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Simultaneous Arsenic and Iron Oxidation for One-Step Scorodite Crystallization

Using Mn Oxide

Ryohei Nishi, Santisak Kitjanukit, Taiki Kondo and Naoko Okibe*

Department of Earth Resource Engineering, Faculty of Engineering, Kyushu University, Fukuoka 819-0395, Japan

The necessity of arsenic (As) removal from metallurgical wastewaters is increasing. Despite its wide recognition as a natural oxidant, the
utility of Mn oxide for scorodite production is mostly unknown. In acidic solutions containing both As(III) and Fe?*, simultaneous oxidation of
the two progressed by MnO, and the resultant As(V) and Fe’* triggered the formation of crystalline scorodite (FeAsO42H,0). At 0.5% or
0.25% MnO,, 98% or 91% As was immobilized by day 8. The resultant scorodite was sufficiently stable according to the TCLP test, compared
to the regulatory level in US and Chile (5mg/L): 0.11 £ 0.01 mg/L at 0.5% MnO,, 0.78 = 0.05mg/L at 0.25% MnO,. For the oxidation of
As(IIT) and Fe?*, 54% (at 0.5% MnO,) or 14% (at 0.25% MnO,) of initially added MnO, remained undissolved and the rest dissolved in the post
As(III) treatment solution. For the Mn recycling purpose, the combination of Mn?*-oxidizing bacteria and biogenic birnessite (as homogeneous
seed crystal) was used to recover up to 99% of dissolved Mn>* as biogenic birnessite ((Na, Ca)0.5(Mn'", Mn"),0,4-1.5H,0), which can be
utilized for the oxidation treatment of more dilute As(III) solutions at neutral pH. Although further optimization is necessary, the overall finding
in this study indicated that Mn oxide could be utilized as a recyclable oxidant source for different As(III) treatment systems.
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1. Introduction

Arsenic (As)-contaminated wastewaters are a growing
problem in metallurgical industries to secure future copper
supply from As-bearing minerals such as enargite (Cu3AsSy)
and tennantite (CujpAs4Si3). Generally, the treatment of
highly toxic As(IIl) requires its pre-oxidation to less mobile/
toxic As(V), followed by the As immobilization step.'?
Removing soluble As as scorodite mineral (FeZAs"O,:
2H,0) is regarded as an optimal approach for As disposal
due to its high stability and density.” In earlier studies, high
concentrations of As(V) (~hundreds of millimolar) have
been chemically mineralized into scorodite by hydrothermal
or atmospheric treatments at temperatures mostly 95—
160°C.>® After such treatments, some residual As remain
to be treated in the form of As(V), as well as As(Ill) that
had persisted in the pre-oxidation step. There are also some
occasions wherein more dilute As(IIl) solutions (~25mM)
are produced.® In order to enable scorodite mineralization
at such thermodynamically less feasible, lower As concen-
trations even under milder conditions, microbiological
approaches have also been proposed.®'4

Manganese (Mn) is the 10th most abundant element in the
Earth’s crust and 2nd (only to iron) most common heavy
metal.’> Over 30 Mn oxyhydroxide minerals are known in
diverse geological settings, which are thought to participate
in various chemical reactions to affect groundwater and soil
compositions.'> In nature, such Mn oxides can behave as
chemical oxidants, consequently playing a critical role in
the geochemistry of various heavy metals (e.g., Cr(III),'®
Co**,17 As(IID),'82D Fe?*2%). The more electro-positive
standard redox potential of the Mn(IV)/Mn>* couple
(+1.3V) than that of As(V)/As(IIl) (+0.56 V) enables the
oxidation of As(IIl) by MnO,, as described by eq. (1):
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H3;AsO3; + Mn"" 0, + H*
— H,As"04~ 4+ Mn?* 4+ H,0 (1)
This reaction involves the formation of Mn(IIl) intermediate

(Mn”?OOH*) (eq. (2)), which can be later reduced to Mn**
by further reacting with As(IIl) (eq. (3)):>¥

H3ASH[Og + ZMI’IIVOZ + HzO

— H,As"0,~ + 2Mn’OOH* + H* )
H;As™ 03 + 2Mn”/OOH* + 3H*
— H,As" 04~ + 2Mn** + 3H,0 3)

The standard redox potential of the Mn(IV)/Mn?* is also
more electro-positive than that of Fe’T/Fe?t (4+0.77V;
pH 2.0), thus Mn oxides are capable of oxidizing Fe’* to
Fe’* as described by eq. (4):'”

2Fe?* + Mn'' 0, + 4H* — 2Fe’* + Mn>* +2H,0  (4)

The oxidation behavior of Mn oxides was also studied
under the coexistence of As(IIl) and Fe>* .27 Han et al.?¥
reported that the presence of Fe>* significantly inhibits the
removal (oxidation and sorption) of As(Ill) by MnO; in
acidic conditions at 25°C. This was attributed to the
formation of Fe(Ill) compounds passivating the MnO,
surface. The authors speculated the formation of poorly
crystalline particles of FeOHAs and FeAsO,.?? Likewise,
Ehlert ef al?® reported that the oxidation of Fe’t by
birnessite proceeds significantly faster than that of As(III)
and the resultant Fe’* precipitates as As-sequestering
ferrihydrite at circumneutral pH and 25°C.2> The As(III)
oxidation kinetics by a poorly crystalline hexagonal
birnessite at different Fe’* concentrations was studied by
Wu et al.?*?") at pH 6. The authors reported the competitive
oxidation of Fe*™ over As(Ill) and suggested that the
resultant precipitation of Fe(Ill)-(hydr)oxides on the
birnessite surface plays an important role in As(III) oxidation
and As sequestration.

Nonetheless, no study so far reported the production of
crystalline scorodite by utilizing the oxidation ability of Mn
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oxides. According to eq. (1)-(4), Mn?* is reductively
dissolved from Mn oxide upon oxidation of As(IIl) and
Fe?*. The metal value of dissolved Mn** should be ideally
recovered from the post As(IIl) treatment reaction. Regen-
erating Mn oxide from Mn”* in the post As(III) treatment
solution would enable Mn recycling in this regard. One of
the most economically feasible approaches for Mn oxide
regeneration would be the use of Mn-oxidizing micro-
organisms since microbial Mn oxidation proceeds at neutral
pH (instead of alkali pH in chemical reactions). For this aim,
the objectives of this study were set to evaluate; (i) the utility
of Mn oxide for the oxidative removal of As(III) as scorodite,
and (ii) the feasibility of Mn recovery from the post As(III)
treatment solution using the Mn-oxidizing bacterium.

2. Materials and Methods

2.1 Effect of MnO, on individual oxidation of As(III)
and Fe?*

Different doses of MnO, (138-09675, Wako chemicals;
0.15, 0.25 or 0.5% (w/v)) was added into 100 mL deionized
water (pHiyitiar 1.5 with H,SOy4) containing either 1000 mg/L
(13mM) of As(Ill) (added as NaAsO,) or 1000mg/L
(18mM) of Fe?t (added as FeSO47H,0) in 300mL
Erlenmeyer flasks. The flasks were incubated shaken at
100rpm, 70°C. Samples were regularly withdrawn to
monitor pH, Eh (vs. SHE) and concentrations of Fe’* (o-
phenanthroline method?®), As(III) (molybdenum blue
method?®2?) and total soluble Fe, As and Mn (ICP-OES;
Optima8300, PerkinElmer). All tests were done in duplicate
flasks.

2.2 Effect of MnO, on simultaneous oxidation of As(III)
and Fe?* for scorodite precipitation

Different doses of MnO; (0.15, 0.25 or 0.5% (w/v)) were
added into 200 mL deionized water (pHj,iga 1.5 with H,SOy)
containing both 1000 mg/L As(IIT) and 1000 mg/L Fe’* (to
set the Fe/As molar ratio at 1.3) in 500 mL Erlenmeyer
flasks. The flasks were incubated shaken at 100 rpm, 70°C.
Sampling and analytical methods were described in
section 2.1. All tests were done in duplicate flasks.

2.3 Toxicity characteristic leaching procedure (TCLP)
test

In order to examine the stability of scorodite crystals
formed in section 2.2., the TCLP test was performed
according to the EPA method 1311 (US EPA method
1311). An aliquot of scorodite sample (0.15g) was added
into SmL serum bottles containing 3 mL acetate buffer
(pH 4.9). Serum bottles were rotated at 30 rpm, 25°C, for
18 hours using a rotary shaker. The leachate was filtered
(0.6 pm) and measured for the total soluble Fe and As
concentrations (ICP-OES). The test was conducted in
duplicate bottles.

2.4 Mn recycling via microbiological Mn oxide (birnes-
site) regeneration
2.4.1 Microorganism

Mn-oxidizing bacterium, Pseudomonas sp. SK3 (isolated

from a metal-refinery wastewater treatment system>>) was
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used. Its routine sub-culturing used half-strength lysogeny
broth (LB) medium (0.5% (w/v) NaCl; 0.5% (w/v) tryptone;
0.25% (w/v) yeast extract) in Erlenmeyer flasks (shaken at
120 rpm, 25°C). Cells were pre-grown overnight, collected
and washed with 0.8% (w/v) NaCl solution prior to use in
the following Mn oxidation tests.
2.4.2 Regeneration of Mn-oxide from the post As(III)-
treatment solution

The post As(Ill)-treatment solution after scorodite
precipitation (section 2.2) was subjected to the following
Mn recycling step by utilizing the microbial Mn-oxidizing
activity. Pre-grown Pseudomonas sp. SK3 cells (10°
cells/mL) were inoculated into 100 ml of the post As(III)-
treatment solution (diluted by 16-fold) supplemented with
inorganic salts (2 mM MgSO4-7H,0; 0.07 mM CaCl,-2H,0;
3uM CuCly) and organic substrates (0.01% (w/v) yeast
extract; 0.01% (w/v) peptone; 1 mM glucose). The initial pH
was adjusted to 5.0 or 7.0 with NaOH. The effect of seed
crystals was also compared by feeding 0.1% (w/v) biogenic
birnessite. Biogenic birnessite was separately produced by
Pseudomonas sp. SK3, collected, freeze-dried prior to use
(the freeze-drying process deactivated bacterial cells). Flasks
were incubated shaken at 120rpm at 25°C. Samples were
regularly taken to monitor pH and the total soluble Mn
concentration (ICP-OES). All tests were done in duplicate
flasks.

2.5 X-ray diffraction (XRD) and scanning electron
microscope (SEM) analyses
Mn precipitates formed in section 2.4.2 were collected by
filtration (0.45 pm), washed with deionized water and freeze-
dried overnight prior to the XRD (UltimalV, Rigaku; CuKw
40mA, 40kV) analysis and SEM (VE-9800, KEYENCE)
observation.

3. Results and Discussion

3.1 Individual oxidation of As(IIT) and Fe’* by MnO,

As(II) oxidation at different MnO, doses is shown in
Fig. 1. pH remained unchanged throughout the experiment
(data not shown). Since the total soluble As concentration
was nearly unchanged throughout the test (data not shown),
both As(III) and As(V) ions remained mostly soluble without
noticeable adsorption or precipitation on the MnO, surface.
As(Ill) was readily oxidized to As(V) by MnO, with an
increasing reaction speed at higher MnO, doses (Fig. 1(a)).
Accordingly, Mn>* was released via reductive dissolution of
MnO, (Fig. 1(a)). At 0.25% and 0.5% MnO,, the reaction
proceeded with a molar ratio of A[As(IIl) oxidized]/A[Mn
dissolved] at around 1 (Fig. 1(b)), according to eq. (1). At
a lower MnO, dose of 0.15%, however, the molar ratio
decreased towards the later stage (Fig. 1(b)), possibly caused
by the increasing passivation effect of the MnO, surface with
Mn(III) intermediate.?®

Likewise, the Fe’* oxidation trend by different doses of
MnO; is shown in Fig. 2. The total soluble Fe concentration
remained unchanged throughout the test (data not shown).
Therefore, Fe’* oxidized to Fe** by MnO, existed in the
form of a soluble ion. The Fe** oxidation reaction was seen
as a distinctive two-phase process, where the reaction
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Fig. 2 The effect of MnO, as an oxidant for Fe’* in acidic solutions (pHiyia 1.5). Different MnO, doses (@O 0.15%; A A 0.25%;
W[ 0.5%) were compared: (a) The oxidation trend of 18 mM Fe?* by MnO, (solid symbols) and the resultant reductive dissolution of
Mn?* (open symbols). At 30 hours, 53%, 33% or 17% of MnO, was reductively dissolved at 0.15, 0.25 or 0.5% MnO, doses,
respectively. (b) Correlation between the amount of Fe>* oxidized versus Mn?* reductively dissolved.

proceeds instantly upon contact with MnO, (accounting for
23-55% Fe** oxidation) in the first phase, followed by the
second slower reaction phase (Fig. 2(a)). This phenomenon
was also observed by Wu et al.,*® wherein passivation of
Fe(Ill)-hydroxides on the MnO, surface were thought to be
the cause (more likely amorphous jarosite, KFe;(SO4),(OH)g,
under the highly acidic condition in this study, while not
evidenced by XRD). Stoichiometrically, one mole of Mn(IV)
reacts with 2 moles of Fe?* according to eq. (4). The results
shown in Fig. 2(b) are consistent with this theoretical
calculation.

3.2 Simultaneous oxidation of As(III) and Fe** by
MnO; and the subsequent scorodite precipitation

In acidic solutions containing both As(Ill) and Fe’™,
oxidation of As(Ill) nearly completed by day 4 at 0.5%
MnO; (As(Ill) 0.1 mM), and by day 8 at 0.25% MnO,
(As(Ill) 0.4mM) (Fig. 3(a)). pH remained unchanged
throughout the experiment (data not shown). The oxidation
of Fe>* progressed more rapidly than As(IIT) and was mostly
completed by day 2 (Fe’* < 0.6mM; Fig. 3(b)) at both

MnO, doses. When a smaller MnO, dose (0.15%) was used,
the oxidation of As(IIl) and Fe?* nearly plateaued after day
3 at the halfway point (data not shown). The resultant
production of As(V) and Fe’* triggered the formation of
As(V)-Fe3* precipitates: Immobilization of Fe (Fig. 3(b))
proceeded more rapidly than that of As (Fig. 3(a)), causing
the transition of the molar ratio of [Fe precipitated] to [As
precipitated] (Feppi/Aspp) shifting from 2.2 to 1.3-1.5 during
the reaction (Fig. 3(d)). Upon the oxidation of As(III) and
Fe’*, MnO, was reductively dissolved to release Mn>*
(24mM or 26 mM at 0.25% or 0.5% MnO,, respectively;
Fig. 3(c)), according to the stoichiometry based on eq. (1)
and eq. (4).

The color of As(V)-Fe’* precipitates turned from brown
to pale-green at day 4, indicating the transition of amorphous
precursors to scorodite crystals via SO, -mediated phase
transformation.'? The precipitates were identified as crystal-
line scorodite by XRD at both 0.25% and 0.5% MnO,
(Fig. 4(c), (d)), while the final product remained amorphous
at a lower MnO, dose of 0.15% (Fig. 4(b)). Through this
2-stage scorodite crystallization process,'” 98% As was
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Fig. 4 XRD patterns and SEM images before (a, a’) and after (b—d, b’-d’) the scorodite precipitation reaction at different MnO, doses:
0.15% (b, b'), 0.25% (c, ¢'), 0.5% (d, d'). XRD peaks: M (e-MnO,; Akhtenskite, PDF No. 01-089-5171), S (scorodite; JCPDS 37-0468).

eventually immobilized using 0.5% MnO,, and 91% As distinctive needle-like morphology (Fig. 4(¢’), (d’)), com-
immobilized using 0.25% MnO, by day 8 (Fig. 3(a)). SEM  pared to the surface of original MnO, surface (Fig. 4(a")) and
images show the formation of scorodite crystals with a  amorphous precipitates (Fig. 4(b)).
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The stability of As(V)-Fe’* precipitates was evaluated by
the TCLP test (Fig. 5). A negligible amount of Fe was
leached in all tests, indicating the re-precipitation of Fe’* at
pH 4.9 Immobilizing As as amorphous ferric arsenate
(using 0.15% MnO,) was shown to be unpractical due to its
high leachability (As leached; 8.12 4+ 0.26 mg/L) which is
higher than the regulatory level in US and Chile (5§ mg/L).
The amount of As leached from crystalline scorodite was
slightly different between at 0.25% (0.78 4+ 0.05 mg/L) and
0.5% MnO; (0.11 £ 0.01 mg/L) (Fig. 5), but sufficiently low
compared to most of the chemically synthesized scorodite
(As leached; 0.1-13.6mg/L).>**!) Based on the amount
of Mn?* dissolved upon the oxidation of As(III) and Fe**
(Fig. 3(c)), it can be calculated that 54% (0.5% MnO,) or
14% (0.25% MnQO,) of initially added MnO, remained
undissolved after the reaction, as a mixture with the As(V)—
Fe** precipitates.

3.3 Regeneration of Mn-oxide from the post As(III)
treatment water

After the oxidative removal of As(IIl) as scorodite, Mn>*

ions reductively dissolved from MnO, remained in the

seorodite — o Mo
(MnO: 0.5%) | [As] 0.11 £ 0.01 mg/L E A
(Mi(gj?)d;;% ) [ 47 0.7 +0.05 mg/L.
Ferric arsenate '+|
(MnOs 0.15%) V14578124026 mgL

T T T T T
5 10 15 20 25

Mn, As, Fe leached after the TCLP test, mg/L

Fig. 5 The TCLP test result (As, Fe and Mn) of As(V)-Fe’* precipitates
produced by using 0.5% MnO, (crystalline scorodite), 0.25% MnO,
(crystalline scorodite) and 0.15% MnO, (amorphous ferric arsenate).
As(V)-Fe’* precipitates were collected as a mixture with residual
undissolved MnO,.
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solution. With an attempt to recover the metal value of Mn
from the post As(IIl) treatment solution, the following Mn
oxide regeneration test was conducted using the Mn-
oxidizing bacterium. After the scorodite precipitation reaction
using 0.25% MnO, in Fig. 3 (day 8), the remaining solution
containing 0.4 mM As(III), 0.6 mM As(V) and 24 mM Mn?*+
was collected and diluted by 16-folds to 0.03 mM As(III),
0.04mM As(V) and 1.5mM Mn?*. Regeneration of Mn
oxide by Pseudomonas sp. SK3 cells only, sterile biogenic
birnessite only, or the combination of the two is compared
in Fig. 6.

The XRD peaks of Mn precipitates recovered at 140 hours
(Fig. 6) were compared in Fig. 7.

Naturally occurring Mn oxides (often poorly crystalline)
found in circumneutral pH environments are likely to be
of a microbiological origin.*? Bacterial Mn?* oxidation is
typically catalyzed by multicopper oxidase enzymes via
two-step one-electron transfer reaction (Mn?* — Mn(III) —
Mn(IV)),?? and can be represented as eq. (5), so as the
chemical Mn”* oxidation reaction at alkaline pH. Biogenic
birnessite, formerly written as (Na, Ca)0.5(Mn’/, Mn),0,-
1.5H,0, is known to be formed by Pseudomonas sp. SK3 in
this reaction.¥

TR RPN SR AR BRI BT
@ Birnessite
(a) *Ml’l”’zOs

250 cps

(b) °

10 20 30 40 50 60 70
Diffraction angle 26 [Cu Ka] (°)

Fig. 7 XRD peaks of Mn precipitates collected at 140 hours (in Fig. 6).
(a) Mn precipitates formed by birnessite seeds only. (b) Mn precipitates
formed by the synergistic effect of Pseudomonas sp. SK3 cells plus
birnessite seeds.

Mn?")], mmol/L

[Total Mn (

0.0 ! ! ! ! ! !
0 20 40 60 80 100 120 140

Time (hour)

AN
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A Cells only (pH 5)

© Cells only (pH 7)

> Birnessite seeds only (pH 7)

A Cells + Birnessite seeds (pH 5)

@ Cells + Birnessite seeds (pH 7)
I I I I I

40 60 80 100 120 140

Fig. 6 Microbiological recovery of dissolved Mn>* from the post As(IIT) treatment water. Changes in the total soluble Mn concentration
(a) and pH (b) are shown. For the oxidative precipitation of Mn?*, either Pseudomonas sp. SK3 cells only (A pHigigal 5.0; O pHinigiar 7.0),
biogenic birnessite seeds only (> <] pHinitia 7.0) or the combination of the two (A pHiitia1 5.0; @ pHinitial 7.0) were compared.
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Mn2* + 1/2 0, + H,0 — Mn’ 0, + 2H* 5)

As shown in Fig. 6, Pseudomonas sp. SK3 cells only were
ineffective in oxidizing 1.6mM Mn?*, likely due to the
presence of residual As in the solution. In the absence of
toxic As species, Pseudomonas sp. SK3 cells were able to
complete the oxidation of this amount of Mn?* .33

Biogenic birnessite itself could lead to autocatalytic,
chemical Mn?* oxidation by the comproportionation of
Mn’* and MnO,, especially in alkaline conditions
(eq. (6)).32’34’35)

Mn?* + Mn”’ O, + H,0 — Mn’/,05 + 2H" (6)

To see the possible synergistic effect of bacterial Mn>*
oxidation (eq. (5)) and autocatalytic chemical Mn>* oxida-
tion (eq. (6)), biogenic birnessite only or Pseudomonas sp.
SK3 plus biogenic birnessite was also tested. In addition to
its effect as a chemical Mn’>*-oxidizing agent (eq. (6)),
birnessite can also act as the solid surface for bacterial cell
attachment and seed crystals for further birnessite formation.

The use of 0.1% birnessite only was more effective than
cells only but was still incapable of completing the Mn
oxidation (43% Mn recovery; Fig. 6): Although 0.1%
birnessite should theoretically oxidize and precipitate all
Mn?* present, secondary mineral passivation of Mn’/,0;
(Fig. 7(a)) on the birnessite surface significantly slowed
down the reaction. The combination of the two (cells and
birnessite), on the other hand, showed a synergistic effect,
and the Mn?* oxidation was promoted (Fig. 6). The
birnessite particles could have provided solid support for
SK3 cell attachment, enabling the cells to be less affected
by the As toxicity and retain Mn?>*-oxidizing activity. Fresh
birnessite formed by SK3 cells could have further oxidized
the remaining Mn**, thus promoting the synergistic effect.
Due to its poor crystallinity, some amorphous birnessite was
dissolved when pHj,ia1 5.0 was used, consequently pushing
up the pH to neutral (Fig. 6(b)). At pHinia 7.0, the Mn?*
oxidation was the most effective and was completed by 140
hours.

Mn oxide regenerated from the post As(IIl) treatment
solution was poorly crystalline birnessite and it was not
feasible to reuse it as the oxidant for further scorodite
production under the highly acidic pH (Okibe, unpublished
data). However, our separate study demonstrated that such
“bioactive” birnessite (birnessite minerals retaining active
Mn-oxidizing bacterial cells) could be effectively utilized as
the column carrier for the continuous oxidation treatment
system for more dilute As(IIT) solutions under neutral pH.>®

Studies are ongoing further to acclimate Mn-oxidizing
bacteria to As(Ill). Also, our separate studies indicate that
optimization of chemical/microbial synergistic effect could
allow higher Mn?* load upon regeneration of Mn-oxide
(Okibe, unpublished data). This Mn recycle step could be
made more robust upon such further improvement.

4. Conclusion
As(IIT) was readily oxidized to As(V) by MnO, with a

molar ratio of A[As(III) oxidized]/A[Mn dissolved] at
around 1. Fe>™ was oxidized to Fe’** by MnO, with a molar

R. Nishi, S. Kitjanukit, T. Kondo and N. Okibe

ratio of A[Fe’* oxidized]/A[Mn dissolved] at around 2
(pHinitiar 1.5). In acidic solutions containing both ions,
simultaneous oxidation of As(III) and Fe?* was observed,
and the resultant As(V) and Fe’™ triggered the formation of
crystalline scorodite (98% As immobilized at 0.5% MnO,
and 91% As at 0.25% MnO, by day 8). Scorodite was
sufficiently stable based on the TCLP test (0.11 £ 0.01 mg/L
at 0.5% MnO,;, 0.78 +0.05mg/L at 0.25% MnO,),
compared to the regulatory level in US and Chile (5 mg/L).
Upon the oxidation of As(IIT) and Fe?*, 54% (at 0.5% MnO5,)
or 14% (at 0.25% MnQO,) of initially added MnO, remained
undissolved after the reaction. It was possible to recycle
dissolved Mn?* from the post As(Ill) treatment solution
via microbiological Mn oxide regeneration as amorphous
birnessite, which could be of use in the oxidation treatment of
more dilute As(III) solutions at neutral pH.
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