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Abstract—As one of the strongest inorganic oxidizers in natural environments, manganese oxides
participate in the oxidation processes of dissolved sulfides, affecting their migration, transformation, and
toxicity. The amount of and sites for Mn(III) influence significantly the oxidation activity of Mn(IV)
oxides. As an easily formed Mn oxide in supergene environments, manganite consists of Mn(III)O6

octahedra; further study is needed of the interaction processes of manganite and dissolved sulfide. In the
present study, the interaction mechanisms of dissolved sulfide and manganite were studied systematically.
The influences of pH, temperature, and oxygen atmosphere were also investigated in detail. X-ray
diffraction (XRD) and transmission electron microscopy (TEM) were used to characterize the crystal
structures, compositions, and micromorphologies of manganite and the intermediate products. The sulfide
species were identified by visible spectroscopy, high-performance liquid chromatography, UV-visible
(UV-Vis) spectroscopy, and ion chromatography during the reaction process. The results indicated that in a
nitrogen atmosphere, elemental sulfur was formed as the main oxidation product of dissolved sulfide by
manganite at the initial stage, and polysulfide ions were observed as the intermediates. Elemental sulfur
was further oxidized slowly to S2O3

2�. The initial oxidation rate of dissolved sulfide by manganite
increased with temperature from 20 to 40ºC. The reaction rate increased at first and then decreased as the
pH changed from 4.0 to 12.0, and the greatest oxidation rate was achieved at pH 8.0. In the presence of
oxygen, S2O3

2� was the main product. The oxidation rate of dissolved sulfide decreased, and manganite
exhibited significant catalytic activity and stability with respect to the oxidation of dissolved sulfide in the
oxygenated aqueous systems. These findings are of fundamental significance in understanding the
interaction and transformation of dissolved sulfide and manganese oxides in nature.
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INTRODUCTION

As common metal (hydr)oxides in supergene envir-

onments, manganese oxides are distributed widely in

soils and sediments, affecting the migration, transforma-

tion, and fate of toxic metal ions and organics, such as

Cu, Pb, Zn, As, and desferrioxamine B (Walker and

Hayes, 1990; Duckworth and Sposito, 2005; Toner et al.,

2006; Mongelli et al., 2015). Manganite (g-MnOOH) is

the most stable and abundant low-valence manganese

oxide mineral which can be formed by the abiotic

oxidation of aqueous Mn(II) and the reduction of

Mn(IV) oxides (Stumm and Giovanoli, 1976; Murray

et al., 1985; Golden et al., 1987; Tu et al., 1994). The

reduction of birnessite, cryptomelane, and todorokite

and the oxidation of Mn(OH)2 usually leads to the

formation of metastable feitknechtite (b-MnOOH)

(Stumm and Giovanoli, 1976; Tu et al., 1994; Qiu et

al., 2011; Gao et al., 2015). Feitknechtite is usually

generated as an intermediate and can be transformed

further into manganite (Stumm and Giovanoli, 1976;

Murray et al., 1985), i.e. manganite can be formed

naturally in soil environments and affects the redox

behavior of contaminants.

Dissolved sulfide shows high toxicity and corrosivity.

The oxidation of sulfide causes soil acidification, acid

mine drainage, and contaminant leaching. In natural

environments, dissolved sulfide can be oxidized by

microbes, oxygen, and active metal oxides including

ferric oxides and manganese oxides (Rickard, 1974; Yao

and Millero, 1993; Johnson and Hallberg, 2003). The

oxidation activity of bacteria is affected remarkably by

the acidity of environments. The oxidation of sulfide

minerals by microorganisms usually occurs in extremely

acidic environments (pH < 3) (Johnson and Hallberg,

2003). Chemical reactions are suggested to play an

important role at the initial stage of the oxidation of

sulfide in soil solutions.

As a group of the strongest inorganic oxidizers in the

environment, manganese oxide minerals participate in

the oxidation processes of dissolved sulfide and metal

sulfides (Aller and Rude, 1988; Yao and Millero, 1993;

Schippers and Jørgensen, 2001; Liu et al., 2009). The

reaction mechanism and kinetics of sulfide oxidation by

Mn(IV) oxides have been studied extensively. A

previous study showed that the crystal structure and

chemical composition of manganese oxides affect the

process and kinetics of sulfide oxidation (Herszage and
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dos Santos Afonso, 2003). Mn(III) content is considered

as a rate-controlling factor in sulfide oxidation by d-
MnO2 (Nico and Zasoski, 2001). Previous results further

revealed that Mn(III) sites play a more significant role

than the type of crystal structure in improving the

oxidation rate of dissolved sulfide (Qiu et al., 2011). In

the reaction system of dissolved sulfide and todorokite,

the decreased amount of Mn(III) in todorokite, due to the

formation of Mn(IV) in the presence of oxygen, resulted

in an increase in the chemical stability of todorokite and

a decrease in the oxidation rate of dissolved sulfide at

the initial stage (Gao et al., 2015). In comparison with

cryptomelane, birnessite, and todorokite, manganite

shows weaker oxidation activity and can be formed

more easily in soil environments (Gao et al., 2015; Luo

et al., 2017). The transformation process of Mn(III) is

worth studying when manganite participates in the

oxidation reaction of dissolved sulfide. The reaction

rate of dissolved sulfide and manganite is not affected

appreciably by initial pH, which would increase rapidly

as the reaction proceeds (Luo et al., 2016), but the

dependence of the reaction mechanism on pH remains

elusive. In the above experiments, intermediate products

were only characterized within a short time, and further

transformation processes are still unknown. A systematic

study of the environmental chemical behaviors between

manganite and dissolved sulfide is needed.

In natural environments, the concentration of dis-

solved oxygen in some micro systems is greater than that

in general aqueous systems such as rhizosphere soils (Li

et al., 2011; Zhang et al., 2012; Shamsul Haque et al.,

2015). A high concentration of dissolved oxygen and

manganese oxides can co-participate in the oxidation of

dissolved sulfide in aqueous environments. Todorokite

works as a catalyst during the oxidation of dissolved

sulfide by oxygen at the initial stage, and it is slowly

reduced to Mn(OH)2 at the later stage (Gao et al., 2015),

which can be further oxidized to manganite by oxygen.

Hence, the redox processes of dissolved sulfide and

manganite in the presence of oxygen are worthy of

further investigation.

The objective of the present study was to increase

understanding of the redox and transformation processes

of dissolved sulfide and manganite in natural systems,

and to elucidate the influences of pH, temperature, and

the presence of oxygen on the reaction processes and

kinetics of dissolved sulfide and manganite.

MATERIALS AND METHODS

Chemicals

The NaOH, MnSO4·H2O, H2O2 (30%), Na2S·9H2O,

NaCH3COO·3H2O, KI, I2, Zn(CH3COO)2·2H2O,

NH 3 · H 2O , N ,N - d im e t h y l p h e n y l e n e d i am i n e ,

Fe(NH4)(SO4)2·12H2O, Na2S2O3, K2Cr2O7, AgNO3,

CH3OH, and soluble starch used were all of reagent

grade and purchased from China National Medicine

Group, Shanghai Chemical Reagent Company

(Shanghai, China). Distilled deionized water (DDW,

18 MO cm, from Labconco WaterPro Ps, Kansas City,

Kansas, USA) was boiled for 1 h to remove the

dissolved oxygen and then cooled to room temperature

with continuously bubbling nitrogen to remove the

residual dissolved oxygen. Deoxygenated DDW was

sealed with cling film before use in the redox experi-

ments. All glassware and polyethylene centrifuge tubes

were rinsed with 0.01 mol L�1 HNO3 solution and DDW

before use.

Redox experiments

Manganite was synthesized with the oxidation of

MnSO4 by H2O2 in alkaline solution (Giovanoli and

Leuenberger, 1969). The as-obtained sample was dried

in an oven at 40ºC and ground in an agate mortar to pass

through a 75-mesh sieve. The synthesized manganite

was characterized by powder XRD and was indexed on

the monoclinic unit cell for g-MnOOH (JCPDS card ID:

41-1379). The average oxidation state of manganese was

established as 3.02, further suggesting that highly pure-

phase manganite was obtained. The structure and

chemical composition of synthesized manganite under

experimental conditions were similar to those of natural

manganite (Weaver et al., 2002). The Brunauer-Emmer-

Teller (BET) surface area was determined to be

42.4 m2 g�1, which was larger than that of naturally

occurring manganite (Weaver et al., 2002).

All solutions in redox experiments were prepared

using deoxygenated DDW. 600 mg of Na2S·9H2O was

dissolved into 400 mL of deoxygenated DDW, and the

concentration of dissolved sulfide (HS�) was

~200 mg L�1 (6.25 mmol L�1) without adjusting the

pH, which was ~12.0. This selected concentration was

close to that of dissolved sulfide in wastewater from

petrochemical industries (Xu et al., 2014) which will

lead to the pollution of surrounding soils. Na2S aqueous

solution was first adjusted to the predetermined pH by

dropwise addition of HCl (0.1 and 1.0 mol L�1) and

NaOH (0.1 mol L�1) solutions. The pH of the reaction

system of dissolved sulfide and manganite (1.25 g L�1)

was further controlled by manual addition of HCl and

NaOH solutions during the redox processes. When the

pH was controlled at between 4.0 and 10.0, an automatic

potentiometric titrator (Metrohm 907, Titrando, Herisau,

Switzerland) was used to adjust pH in the first 12 h and

the pH was then controlled by manual addition of HCl

and NaOH solutions. To reduce the effect of the volume

of acid/base titration solution on the concentration of the

reactant in the reaction system at lower pH, a greater

concentration (1.0 mol L�1) of HCl solution was used in

the first 12 h. The reaction temperature was controlled

variously at 20, 30, and 40ºC before the addition of

manganite, and was fixed in reaction processes using a

constant-temperature oil bath. To determine the possible

intermediates, 0.625 g L�1 of manganite was used in the
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experiment to decrease the reaction rate and accelerate

the formation of polysulfide.

A 500 mL, five-mouth columnar flask was used as

the reactor, which was bubbled continuously with high-

purity nitrogen gas (99.999%, Wuhan Iron and Steel

(Group) Corp., Wuhan, China) from a high-pressure

vessel with an initial pressure of 15 MPa. Nitrogen

pressure inside the reactor was kept slightly higher than

atmospheric pressure to prevent air ingress. To study the

transformation process of dissolved sulfide in oxyge-

nated environments, pure oxygen (99.9%, Wuhan Iron

and Steel (Group) Corp.) rather than nitrogen was

pumped continuously into the solution to allow the

dissolution of sufficient oxygen in the reaction system.

Product characterization

The synthesized manganite was characterized by

XRD (Bruker D8 Advance, Bruker, Karlsruhe,

Germany) using CuKa radiation (l = 0.15406 nm)

equipped with a LynxEye detector. The diffractometer

was operated with a tube voltage of 40 kV and a tube

current of 40 mA at a scanning rate of 4º2y min�1. The

average oxidation state was measured by an oxalic

method (Hem, 1981), and the BET surface area of the

product was measured using a Micromeritics ASAP 2020

automated N2 gas adsorption system (Micromeritics,

Norcross, Georgia, USA).

3 mL of suspending liquid in the reaction system was

drawn and filtered through a cellulose acetate 0.22 mm
microporous membrane filter (Shanghai Xinya

Purification Material Factory, Shanghai, China) at

different reaction times. The solid intermediates includ-

ing manganese (hydr)oxides and elemental sulfur

collected by filtration were determined by XRD.

Transmission electron microscopy (TEM, Hitachi

H-7650, Tokyo, Japan) was used to characterize the

microstructures of manganite and the transformation

products at 200 kV imaging on a holey carbon-coated

copper grid. Elemental sulfur in a 3.0 mL reaction

solution was filtered off, dissolved in methanol, and then

filtered again and quantified by high-performance liquid

chromatography using an Agilent 1200 instrument

(Agilent, Beijing, China) with a UV-Vis detector at

254 nm (Möckel, 1984; Herszage and dos Santos

Afonso, 2003). The samples were injected into a 50-mL
loop and passed through an Eclipse XDB-C18 analytical

chromatographic column, and the column temperature

was maintained at 25ºC. A standard sample was prepared

by dissolving powdered elemental sulfur in pure

methanol, and the methanol solution containing 5%

water was used as the eluent (Schippers et al., 1996;

Herszage and dos Santos Afonso, 2003).

The dissolved sulfide concentration in the filtrate was

determined by the methylene blue method using visible

spectroscopy (721/SP-721, Shanghai King Tech Industry

Co., Ltd., Shanghai, China), and the standard concentra-

tion of dissolved sulfide was demarcated by iodimetry and

back-titration with a standard sodium thiosulfate solution

(Caldwell and Krauskopf, 1929). Polysulfide ions were

detected using UV-Vis spectroscopy (UV-6300PC double

beam spectrophotometer, Shanghai Mapada Instruments

Co., Ltd, Shanghai, China). The composition and

concentration of SO3
2�, S2O3

2�, and SO4
2� were analyzed

by ion chromatography (Dionex ICS-1100, California,

USA) using a conductivity detector with a resolution of

0.003 nS cm�1. The eluent was a 1.0 mmol L�1 Na2CO3/

36.0 mmol L�1 of NaHCO3 solution with a flow rate of

1.5 mL min�1. The current was controlled at 142 mA and

the column temperature was maintained at 30ºC. The

transformation ratio from dissolved sulfides to intermedi-

ates was calculated as the ratio of the concentration of the

oxidized sulfur species intermediate to that of the initial

dissolved sulfide. Total S indicated the sum of the

determined oxidized sulfide species including elemental

S, S2O3
2�, SO3

2�, and SO4
2�. The concentration of

dissolved Mn(II) in the filtrate was determined by atomic

absorption spectrometry (Varian AA240FS, Palo Alto,

California, USA). The redox experiments were conducted

and repeated at least twice. All chemical analyses for each

sample were repeated three times.

RESULTS AND DISCUSSION

Oxidation of dissolved sulfide by manganite in nitrogen

atmosphere

The redox process of dissolved sulfide and manganite

was studied in aqueous systems with pH 12.0 under

nitrogen atmosphere for 30 days, and the concentrations

of HS�, elemental S, S2O3
2�, SO3

2�, and SO4
2� were

analyzed at various times. The concentration of dis-

solved sulfide decreased rapidly over time at the initial

stage and approached 39.58 mg L�1 after 1.0 h, i.e.

~80% of the sulfide was oxidized (Figure 1a). Compared

with the previously used oxidants birnessite, cryptome-

lane, and todorokite, under similar conditions (Gao et

al., 2015; Qiu et al., 2011), manganite showed less

oxidation activity, as indicated by the much longer

reaction time for the complete transformation of sulfide.

The intermediate products of HS� oxidation were further

characterized by ion chromatography and spectrophoto-

metry for various times (Figure 1b). The transformation

ratio from HS� to elemental S increased within the first

2 h, and then decreased to zero after 600 h. The

transformation ratio from HS� to S2O3
2� increased and

approached 94.3% after 720 h. The transformation ratio

from HS� to SO3
2� and SO4

2� was <4%. Elemental S was

formed as the main intermediate at the beginning of the

reaction and its concentration decreased in the later

stage, attributed to further oxidation of elemental S by

manganite and the interaction of S and SO3
2� to form

S2O3
2� (Qiu et al., 2011; Gao et al., 2015). In previous

studies, the transformation from HS� to elemental S was

studied only within the first several hours of reaction

(Qiu et al., 2011; Gao et al., 2015; Luo et al., 2016), but
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further transformation processes and final products were

still unknown. In the present study the redox reaction

lasted for 30 days in nitrogen atmosphere, and the

elemental sulfur was oxidized completely to S2O3
2�.

The total transformation ratio from HS� to elemental

S, S2O3
2�, SO3

2�, and SO4
2� was <100% at the initial stage

(Figure 1b). After 720 h of reaction, the total transfor-

mation ratio of dissolved sulfide approached ~100%,

suggesting that the volatilization of dissolved sulfide

could be negligible. The transformation ratio of total S

was established as being <<100% within 100�300 h,

however, indicating the existence of some other inter-

mediates. Polysulfide ions, which could be generated by

the interaction of elemental S and dissolved sulfide,

were probably the important products in this reaction

system. Polysulfide ions usually have significant reac-

tion activity and an undefined degree of polymerization

which were affected by the concentration of sulfides,

elemental S, and H+ (Lippa and Roberts, 2002;

Kamyshny et al., 2004). They were seldom examined

quantitatively ex situ, therefore, probably because of

their rapid interactions and further oxidation by oxygen

in air during sample-treatment processes (Yao and

Millero, 1993; Schippers and Jørgensen, 2001).

Birnessite, cryptomelane, and todorokite have strong

oxidation capability and can oxidize polysulfide ions

rapidly. Polysulfide ions may be oxidized to elemental

sulfur and sulfate (Yao and Millero, 1993) and may also

be decomposed thermally to hydrogen sulfide and

thiosulfate ions (Filpponen et al., 2006).

Manganite exhibited weaker oxidation activity than

birnessite, cryptomelane, and todorokite, facilitating the

measurement of polysulfide ions during the reaction

process. To examine the possibility of the existence of

polysulfide ions in the oxidation of dissolved sulfide, a

manganite concentration of 0.625 g L�1 was used to

reduce the reaction rate and to avoid the further oxidation

of polysulfide ions by excess manganese oxide. A yellow

suspension was observed at the initial stage (Figure 2a),

which was discolored after a period of time. The solid

Figure 1. Concentration of HS� (a) and transformation ratio from HS� to intermediates (b) for the oxidation by g-MnOOH

(1.25 g L�1) at different times in an aqueous system with pH 12.0 in a nitrogen atmosphere at 20ºC.

Figure 2. XRD patterns of solid products and photo of reaction system (a); UV-Vis spectra of aquatic products and filtrate photos (b)

of HS� (400 mL, 200 mg L�1) and g-MnOOH (0.625 g L�1) with pH 12.0 at 20ºC in a nitrogen atmosphere.
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products were characterized to be a mixture of g-MnOOH,

Mn(OH)2 (JCPDS card ID: 12-0696), and a-S8 (JCPDS

card ID: 83-2284) after 30 min of reaction (Figure 2a). A

mixture of Mn(OH)2 and g-MnOOH was formed after 1 h,

and g-MnOOH was consumed completely with the

formation of Mn(OH)2 as the main product after 6 h.

These results indicated that a-S8 was formed as an

intermediate and was oxidized subsequently at the later

stage. Images of the filtrate after various reaction times

showed that colorless filtrate was observed after 10 min

of reaction (Figure 2b). Yellow-white filtrate was formed

after 30 min. It turned light yellow and deep yellow after

1 h and 3 h of reaction, respectively, suggesting that some

aqueous intermediates were formed. The filtrate was

analyzed by UV-Vis spectroscopy (Figure 2b). The

absorption peak at ~370 nm was attributed to polysulfide

ions including S4
2� and S5

2� (Hoffmann, 1977). The

intensity of this absorption peak increased in the first

2 h and then decreased after 4 h (Figure 2b), indicating

that polysulfide ions were formed as intermediates during

the redox processes of dissolved sulfide and manganese

oxides. Based on the discussion above, the redox

mechanism of dissolved sulfide and manganite could be

summarized as follows: Mn(OH)2 and a-S8 were formed

as the main products at the initial stage; a-S8 can be

further oxidized to S2O3
2� in the later stage. Elemental S

reacted with dissolved sulfide to form the intermediate

polysulfide ions, including S4
2� and S5

2�. The concentra-

tion of dissolved Mn(II) in the filtrate was measured to be

less than the detection limit, which may be due to the

formation of Mn(OH)2 precipitate.

Effect of temperature and pH

The initial rate of dissolved sulfide oxidation by

birnessite, cryptomelane and todorokite follows a

pseudo-first-order kinetics law at the initial stage (Qiu

et al., 2011; Gao et al., 2015). The pseudo-first-order

kinetics model for the redox reaction of dissolved sulfide

and active manganese oxides has been derived in detail

in previous studies. In the present work, manganite was

used as the oxidant and the oxidation rate of dissolved

sulfide was decreased. In the first 30 min of the

experiment, the amount of manganese oxide minerals

was excessive compared with that of HS� and elemental

S was the main oxidation product, which satisfied the

requirement of the pseudo-first-order kinetics model.

The influence of temperature and pH on the initial

oxidation rate (kobs, apparent rate constant) of dissolved

sulfide by manganite was studied under nitrogen atmo-

sphere in the present work.

The fitting curves of the pseudo-first-order kinetics

model were used to compare the oxidation rates of HS�

by manganite with pH 12.0 at 20, 30, and 40ºC

(Figure 3). The experimental data were well fitted by

the pseudo-first-order kinetics law, and kobs values were

calculated to be 0.0408, 0.0678, and 0.1546 min�1 when

the system temperature was controlled at 20, 30, and

40ºC, respectively. The initial apparent oxidation rate of

dissolved sulfide increased significantly with increasing

temperature. The apparent activation energy was calcu-

lated to be 50.7 kJ mol�1 from the Arrhenius equation

(R2 = 0.976), which was greater than that for the

oxidation of dissolved sulfide by todorokite and

birnessite in previous studies (Yao and Millero, 1993;

Qiu et al., 2011; Gao et al., 2015), suggesting that the

oxidation activity increased in the order of manganite <

todorokite < birnessite because of their differences in

crystal structures and Mn valence state under similar

reaction conditions. The apparent activation energy may

also be affected by reaction conditions such as pH and

Figure 3. Fitting curves by the pseudo-first-order kinetics model at the initial stage of HS� (400 mL, 200 mg L�1) oxidation by

g-MnOOH (1.25 g L�1) with pH 12.0 at different temperatures in nitrogen atmosphere. Ct and C0 represented the concentrations of

the dissolved sulfide at various times and at the initial stage, respectively.
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chemical composition (Yao and Millero, 1993; Herszage

and dos Santos Afonso, 2003).

As reported in previous studies, the initial pH had a

minor effect on the reaction rate of sulfide oxidation due to

the quick increase in pH (Luo et al., 2016). The effect of

constant pH on the redox rate was further studied at the

initial stage in this work, therefore, and the pseudo-first-

order kinetics model was used to calculate the apparent rate

constant kobs (Figure 4). When the pH was fixed at 4.0, 6.0,

8.0, 10.0, and 12.0, kobs values were set at 0.1051, 0.2008,

0.2133, 0.0967, and 0.0408 min�1, respectively, and the

largest kobs was obtained at pH 8.0. The kobs increased first

and then decreased with increasing pH values in the reaction

systems (Figure 4b), indicating a different reaction mechan-

ism of sulfide oxidation in a wide pH range.

The pH affects the oxidation rate of sulfide primarily

through adjusting the chemical speciation of dissolved

sulfide and the surface sites on manganese dioxides (Yao

and Millero, 1993). The chemical species of dissolved

sulfide were influenced significantly by the concentra-

tion of H+. The dissolved sulfides in the solution exist in

different forms at different pH ranges, and the ionization

equilibrium of dissolved sulfide in the reaction system is

listed as follows (Rickard and Luther, 2006):

H2S �!
K1

Hþ þHS� pK1 ¼ 6:88 ð1Þ

As the pK2 of H2Saq is assumed to be 14.15, the

further ionization of HS� to form S2�aq can be ignored

over a wide pH range (Rickard and Luther, 2006),

suggesting that H2S and HS� are the dominant species in

acidic and alkaline aqueous systems. The fractions (ai)
of H2S and HS� could be calculated simply according to

the dissociation constant as follows:

aH2S
= 1/(1 + K1/[H

+]) (2)

aHS� = 1/(1 + [H+]/K1) (3)

In the suspending liquid of manganite, the surface

speciation is dependent on pH and can be expressed as

the following ionization equilibrium (Zhu et al., 2009):

� MnIIIOH �!K1 � MnIIIO
� þHþ pK 0

1 ¼ 8:2 ð4Þ
Dissociation constant

The fractions (aj) of :MnIIIOH and :MnIIIO� could

also be calculated as follows:

a:MnIIIOH = 1/(1 + K1’/[H
+]) (5)

a:MnIIIO� = 1/(1 + [H+]/K1’) (6)

During the oxidation processes, a surface complexa-

tion reaction occurred at first, and then electrons were

transferred within the surface complex, and final

oxidation products of sulfide and Mn(II) were released.

The possible complex compounds have been character-

ized using various methods (Yao and Millero, 1993; Al-

Farawati and van den Berg, 1999; Chadwell et al., 1999;

Herszage and dos Santos Afonso, 2003; Rickard and

Luther, 2006). Mn(II) sulfide complexes including

[Mn(HS)2]
0 and [Mn(HS)]+ and polysulfide complexes

have been detected by sulfide titration and cathodic

stripping voltammetry (Al-Farawati and van den Berg,

1999; Chadwell et al., 1999; Rickard and Luther, 2006).

Sulfide oxidation by Mn(IV) oxide proceeds via the

formation of two different inner-sphere surface com-

plexes :MnIVS� and :MnIVSH according to the

experimental results (Herszage and dos Santos Afonso,

2003 ) . S imi l a r su l f i de complexes inc lud ing

[:MnOH][HS�] and [:MnO�][H2S] were proposed

to be the dominant intermediates of sulfide oxidation by

d-MnO2 as indicated by curve fitting (Yao and Millero,

1993). The formation process of a precursor complex is

usually affected by the relative distribution of different

sites on manganese oxide surface and of sulfide in

solution (Yao and Millero, 1993). In the present study,

the possible complexation reactions in the first stage are

presumed as follows:

Figure 4. Fitting curves by pseudo-first-order kinetics model at the initial stage of HS� (400 mL, 200 mg L�1) oxidation by

g-MnOOH (1.25 g L�1) with different pH (a), and the effect of pH on the apparent rate constant (b) at 20ºC in a nitrogen atmosphere.
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:MnIIIOH + H2S ? :MnIIIOSH + 2H+ (7)

:MnIIIOH + HS� ? :MnIIIOSH + H+ (8)

:MnIIIO� + H2S ? :MnIIIOSH + H+ (9)

:MnIIIO� + HS� ? :MnIIIOSH (10)

The degrees of ionization and chemical speciation for

manganite and dissolved sulfides are affected signifi-

cantly by pH according to equilibrium equations 1 and 4.

The fraction products (F = aiaj) for the possible com-

plexes were dependent on pH in the reaction system

(Figure 5). When the pH was <6.0, the complexes

existed mainly as [:MnIIIOH][H2S], the proportion of

which decreased with increasing pH. When the pH was

>6.0, the proportion of [:MnIIIO�][HS�] increased

with increasing pH. The fraction of [:MnIIIOH][HS�]

and [:MnIIIO�][H2S] increased at first and then

decreased with increasing pH, and they had the greatest

proportions at ~pH 8.0 and 7.5, respectively. The

theoretical derivation and calculation above matched

the experimental results, further indicating that

[:MnIIIOH][HS�] might be the main complex formed

due to its proportion at pH 8.0. These results further

indicated that surface-complexation reactions played an

important role in controlling the initial oxidation rate of

dissolved sulfide by manganite, and were affected

significantly by pH.

Catalytic oxidation of dissolved sulfide by manganite in

the presence of oxygen

Oxygen introduced from the atmosphere and rhizo-

sphere usually participates in the oxidation of dissolved

sulfides and Mn(II). Mn(OH)2, which is formed from the

reduction of Mn(IV) oxides, is oxidized to b-MnOOH in

the presence of oxygen (Qiu et al., 2011). Metastable

b-MnOOH can be transformed into g-MnOOH (Stumm

and Giovanoli, 1976). During the oxidation process of

dissolved sulfide, the effect of oxygen on the redox rate

and chemical stability of g-MnOOH was further

investigated in the present work.

The decreasing rate of dissolved sulfide concentra-

tion was reduced significantly when only oxygen

participated in the oxidation of dissolved sulfide

(Figure 6). The reaction rate increased when manganite

was added to the oxygenated system. The decreasing rate

of dissolved sulfide was less than that when only

manganite was used as the oxidant in the reaction

system, however. The oxidation capability of oxygen

was much greater than that of manganite, suggesting that

the apparent activation energy for the oxidation of

dissolved sulfide by oxygen is less than that for the

oxidation of HS� by manganite (50.7 kJ mol�1). This

result further suggests that the oxidation rate of HS� by

oxygen is limited by the diffusion of dissolved sulfide

onto the surface of manganite. In the present study, the

rates of diffusion of dissolved sulfide and manganite

together were greater than that of dissolved sulfide and

oxygen molecules in aqueous solutions because the

reaction rate was limited by diffusion processes for the

low activation energy (Fersht, 2000; Gao et al., 2015).

At the initial stage, the rate of dissolved sulfide

oxidation by different oxidants followed the order

oxygen < (manganite + oxygen) < manganite in the

three reaction systems. Similar results were obtained

when the strong oxidant todorokite was used (Gao et al.,

2015).

The intermediates were further characterized to

investigate the influence of oxygen on the oxidation

processes of dissolved sulfide by g-MnOOH (Figure 7a).

S2O3
2�, SO3

2�, and SO4
2� were the main oxidation

products when oxygen alone worked as the oxidant.

Figure 5. Effect of pH on the formation of precursor complexes

for the reaction of HS� (400 mL, 200 mg L�1) and g-MnOOH

(1.25 g L�1) at 20ºC in a nitrogen atmosphere.

Figure 6. Concentrations of HS� in reaction systems of sulfide

(200 mg L�1) oxidation by a number of oxidants at various

times with pH 12.0 at 20ºC and 1.25 g L�1 of g-MnOOH used in

the experiment.
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Elemental sulfur was first formed and then oxidized to

S2O3
2� when both manganite and oxygen participated in

the oxidation of dissolved sulfide for ~200 h of reaction

(Figure 7b). The difference in the oxidation rate and

oxidation products of dissolved sulfide by different

oxidants was possibly due to the different redox

mechanisms.

As reported by Hemmingsen (1992), the E0 values for

SO4
2�/HS�, SO3

2�/HS�, S2O3
2�/HS�, and S/HS� are 252,

368, 200, and �65 mV, respectively, the elemental

sulfur and S2O3
2� were, thus, formed easily owing to the

difference in standard redox potentials. Due to the fact

that oxygen showed greater oxidation activity than

manganite, HS� could be oxidized directly by oxygen

to form S2O3
2�, SO3

2�, and SO4
2�. When oxygen was

admitted into the reaction system of sulfide and

manganite, dissolved sulfide would be complexed easily

with manganite, and a-S8 was formed rapidly at the

initial stage. The reaction rate decreased owing to the

restricted diffusion of oxygen with dissolved sulfide,

though HS� could be oxidized directly by oxygen to

form S2O3
2�, SO3

2�, and SO4
2�. Dissolved oxygen was

more likely to oxidize a-S8 on the surface of manganese

oxides because only a small amount of SO3
2� and SO4

2�

was formed (Figure 7b). Some dissolved sulfide was

oxidized by oxygen, resulting in a decrease in reactant

concentration and the corresponding reaction rate with

manganite.

The chemical stability of manganite was further

studied during the redox process of dissolved sulfide and

manganite (1.25 g L�1) in the absence and presence of

oxygen. In a nitrogen atmosphere (Figure 8a), the

diffraction peaks of g-MnOOH and Mn(OH)2 were

observed within the first 6 h, and a-S8 diffraction

peaks also appeared at 6 h and increased over time,

implying an increase in the a-S8 content in solid

products. Mn3O4 (JCPDS card ID: 16-0350) was

observed owing to the further oxidation of Mn(OH)2 in

air. After filtration separation, wet intermediates on a

filter membrane were exposed to air during the

Figure 7. Transformation ratio from HS� to intermediates for the oxidation by oxygen (a) and by g-MnOOH (1.25 g L�1) in oxygen
atmosphere (b) for different times in an aqueous system with pH 12.0 at 20ºC.

Figure 8. XRD patterns of solid products of the redox reaction of g-MnOOH (1.25 g L�1) and HS� (400 mL, 200 mg L�1) in nitrogen
(a) and oxygen (b) atmosphere with pH 12.0 at 20ºC.
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subsequent XRD test, which facilitated the further

oxidation of Mn(OH)2 to Mn3O4 by oxygen in air (Qiu

et al., 2011; Gao et al., 2015). When oxygen was

introduced into the reaction system above, only a very

small amount of Mn3O4 was formed at the initial stage

which then disappeared after 3 h of reaction owing to its

re-oxidation to form manganite in an oxygenated

aqueous system (Figure 8b). Elemental sulfur was

formed as indicated by the increase in the intensity of

diffraction peaks in the first 6 h, and the diffraction peak

intensity attenuated after 5 days due to the further

oxidation to S2O3
2� by oxygen. The presence of oxygen

facilitated the rapid transformation from a-S8 to S2O3
2�

and the re-oxidation of Mn3O4 to manganite (Qiu et al.,

2011; Gao et al., 2015). Manganite can, therefore,

definitely be considered to have excellent catalytic

activity for the oxidation of dissolved sulfide by oxygen.

The catalytic stability of manganite was further

confirmed by TEM analysis. Manganite had the rod-

like nanostructures with rod lengths ranging from 200 to

500 nm (Figure 9a). In a nitrogen atmosphere, the

typical rod-like g-MnOOH particles were collapsed

with the presence of polyhedral particles owing to the

formation of Mn3O4 from the oxidation of Mn(OH)2
after 25 days of reaction (Figure 9b). In an oxygen

atmosphere, no other solid products were observed after

36 days of reaction, however, and the rod lengths of

manganite were reduced, which was possibly due to the

re-oxidation of Mn3O4 (Figure 9c). During a similar

redox process, the crystal structure of todorokite was

collapsed significantly because of its greater oxidation

activity (Gao et al., 2015). Manganite can be formed

readily from the oxidation of Mn3O4 precipitate by

oxygen in soil environments (Kirillov et al., 2009). In

the present study, Mn3O4 precipitate formed from the

reduction of manganite by sulfide could be reoxidized

rapidly to manganite by oxygen. During the oxidation

processes of dissolved sulfide by oxygen, manganite

facilitated the oxidation of dissolved sulfide to S2O3
2�,

and the crystal structure was maintained for more than a

month, exhibiting excellent catalytic activity and chemi-

cal stability.

CONCLUSIONS

The presence of manganite accelerated the oxidation

of sulfide in aqueous systems under both nitrogen and

oxygen atmospheres, and affected the migration and

transformation of dissolved sulfide. Sulfide was oxidized

by manganite to form elemental sulfur, which was

further transformed slowly into S2O3
2� in a nitrogen

atmosphere. Polysulfide ions were an important inter-

mediate during the redox process. The oxidation rate of

dissolved sulfide increased with increasing temperature,

and decreased with the participation of oxygen. The

dissolved sulfide oxidation rate increased at first and

then decreased with increasing pH from 4.0 to 12.0, and

the maximum oxidation rate was achieved at a pH of

~8.0 owing to the formation of the main complex

[:MnIIIOH][HS�]. Surface complexation reactions

played an important role in controlling the initial

oxidation rate of dissolved sulfide by manganite and

were affected significantly by pH. Manganite exhibited

excellent catalytic activity and stability for the rapid

oxidation of dissolved sulfide to S2O3
2� by oxygen.
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