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A novel method for the removal of inorganic arsenic(III) (As(III)), monomethylarsonate (MMA), and dimethylarsinate (DMA) from a
edia, was proposed and investigated. This method involves the combined use of TiO2-photocatalyst and an adsorbent, which has a
bility of As(V) adsorption, under photo-irradiation. When an aqueous solution of As(III) was stirred and irradiated by sunlight or xe

n the presence of TiO2 suspension, the oxidation of As(III) into As(V) was effectively attained. By use of the same photocatalytic re
MA and DMA were also degraded into As(V), while the total organic carbon (TOC) in the aqueous phase was decreased. When

olution of As(III) was stirred with a mixed suspension of TiO2 and an adsorbent for As(V) (activated alumina) under sunlight irradiatio
rsenic removal reached 89% after 24 h. By use of the same photocatalyst–adsorbent system, 98% of MMA and 97% of DMA wer
he mechanism of the removal of arsenic species by the photocatalyst–adsorbent system was discussed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Arsenic is a carcinogen and a toxic element for humans
1] and other living organisms[2]. Arsenic is present in nat-
ral waters in both inorganic and organic forms. The most
ommon form of inorganic arsenic in surface water is arsen-
te (As(V)), while under highly reducing conditions, such as
naerobic ground waters, arsenic may form reduced arsenite
As(III)) forms [3]. The toxicity of As(III) is much higher
han that of As(V).

Although the inorganic species are predominant in natu-
al waters, the presence of organoarsenic compounds, such as
onomethylarsonate (MMA) and dimethylarsinate (DMA),
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has been reported. Considerably high concentrations of D
were observed in Mexico[4] and Taiwan[5], while 10–24%
of arsenic species detected in lake water and groundwa
some places in USA were methylated species[6,7]. Further
various organoarsenic compounds, such as MMA, D
and phenylarsonic acid derivatives, are used in agricu
in USA, and these compounds may contaminate agricu
wastewaters[8,9].

It has been thought that organoarsenic compound
much less toxic than inorganic species. However, recent
ies have demonstrated the carcinogenic ability of me
lated arsenic compounds, especially DMA[10,11]. Also,
the methylated species of trivalent arsenic, which is li
to produce during the metabolism of MMA and DMA, a
equally or more toxic than As(III) in terms of cytotoxic effe
[12].
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Fig. 1. Arsenic compounds used in this study (acid-forms are shown).

For inorganic arsenic compounds, especially As(V), there
have been many studies about the removal from aqueous me-
dia; coprecipitation and adsorption are mainly used[13–15].
Compared to As(V), the removal efficiency of As(III) by use
of those separation methods is inadequate[16], while those
of MMA and DMA are also insufficient[17,18]. Therefore,
the oxidation of As(III) into As(V) by use of oxidants, such as
MnO2 [19], H2O2 [20], O3 [21], and Fenton reagent[22], has
been attempted for the improvement of removal efficiency.
The photocatalytic oxidation of As(III) using TiO2 was re-
ported[23–25], while we briefly mentioned the application
of the photocatalytic reaction to the degradation of DMA into
As(V) in our previous paper[26]. Also, the photochemical
degradation of organoarsenic compounds has been studied
on the purpose of analytical procedure[27,28]. However, to
our knowledge, the combined use of photocatalyst and an ad-
sorbent has not yet been attempted for the removal of arsenic
species.

In the present work, we proposed and investigated the
photocatalyst–adsorbent system for the removal of As(III),
MMA, and DMA from aqueous media. Aqueous solutions
of As(III), MMA, and DMA in the presence of TiO2 and an
adsorbent, such as activated alumina, were stirred and irra-
diated by sunlight. The effectiveness of this removal system
was discussed. The structures of As(III), As(V), MMA, and
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formed July–October under cloudless sky on the roof of
the Department of Bioengineering (Kagoshima University,
Japan, 31◦N). The intensity of UV-A light in the range of
310–390 nm at the reaction vessel measured by an actinome-
ter (UIT-150, Ushio Inc., Tokyo, Japan) was 17–57 W/m2.
The temperature at the reaction vessel was 27–34◦C. For
comparison, the irradiation by a 500 W xenon lamp (USH-
500D, Ushio Inc.) without filter was performed; the intensity
of UV-A light was ca. 50 W/m2. At given irradiation time
intervals, 3-mL aliquots were collected and centrifuged to
remove the suspended particulates, and the supernatant was
analyzed.

For the photocatalyst–adsorbent system, a proper amount
of an adsorbent (AA or AC) was further added to make
a mixed suspension of TiO2 and the adsorbent, and
the irradiation was performed. Analysis of the super-
natant separated was similarly done. For all cases of the
photocatalyst–adsorbent systems, the final pH values in the
reaction mixtures were 6.5–7.5; under the pH conditions the
adsorption of As(V) onto AA and AC was reported to effec-
tively proceed[13].

2.3. Fractional determination of arsenic species

The fractional determination of arsenic species in the
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MA are shown inFig. 1.

. Materials and methods

.1. Chemicals

Sodium arsenate (Na2HAsO4·7H2O), sodium arsenit
NaAsO2), dimethylarsinic acid, titanium dioxide (TiO2:
natase-type), activated alumina (AA), and activated ca
AC) were purchased from Wako Pure Chemical Indus
Osaka, Japan). The average diameters of TiO2, AA, and
C were 1.0�m, 75�m, and 3.5 mm, respectively, wh

he specific surface areas of those materials were 13,
nd 950 m2/g, respectively. Methylarsonic acid was obtai

rom Tri Chemical Laboratories Inc. (Yamanashi, Japan

.2. Photocatalytic reaction and adsorption

Aqueous TiO2 suspension was prepared by adding 0.
f TiO2 powder to a Pyrex round-bottomed flask with 10 m
s/L of arsenic compound solution (100 mL). The fl
as irradiated by sunlight, while the suspension was st
ith a magnetic stirrer. The sunlight irradiation was p
eaction mixture was carried out by an off-line comb
ion of high-performance liquid chromatography (HPL
nd graphite furnace atomic absorption spectrophot

ry (GFAAS) as reported in our previous paper[26]. The
PLC was performed with a Shimadzu LC-6A pu
quipped with a Hamilton PRP-X100 anion-exchange
mn (150 mm× 5.0 mm). For the separation of As(III) a
s(V), a buffered aqueous solution containing 30 mM am
ium carbonate (pH 8.0) was used, while 15 mM ammon
arbonate solution (pH 8.5) was used when MMA, DMA,
s(V) were separated. The eluent was collected at a fixe

erval by a fraction collector. The arsenic concentratio
ach fraction was determined by a GFAAS instrument (
on Jarrel Ash AA-890 spectrometer with FLA-1000 flam

ess atomizer unit). The determination of total arsenic
entration was also performed by the GFAAS instrumen

When the photocatalytic degradations of MMA and DM
ere performed, total organic carbon (TOC) in the aqu
hase of reaction mixture was measured using an auto
OC analyzer (Shimadzu TOC-V CSH).

. Results and discussion

.1. Photocatalytic oxidation of As(III) into As(V)

To examine the validity of the TiO2 photocatalytic oxi
ation of As(III), a set of experiments were performed.
queous solution of 10 mg-As/L As(III) was irradiated
unlight in the presence of 1.0 g/L TiO2 suspension. As show

n Fig. 2, the oxidation of As(III) into As(V) was effective
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Fig. 2. Photocatalytic oxidation of As(III) under sunlight irradiation (10 mg-
As/L As(III), 1.0 g/L TiO2). C andC0 denote the concentration (mg-As/L)
of arsenic species in the aqueous phase at each reaction time and that initially
added, respectively.

achieved after 6 h of reaction. Considering the mass balance
of arsenic in the reaction, some portion of arsenic initially
added was lost, probably due to the adsorption onto TiO2
surface. Bissen et al.[24] reported that the adsorption of ar-
senic onto TiO2 occurred in a similar photocatalytic reaction.
When the photocatalytic reaction was carried out under dark
conditions or without TiO2, almost no oxidation of As(III)
took place, suggesting that the oxidation of As(III) into As(V)
is caused by the photocatalytic reaction for which both the
photo-irradiation and the existence of TiO2-photocatalyst are
needed.

For comparison, the photo-irradiation was artificially con-
ducted by a xenon lamp. As indicated inFig. 3, almost similar
oxidation profile to that for sunlight irradiation was obtained.
Therefore, it is proved that the photocatalytic oxidation of
As(III) into As(V) by sunlight irradiation is as effective as
that for the artificial irradiation.

3.2. Adsorption of As(V) and As(III) by adsorbents

The adsorption of inorganic arsenic species, As(V) and
As(III), were tested by use of two general adsorbents, AA

F tion
(
F

Fig. 4. Adsorption of As(III) and As(V) by two adsorbents (10 mg-As/L
As(III) or As(V), 1.0 g/L adsorbent).

and AC. The results are presented inFig. 4. When an aque-
ous solution of 10 mg-As/L As(V) was stirred with 1.0 g/L
AA, the adsorption of As(V) favorably occurred and reached
97% removal after 7 h of reaction. However, the adsorption
of As(III) was not effective and only 18% removal was at-
tained even after 25 h. The use of AC instead of AA resulted
in a little decrease in the removal efficiency for both As(V)
and As(III). Consequently, the adsorption of As(III) is much
inferior to that of As(V) when AA and AC are used as an
adsorbent.

3.3. Removal of As(III) by photocatalyst–adsorbent
system

The removal of As(III) was attempted by the combined
use of TiO2-photocatalyst and an adsorbent. As shown in
Fig. 5, when an aqueous solution of 10 mg-As/L As(III)
was stirred in the presence of both 1.0 g/L TiO2 and 1.0 g/L
AA under sunlight irradiation, the arsenic removal increased
with time and reached 89% after 24 h. When the same
photocatalyst–adsorbent system was carried out without the
irradiation, the arsenic removal was greatly retarded, which
was comparable to that in the case of As(III)–AA inFig. 4.
These results suggest that the photocatalytic oxidation of

F er
s .
ig. 3. Photocatalytic oxidation of As(III) under xenon lamp irradia
10 mg-As/L As(III), 1.0 g/L TiO2). The explanation ofC andC0 is seen in
ig. 2.
ig. 5. Removal of As(III) by the combined use of TiO2 and adsorbent und
unlight irradiation (10 mg-As/L As(III), 1.0 g/L TiO2, 1.0 g/L adsorbent)
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Fig. 6. Photocatalytic degradation of MMA under sunlight irradiation
(10 mg-As/L MMA, 1.0 g/L TiO2). The explanation ofC andC0 is seen
in Fig. 2.

As(III) occurs and the resulting As(V) produced is adsorbed
by AA. Compared with the simple adsorption of As(V) by
AA, the photocatalyst–AA system provided a low removal
rate. This result indicates that the oxidation of As(III) is the
rate-determining step in the photocatalyst–AA system. The
use of AC instead of AA leads to a little decrease in the ar-
senic removal, which may be ascribed to the relatively low
As(V) adsoption ability of AC.

3.4. Photocatalytic degradation of MMA and DMA into
As(V)

The photocatalytic degradation of MMA and DMA was
examined, and the results for MMA and DMA are seen in
Figs. 6 and 7, respectively. When an aqueous solution of
10 mg-As/L MMA was stirred with 1.0 g/L TiO2 under sun-
light irradiation, the concentration of MMA was decreased
with irradiation time and reached 20% of the initial concen-
tration after 9 h, while the almost comparable concentration
of As(V) was increased, considering the adsorption of As(V)
onto TiO2.

When the same photocatalytic reaction was performed for
DMA, the concentration of DMA was decreased and reached

F tion
(
i

4% of the initial amount after 9 h (Fig. 7). On the other hand,
the concentration of MMA somewhat increased, then de-
creased, while that of As(V) greatly increased. For all of the
sampling time points inFig. 7, the mass balance of arsenic
was almost satisfied considering the adsorption, suggesting
that the degradation of DMA produces As(V) through the in-
termediate of MMA, and there are no notable side reactions.

When the photocatalytic degradation of MMA was per-
formed, the TOC in the aqueous phase was measured. The ini-
tial TOC value was 1.5 mg/L, which is comparable to that cal-
culated from the concentration of MMA initially added. The
TOC in the aqueous phase after 9 h reaction was 0.3 mg/L,
which is also comparable to that calculated from the con-
centration of MMA unreacted. This result suggests that the
organic portion of MMA is probably decomposed into CO2
by the TiO2 photocatalytic reaction, resulting in the produc-
tion of As(V).

In the photocatalytic reaction, conduction band electrons
(e−) and valence band holes (h+) will be generated on the
surface of TiO2 by the photo-irradiation:

TiO2 + hν → h+ + e− (1)

The holes (h+) may react with MMA to produce As(V)
and CO2, and/or react with OH− or H2O to give hydroxyl
radicals (•OH):

h

h

h
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ig. 7. Photocatalytic degradation of DMA under sunlight irradia
10 mg-As/L DMA, 1.0 g/L TiO2). The explanation ofC andC0 is seen
n Fig. 2.
+ + MMA → As(V) + CO2 (2)

+ + OH− → •OH + H+ (3)

+ + H2O → •OH + H+ (4)

The hydroxyl radical also reacts with MMA:

OH + MMA → As(V) + CO2 (5)

The electrons (e−) generated may react with oxidan
uch as dissolved oxygen, in the aqueous phase:

− + O2 → •O2
− (6)

The measurement of TOC for the photocatalytic de
ation of DMA was also carried out, and a similar re

ig. 8. Removal of MMA by the combined use of TiO2 and AA unde
unlight irradiation (10 mg-As/L MMA, 1.0 g/L AA, 1.0 or 0 g/L TiO2).
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Fig. 9. Removal of DMA by the combined use of TiO2 and AA under sun-
light irradiation (10 mg-As/L DMA, 1.0 g/L AA, 1.0 or 0 g/L TiO2).

was obtained; the decrease of TOC was comparable to the
concentration of DMA degraded. This result suggests that
the degradation mechanism of DMA is similar to that of
MMA.

3.5. Removal of MMA and DMA by
photocatalyst–adsorbent system

As shown inFig. 8, when an aqueous solution of 10 mg-
As/L MMA was stirred in the presence of both 1.0 g/L
TiO2 and 1.0 g/L AA under sunlight irradiation, the arsenic
removal increased with time and reached 98% of the initial
amount after 15 h of reaction. When the same system was
carried out in the absence of TiO2, the arsenic removal was
considerably decreased; however, still notable removal of
MMA occurred. It appears that MMA itself is adsorbed by
AA, although the adsorption of MMA is much inferior to
that of As(V).

Also, the removal of DMA was conducted by use of the
photocatalyst–adsorbent system, and the results are shown
in Fig. 9. In the combined system, in which TiO2 and AA
were present, almost all of arsenic was removed, whereas
the absence of TiO2 led to a great reduction in the arsenic
removal. It is anticipated that DMA itself is hard to adsorb

F or the
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T

Fig. 11. Concentration of arsenic species in the combined system for the re-
moval of DMA under sunlight irradiation (10 mg-As/L DMA, 1.0 g/L TiO2,
1.0 g/L AA). The explanation ofC andC0 is seen inFig. 2.

by AA, so that the arsenic removal is much smaller than that
for MMA, when TiO2 is absent.

Figs. 10 and 11show the concentration of arsenic species
in the combined system for the removal of MMA and DMA,
respectively. The degradation products (As(V) for the MMA
degradation, and MMA and As(V) for the DMA degradation)
were detected during the arsenic removal by the combined
system. Therefore, it is concluded that the removal of MMA
and DMA from aqueous media can be effectively attained by
the combined use of TiO2–photocatalyst and an adsorbent
under sunlight irradiation, and the removal proceeds through
the degradation of MMA and DMA, and the resulting prod-
ucts are adsorbed by the adsorbent.

4. Conclusions

The removal of As(III), MMA, and DMA from aque-
ous media was attempted by the combined use of TiO2-
photocatalyst and an adsorbent under photo-irradiation. It
was proved that the arsenic species, which are hard to remove
by use of ordinary adsorbents, could be effectively removed
by the present photocatalyst–adsorbent system. The recycle
use of adsorbent, such as AA, for the As(V) removal has
been well-studied[14], and therefore it is hopefully possi-
b esent
s sys-
t s of
t in the
r sfully
a ssi-
b rea
o ther
e

R

p-
the
ig. 10. Concentration of arsenic species in the combined system f
emoval of MMA under sunlight irradiation (10 mg-As/L MMA, 1.0 g
iO2, 1.0 g/L AA). The explanation ofC andC0 is seen inFig. 2.
le to attain the recycle use of adsorbent also in the pr
ystem, which will lead to practical use of the present
em. The aim of this study is to prove the effectivenes
he combined use of a photocatalyst and an adsorbent
emoval of hazardous materials, and it has been succes
ttained. Obviously, the novel concept will offer a new po
ility in the application of photocatalytic reaction to the a
f environmental clean-up, which certainly deserves fur
xploration.

eferences

[1] IARC, Arsenic. In: Overall Evaluations of Carcinogenicity: An U
dating of IARC Monographs, vol. 1–42, IARC Monographs on



80 T. Nakajima et al. / Journal of Hazardous Materials B120 (2005) 75–80

Evaluation of Carcinogenic Risks to Humans, (Suppl. 7), Interna-
tional Agency for Research on Cancer, Lyon, France, 1987, pp.
100–106.

[2] J. Huff, P. Chan, A. Nyska, Toxicol. Sci. 55 (2000) 17.
[3] M.J. Kim, J. Nriagu, S. Haack, Environ. Pollut. 120 (2002) 379.
[4] L.M. Del Razo, M.A. Arellano, M.E. Cebrian, Environ. Pollut. 64

(1990) 143.
[5] S.L. Chen, S.J. Yeh, M.H. Yang, T.H. Lin, Biol. Trace Elem. Res.

48 (1995) 263.
[6] L.C.D. Anderson, K.D. Bruland, Environ. Sci. Technol. 25 (1991)

420.
[7] K. Banerjee, R.P. Helwick, S. Gupta, Environ. Prog. 18 (1999) 280.
[8] A.J. Bednar, J.R. Garbarino, J.F. Ranville, T.R. Wildeman, J. Agric.

Food Chem. 50 (2002) 7340.
[9] A.J. Bednar, J.R. Garbarino, I. Ferrer, D.W. Rutherford, R.L. Wer-

shaw, J.F. Ranville, T.R. Wildeman, Sci. Total Environ. 302 (2003)
237.

[10] K. Yamanaka, F. Takabayashi, M. Mizoi, Y. An, A. Hasegawa, S.
Okada, Biochem. Biophys. Res. Commun. 287 (2001) 66.

[11] E.I. Salim, H. Wanibuchi, K. Morimura, M. Wei, M. Mitsuhashi, K.
Yoshida, G. Endo, S. Fukushima, Carcinogenesis 24 (2003) 335.

[12] G.Q. Chen, L. Zhou, M. Styblo, F. Walton, Y.K. Jing, R. Weinberg,
Z. Chen, S. Waxman, Cancer Res. 63 (2003) 1853.

[13] S.K. Gupta, K.Y. Chen, J. Water Pollut. Control Fed. 50 (1978)
493.

[14] M.R. Jekel, in: J.O. Nriagu (Ed.), Arsenic in Environment, Part I:
Cycling and Characterization, Wiley, New York, 1994, p. 119, Chap-
ter 6.

[15] T. Viraraghavan, K.S. Subramanian, J.A. Aruldoss, Water Sci. Tech-
nol. 40 (1999) 69.

[16] T.F. Lin, J.K. Wu, Water Res. 35 (2001) 2049.
[17] A. Ohki, K. Nakayachigo, K. Naka, S. Maeda, Appl. Organomet.

Chem. 10 (1996) 747.
[18] O.S. Thirunavukkarasu, T. Viraraghavan, K.S. Subramanian, S. Tan-

jore, Urban Water 4 (2002) 415.
[19] W. Driehaus, R. Seith, M. Jekel, Water Res. 29 (1995) 297.
[20] M. Pettine, F.J. Millero, Mar. Chem. 70 (2000) 223.
[21] M.J. Kim, J. Nriagu, Sci. Total Environ. 247 (2000) 71.
[22] M.V.B. Krishna, K. Chandrasekaran, D. Karunasagar, J. Arunchalam,

J. Hazard. Mater. 84 (2001) 229.
[23] H. Yang, W.Y. Lin, K. Rajeshwar, J. Photochem. Photobiol. A 123

(1999) 137.
[24] M. Bissen, M.M. Vieillard-Baron, A.J. Schindelin, F.H. Frimmel,

Chemosphere 44 (2001) 751.
[25] H. Lee, W. Choi, Environ. Sci. Technol. 36 (2002) 3872.
[26] S. Maeda, A. Ohki, T. Kawabata, M. Kishita, Appl. Organomet.

Chem. 13 (1999) 121.
[27] W.R. Cullen, M. Dodd, Appl. Organomet. Chem. 2 (1988) 1.
[28] C.I. Brockbank, G.E. Batley, G.K.-C. Low, Environ. Technol. Lett.

9 (1988) 1361.


	Combined use of photocatalyst and adsorbent for the removal of inorganic arsenic(III) and organoarsenic compounds from aqueous media
	Introduction
	Materials and methods
	Chemicals
	Photocatalytic reaction and adsorption
	Fractional determination of arsenic species

	Results and discussion
	Photocatalytic oxidation of As(III) into As(V)
	Adsorption of As(V) and As(III) by adsorbents
	Removal of As(III) by photocatalyst-adsorbent system
	Photocatalytic degradation of MMA and DMA into As(V)
	Removal of MMA and DMA by photocatalyst-adsorbent system

	Conclusions
	References


