anions onto AHGs.

Samples Amount of phosphate adsorbed (mg-PO4/g)

In single solution In mixed solution

Virgin 29.3 23.6
AHG30 33.2 27.9
AHG40 31.5 26.5
AHG50 33.4 25.1
AHG60 34.5 26.9
AHG70 31.2 23.5
AHG80 28.5 –
AHG90 26.5 –
AHG100 21.1 –
AHG110 20.5 –
AHG115 20.5 –
AHG100 88.0 0.53 3.6 15.0
AHG110 80.3 0.41 3.1 9.9
AHG115 80.2 0.35 2.6 11.2

area [11]. The number of surface hydroxyl groups in AHG30–AHG70
and AHG80–AHG115 is 1.00–1.12 and 0.35–0.76 mmol/g, respec-
tively, decreasing with increasing calcining temperature. AHG40
has the highest number of surface hydroxyl groups. The number of
surface hydroxyl groups in AHG decreases with increasing calcin-
ing temperature. The calculated number of surface hydroxyl groups
in AHG is similar to that reported in literature (<25 sites/nm2,
obtained using various methods) [22]. The gelation percentage
increased with increasing calcining temperature up to 700 ◦C, but
deceased above 800 ◦C. This indicates that the structure of AHG
becomes unstable by calcining AHG below 700 ◦C.

SEM micrographs of virgin AHG, AHG40, AHG70, AHG80, and
AHG115 are shown in Fig. 3. The images indicate that the particles
did not undergo disintegration or a change during the calcining
process, and only crystal-type was changed from �- to �-alumina
by the calcining treatment.

3.2. Phosphate adsorption onto AHG

The amounts of phosphate and other anions adsorbed onto AHG
treated at different calcining temperatures are listed in Table 2.
The amount of phosphate adsorbed on AHG30–AHG70 increased
minimally compared to that on virgin AHG, and the amount of phos-
phate adsorbed on AHG80–AHG115 decreased. This indicates that
phosphate adsorption depends on the number of surface hydroxyl
groups in AHG and the specific surface area of AHG. It has been
reported that phosphate adsorption onto an aluminum compound
depends on ion exchange with the surface hydroxyl groups of
the compound [9,10], consistent with the results of our study.
compared to virgin AHG were used in the following experiment.
Seawater contains many types of anions. Therefore, in order

to recover phosphate from seawater by selective adsorption of
phosphate on AHG, it is very important to assess the influence of

Removal percentage of anion (%)

Phosphate Chloride Sulfate Nitrate

55.1 0.9 1.0 1.1
62.6 0.9 1.2 0.9
58.3 0.5 2.1 0.6
62.6 0.9 2.8 1.3
63.9 0.9 2.6 0.9
58.3 0.9 2.1 2.0

– – – –
– – – –
– – – –
– – – –
– – – –
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cannot exchange ions with AHG in alkaline aqueous solutions. In
addition, it has been suggested that the phosphate adsorbed on
AHG might undergo desorption with high efficiency after treat-
ment with an alkaline solution. Furthermore, the mechanism of
Fig. 3. SEM m

ther anions on the phosphate adsorption capacity of AHG. The
emoval percentage of chloride, sulfate, nitrate and phosphate ions
rom each anion is in the following order: chloride ions < sulfate
ons < nitrate ions < phosphate ions on Table 2. This indicates that
HG selectively adsorbs phosphate. The removal percentage of
hosphate from a mixed anion solution is calculated in order to
ssess the selectivity of phosphate adsorption on AHG. The above
esult indicates that AHG selectively adsorbs phosphate from the
ixed anion solution. Although the adsorption of phosphate from

he mixed anion solution on AHG decreased slightly as compared to
hat from the phosphate solution, the other anions had little influ-
nce on the adsorption. This result is also consistent with those
bserved for boehmite [8] and gibbsite [9] with different crystal
ypes. All aluminum compounds may probably exhibit a similar
henomenon, that is, phosphate would be adsorb onto both the
ydroxyl groups and the surface of AHG.

Since the adsorption of ions is usually influenced by the pH
alue of the solution, it is important to assess the adsorption behav-
or of phosphate in solutions with different pH values. Phosphate

dsorption onto AHG in solutions with different pH values is shown
n Fig. 4. The results indicate that adsorption of phosphate onto
HG is not dependent on the calcining temperature, and a large
mount of phosphate is adsorbed in the weak acid range of pH 4–6,
ecreasing with increasing pH value. This is because phosphate
aphs of AHG.
Fig. 4. Amount of phosphate adsorbed onto AHG in different pH solutions.
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ig. 5. Saturated amount of phosphate adsorbed–desorbed onto calcined AHG in
aOH.

hosphate adsorption onto AHG is assumed to be similar to that
or boehmite [8] and gibbsite [11]. However, the amount of phos-
hate adsorbed onto AHG is higher than boehmite and gibbsite.
herefore, AHG is considered to have a crystal structure suitable
or the adsorption–desorption of phosphate. Phosphate would be
dsorbed onto the hydroxyl groups and the surface of AHG, because
he amount of adsorbed of phosphate depended upon the pH in
olution.

The saturated amount of phosphate adsorbed–desorbed onto
HG is shown in Fig. 5. The desorption rate of phosphate onto AHG

n an NaOH aqueous solution is 80% or higher, which indicates that
hosphate can be adsorbed–desorbed with high efficiency. AHG is
nown to undergo dissolution in alkaline aqueous solutions, and
herefore, it is necessary to assess the alkali resistance of AHG for
tudying the adsorption–desorption of phosphate onto AHG. More-
ver, it has been reported in the Japanese Pharmacopoeia that AHG
issolves in sodium hydroxide [23]. The recovery rate of AHG after
reatment with NaOH solution is shown in Fig. 6. These results
ndicate that the recovery rate increases with an increase in cal-
ining temperature, and the recovery rate of AHG40 is 1.5 times
igher than that of virgin AHG. In addition, the recovery rate of
HG100–AHG115 is approximately 90%. This can be explained by

he structure becoming stable after calcining, on the basis of the

RD results, eventually resulting in the formation of a crystalline
luminum compound (�-Al2O3). This indicates that calcined AHG
s suitable of use as an adsorbent.

ig. 6. Recovery rate of AHG after NaOH treatment for desorption of phosphate.
Fig. 7. Adsorption isotherms of phosphate onto P-AHG and G-AHG.

The adsorption isotherms of phosphate onto P-AHG and G-
AHG are shown in Fig. 7. Granulated adsorbents with non-uniform
quality are obtained for calcining temperatures less than 400 ◦C.
Granulated adsorbents with uniform quality can be obtained
when calcined at higher temperatures. More energy is required
to produce G-AHG than P-AHG. Thus, the calcining temperature is
selected to be 450 ◦C. The results indicate that phosphate adsorp-
tion on 3 types of G-AHG is comparable to that on P-AHG at all
concentrations. This shows that there is almost no decrease in
the amount of phosphate adsorbed after granulation due to the
addition of organic binders such as ethyl cellulose or inorganic
binders including colloidal alumina and colloidal silica. It is gener-
ally expected that the amount of phosphate adsorbed decreases due
to the reduction in the apparent contact area with solvents follow-
ing granulation. However, granulated AHG, especially AHG treated
with colloidal alumina and colloidal silica reported to exhibit phos-
phate adsorption [24,25], shows no decrease in the phosphate
adsorption capacity.

4. Summary

Aluminum hydroxide gel can be used for the
adsorption–desorption of phosphate if the crystal structure
AHG is stabilized by calcining at 300–700 ◦C and the alkali resis-
tance of AHG increases with increasing calcining temperature.
AHG60 was found to be the best adsorbent, as its specific surface
area, the number of hydroxyl groups, stability, and amount of
phosphate adsorbed are the highest. We have thus successfully
prepared a novel type of granular adsorbent that does not exhibit
a decrease in its adsorption capacity after granulation due to the
addition of ethyl cellulose, colloidal alumina, and colloidal silica.
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