
A

i
n
a
i
o
c
b
p
©

K

1

t
s
p
h
s
i
a
s
m
f
f
o
t
e
[

0
d

Journal of Hazardous Materials 146 (2007) 328–333

Arsenic recovery from water containing arsenite and
arsenate ions by hydrothermal mineralization

Takeshi Itakura ∗, Ryo Sasai, Hideaki Itoh
Division of Environmental Science, EcoTopia Science Institute, Nagoya University, Furo-Cho, Chikusa-ku, Nagoya 464-8603, Japan

Received 24 October 2006; received in revised form 6 December 2006; accepted 7 December 2006
Available online 15 December 2006

bstract

Recovery of arsenic as precipitate of natural mineral from model wastewater containing various initial concentrations and oxidation states of
norganic arsenic oxoanions was investigated by hydrothermal mineralization treatment. The treatment is an earth-mimetic method to produce
atural minerals by hydrothermal treatment using Ca(OH)2 as a mineralizer. The treatment of model wastewater containing arsenate ion or mixed
queous solution of arsenate and arsenite ions by using Ca(OH)2 mineralizer and H2O2 oxidizer was found to precipitate arsenate apatite which
s a natural mineral containing high concentration of arsenic. The feature of this treatment was independent on the initial concentration and the
xidation state of arsenic regardless of mixed ratio of arsenate and arsenite ions. Arsenic concentration in the treated-water at the optimum treatment

onditions was 0.02 mg/dm3, when treated for the aqueous solution containing 1–2000 mg/dm3 of arsenate or arsenite ions. The precipitate obtained
y this treatment was a kind of natural mineral (Johnbaumite), which could be easily reused as resources of arsenic compounds. Therefore, the
resent hydrothermal mineralization treatment with the Ca(OH)2 mineralizer is an effective technique to recover arsenic from aqueous media.

2006 Elsevier B.V. All rights reserved.
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Introduction

Arsenic is one of the important resources for advanced elec-
ronic material production, and wastewaters containing arsenic
pecies are generated from petroleum refining plant or thermal
ower plant. However, they have extremely high toxicity against
uman health and the environment. Thus, the national effluent
tandard of Japan (NESJ) has been set at 0.1 mg/dm3, which
s the same as WHO guideline (the standard for environmental
nd drinking water is 0.01 mg/dm3). An appropriate treatment
hould be employed for such wastewater to attain the environ-
ental standard. Furthermore, arsenic is a common element

ound in the earth’s crust. It is naturally present in water in dif-
erent kinds of oxidation states and acid-base species depending
n the redox and pH conditions. Therefore, serious environmen-

al problems caused by arsenic pollution of groundwater have
merged in Asian countries such as Bangladesh, India and China
1,2].

∗ Corresponding author. Tel.: +81 52 789 5859; fax: +81 52 789 5859.
E-mail address: h041102d@mbox.nagoya-u.ac.jp (T. Itakura).
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mineralization

Several techniques to remove arsenic from aqueous media
ave been developed, for example, by adsorption [3–5], electro-
oagulation [6], membrane permeation [7,8] and biological
ethods [9,10]. Especially, the adsorption methods using

ron hydroxide or zero-valent irons were actively investigated
3–5,11–14]. These techniques have high ability to remove arse-
ate ion (AsVO4

3−) from aqueous media and they are used to
reat barely polluted aqueous media by arsenate ion. However,
dsorption techniques have problems such as: (1) removal effi-
iency of trivalent arsenic is low. The cause of this problem is that
he arsenite ion (AsIIIO3

3−) dissolved in aqueous media under
eutral pH does not have negative charge [5,7,14–16]; (2) the
pplicable concentration range is narrow; (3) arsenic in aqueous
edia cannot be reused as resources. Additionally, these tech-

iques generate mostly used adsorbents or collected residues
olluted by arsenic species, and they must be properly treated
gain as hazardous wastes. The other treatment methods such
s electro-coagulation and membrane methods can be reused as

rsenic resource. However, these techniques cannot apply for
rsenite ion, because it does not have negative charge. Thus, the
reatment methods described above cannot be applied to hardly
olluted wastewater or polluted by arsenite. Therefore, it is much

mailto:h041102d@mbox.nagoya-u.ac.jp
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xpected to develop a new technique to recover arsenic species
s reusable solid precipitates from aqueous media regardless of
ts concentration, oxidation number and ionic species in order to
void cross contamination of arsenic and resource circulation.

We investigated in the previous studies the precipitation
ecovery of arsenic from the aqueous system containing arsen-
te ion such as arsenate apatite (Ca5(AsVO4)3(OH)) by using
ydrothermal mineralization treatment with Ca(OH)2 mineral-
zer and H2O2 oxidizer [17]. This treatment is derived from
he earth-mimetic mineral precipitation phenomena caused by
he activity of magma in the presence of water [18,19]. It was
ound that the reaction between calcium hydroxide and arsenate
on, as shown in the following scheme, occurred only under the
ydrothermal conditions, which enabled us to recover arsenic as
recipitate from aqueous media.

AsO4
3− + 5Ca(OH)2 → Ca5(AsO4)3(OH) + 9OH−

In order to effectively precipitate arsenic from aqueous
olution containing arsenite ion, the addition of oxidizer was
ecessary to oxidize trivalent arsenite ion to pentavalent arsen-
te ion, because this enabled the formation of arsenate apatite
ith extremely low solubility in water. We expected from these

onsiderations that the hydrothermal mineralization treatment
or arsenic species would have a possibility to recover arsenic
s reusable natural mineral from aqueous media containing any
ind of arsenic compounds such as arsenate ion, mixture of
rsenate and arsenite ions and organoarsenics. In this study, we
nvestigated the precipitation recovery of arsenic from model
astewater containing various arsenate and/or arsenite ions by
sing hydrothermal mineralization treatment.

Experimental

.1 Hydrothermal treatment

Model wastewaters with 1–2000 mg/dm3 of arsenite and arse-
ate were prepared by dissolving As2O3 in 0.5 N NaOH solution
nd then neutralized by HCl, and by dissolving Na2HAsO4
n distilled and deionized water (Wako Pure Chemical Indus-
ries, Ltd.), respectively. These model wastewaters (30 ml) were
ealed in a pressure vessel lined with fluorocarbon resin together
ith mineralizer Ca(OH)2 (Kishida Reagents Chemicals, sur-

ace area: 12.6 m2/g), and in some cases, with H2O2 (Wako Pure
hemical Industries, Ltd.) added as oxidizer. In order to examine

he dependence of pH, some samples were added with 1–5 ml
f 5 M HCl and agitated more than 2 min. The pH of samples
as adjusted at 6–12. Hydrothermal treatments were carried out
y leaving the vessel in a dry oven for 2–24 h at a given tem-
erature in the range of 100–150 ◦C. After the hydrothermal
reatment, the vessels were cooled down in atmospheric air for
h. Precipitates were filtered and collected.

.2 Analysis
The precipitates were identified by X-ray diffraction (XRD:
IGAKU Rint-2500) using Cu K� radiation. The microstruc-

ural observation and qualitative element analysis of the

m
p
o
t

ig. 1. Dependence of concentration of As in the treated-water on the treatment
ime. As: 2000 mg/dm3, (�) 150 ◦C, (©) 100 ◦C.

recipitates were performed by scanning electron microscopy
SEM: JEOL JSM-T20) equipped with energy dispersive X-
ay spectrometry (EDS: JED-2140). Quantitative analysis of the
rsenate ion in solvent obtained after hydrothermal treatment
as carried out by molybdenum blue method [20]. In order to
etermine the total arsenic content in the solvent, oxidation of
rsenite ion by hydrothermal treatment was carried out at 200 ◦C
or 12 h in a solvent with concentrated HNO3 (0.2–10 ml of
reated-water).

Results and discussion

.1 Hydrothermal mineralization treatment for arsenate ion
ith Ca(OH)2 mineralizer

Fig. 1 shows the treatment time dependence of the arsenic
oncentration against the treatment time, when the initial con-
entration of AsV is 2000 mg/dm3 with the mineralizer of 0.18 g
a(OH)2, and the treatment temperatures are 100 and 150 ◦C.
he arsenic concentration reduced down to 1.8 mg/dm3 only by
ddition of Ca(OH)2 to the model wastewater, that is, before
he hydrothermal mineralization treatment. Fig. 2 shows the
RD patterns of the precipitates obtained before and after the

reatment at 100 ◦C. Diffraction peaks derived from arsenic com-
ound was not observed before the treatment (Fig. 2(a)). Thus,
t is supposed that decrease of arsenic concentration only by
ddition of Ca(OH)2 will be caused by the adsorption of the
rsenate ion to the hydroxyl group on the surface of Ca(OH)2.
ut, the residual arsenic concentration before the hydrothermal
ineralization is still higher than the value of NESJ. On the

ther hand, the arsenic content after hydrothermal mineraliza-
ion treatment for more than 16 h was 0.02 mg/dm3, which is
ower than the NESJ value. The diffraction peaks of arsenate
patite were observed after the treatment (Fig. 2(b) or (c)). In
ur previous study, the precipitation recovery of arsenic from

odel wastewater containing trivalent arsenite ion was com-

letely achieved by the addition of mineralizer Ca(OH)2 and
xidizer H2O2 in order to progress oxidation of arsenite ion
o arsenate ion. Therefore, the formation of arsenate apatite
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ig. 2. XRD patterns of the precipitates before (a) and after the treatment for
h (b) and 16 h (c) at 100 ◦C. (�) Ca(OH)2, (©) Ca5(AsO4)3(OH).

nables an effective recovery of arsenic because of its very
ow solubility in water (less than 0.2 mg As/100 dm3) [21,22].
owever, the residual arsenic concentration was lower than

he above value in equilibrium with water at normal condi-
ions. Thus, the solubility of arsenate apatite under hydrothermal
onditions will be lower than that at room temperature and
ressure, which promotes the crystal growth of the arsenate
patite. It was considered that the lower arsenic concentration
as maintained even during the cooling process because large

rystal sizes of arsenate apatite prevented re-dissolution into
ater.

.2 Treatment for model wastewater containing arsenate
nd arsenite ions with Ca(OH)2
The result of hydrothermal mineralization treatment against
odel wastewater is shown in Fig. 3, where a mixed aque-

us solution of arsenate (1000 mg/dm3) and arsenite ion
1000 mg/dm3) is treated at 100 ◦C with Ca(OH)2. The arsenic

ig. 3. Dependence of concentration of As in the treated-water on the treatment
ime. As(III): 1000 mg/dm3, As(V): 1000 mg/dm3, Ca(OH)2: 0.36 g, 100 ◦C.
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ontent decreased before the treatment (only by addition of
a(OH)2), though it was higher than that of model wastew-
ter containing arsenate ion only. Additionally, majority of
rsenic species in the model wastewater before the hydrother-
al treatment was found arsenate ion by detailed analysis. The

ormation of Ca5(AsIIIO3)3(OH) 4H2O occurred only by addi-
ion of Ca(OH)2, as described in our previous study. Thus,
dsorption site of arsenate ion would be decreased due to the
ormation of Ca5(AsIIIO3)3(OH) 4H2O and the consumption of
a(OH)2. In contrast, the arsenic species in the model wastew-
ter after the treatment were arsenite ion. By performing the
ydrothermal treatment, arsenic concentration draws a con-
ave curve against the treatment time and the minimum value
f arsenic was 0.3 mg/dm3 when treated for 12 h. The ten-
ency of the variation of arsenic concentration in treated-water
s same as the treatment for the model wastewater contain-
ng arsenite ion only, as shown in our previous study [17].
RD patterns of the precipitates after the treatment showed
iffraction peaks derived from arsenic compounds of arsen-
te apatite and Ca5(AsIIIO3)3(OH) 4H2O. Thus, arsenate ions
ere precipitated as arsenate apatite by hydrothermal miner-

lization treatment as shown above. But, partial arsenite ions
ere still in the water because of the nature of precipitate

Ca5(AsIIIO3)3(OH) 4H2O) formed by this treatment. The sol-
bilities of Ca5(AsIIIO3)3(OH) 4H2O and Ca5(AsIIIO3)3(OH)
n water, were 13.79 and 29.10 mg As/100 dm3, respectively,
ccording to a simple solubility test. These values are higher than
hat of arsenate apatite. As we already reported, the crystal water
f (Ca5(AsIIIO3)3(OH) 4H2O) was eliminated by a prolonged
ydrothermal treatment. Therefore, the increase in residual As
t more than 12 h in Fig 3 would be caused by the removal of
rystal water from Ca5(AsO3)3(OH) 4H2O and the formation
f Ca5(AsO3)3(OH) which has higher solubility in water than
a5(AsO3)3(OH) 4H2O. Therefore, it is expected that oxidation

reatment of arsenite ion enables effective recovery of arsenic
pecies finally to form Ca5(AsO4)3(OH).

.3 Treatment for model wastewater containing arsenate
nd arsenite ions with Ca(OH)2 mineralizer and H2O2

xidizer

Fig. 4 shows the result of the hydrothermal treatment with
a(OH)2 and 3% H2O2 against the model wastewater containing
000 mg/dm3 of arsenate ion. Arsenic concentration before the
reatment was much higher than that without H2O2. XRD anal-
sis of the precipitate before the treatment showed diffraction
eaks derive from CaO2 only (figure is not shown). This result
ndicates that the oxidation of Ca(OH)2 occurred by addition of

2O2. The cause of decrease the arsenic concentration before the
reatment is adsorption of As to the hydroxyl group of Ca(OH)2.
hus, the formation of CaO2 from Ca(OH)2 would bring about

he desorption of arsenate ion that adsorbed on the surface of
a(OH)2. On the other hand, arsenic concentration in the treated-

ater treated for more than 12 h was very low (0.02 mg/dm3)
hich was the same value of the treatment without H2O2.
herefore, the addition of H2O2 is not an interfering factor to

orm arsenate apatite from aqueous media containing arsenate
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Fig. 4. Dependence of concentration of As in the treated-water on the treatment
time. As(V): 2000 mg/dm3, Ca(OH)2: 0.36 g, H2O2: 3%, 100 ◦C.
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ig. 5. Dependence of concentration of As in the treated-water on the treatment
ime. As(III): 1000 mg/dm3, As(V): 1000 mg/dm3, Ca(OH)2: 0.36 g, H2O2: 3%,
00 ◦C.
on. The treatment time dependence of arsenic treated for the
ixed aqueous solution of arsenite (1000 mg/dm3) and arsenate

1000 mg/dm3) ions on the treatment time with Ca(OH)2 and
% H2O2 is shown in Fig. 5. Arsenic concentration decreased

a
o
c
m

ig. 6. XPS spectra (left figure, vertical lines of left side and right side mean the bindi
f the precipitates before (a) and after the treatment for 4 h (b) and 12 h (c) As(III): 1
a(OH)2, (©) Ca5(AsO4)3(OH), (�) Ca5(AsO3)3(OH)·4H2O.
ig. 7. Dependence of concentration of As in the treated-water on the initial
oncentration of As. As(III):As(V) = 1:1, H2O2 3%, 100 ◦C for 12 h.

ith an increase of treatment time and it was 0.02 mg/dm3 at
ptimum treatment time (12–16 h). Thus, it was found that the
ydrothermal mineralization treatment with Ca(OH)2 and H2O2
nabled effective recovery of arsenic regardless of the model
astewater containing both arsenite and arsenate ions. Fig. 6

hows the XPS spectra of As 3d orbital and XRD patterns of
he precipitates before and after the treatment. The data indicate
hat the valence state change of arsenic species from three to five
ccurs at 4–12 h and the precipitate of the treatment after 12 h
s a single-phase of arsenate apatite. Thus, the treatment with
xidizer H2O2 immediately oxidizes arsenite ion to arsenate ion
nd forms arsenate apatite. The low solubility of arsenate apatite
as found to cause effective recovery of arsenic species from
odel wastewater.
Fig. 7 shows the initial arsenic concentration dependence on

he final arsenic concentration after the treatment time of 12 h
ith added Ca(OH)2 and H2O2. This result indicates that the
rsenic concentration below NESJ value is attained regardless
f the initial concentration of arsenic species, because the final
oncentration is responsible for only the solubility of formed
inerals.

ng energies of As(III) and As(V), respectively) and XRD patterns (right figure)
000 mg/dm3, As(V): 1000 mg/dm3, Ca(OH)2: 0.36 g, H2O2: 3%, 100 ◦C. (�)
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ite ions by hydrothermal mineralization, Chem. Lett. 11 (2006) 1270–
ig. 8. Dependence of the concentration of As in the treated-water on the amount
f added Ca(OH)2. As(III): 1000 mg/dm3, As(V): 1000 mg/dm3, H2O2 3%,
00 ◦C for 12 h.

.4 Effects of pH and added amount of Ca(OH)2

The pH of the treated-water was 13 at any treatment condition,
ecause it is saturated with Ca(OH)2. The dependence of pH was
nvestigated in the range of 6–12, controlled by addition of HCl
o the model wastewater containing 2000 mg/dm3 of arsenate
on. Arsenic concentration in the treated-water increased with
decrease of pH. Especially, in the treatment at pH 6, arsenic

ontent in treated-water was 2000 mg/dm3, which was the same
alue before the treatment. This result suggests that the exis-
ence of precipitated Ca(OH)2 is essential in order to mineralize
rsenic species under hydrothermal conditions. Fig. 8 shows
he As concentration dependence on the amount of Ca(OH)2
dded for 30 ml of model wastewater containing 1000 mg/dm3

f arsenite and 1000 mg/dm3 of arsenate ions along with 3%
2O2. More than 0.36 g addition is required in order to meet

he NESJ value. This amount of Ca(OH)2 added is higher than
he stoichiometric amount to form Ca5(AsO4)3(OH). More-
ver, the concentration of Ca2+ in the solution and pH does
ot change at any amount of Ca(OH)2 in Fig. 8, because the
olubility of Ca(OH)2 is low (0.056 g/30 dm3 H2O at 0 ◦C,
.023 g/30 dm3 at 100 ◦C). These results suggest that the for-
ation of arsenate apatite occurs by heterogeneous nucleation

n the surface of Ca(OH)2 under the hydrothermal conditions.
herefore, the increase of the amount of added Ca(OH)2 means

he increase of surface area of Ca(OH)2 precipitates, that is,
he accommodation sites for deposition of Ca5(AsO4)3(OH)

icrocrystals.

Conclusions

We have demonstrated the precipitation and recovery
echnique of arsenate and arsenite ions by hydrothermal mineral-

zation, which imitates the natural mechanism to form insoluble
inerals in the crust. The hydrothermal mineralization treatment
ith Ca(OH)2 precipitates arsenate ions effectively as reusable

rsenate apatite mineral (Ca5(AsO4)3(OH)). The arsenic con-

[

s Materials 146 (2007) 328–333

entration of the treated-water was approximately 0.02 mg/dm3

egardless of its initial concentration, but it depended on only
he solubility of Ca5(AsO4)3(OH). In order to precipitate arsenic
rom mixed solution of arsenate and arsenite ions, simulta-
eous treatment with mineralization and oxidation by using
2O2 oxidizer was found effective. Formation of arsenate apatite
as carried out by heterogeneous nucleation. Therefore, the
recipitation of Ca(OH)2 was essential to recover arsenic com-
ounds from aqueous media by hydrothermal mineralization
reatment.
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