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a b s t r a c t

Fe2O3/Al2O3 powders with a range of Fe/Al compositions were prepared by a gel evaporation method to
investigate the effect of alumina on the product phases, magnetic properties and simultaneous adsorption
of Ni2+ (a model heavy metal cation), NH4

+ (a model eutrophication-related cation) and H2PO4
− (a model

harmful anion). Precursor gels were prepared by dissolving Fe(NO3)3·9H2O and Al(NO3)3·9H2O in ethylene
glycol, evaporating to dryness, grinding and heating at 300–1000 ◦C for 5 h. The crystalline products were
�-Fe2O3 (maghemite), formed at 300–600 ◦C, or �-Fe2O3 (hematite) and AlFeO3, formed >600 ◦C. The
temperatures of the phase change from �-Fe2O3 to �-Fe2O3 increased with increasing alumina additions.
The resulting lattice parameters suggest that Al3+ is incorporated into these phases up to about 15 mol.%
at 300 ◦C, falling to 11 mol.% in the �-Fe2O3 formed at 600 ◦C. The �-Fe2O3 formed at 700 ◦C contained
6 mol.% Al, increasing to 14 mol.% at 1000 ◦C. The magnetic properties of the samples were measured

using a vibrating sample magnetometer. The saturation magnetization values of the �-Fe2O3-containing
samples increased with the addition of alumina to a maximum value of 61 emu/g in the sample containing
95 mol.% Fe2O3 heated at 400 ◦C. The simultaneous adsorption of Ni2+, NH4

+ and H2PO4
− from water was

investigated by a batch method. The highest adsorption values were found for the sample containing
80 mol.% Fe2O3 heated at 600 ◦C, which contained both �-Fe2O3 and �-Fe2O3. It was therefore concluded
that the addition of alumina to iron oxide affects the crystalline phases and phase changes, and enhances

nd a
the simultaneous cation a

. Introduction

Recently, the pollution of wastewater and surface water by toxic
ons has become a severe environmental problem. The vast major-
ty of toxic ions are waste products of various industrial processes,
specially the effluent from electroplating plants, metal finishing
perations, mining and mineral processing, oil refining and extrac-
ive metallurgy processes. Contamination of water is principally
y two types of ions, namely, heavy metal ions, and ions such as
mmonium and phosphate which cause eutrophication. A variety
f methods have been used to remove toxic ions from water and
astewater, arising from many years of development of absorption

echnology. Many different adsorbents for wastewater treatment
ave been commercialized or are being developed [1]. For instance,
eolites and layered double hydroxides (LDHs) are excellent sor-

ents for cations and anions, respectively, but compounds capable
f simultaneously absorbing both cations and anions are prefer-
ble for practical use [2]. Previously the effectiveness of amorphous
aO–Al2O3–SiO2 (CAS) [3] and CaO–Fe2O3–SiO2 (CFS) compounds

∗ Corresponding author. Tel.: +81 357342524; fax: +81 357343355.
E-mail address: okada.k.ab@m.titech.ac.jp (K. Okada).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.04.009
nion uptake ability of the materials.
© 2009 Elsevier B.V. All rights reserved.

[4] for simultaneous uptake of both cations and anions has been
reported. Such simultaneous ion uptake is thought to be due to
a combination of three chemically different components, i.e. the
anion exchange property of CaO, the amphoteric properties of Al2O3
and Fe2O3, and the cation exchange property of SiO2.

Fe- and Al-hydroxides and oxides are well known to show high
uptake of anions [5], especially toxic oxyanions such as arsen-
ate [6,7] and phosphate [8–10]. Chubar et al. [11] synthesized
Fe2O3·Al2O3·xH2O with high specific surface area (c.a. 400 m2/g) by
a hydrothermal method; this product showed good uptake of phos-
phate ions. Tanada et al. [12] investigated adsorption characteristics
of phosphate onto aluminium oxide hydroxide from seawater. Hu et
al. [13] showed that nanosize maghemite (�-Fe2O3) was very effec-
tive in adsorbing Cr6+, Cu2+ and Ni2+ from wastewater. Li et al. [14]
synthesized Fe2O3–Al2O3 compounds by coprecipitation and inves-
tigated their photocatalytic functions. The highest photocatalytic
decomposition rate of bisphenol A was found in the compound of
90 mol.% Fe2O3 composition, illustrating the effect of Al3+ incorpo-

ration. El-Sharkawy et al. [15] prepared Fe2O3–Al2O3 compounds
by coprecipitation and examined their catalytic activity, reporting
that the texture, acidic properties and catalytic activity depended
on the thermal treatment and Fe2O3/Al2O3 ratios of the compounds.
It is therefore of interest to investigate the effect of Al3+ substitution

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:okada.k.ab@m.titech.ac.jp
dx.doi.org/10.1016/j.jhazmat.2009.04.009
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or Fe2O3 in the Fe2O3–Al2O3 system on the simultaneous uptake
f ions by these compounds. Moreover, some phases of iron oxide
ave good magnetic properties, suggesting the possibility of com-
ining their adsorption properties with the magnetic separation of
armful components from a polluted system by applying a simple
agnetic field. This could replace the common technology of filtra-

ion and centrifuge separation, and after magnetic separation, the
armful components could be easily removed from the magnetic
articles that could then be reused.

In this study, Fe2O3–Al2O3 compounds with various Fe/(Fe + Al)
olar ratios were synthesized by a gel evaporation (GE) method

16] and tested for the simultaneous removal of harmful ions from
astewater. Here, Ni2+ was used as the model for heavy metal ions,
H4

+ the model for ions implicated in eutrophication and H2PO4
−

he model for harmful oxyanions. To determine the feasibility of
agnetic separation of these compounds, their magnetic properties
ere also measured. Thus, the objective of this study was to exam-

ne the effect of Al2O3 additions on the compounds formed, their
agnetic properties and their simultaneous adsorption of cations

nd anions, and also to assess the performance of Fe2O3–Al2O3
ompounds for the simultaneous removal of harmful ions from con-
aminated water considering as a candidate material for low cost,
armless and high efficiency simultaneous removal of harmful ions.

. Experimental

.1. Synthesis of the samples

Fe2O3–Al2O3 compounds were synthesized by the Pechini pro-
ess [16] using metal nitrates and ethylene glycol as the starting
aterials, described here as the gel evaporation (GE) method. The

tarting materials (ferric nitrate Fe(NO3)3·9H2O and aluminium
itrate Al(NO3)3·9H2O) were dissolved in ethylene glycol at a molar
atio of (total metal nitrates):(ethylene glycol) = 1:3 with the addi-
ion of a minimum volume of water to dissolve the nitrates. The
esulting solution was warmed on a hotplate stirrer at 90 ◦C to
vaporate the solvents, after which the nitrate–glycol mixture auto
gnited, producing voluminous foam and finally yielding a loose
owder. The powders were dry-ground in a planetary ball mill
LAPO-1, Ito Seisakusho Ltd., Japan) using a Si3N4 pot with 30 Si3N4
alls (5 mm �) at 300 rpm for 3 h with a ball: sample mass ratio
f 30:1. After grinding, the samples were calcined at 300–1000 ◦C
n air for 5 h at a heating rate of 10 ◦C/min. In this way, samples
ontaining 0, 20, 40, 60, 70, 80, 90, 95 and 100 mol.% Fe2O3 were
repared.

.2. Characterization methods

X-ray powder diffraction (XRD) patterns were obtained (XRD-
100, Shimadzu) using monochromated Cu K� radiation (40 kV to
0 mA). The lattice parameters of the crystalline phases were calcu-

ated by the least-squares method. The specific surface area (SBET)
f the samples was determined by a multipoint BET method using
2 as the adsorbate (Autosorb-1, Quantachrome). The magnetic
roperties were determined using vibrating sample magnetization
VSM) equipment (BHV-50H, Riken Electronics) with a powder cell.

.3. Uptake experiments

Simultaneous uptake of Ni2+, H2PO4
− and NH4

+ was determined
t room temperature for 24 h by a batch method using a solution

ontaining 8 mM each of NiCl2·6H2O and NH4H2PO4. The sam-
le/solution ratio was fixed at 0.1 g/50 ml. The pH was measured

mmediately prior to placing the sample into the solution (initial
H) and after the reaction (final pH). After the uptake experiments,
he samples were filtered, washed 3 times with distilled water and
Fig. 1. XRD patterns of (a) samples containing 60 mol.% Fe2O3 heated at various
temperatures, (b) samples heated at 600 ◦C with various Fe/(Fe + Al) ratios. Key:
AF = AlFeO3, C = �-Al2O3, G = �-Al2O3, H = �-Fe2O3 and M = �-Fe2O3.

dried at 80 ◦C overnight. The concentrations of Ni2+, H2PO4
−, Fe3+

and Al3+ before and after the experiments were analyzed by ICP-OES
(Prodigy, Leeman Labs.) while the NH4

+ concentration was deter-
mined by ion chromatography (IA-200, TOA-DKK). The uptake % and
uptake (mmol/g) were calculated using the following formulas:

uptake (mmol/g)Q0 = (Ci − Cf)V
M

uptake % = 100
Ci − Cf
Ci

where Ci, Cf, V and M are the initial concentration (mmol/L), final
concentration (mmol/L), volume of solution (L) and mass of sample
(g), respectively.
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ratios. For Ni2+ (Fig. 4(a)), the Q0 (Ni2+) values range from 1.5
to 2.4 mmol/g. The samples containing 60–80 mol.% Fe2O3 clearly
show a higher uptake than the other compositions, and the sam-
ples heated at 500–600 ◦C also show a higher uptake than the
ig. 2. Field maps of the phases formed in the samples as functions of composition a
ynthesized by the gel evaporation method.

. Results and discussion

.1. Effect of alumina on the sample phases

After calcination at 300–1000 ◦C the crystalline phases in the
amples were determined from the XRD patterns using the rel-
vant ICDD data to investigate the structural changes caused by
he thermal treatment and by changing the Fe/(Fe + Al) molar ratio.
he XRD patterns of the samples are shown in Fig. 1 as a function
f heating temperature (Fig. 1(a)) and Fe2O3 content (Fig. 1(b)).
he as-synthesized samples are amorphous. Fig. 1(a) shows that
he samples heated at 300 and 400 ◦C contain only maghemite
�-Fe2O3). Hematite (�-Fe2O3) and �-Al2O3 appear at 500 ◦C, the
ntensity of the �-Fe2O3 increasing with increasing calcination
emperature as the crystallinity increases. Above 600 ◦C, AlFeO3
ppears; this formation temperature is much lower than previ-
usly reported [17]. At 1000 ◦C, the phase transition from �-Al2O3
o �-Al2O3 is observed.

The effect of Al2O3 additions to Fe2O3 is shown in the XRD pat-
erns of the samples calcined at 600 ◦C (Fig. 1(b)). The 100 mol.%
e2O3 and 90 mol.% Fe2O3 samples show strong peaks of �-Fe2O3,
he intensity of which decreases with increasing Al2O3 content.
RD peaks of �-Fe2O3, together with �-Fe2O3, also appear in the
0–80 mol.% Fe2O3 samples. As the Al2O3 content increases further,
-Al2O3 is detected in the 40–50 mol.% Fe2O3 samples, while amor-
hous XRD halos are seen in the 20 mol.% Fe2O3 sample. These XRD
esults indicate that the presence of Al2O3 both retards the thermal
ransformation of �-Fe2O3 to �-Fe2O3 and delays the crystallization
f iron oxide [18].

A field map of the product phases as a function of composition
nd heating temperature is shown in Fig. 2. All the as-synthesized
amples are amorphous. In the Fe-rich region, �-Fe2O3 is formed
t 300–600 ◦C while �-Fe2O3 and AlFeO3 appear >600 ◦C. In the
l-rich region, �-Al2O3 is formed >500 ◦C and �-Al2O3 >900 ◦C.
omparison of this field map with that of samples prepared by
oprecipitation [18] (Fig. 2) shows several differences. Samples
ynthesized by the coprecipitation method were amorphous, but
ll crystallized at 500–700 ◦C; this crystallization temperature is
igher than for the present GE samples. The crystallization tem-
erature increased with increasing Al2O3 content in the Fe-rich
ompositions and was highest at about 60 mol.% Fe2O3 composi-

ion. Another difference concerns the crystalline product phases;
-Fe2O3 but no �-Fe2O3 or AlFeO3 was formed in the Fe-rich sam-
les, while the crystalline phases changed from �-Al2O3 to �-Al2O3
nd then to �-Al2O3 with increasing temperature in the Al-rich
amples. These differences indicate that the synthesis procedure
ating temperature. (a) Samples synthesized by coprecipitation [11] and (b) samples

significantly affects the phase formation at different calcination
temperatures.

The lattice parameter values of �-Fe2O3 and �-Fe2O3, calculated
by the least squares method, showed variation corresponding to the
compositions. The lattice parameter of �-Fe2O3 (a = 0.8347 nm) of
the 100 mol.% Fe2O3 sample calcined at 300 ◦C is in good agreement
with the reported value a = 0.8352 nm (ICDD card No. 39–1346).
Increasing Al content results in a decrease in the lattice param-
eter due to the substitution of the smaller Al3+ (ionic radius
(r) = 0.0535 nm) for Fe3+ (r = 0.0645 nm) [19]. As shown in Fig. 3,
Al3+ ions appear to be incorporated up to about 11–15 mol.% in �-
Fe2O3 and about 6–14 mol.% in �-Fe2O3. The present results are in
fair agreement with the reported data [20–22].

3.2. Effect of alumina on the adsorption ability of the samples

The simultaneous uptake capacities (Q0) for Ni2+, NH4
+ and

H2PO4
− are shown in Fig. 4 as a function of the Fe/(Fe + Al) molar
Fig. 3. Solid solution fields of �-Fe2O3 and �-Fe2O3 obtained in this work and Refs.
[14,15].
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Table 1
Specific surface area (SBET) of samples.

Fe/(Fe + Al) [mol.%] Calcination temperature [◦C]

As-syn. 300 400 500 600 700 800

The sorption capacities of the present samples were compared
with other reported cost effective sorbents. On phosphate uptake
ability, Drizo et al. [23] reported uptake abilities of various sorbents
such as expanded vermiculite, natural zeolite, burnt oil shale, baux-

Table 2
Ni2+ uptake ability of various samples.

Sample Uptake capacity [mmol/g] Refs.

Activated carbon 0.03 [24]
Activated carbon (acid treated) 0.57 [25]
Coir pitch carbon 1.06 [26]
Clay (HCl treated) 0.19 [27]
Clay (untreated) 0.21 [27]
Clay (NaOH treated) 0.25 [27]
Red mud 0.26 [28]
Fly ash 0.01 [29]
ig. 4. Simultaneous uptake of ions from solution. (a) Ni2+, (b) NH4
+ and (c) H2PO4

− .

amples heated at other temperatures. The Q0 (NH4
+) values in
ig. 4(b) range from 1.1 to 2.2 mmol/g. The uptake of NH4
+ was

igher than for Ni2+ in the same samples. Fig. 4(c) shows that the Q0
H2PO4

−) values range from 1.2 to 3.7 mmol/g, the samples show-
ng the higher uptakes being same as those showing high Ni2+ and
60 10 132 82 48 38 18 9
80 8 157 49 42 23 12 3

100 7 103 26 10 5 <1 <1

NH4
+ uptakes, but with a different effect of temperature, since the

as-synthesized samples showed higher uptake than the calcined
samples. This may depend on the surface charge of the adsorbents.
The pH values of the as-synthesized samples range from 3.7 to 3.8,
at which pH, the surfaces of the samples are positively charged due
to the formation of Fe-OH2

+ and Al-OH2
+ surface groups in solu-

tion. These species will attract negatively charged H2PO4
− rather

than Ni2+ or NH4
+. The 60–80 mol.% Fe2O3 samples calcined at

500–600 ◦C show higher H2PO4
− uptake values than the other cal-

cined samples.
All the Q0 values for the three ions show similar trends

with sample composition and heating temperature. The maxi-
mum Q0 values for Ni2+, NH4

+ and H2PO4
− are almost identical

for the three ions (2.4, 2.2 and 2.3 mmol/g, respectively). The
uptake of Ni2+, NH4

+ and H2PO4
− by CAS [3] and CFS [4] is in

the order Q0(NH4
+) � Q0(H2PO4

−) ≤ Q0(Ni2+), indicating that the
present compounds have very good simultaneous uptake abilities
for all three ions and show much higher Q0 values for NH4

+ than
CAS and CFS. The uptake abilities for the three ions increase with
increasing heating temperature from 300 to 600 ◦C though the SBET
values decrease significantly (Table 1). Since the pure Fe2O3 sam-
ples show lower uptake abilities than those of the 80 mol.% Fe2O3
samples, incorporation of Al in the Fe2O3 appears to play an impor-
tant role in enhancing the simultaneous uptake of Ni2+, NH4

+ and
H2PO4

−.
As the crystallinity of the �-Fe2O3 phase improves with increas-

ing calcination temperature, the uptake ability for Ni2+, NH4
+ and

H2PO4
− increases. The specific surface area value appears to have

little effect on the uptake property. The Fe3+ and Al3+ concentrations
in the solution were below the detection limit in the calcined sam-
ples but were detectable in the as-synthesized samples. During the
uptake reactions by the present samples, the final pH values range
from 4.5 to 5.5 for the calcined samples and 3.7–3.8 for the as-
synthesized samples. Since these values do not differ much from
the initial pH value, this is an advantage of the present samples
because it is not necessary to control the solution pH as were the
cases of CAS [3] and CFS [4], increasing the pH by dissolving of Ca2+.
Blast furnace slag 0.95 [30]
Amorphous CaAl2Si2O8 0.5 [31]
CAS 4.2 [1]
CFS 3.1 [2]
Present compound 2.4 –
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Table 3
Saturation magnetization values of the samples.

Fe/(Fe + Al) [mol.%] Saturation magnetization (Ms) [emu/g]

As-syn. 300 ◦C 400 ◦C 500 ◦C 600 ◦C 700 ◦C 800 ◦C 1000 ◦C

40 <1 1 4 7 10 6 3 <1
50 <1 1 9 17 15 2 2 1
60 <1 17 28 26 18 1 3 1
70 <1 12 36 35 23 1 5 8
80 1 26 46 43 6 2 3 <1

3
1
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t
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s
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90 1 29 56
95 1 50 61
00 1 35 46

te, lime stone and fly ash but all of their uptake values were lower
han 0.01 mmol/g. Higher uptake abilities were observed in alumi-
ous sorbents of alum (0.03 mmol/g) [24] by substitution for SO4

2−

roup and �-alumina (0.33 mmol/g) [25] by amphoteric property
nd Mg-clays of serpentine (0.092 mmol/g) [26] and palygorskite
0.88 mmol/g) [27], suggesting by formation of Mg-phosphates. Fur-
her higher uptake was observed in calcium bearing amorphous
ompounds such as acid treated slag (1.05 mmol/g) [28] and paper
ludge (1.28 mmol/g) [29]. The uptake mechanism of these sorbents
s considered to be similar with CAS [3] and CFS [4]. Interesting
oint of the present compounds is having similarly high phosphate
ptake with those sorbents even without CaO component.

Compared with the above mentioned phosphate uptake data,
ess uptake data have been reported for ammonium ion by cost
ffective sorbents. This may be due to the presence of many kinds
f cation exchangeable materials such as zeolites. The maximum
mmonium uptake by the present samples (2.2 mmol/g) is much
igher than those reported, e.g. acid treated slag (0.007 mmol/g)
28] and sepiolite (0.1 mmol/g) [30]. The uptake ability is also higher
han those of CAS (0.7 mmol/g) [3] and CFS (0.9 mmol/g) [4].

The Ni2+ sorption capacities of various sorbents are listed in
able 2. The uptake ability of the present sample is higher than most
f the reported cost effective sorbents. However, it is lower than CFS
3.1 mmol/g) [4] and CAS (4.7 mmol/g) [3] due to the lacking of CaO
omponent replacing for Ni2+. Higher uptake of the present samples
han activated carbons suggests that local surface charge and/or
tructural stress by incorporation of Al ion for iron oxide structures

ay play an important role for enhancement of the uptake ability.

urther systematic investigation is, however, necessary to elucidate
he uptake mechanisms of the present samples.

ig. 5. Saturation magnetization value (Ms) and �-Fe2O3 content as a function of
e/(Fe + Al) ratio of the samples.
47 1 1 1 1
6 1 1 1 1
1 1 1 1 1

3.3. Effect of alumina on the magnetic properties of the samples

The magnetic properties of the samples were measured to
determine their potential usefulness for magnetic separation after
adsorption. The magnetization was determined as a function of
magnetic field at room temperature by VSM. The saturation mag-
netization (Ms) values obtained for the samples with different
Fe/(Fe + Al) molar ratios and subjected to different calcination
temperatures are shown in Table 3. The samples containing
�-Fe2O3 show much higher Ms values than those containing
�-Fe2O3 because �-Fe2O3 is ferrimagnetic while �-Fe2O3 is anti-
ferromagnetic or very weakly ferromagnetic [32].

The magnetization values (Ms) for the different samples can be
correlated with the presence of �-Fe2O3 determined from the XRD
peak intensity, shown in Fig. 5 for the samples heated at 400 ◦C.
The maximum Ms value of 61 emu/g was observed in the 95 mol.%
Fe2O3 sample, in very good agreement with the maximum �-Fe2O3
content (94 mass%). The �-Fe2O3 contents in the 60 and 70 mol.%
Fe2O3 samples are only 32 and 36 mass% respectively, and these
samples show lower Ms values. The crystal field map of the phases
(Fig. 2) shows that the addition of Al2O3 to Fe2O3 increases the
phase transformation temperature of �-Fe2O3 to �-Fe2O3 to 600 ◦C,
though this phase transition would normally occur at ≈400 ◦C [4].
This increase of phase transition temperature (i.e. the stabiliza-
tion of �-Fe2O3) causes enhancement of �-Fe2O3 content in their
samples and increased the sample magnetization, thus, the addi-
tion of Al2O3 to Fe2O3 influences the magnetic property of these
Fe2O3–Al2O3 compounds. It is also clear that the samples in the
Fe-rich region containing high �-Fe2O3 contents and showing high
Ms values have the advantage of facilitating magnetic separation
of the absorbent from solution at the completion of the adsorption
process.

4. Conclusion

Fe2O3–Al2O3 compounds of different Fe/(Fe + Al) molar ratios
were prepared by a gel evaporation (GE) method and calcined at
300–1000 ◦C in air. Their simultaneous uptake abilities for Ni2+,
NH4

+ and H2PO4
− were examined and the effect of alumina on the

phases formed, adsorption abilities and magnetic properties was
also determined, with the following results:

1. The as-synthesized samples were amorphous, but crystallized on
heating at 300–600 ◦C. The addition of Al2O3 to Fe2O3 suppresses
this crystallization and retards the thermal transformation of �-
Fe2O3 to �-Fe2O3. The lattice parameter values suggest that Al3+

is incorporated into these phases up to about 15 mol.% in �-Fe2O3

and 14 mol.% in �-Fe2O3.

2. The uptake ability of the samples depends on both the Fe/(Fe + Al)
molar composition and calcination temperature and improves
with the crystallinity of the �-Fe2O3 phase. The 80 mol.% Fe2O3
samples calcined at 500 and 600 ◦C show the best simultane-
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ous uptake of Ni2+, NH4
+ and H2PO4

−, illustrating the effect of
incorporating Al2O3 into Fe2O3.

. The magnetic properties of the samples improve with the addi-
tion of Al2O3, which increases the �-Fe2O3 content. Samples with
good magnetic properties have the advantage of allowing mag-
netic separation of contaminated adsorbents from solution after
uptake.

. Since the present materials are consisted of ubiquitous and
harmless components and show excellent properties for simul-
taneous uptake of various harmful ions, they are considered to
be a good candidate material for removing harmful cations and
anions simultaneously from water environments.
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