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To remove arsenite (As(III)) fromwastewater effectively, the catalytic oxidation of As(III) to arsenate (As(V)) and

As(V) precipitation with iron ions (Fe(III)) was investigated. The Pt/SiO2 catalyst functioned as a reaction site

for As(III) with oxygen in the atmosphere. The combination of the Pt/SiO2 catalyst and Fe(III) precipitant

improved the removal of As(III) in the precipitate; Pt/SiO2 worked as both an As(III) oxidation site and

precipitation site with Fe(III) precipitant.
1. Introduction

Arsenic which has various oxidation states is highly toxic to
humans, and its removal is indispensable for maintaining
environmental safety.1–4 As arsenite (AsO2

�, As(III)) is difficult to
recover because of its high solubility in water, its removal
generally requires a pre-oxidation process to form arsenate
(AsO3

�, As(V)), which is easily recovered.1,5,6 To convert As(III) to
As(V) under mild conditions, catalytic oxidation is a promising
process, among which photocatalytic oxidation is the mildest
method because oxidants in the process are produced by
photoreaction without external addition.7–9 Although processes
without photocatalytic reactions have been reported, they
require strong oxidants such as ozone and chlorine, which pose
an environmental risk.10,11 As milder oxidation processes, bio-
logical oxidation12,13 and electrochemical removal14,15 have also
been reported; however, it is difficult to treat a large amount of
wastewater using these processes. Therefore, the development
of an alternative pre-oxidation process without strong oxidants
is necessary to maintain environmental safety.

We investigated the catalytic oxidation of As(III) in water to
As(V) using dissolved oxygen on a heterogeneous catalyst.
Oxygen is a mild oxidant without environmental risks, and it
can be used to treat a large amount of wastewater. We found
that a supported Pt catalyst (Pt/SiO2) can activate oxygen to react
with As(III) in water.16 To develop a catalytic oxidative method for
effective As removal, we investigated the combined effect of Pt/
SiO2 with Fe(III), which is one of the precipitants for As
removal.2,17 It is important for a practical utilization to simplify
the process by the combination of the precipitant. In this study,
the As precipitation behaviour with the Fe(III) precipitant and
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the catalytic performance of the Pt/SiO2 catalyst at various
temperatures were conrmed, and the combination of Pt/SiO2

and Fe(III) for effective As(III) removal was evaluated.
2. Experimental
2.1. Catalyst preparation

According to our previous research,16 a Pt catalyst supported on
SiO2 (Pt/SiO2) was prepared using an impregnation method.
Silica (CARiACT Q-50, Fuji Silysia Chemical Ltd) was suspended
in distilled water containing Pt(NH3)2(NO2)2 (Tanaka Kikinzoku
Kogyo K. K.) as a metal precursor. Aer evaporating water at
80 �C, the obtained powder was reduced with 10% H2/N2 at
350 �C for 2 h. The metal content was 1 wt%, and the specic
metallic surface area was 1.3 m2 gcat

�1, which was calculated
using the CO chemisorption technique (BELCAT-B,
MicrotracBEL).
2.2. As precipitation tests with Fe(III)

Arsenic precipitation tests without Pt/SiO2 were performed in
test tubes. An arsenic solution with a concentration of
20 mg L�1 was prepared using sodium arsenite (NaAsO2,
Aldrich) or sodium arsenate (NaAsO3, Aldrich), and hydrogen
chloride (HCl, Aldrich) was added to the solution to keep pH¼ 3
in all experiments. It is known that protons formed in As(III)
oxidation decrease pH of the solution,18,19 and we have
conrmed the change in pH (Fig. S1†). The temperature range
of precipitation was 30–70 �C, and the amount of Fe(III)
precipitant (FeCl3, Kanto Chemical) was in the range of Fe/As ¼
1–100. Aer 120 min from the addition of Fe(III), the solution
was ltered through a PTFE lter of 0.22 mm pore size PTFE
lter to remove the precipitate. The total concentration of
arsenic ions (As(III) + As(V)) in the ltered solution was analysed
using inductively coupled plasma optical emission spectrom-
etry (ICP-OES; ICPE-9820, Shimadzu). The As(V) concentration
was determined using the molybdenum blue method.16,20 The
RSC Adv., 2022, 12, 16843–16846 | 16843
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Fig. 2 Temperature dependency of the precipitation ratio of (a) As(III)
and (b) As(V) with Fe(III) precipitant. Initial As concentration: 20 mg L�1

and without stirring.
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absorbance of the coloured solution at 750 nm and 846 nm was
measured using a UV-vis spectrophotometer (UC-2400, Shi-
madzu). The amount of precipitate was calculated from the
difference in the concentration of the solution. In the case of Fe/
As ¼ 100, because the ICP peak of As (189 nm) overlapped with
that of the Fe satellite peak (192 nm), the total concentration of
As ions could not be determined.

2.3. As oxidative removal

Arsenite(III) oxidation tests were performed in a batch reactor
with a continuous air supply. An arsenite solution (100mL) with
a concentration of 30 mg L�1 was also prepared with NaAsO2

and HCl. Aer the temperature was increased to 30–70 �C, air
was supplied for 30 min to reach the saturation solubility of
oxygen, and then, 100 mg of the catalyst was added to the
solution. During the oxidation tests, air was continuously
supplied to the solution. The sampled solution was ltered
through a PTFE lter and analysed using ICP-OES and UV-vis
spectrophotometry. In a combined removal test of As(III)
oxidation and precipitation with Fe(III), Fe(III) precipitant with
Fe/As ¼ 10 was added to the solution before catalyst addition.
Aer the combined removal test, the residue was observed
using scanning electron microscopy (SEM; SU3500, Hitachi).

3. Results and discussion
3.1. As(III) and As(V) precipitation with Fe(III)

The precipitation tests of arsenite(III) and arsenate(V) without Pt/
SiO2 were performed at various temperatures to investigate the
precipitation behaviour of arsenic with the Fe(III) precipitant.
While the co-precipitation of As(V) with iron precipitates is
widely known,17,21–23 in this study, the difference in the precip-
itation behaviour between As(III) and As(V) was compared. Fig. 1
shows the conversion of As(III) to As(V) with various Fe(III)
concentrations, and Fig. 2 shows the As and Fe precipitation
ratios in Fig. 1. At low Fe/As molar ratios of 1 and 10, As(III) was
oxidized with Fe(III), and the As(III) conversion was almost the
same at these temperatures. However, the As(III) conversion
decreased at high temperatures in the case of excess Fe(III)
concentration of Fe/As ¼ 100. At high temperatures, Fe
precipitation was conrmed, as shown in Fig. 2; therefore, Fe(III)
Fig. 1 Temperature dependency of As(III) conversion to As(V) in the
precipitation test. Initial As concentration: 20 mg L�1 and without
stirring.

16844 | RSC Adv., 2022, 12, 16843–16846
did not work as the oxidant because of the formation of its
precipitate. The precipitation mechanism of As(III) with Fe(III)
has been reported. Fe(III) reacts with water at high temperatures
to form iron hydroxide, which then forms a co-precipitate with
arsenic ions.2,17 The precipitation behaviour of Fe(III) was
similar to that of As, as shown in Fig. 2, and we consider that the
same co-precipitation mechanism can be used in this study.

In the case of the As(III) precipitation, while the precipitation
proceeded from 50 �C, the precipitation ratio was only 3% at
70 �C. In contrast to the results of As(III) precipitation, the
precipitation ratio in the case of As(V) was over 10% at 60 �C, as
shown in Fig. 2(b). Because the precipitation ratio of Fe(III) was
almost the same, the formation of co-precipitation with As(V)
was superior to that with As(III), as previously reported;2,17 thus,
it was conrmed that the development of the conversion system
of As(III) to As(V) in the solution was indispensable for envi-
ronmental safety. However, when Fe(III) was added to the As(III)
solution, as shown in Fig. 1, Fe(III) worked as the oxidant at low
temperatures but did not work at high temperatures due to the
formation of its precipitate. Therefore, to develop a combinative
removal of As precipitates, a process that can oxidize As(III) to
As(V) effectively at high temperatures is necessary; thus, we
investigated the addition of a Pt/SiO2 catalyst to promote As(III)
oxidation with air.
3.2. As(III) oxidation on Pt/SiO2 catalyst

Fig. 3 shows As(III) conversion on the Pt/SiO2 catalyst with air at
various temperatures. The conversion increased as the increase
Fig. 3 Temperature dependency of As(III) oxidation on Pt/SiO2 cata-
lyst. Initial As(III) concentration: 30 mg L�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Combinative arsenite removal as precipitate via a pre-oxidation
on Pt/SiO2 and a precipitation with Fe(III) in one-pot at 30 �C and 70 �C.
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of the reaction temperature, and reached over 60% within
240 min at 70 �C. In our previous research,16 a 5 wt% Pt/SiO2

catalyst showed 100% of As(III) conversion within only 20 min at
80 �C with pure O2 ow. From the temperature dependency, the
conversion would not reach such the high conversion in the
conditions, therefore, O2 concentration was found to be an
important factor for high As(III) conversion on the Pt/SiO2

catalyst. Of note, we revealed that Pt/SiO2 can oxidize As(III) even
with air, which is the most practical gas for commercial utili-
zations. Therefore, the catalytic oxidation using Pt/SiO2 is
effective method for As(III) oxidation at 70 �C in subsequent to
the precipitation step with Fe(III) precipitant.

From the dependency, the apparent activation energy (Ea) of
As(III) oxidation on the Pt/SiO2 catalyst was calculated using the
Arrhenius plot with a differential kinetic analysis (Fig. S2†). The
apparent activation energy was approximately 30 kJ mol�1,
which was similar to that reported in our previous study using
a Pt/ZrO2 catalyst.16 Because the apparent activation energies in
other removal systems are 60 kJ mol�1 with sulte,24 46 kJ mol�1

with peroxydisulfate,25 and 53 kJ mol�1 with zero-valent iron
and persulfate,26 it was found that the Pt catalyst is effective for
As(III) oxidation over a wide temperature range. Please note that
the experiment was carried out under dilute conditions, and the
temperature dependency of dissolved oxygen was not consid-
ered in the calculation. The O2 concentration at 30 �C was
almost twice that at 70 �C, which is almost the same concen-
tration as that of arsenite in the solution (30 ppm). Therefore, it
was assumed that the actual activation energy was higher than
the calculated value of 30 kJ mol�1. Furthermore, the turnover
frequency (TOF), calculated using the metallic surface area
derived from CO chemisorption was 2.7 h�1 at 30 �C and 8.6 h�1

at 70 �C. Assuming that the arsenic concentration in wastewater
is 1 ppm, the liquid hourly space velocity (LHSV) calculated
from the TOF at 70 �C is approximately 6000 h�1 in wastewater
basis. The throughput in the photocatalytic process was calcu-
lated as 30 000 h�1.27 The removal performance was inferior to
these processes in maximum, but our catalytic process was
independent of environmental factors, such as weather and
climate. Therefore, it can be said that the process has a possi-
bility for the commercial utilization as the pre-oxidation
method of As(III) in water with air.
Fig. 5 SEM image and EDS mapping of precipitate in the sequential
removal test at 70 �C.
3.3. Combinative As(III) removal

Considering the results of the co-precipitation and catalytic
oxidation, a combinative As(III) removal of the oxidation and
precipitation was performed. Fig. 4 shows the As(III) conversion
at 30 and 70 �C in the combinative removal system. In the test at
30 �C, Fe(III) did not work as the precipitant but worked as the
oxidant, as mentioned in the previous section. While As(III) is
catalytically oxidized by oxygen in air, as shown in Fig. 3,
oxidation on the catalyst could not be observed in the presence
of Fe(III). It was considered that the Fe(III) ions in the solution
inhibited the adsorption of reactants onto the catalyst.

In contrast, the promotion of As(III) conversion and the
formation of As precipitate was achieved in the combinative
removal test at 70 �C. The As removal performance was higher
© 2022 The Author(s). Published by the Royal Society of Chemistry
than the conversion at each step (Fig. 2 and 3), indicating that
the synergetic effect between Pt/SiO2 and Fe(III) was conrmed
in the combined removal test. It is considered that the reason
for the improvement in the removal performance is not the shi
of the chemical equilibrium, but that Pt/SiO2 is responsible for
not only the reaction site but also the nucleation of the
precipitate. Electronmicroscopic observations of the residue, as
shown in Fig. 5, revealed that an Fe–As precipitate was formed
on Pt/SiO2. Syam Babu et al. reported an Fe–As precipitation
mechanism following formulas:28

3FeOOH + HAsO4
2� / (FeO)3AsO4 + H2O + 2OH� (1)

Fe3+ + H3AsO4 + 2H2O / FeAsO4$2H2O + 3H+ (2)

The Fe/As molar ratio of the precipitate determined from the
EDS spectrum was approximately 10, which was larger than the
stoichiometric ratio from eqn (1) and (2). The result revealed
that As ions were not formed the compound such as (FeO)3AsO4

shown in eqn (1), but removed by co-precipitation involved in Fe
precipitation.

To evaluate the stability of Pt/SiO2, the residue recovered
from the co-precipitation test was repeatedly used as the cata-
lyst of a cyclic test (Fig. 6). In the cyclic test, the recovery ratio of
the catalyst residue was almost 80% due to the loss in the
sampling and the ltration. Although the As(III) conversion
decreased due to the decrease of the catalyst weight, the cata-
lytic performance, which meant the amount of the As(III)
conversion per catalyst weight [mgAs gcat

�1], did not decrease as
RSC Adv., 2022, 12, 16843–16846 | 16845
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Fig. 6 Cyclic test of the As removal using the residue of the co-
precipitation test at 70 �C.
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show in Fig. 6. In addition, the performance of the As precipi-
tation did not decrease in the cyclic test, indicating that the
catalyst could be used repeatedly. It was found that Pt/SiO2 was
also responsible for the nucleation site of the precipitate, but
the precipitate did not remain strongly on Pt/SiO2 and the
residue could be used repeatedly as the catalyst. Therefore, the
combinative As(III) removal using Pt/SiO2 and Fe(III) signicantly
promoted the As removal performance due to the synergetic
effect of oxidation and precipitation.
4. Conclusions

The combination of As(III) oxidation and precipitation was
investigated to ensure the effective removal of As(III) from
wastewater using a Pt/SiO2 catalyst and an Fe(III) precipitant. As
precipitation with Fe(III) required a pre-oxidation step to form
As(V) and a high temperature of approximately 70 �C to form
Fe(III) precipitates. The Fe(III) also functioned as an oxidant for
As(III) even at a low temperature of 30 �C, whereas its oxidative
performance decreased at a high temperature of 70 �C. The
addition of the Pt/SiO2 catalyst promoted As(III) oxidation with
oxygen in air, and, a signicant improvement in As(III) removal
was achieved with the synergetic effect of the Pt/SiO2 catalyst
and the Fe(III) precipitant.
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