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The photocatalytic oxidation of As(III) on
birnessite
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Birnessite is regarded as an efficient oxidizing agent that would significantly influence the
environmental fate of elements such as arsenic. This study compared the chemical and photocatalytic
oxidation of As(III) over birnessite. During the chemical oxidation, As(III) was oxidized to As(V), while
Mn(IV) was reduced to Mn(II), subsequently forming MnOOH. The coverage of the reactive sites by
MnOOH inhibited the chemical oxidation of residual As(III). At pH 5.0, after 360min of reaction, 61%of
As(III) was oxidized to As(V), and the oxidation of As(III) decreased with an increase in pH. The
photocatalytic oxidation of As(III), where almost all As(III) could be oxidized to As(V) over a pH range of
5.0–8.0 and360min,wasmuchmore efficient compared tochemical oxidation. In contrast to chemical
oxidation, the formation of MnOOH slightly affected the photocatalytic performance of birnessite. It
was demonstrated that •O2

− radicals and holes (hvb
+) played an important role in the photocatalytic

oxidation of As(III) over birnessite. Our findings confirmed that light dramatically promoted the
oxidation of As(III) by birnessite, broadening the understanding of the environmental behaviors of
arsenic.

Arsenic is a componentof over 245minerals in the crust of the earth, andhas
attracted considerable attention in recent years owing to its high toxicity and
carcinogenicity1–4. Arsenite and arsenate are the predominant inorganic
arsenic species in natural aqueous systems. Aqueous arsenite primarily
occurs as H2AsO3

− and H3AsO3, whereas arsenate primarily occurs as
H2AsO4

− and HAsO4
2− species in the environment5–7. Owing to the high

affinity betweenAs(III) and the sulfhydryl groups in proteins, the toxicity of
As(III) is approximately 25 to 60 times higher than that of As(V)1,8–10.
Furthermore, As(III) is poorly adsorbed by minerals compared to As(V),
consequently, it has greater mobility in the environment9,10. Therefore,
the environmental fate of As closely depends on its chemical state, and
the alteration of its chemical state in the environment should be among the
primary concerns. It has been reported thatAs(III) can be oxidized toAs(V)
by natural minerals or under certain oxidation conditions11–14. Therefore, it
is necessary to comprehensively consider the transformationof the chemical
state of As on the surface of natural minerals to better understand the
environmental behavior of arsenic.

Birnessite is widely distributed in soils, sediments, aquifers, oceans,
rivers, and lakes15, and plays a significant role in the natural environment
due to its redox properties16. Birnessite has been reported to oxidize Co(II),
Cr(III), V(IV), Pu(IV) and Se(IV) to their higher valences17–21, thereby

playing an important role in tuning the chemical state and, subsequently, the
behaviors of these elements in the natural environment. Therefore, the
oxidative nature of birnessite has attracted considerable attentions. Besides
the chemical oxidationability, it iswell known that birnessite has amoderate
bandgap (1.8–2.7 eV)22–25, and could induce strong redox reactions upon
light irradiation. Birnessite (based) photocatalysts have been widely applied
for the photocatalytic degradation ofCOoxidation26, organic pollutants27–30,
and water splitting25. However, as a naturally occurred semiconductor, its
photocatalytic activity in natural environment is sometimes ignored31.
Generally, semiconductor minerals would significantly influence the che-
mical states and species of adjacent elements and organic matter32,33, sub-
sequently alerting their environmental fate. It has been demonstrated that
As(III) is easily converted to As(V) on light-irradiated semiconductor
minerals such as TiO2, goethite, and ferrihydrite6,7,34,35. Shumlas et al.11

reported the enhanced oxidation of As(III) on birnessite under light.
However, the effects of natural semiconductors on arsenic environmental
behavior remains relatively lacking. Therefore, a comprehensive investiga-
tion on the chemical oxidation and photocatalytic oxidation of As(III) by
semiconductor minerals like birnessite is needed.

The objective of this study is to reveal the adjustment of the chemical
states of arsenic by birnessite. This study performs a detailed investigation of
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the chemical and photocatalytic oxidation of As(III) by birnessite, and
discusses the mechanisms of the oxidation of As(III). This is expected to
provide more insight into the geochemistry of As in the environment and
encourage further investigations of the light-assisted oxidation of As(III) by
semiconductor minerals.

Results and discussion
Chemical oxidation of As(III) on birnessite
Figure 1a depicts the chemical oxidation of As(III) by birnessite at different
pHunder dark conditions.Owing to the presence of structuralMn4+, which
has strong oxidative abilities, As(III) was gradually oxidized by birnessite to
produce As(V). In contrast, As(III) was barely converted to As(V) in the
absence of birnessite (Supplementary Fig. 1). It is noteworthy that the
oxidation of As(III) decreased after reaction period of approximately
360min, and almost no additional As(V) was produced. After reaction for
360min, ~72% of As(III) was converted to As(V) at pH 5.0. However, less
As(III) was oxidized at higher pH, and the oxidation rates of As(III) were
59% and 54% at pH 6.5 and 8.0, respectively. These phenomena could be
attributed to the formation of MnOOH on the birnessite surface during
reaction with As(III)11,36. The detailed reaction is as follows:

2MnO2 þ AsO3
3� þH2O ! 2MnOOHþ AsO4

3� ð1Þ

Owing to the formationofMnOOHon the surface, the reactive sites on
birnessite for oxidizing As(III) were covered. Therefore, the oxidation of

As(III) by birnessite decreased as the reaction progressed. It was reported
that the oxidation of As(III) by Mn(IV) produced Mn(II), which subse-
quently led to the generation of MnOOH37. Since these two processes were
facilitated at low pH36, more As(V) was generated at low pH. In addition,
Supplementary Fig. 2 showed that MnOOH would be more stable at high
pH, and the further oxidation of As(III) should be more difficult.

To demonstrate the passivation of birnessite surface by MnOOH, the
chemical states of Mn in birnessite before and after oxidizing As(III) were
compared. As shown in Supplementary Fig. 3, compared with raw birnes-
site, the binding energy of Mn 2p and 3 s shifted lower after eacting with
As(III), indicating the reduction of Mn(IV). The content of Mn(III)
obviously increased after reacting with As(III) (Supplementary Fig. 4). As
shown in Supplementary Fig. 5, after reaction with As(V), the Mn K-edge
shifted toward lower energy and located between MnOOH and birnessite,
indicating a decrease of the average Mn oxidation state38. The crystal
structures of the samples were obtained by XRD, as shown in Fig. 1b. The
peaks at 12.4° and 24.9° were assigned to the (001) and (002) facets of
birnessite, respectively. However, after reaction with As(III), an additional
peak appeared at 26.2°, which is the characteristic of the (11-1) facet of
manganite (MnOOH, PDF# 41-1379)36. Owing to the conversion of bir-
nessite to MnOOH, the crystallinity of birnessite decreased and led to the
broadening of the peaks. To further verify the formation ofmanganite,TEM
was employed to compare themorphology of the birnessite surface (Fig. 1c).
Themicrocosmic observation elucidates that more folds formed at the edge
of birnessite after oxidizing As(III), and many black spots with a size of
~1.5 nm could be observed on reacted birnessite. This indicates the for-
mation of new minerals. By further analyzing the high-resolution TEM

Fig. 1 | Interaction of As(III) with birnessite in
darkness. The chemical oxidation of As(III) by
birnessite at different pH (a); X-ray powder dif-
fraction (XRD) patterns of birnessite before and
after As(III) oxidation (b); Transmission electron
microscopy (TEM) and high-resolution TEM
(HRTEM) images of birnessite before and after
As(III) oxidation (c); UV-vis absorption spectra of
formed Mn(III)-PP species before and after As(III)
oxidation (d); and effects of pyrophosphate (PP) on
As(III) chemical oxidation by birnessite (e) Each
experiment was duplicated, and data are presented
as mean values ± standard deviations.

https://doi.org/10.1038/s41545-024-00316-7 Article

npj Clean Water |            (2024) 7:19 2



(HRTEM) images, it was found that the interference fringe spacing of the
newly formed mineral on the birnessite surface was 0.341 nm, which cor-
responded to the (11-1) plane of manganite. This was obviously different
from that observed on raw birnessite (0.256 nm, (200) plane). Together,
these results demonstrate the formation of MnOOH on the birnessite
surface after oxidizing As(III).

To verify the negative effect of MnOOH on the oxidation of As(III),
pyrophosphate (PP) was employed as a chelating agent for Mn(III) to
inhibit the formation of MnOOH on birnessite via the following
reaction36,39,40:

MnOOHþHP2O7
3� þ 3Hþ ¼ MnHP2O7 þ 2H2O ð2Þ

As shown in Fig. 1d, the characteristic absorption band of the Mn(III)-
PP complex at 480 nm41 increased upon increasing the reaction time with
As(III). This indicates that Mn(III) was released during the oxidation of
As(III) by birnessite. In contrast, a slight increase in the amount of released
Mn(III) was detected for raw birnessite, where Mn(III) mainly origins from
the defects in birnessite16. Further using birnessite to oxidizeAs(III)with high
concentration (50.0mg/L), the surface of birnessite was completely passi-
vated and theoxidationofAs(III) stoppedafter reaction for 120 h,where only
25% of As(III) was oxidized (Fig. 1e). Although the oxidation of As(III) by
birnessite was completely inhibited, the presence of PP resulted in the pro-
duction of more As(V) (Fig. 1e). Hence, it can be concluded that As(III) can
be chemically oxidized by birnessite to a certain extent. However, the gradual
formation ofMnOOHon the surface would restrain further oxidation of the
remaining As(III), thereby causing the ‘self-repression’ effect.

Photocatalytic oxidation of As(III) over birnessite
To evaluate the oxidation of As(III) under light irradiation, the As(III)
solution was irradiated in the absence of birnessite, and no As(V) was
produced (Supplementary Fig. 6). It confirmed that the photocatalytic
oxidation of As(III) did not occur in the absence of birnessite. Figure 2a
shows the photocatalytic oxidation of As(III) over birnessite at different pH
values. Compared with the chemical oxidation of As(III) in the dark, the
oxidation of As(III) under light was considerably more efficient, and 100%

of As(III) was converted to As(V) within 360min at pH 6.5 and 8.0. The
reaction rate constants (k) calculated using the pseudo first-order model42,43

are shown in Supplementary Fig. 7. The oxidation rates of As(III) under
light were 2.61, 5.65 and 7.61 times higher than the chemical oxidation of
As(III) at pH 5.0, 6.5, and 8.0, respectively. Therefore, the enhanced oxi-
dation of As(III) was considered to be closely related to the photocatalytic
reactions induced by light-irradiated birnessite. Typically, birnessite is
regarded as a naturally occurring semiconductor, which exhibited excellent
ability for light absorbance (Supplementary Fig. 8). Under visible light
irradiation, electrons in the valence band (ecb

−) were excited to the con-
duction band. The photo-induced electrons together with the holes left in
the valance band (hvb

+), and induced radicals cause redox reactions. EPR
experiments were performed to investigate the production of radicals. As
shown in Fig. 2b, the signals of •OHand •O2

− adductswere clearly observed
upon light irradiation, and more •O2

− was generated than •OH radicals in
this system. According to the XPS valence band (VB) (Supplementary
Fig. 9), the VB potential of birnessite was calculated to be 1.68 eV using the
equation ENHE =Φ+EVBM− 4.44, where thework functionΦ= 4.00 eV. It
is too low to produce •OH radicals by oxidating water or OH−. Therefore,
the low concentrations of •OH was derived from the reduction of •O2

−

radicals44. For As(III), it was demonstrated that hvb
+, •O2

−, •OH, andH2O2

can act as the reactive oxidative species (ROS) to oxidize As(III)11,45–47. To
verify the dominant ROS for As(III) oxidation in the present study, radical
trapping experiments were conducted, where mannitol, benzoic acid,
p-benzoquinone, and catalase were used as scavengers for hvb

+, •OH, •O2
−,

and H2O2, respectively. Figure 2c shows that the presence of benzoic acid
and catalase in the catalytic system did not have a noticeable effect on the
oxidation ofAs(III). In contrast, significant inhibitionwas observed after the
introduction of p-benzoquinone andmannitol. These results indicated that
•O2

− and hvb
+ acted as the main ROS for the photocatalytic As(III) oxi-

dation on birnessite.
The proposed processes for the photocatalytic oxidation of As(III) to

As(V) are shown in Eqs. (3)–(6):

MnO2 þ hv ¼ hvbþ þ ecb� ð3Þ

Fig. 2 | Oxidation of As(III) by birnessite
under light. The photocatalytic oxidation of As(III)
at different pH (a); electron paramagnetic resonance
(EPR) spectra of radical adducts trapped by DMPO
(•OH and •O2

−) in dark conditions and under
visible light irradiation (b); free radical capture
experiments: mannitol, catalase, benzoic acid, and
p-benzoquinone were used as scavengers of hvb

+,
H2O2, •OH, and •O2

−, respectively (c); and effect of
O2 on photocatalytic oxidation of As(III) (d). Each
experiment was duplicated, and data are presented
as mean values ± standard deviations.
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AsðIIIÞ þ 2hvb
þ ¼ AsðVÞ ð4Þ

O2 þ ecb
� ¼ �O2� ð5Þ

AsðIIIÞ þ �O2
� ¼ AsðVÞ ð6Þ

It has been proved that hvb
+ was the main ROS for the photocatalytic

oxidation of As(III) by birnessite11. However, in this study, •O2
− also played

a key role in oxidating As(III). As the generation of •O2
− radicals is closely

related to the capture of electrons by oxygen molecules, the oxidation of
As(III) was further conducted by bubbling air. As expected, the system
purged with air showed a higher rate of As(III) oxidation than the system
purgedwithout air (Fig. 2d).Nevertheless, the bubbling air in the systemdid
not cause an obvious change in the chemical oxidation of As(III) in the dark
conditions (Supplementary Fig. 10). This further demonstrated that •O2

−

radicals acted as the ROS in the photooxidation of As(III) over birnessite.

Mechanism for enhancement of As(III) oxidation under light
irradiation
Our findings elucidated that the formation of MnOOH could lead to the
passivation of the birnessite surface. This resulted in the coverage of active
sites, and subsequently inhibited the further oxidation ofAs(III) in the dark.
In contrast to chemical oxidation, the oxidation of As(III) under light was
much more efficient. In particular, even when the chemical oxidation of
As(III) stoppeddue to the passivation of birnessite, it still exhibited excellent
photocatalytic oxidation performance for As(III) upon light irradiation
(Fig. 3a). As shown in Supplementary Fig. 11, MnOOH did not show
photocatalytic activity for the oxidation of As(III). The photoelectric
properties of birnessite before and after the formation of MnOOH on the
catalyst surface were compared to understand the mechanism responsible
for the enhanced photocatalytic performance of birnessite in As(III) oxi-
dation. As shown in the inset in Fig. 3b, the photocurrent intensity of raw
birnessite was 1.25 μA cm−2, which was close to that of reacted birnessite
(1.20 μA cm−2). This was further confirmed by the Nyquist plot obtained
from electrochemical impedance spectroscopy (EIS), where a similar
semicircle radius was observed. This suggests that the resistances at the

interface of the semiconductor and electrolyte were almost the same.Mott-
Schottky plots were employed to investigate the electronic band structure of
birnessite before and after the reaction (Fig. 3c). The flat band potential of
raw birnessite is (− 0.91 V vs. SCE), which is close to that of birnessite after
reaction (− 0.88 V vs. SCE). The valence band X-ray photoelectron spec-
troscopy (inset in Fig. 3c) also clearly show that the VB of birnessite did not
change after oxidating As(III). Moreover, birnessite showed emission over
the range of 400–600 nm in the photoluminescence (PL) spectrum, and it
hardly changed after oxidating As(III) (Supplementary Fig. 12). This indi-
cates that the separation rate of the photo-generated charge carriers on
birnessite was hardly influenced by the generated MnOOH. These results
demonstrated that the formation of MnOOH on the birnessite surface did
not bring obviously negative effect to the band structure or the photoelectric
properties of birnessite. EPR spectra (Fig. 3d) showed that, similar to raw
birnessite, •O2

− radicals were also generated onMnOOH loaded birnessite,
which would act as the ROS for oxidizing As(III) to As(V). This clearly
explains why the light-induced photocatalytic reactions showed much
higher reactivity for the oxidation of As(III) than chemical oxidation.

As illustrated in Fig. 4, the oxidation of As(III) by birnessite is sum-
marized as follows: (1) In the dark, structuralMn(IV)would directly oxidize
As(III) toAs(V).During this process,Mn(IV)was reduced, and the released
Mn(II) induced the formation of MnOOH on the birnessite surface. The
coverage of reactive sites by MnOOH inhibited the further oxidation of
residual As(III). (2) Upon light irradiation, birnessite could act as a natural
semiconductor and induce redox reactions, and the photogenerated •O2

−

radicals and hvb
+ acted as the ROS for oxidizingAs(III). AlthoughMnOOH

was also formed on the mineral surface, the photocatalytic properties of
birnessitewere unaffected. Thus, the oxidationofAs(III) by birnessite under
light showed much higher reactivity than chemical oxidation in the dark.

Environmental implications
The results above verified the important role of birnessite in the oxidation of
As(III). In particular, light irradiation significantly promoted the oxidation
ofAs(III) toAs(V), thereby significantly reducing the toxicity andhazardsof
As. Furthermore, the uptake of As(V) by natural media is much easier than
that of As(III)48–50. To further verify the environmental implication of these
findings, the oxidation of As(III) was tested with naturally-occurring

Fig. 3 | Effect of MnOOH on the photocatalytic
performance of birnessite. Effect of light on As(III)
oxidation by birnessite (a); optical properties of
birnessite after the photocatalytic reactions: photo-
current response spectra (inset) and electrochemical
impedance spectroscopy (EIS) (b); electrochemical
Mott-Schottky plots (c); and EPR spectra of radical
adducts trapped by DMPO (•O2

−) (d). Each
experiment was duplicated, and data are presented
as mean values ± standard deviations.
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manganese oxide ore, which contains birnessite (Supplementary Fig. 13).
Figure 5a shows that ~25% of As(III) was chemically oxidized to As(V) by
this birnessite-containing mineral in darkness. In sharp contrast, ~70% of
As(III) was converted to As(V) under light irradiation. Therefore, light-
irradiated birnessite would significantly impact the species of As, and sub-
sequently change its environmental fate, owing to the widespread nature of
birnessite. This would help improve the understanding and assessment of
the environmental behavior of arsenic.

In addition, the excellent photocatalytic performance of birnessite for
the oxidation of As(III) is expected to be useful for reducing the difficulty of
the treatment of arsenite-containing wastewater. For instance, wastewater
produced by copper smelteries contains high concentrations of arsenite and
heavy metals51,52 (Supplementary Table 1). When birnessite was used as the
oxidation reagent, all As(III) was adsorbed in the presence of coexisting
cations. As shown in Fig. 5b, only 13% of As(III) was oxidized to As(V) by
birnessite in the dark. In contrast, the oxidation of As(III) to As(V) rapidly
occurred under light irradiation, and approximately all As(III) (more than
93%) was converted to As(V) after 12 h. Therefore, the photocatalytic
method is an excellent and effective strategy for treatment of arsenite-
containing wastewater. Furthermore, some specific natural minerals, such
as tailings of manganese ore, may be used as catalysts for the treatment of
arsenite waste and the remediation of arsenite pollution. Comparing with
other artificial catalyst, natural birnessite-containing minerals are easy to

obtain andwas economical and environment-friendly.More importantly, it
could provide continuous oxidation ability for As(III) day and night.

Methods
Preparation of birnessite
All chemicals used in this experimentwere of analytical grade andwere used
without further treatment. Birnessite was synthesized using a one-pot
synthesis method53. Briefly, 1.352 g MnSO4·H2O and 2.992 g EDTA-Na
were added to 25mL of deionized water, and the suspension was stirred for
30min. Subsequently, 1.2mol/L NaOH was added slowly at a rate of
3.0mL/min.During this process, the color of the solution changed gradually
until a black precipitate appeared. The final suspension was stirred for an
additional two hours. The resulting solid was filtered and washed several
times with deionizedwater to remove residual ions. Finally, the product was
dried in a freeze dryer. The natural manganese oxide ore was commercially
obtained from Honghu Mineral Co., ltd. The methods for the character-
ization of the samples can be found in the Supplementary Information.

Photocatalytic and chemical oxidation of As(III)
All experiments were conducted in a 25mL quartz tube. Birnessite (9.0mg)
was suspended in 14.85mL deionized water, and 0.15mL of 1.0 g/L As(III)
was added to the suspension. To achieve the relatively complete passivation
of birnessite surface, 50.0mg/LAs(III) was used in some systems. The pHof
the suspension was adjusted with 0.1 mol/L NaOH or HCl solution. The
aqueous suspensions were then illuminated using a 300W Xe lamp
equippedwith a 380 nmfilter. At the desired time intervals, a 2.0 mL aliquot
of the suspension was collected and then separated using a 0.22 μm filter
membrane prior to analysis by ion chromatography (IC, ICS-600,
Metrohm). As it is proven that As(V) was hardly adsorbed by birnessite
(Supplementary Fig. 1), the detectedAs(V) in the solutionwas considered to
be that produced by oxidation of As(III). For comparison, the chemical
oxidation of As(III) was conducted in the absence of light irradiation.

To evaluate the generation of Mn(III), 20mg/L pyrophosphate (PP)
was added into the chemical oxidation system to chelate Mn(III). The
concentration of Mn(III)-PP complexes in the supernatant was measured
using a UV-vis spectrophotometer (Unico UV-2600).

Detection of reactive oxidative species
The reactive oxidative species (ROS) for the oxidation of As(III) were mea-
sured via trapping experiments, in which mannitol (20mmol/L), catalase
(3000 units/mL), p-benzoquinone (2mmol/L), and benzoic acid (20mmol/
L) were added as scavengers for hvb

+, H2O2, •O2
− radicals, and •OH radicals,

respectively. All trapping experiments were conducted at pH 6.5 and the

Fig. 4 | Schematic diagram of As(III) oxidation by birnessite. The chemical oxi-
dation in darkness and the photocatalytic oxidation under light irradiation.

Fig. 5 | Application of the photocatalytic As(III) oxidation. The oxidation of
As(III) by natural manganese oxide ore (a); Change of the As 3d spectra of As in
simulated wastewater in the presence of birnessite in darkness and under light

irradiation (b). Each experiment was duplicated, and data are presented as mean
values ± standard deviations.
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As(V) produced was measured by IC. As well, electron paramagnetic reso-
nance (EPR) spectroscopy was adapted to the measurement of ROS.

Data availability
The data sets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.
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