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a b s t r a c t
In this paper, the sulfur ions in oilfield wastewater were treated by oxidation to harmless elemental 
sulfur or high valence sulfur-containing organics using hydrogen peroxide catalyzed by mont-
morillonite-loaded manganese oxides (B@Mn) as a catalyst. The effects of pH, hydrogen peroxide 
dosage, reaction time, and temperature on sulfide removal were studied separately. The results 
show that the best reaction conditions were achieved when the simulated wastewater concentra-
tion was 25.6 mg/L (pH = 8) and the molar ratio of hydrogen peroxide to sodium sulfide was 5.1:1 
(T = 30°C). Under the optimal conditions, the sulfide ion concentration of the B@Mn-4 catalyst was 
reduced to 0.0225 mg/L. Further, the morphology and pore structures of catalyst were studied in 
detail using various characterization methods including scanning electron microscopy, UV-vis 
spectrophotometry, thermogravimetric, and N2 adsorption–desorption analysis.
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1. Introduction

Along with the increase in oil and gas field produc-
tion, there has been an increase in wastewater from oil 
fields with high valence sulfur-containing organics [1–2]. 
Sulfur ions in oilfields mainly come from sulfur-contain-
ing crude oil and sulfate produced by biomass metabolism 
[3]. Sulfide has strict emission standards (Class I standard 
sulfide 1 mg/L) because of its strong corrosive, toxic, and 
odor characteristics [4–6]. A portion of the oilfield waste-
water was treated and recycled for use as oilfield injection 
water, while another portion was discharged into the envi-
ronment after meeting treatment standards [7]. The strate-
gies currently used to remove sulfides including membrane 

separation, physical adsorption [8], nitrate method [9], dis-
solved oxygen oxidation [10], iron salt precipitation [11], 
desulfurization agent desulfurization, etc. In addition to a 
single application, some of them are used in combination 
to obtain a better removal effect [12]. Of course, there are 
also some removal methods, such as biological removal, 
which are very effective in removing sulfides [13]. Not only 
can it operate at atmospheric pressure and low tempera-
tures without additional chemical costs, but some methods 
require high levels of experimental equipment and reac-
tions, which indirectly drive up the economic costs [14]. 
As a result, conventional wastewater treatment methods 
can only remove most of the oily substances, and the 
removal of sulfides was not complete.
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From an economic point of view, the removal of sul-
fides from wastewater is quite expensive, so it is crucial to 
develop an optimal non-toxic catalyst for the treatment of 
sulfur- containing wastewater [15–16]. With the advent of 
advanced oxidation technologies (AOPs), oxidative desul-
furization (ODS) has evolved towards the use of stron-
ger oxidizers to remove sulfides from oilfield wastewater 
in the form of sulfates [17]. Hydrogen peroxide is widely 
used in medical, military, industrial, and other fields, 
and is called a green oxidizer because of its environmen-
tal protection, simple post-reaction treatment, and water 
by-product [18]. So wastewater treated with it as an envi-
ronmentally friendly strong oxidizer was more easily  
biodegradable [19].

In this study, a composite B@Mn catalyst was prepared 
to oxidize the sulfur ions in the simulated sulfur-contain-
ing wastewater by hydrogen peroxide oxidation to harm-
less simple sulfur or high valent oxygenate to reduce the 
pollution hazard of sulfide.

2. Experimental

2.1. Chemicals and materials

Sodium sulfide was purchased from Bodi Chemical 
Co., (Tianjin, China). N,N-dimethyl-p-phenylenediamine 
hydrochloride was obtained from Aoran Fine Chemical 
Research Institute (Tianjin, China). Zinc acetate and sodium 
acetate were purchased from Dengfeng Chemical Reagent 
Factory (Tianjin, China). All reagents were of analyti-
cal grade. Deionized water was used for the preparation 
of the solutions throughout the experiment.

2.2. Sulfur ion content determination

Owing to the high sulfide concentration and pH in the 
wastewater, it was generally diluted by diluting the water 
sample during the experiment, although it was adjusted 
by adding acid if the pH was still high after dilution [20]. 
However, if not done properly, it can produce H2S, which 
can be a serious threat to operator safety and is not avail-
able in production practice. The standard curve between 
divalent sulfur ions and absorbance was established by 
taking the concentration of divalent sulfur ions as the hori-
zontal coordinate and the absorbance measured at a wave-
length of 665 nm using a UV-vis spectrophotometer as the 
vertical coordinate. For an initial sodium sulfide and N,N-
dimethyl-p-phenylenediamine hydrochloride concentra-
tion of 1 g/L and 0.001 mol/L, respectively. In the 100 mL 
volumetric bottle, 0.1 mL waste solution containing sulfur 
and 20 mL of zinc acetate-sodium acetate solution, 60 mL 
of distilled water were added to it. An addition of 10 mL 
of N,N-dimethyl-p-phenylenediamine solution was slowly 
added along the bottle wall, just after the addition of 
ammonium ferric sulfate solution 1 mL. Then, the solution 
was placed in the dark for 10 min and diluted with distilled 
water to the mark. Next, the absorbance was measured 
using a UV-vis spectrophotometer at 665 nm, and the sulfur 
ion concentration in the diluted wastewater was deter-
mined against a standard curve, and the sulfur ion removal 
rate was calculated according to the following equation:
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where C0 (mg/L) is the initial sulfur ion concentration, 
Ca (mg/L) is the sulfur ion concentration measured under 
different conditions, A is the absorbance, and η (%) is 
the sulfur ion removal rate.

2.3. Catalysts preparation

In this experiment, the aqueous solution prepared by 
mixing K2MnO4 and montmorillonite in a certain propor-
tion was treated by the impregnation method [21]. The mixed 
solution was dried in an air oven at 105°C after stirring for 
30 min. Under the condition of fully removing the mois-
ture, the muffle furnace was set at 550°C, 650°C, 750°C, 
and calcined for 4 h, then cooled and pulverized for stor-
age. All the catalysts were named B@Mn-X, where X is the 
catalyst prepared under different conditions. The details 
were shown in Table 1. The load process is shown in Fig. 1.

2.4. Characterization of materials

Absorbance was measured using UV-vis spectropho-
tometer UV-2600 (Japan). The scanning electron micros-
copy (SEM, JSM-6390A, JEOL, Japan) was used to elucidate 
the morphology of the prepared materials at an accelerat-
ing voltage of 20.0 kV. The TG curves of the samples were 
recorded using a thermogravimetric analyzer TGA/DSC1 
(METTLER TOLEDO, Inc., Switzerland) at an N2 gas flow 
rate of 10 mL/min and a temperature rise rate of 10°C/
min. The number and distribution of alkaline sites on 
the catalyst surface as well as the alkaline intensity were 
determined using a Micromeritics Chemisorb 2750 analysis.

3. Results and discussion

3.1. Effect of pH on sulfide removal efficiency

Removal of sulfur ions from oilfield wastewater by oxi-
dation with hydrogen peroxide, which oxidizes them to 
harmless monomeric sulfur or highly valent oxygenated 
acid salts, thereby reducing the hazard level of sulfides. 
In the process of decreasing pH, a white colloidal sulfur 

Table 1
Naming of catalysts

Temperature (°C) Mass ratio Named

550
10:1 B@Mn-1
20:1 B@Mn-2

650
10:1 B@Mn-3
20:1 B@Mn-4

750
10:1 B@Mn-5
20:1 B@Mn-6
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precipitate is generated, which makes the reaction solu-
tion turbid. The state of sulfur presence changes when pH 
regulation changes in the following equations:

S H O HS OH2
2� � �� � �  (A)

SH H H S� �� � 2  (B)

S H HS4
2

4
� � �� �  (C)

SO H HSO3
2

3
� � �� �  (D)

In this study, sulfur-containing wastewater was pre-
pared by simulation, and the concentration of sulfide 
in the wastewater was 25.6 mg/L in terms of sulfur ions 
during the initial investigation, and the pH was adjusted 
by 0.1 mol/L hydrochloric acid solution and 0.1 mol/L 
sodium hydroxide solution during the experimental pro-
cess. Under the conditions of a controlled initial tempera-
ture of 30°C and reaction time of 30 min, the effect of the 
pH of the solution on the sulfide removal rate was inves-
tigated by adjusting the pH of the solution. It was found 
that the high removal rate of sulfide ions and the effect of 
the simulated initial pH of the water were mainly related 
to the characteristics of hydrogen peroxide, as shown in 
the following two- electrode reaction:

H O H HO2 2 
� �� 2  (E)

HO H O e 3OH V22 2 0 87− −+ + = Eθ .  (F)

In acidic mediums:

H O H e 2H O V2 2 22 2 1 77+ + =+
 Eθ .  (G)

The electrode potentials indicate that S2– oxidation can 
be performed in both acidic and alkaline media and that 
Hydrogen peroxide is more oxidizable in acid, simulating 
that the sulfur ions in the water are more likely to escape 
in the form of hydrogen sulfide, making it more difficult 
for them in safety and handling, so treatment of sulfur 

ions under overly acidic conditions is not considered [22]. 
In conditions of alkalinity, the standard electrode poten-
tials for sulfur in various states of existence were as fol-
lows: E0

A(S2–/S) = –0.48 V, E0
A(S/S2O3

2–) = –0.74 V, E0
A (S2O3

2–/
SO3

2–) = –0.58 V, E0
A(SO3

2–/SO4
2–) = –0.93V. The sulfur ion is 

the most reducible. Sulfur in each of the above valence states 
has certain reducibility, among which the divalent sulfur 
ion has the strongest redox property. It can undergo oxida-
tion–reduction reactions with various oxidants to convert 
it into other non-toxic forms of sulfur.

Fig. 2 shows that 43% sulfide removal was achieved at 
pH = 6, this is mainly due to the presence of sulfides in the 
form of HS– under acidic conditions. Therefore, only the pH 
of the solution can maintain the stable presence of sulfides 
under alkaline conditions. At pH = 13 in Fig. 2, the sulfide 
will exist in solution as an ion rather than in air, which is 
a relatively safe range. However, under strongly alkaline 
conditions, the hydrogen peroxide will decompose, the 
effective oxygen component will be reduced, the oxida-
tion capacity will be weakened, which is not conducive to 
the reaction, resulting in a decrease in the sulfide removal 
rate. In summary, a pH of 8 was chosen.

3.2. Effect of molar ratio of H2O2 to Na2S on  
sulfide removal effect

The following equation shows the reaction equation for 
the removal of sulfides by hydrogen peroxide oxidation at 
different ratios:
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Fig. 1. Schematic diagram of montmorillonite reloading catalyst.
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The standard electrode potentials obtained for each 
couple under acidic conditions are as follows:

EA
0 0 065S HS V/ .−( ) = −  (3)

EA
0

2 3
2 0 20S O HS V− −( ) =/ .  (4)

EA
0

2 2 2 1 776H O H O V/ .( ) =  (5)
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4
2 0 251SO HS V− −( ) =/ .  (6)

REDOX reaction can only occur when the electric 
potential of oxidation couples is greater than that of reduc-
tion couples, as the difference between the two increases, 
the more completely the reaction proceeds [23]. With the 
increasing molar ratio of hydrogen peroxide and sodium 
sulfide, the highly oxidizing reactive oxygen produced by 
hydrogen peroxide oxidizes the sulfide into a variety of 
intermediates combined with the adjacent sulfur to form 
S–S bonds, and with the increasing oxidation, the trend 
of forming S–S bonds weakens, and the trend of sulfur 
replacing lattice oxygen becomes larger, thus forming the 
end product sulfate.

It was clear from the reaction equation that at an ini-
tial hydrogen peroxide to sodium sulfide ratio of 4:1 (mol/
mol), the reaction was slow and the sulfide removal was 
low. The reaction rate was fastest when the molar ratio of 
the reaction reaches 5.1:1 (mol/mol) and sulfide removal 
was maximized, but the sulfur ions will be present as 
sulfur monomers, thiosulfates, sulfites, and sulfates. At 
low molarity, the generation of monomeric sulfur was 
favored. Sulfate and thiosulfate were produced when the 
molarity was relatively high.

3.3. Effect of reaction time on sulfide removal

The effect of reaction time on the removal rate of sul-
fide under the conditions of control initial temperature of 
30°C, hydrogen peroxide and sodium sulfide ratio of 5.1:1 

(mol/mol), pH 8, and initial sodium sulfide of 25.8 mg/L. 
Fig. 3 shows that when the reaction time was between 10 
and 40 min, the removal rate of sulfide increases with the 
increase of reaction time, and the growth rate was very 
fast. When the reaction time was 40 min, the removal rate 
reaches the maximum of 94.68%, and the mass concentra-
tion of sulfide in wastewater drops to 1.36 mg/L, which has 
reached the standard of gas field reinjection water.

It is noteworthy that the removal rate does not vary 
much between 10 and 40 min of reaction time. On the one 
hand, the reaction was rapid and reached equilibrium in a 
short time within 10 min. On the other hand, the concen-
tration of hydrogen peroxide in the initial phase was very 
high, which is due to the high concentration of hydrogen 
peroxide at the initial stage of the reaction makes the reac-
tion occur rapidly and can fully react, and the oxidation 
rate of sodium sulfide was large; the oxidation process 
occurs at close to room temperature, the system does not 
obtain energy from the outside world, the total number of 
activating molecules was fixed. The frequency was decreas-
ing and the oxidation of hydrogen peroxide was almost  
complete.

3.4. Effect of temperature on the effectiveness of sulfide removal

Normally, the temperature of oilfield-produced water is 
not less than 30°C. In this study, temperature (30°C–70°C) 
was investigated as a factor affecting desulfurization. 
At reaction conditions of H2O2:Na2S = 5.1:1 (mol/mol), 
pH = 8, for 40 min, with an initial Na2S concentration 
of 25.6 mg/L, the law of the effect of temperature on sul-
fide removal rate was investigated. As can be seen from 
Fig. 4, the temperature at 30°C~50°C, the basic efficiency 
of sulfide removal did not change. It proves that the cata-
lyst achieves a favorable removal effect at 30°C. When the 
temperature reached 70°C, the highest sulfide removal 
rate reached 99.47%, the mass concentration of sulfide 
in the sewage decreased to 0.135 mg/L. In actual oilfield 
sewage treatment temperature would not arrive at 70°C, 
the sulfur ion removal at a temperature of 30°C achieved 
about 96%, and the sulfide removal was already obvious.

5 6 7 8 9 10 11 12 13 14 15
14

16

18

20

22

24

26

pH

ediflus laudise
R

/
m

g/
L

Residual sul�de

 Sul�de removal ef�ciency

0

10

20

30

40

50

Su
l�

de
 r

em
ov

al
 e

f�
ci

en
cy

/%
Fig. 2. Effect of pH value on removal efficiency of sulfur ion.

10 20 30 40 50

1.36

1.38

1.40

1.42

1.44

1.46

1.48

Time/(min)

e
difl

us la
u

dise
R

/
m

g/
L

Residual sul�de

 Sul�de removal ef�ciency

94.2

94.3

94.4

94.5

94.6

94.7

S
ul

�
de

 r
em

ov
al

 e
f�

ci
en

cy
/(

%
)

Fig. 3. Effect of reaction time on removal efficiency of sulfide.



223Z. Xu et al. / Desalination and Water Treatment 230 (2021) 219–226

3.5. Effect of catalyst-catalyzed hydrogen peroxide on 
the removal of sulfides

The effect of different catalysts on the sulfur ion 
removal rate was investigated based on previous experi-
ments. At pH 8, H2O2:Na2S = 5.1:1 (mol/mol), the reaction 
time of 40 min, and the reaction temperature of 30°C, the 
following conditions were used. From Fig. 5, it can be seen 
that all six catalysts have some influence on the removal 
rate of sulfur ions, and the sulfur ion removal rate of cat-
alyst B@Mn-4 can reach 99.98% when the dosage reaches 
6%. With the further increase of the catalyst concentra-
tion, the sulfur ion removal rate did not change signifi-
cantly. In the blank sample, the sulfur ion removal rate 
was only 71.51% when calcium was added instead of the 
catalyst under the above conditions.

3.6. Effect of sulfide ion concentration on efficiency

Under the conditions of controlling the pH of simulated 
water as 8, H2O2:Na2S = 5.1:1 (mol/mol), the reaction time as 
40 min, the temperature as 30°C, and the catalyst selection 
with calcium Mn-4 at a mass fraction of 6% on the initial 
sulfur ion concentration size on the sulfur ion removal rate. 
It can be seen from Fig. 6, that the removal rate of sulfur ions 
decreases with the increase of the initial concentration of 
sulfur ions under the conditions of certain control reaction 
factors, but the decrease is small. When the initial concen-
trations of sulfur ions were set to 100; 400; 800; 1,200; 1,600; 
and 2,000 mg/L, the removal rates of sulfur ions could be 
obtained as 99.96%, 99.85%, 98.85%, 97.63%, 96.68%, and 
96.25%, respectively. There was an effect of the initial con-
centration of the simulated water on the removal rate of 
sulfur ions. When the maximum concentration of sulfur 
ions was 2,000 mg/L, the removal rate could reach 96.25%.

3.7. Thermogravimetric analysis

From Fig. 7, it was known that montmorillonite and 
calcium Mn-4 under different temperature roasting, there 
was some loss in mass of montmorillonite, the mass of 
montmorillonite changed about 5% when the temperature 

was increased to 400°C, while the mass loss of catalyst after 
roasting was more than 20%. Some of the montmorillon-
ite clay and airborne water molecules attached to the cata-
lyst may be caused by the roasting temperature, and most 
importantly, KMnO4 may not be completely decomposed to 
reach a stable state under the temperature change.

3.8. Catalyst chemisorption measurement

Fig. 8 shows that the amount of CO2 desorption in the 
CO2-TPD curve reflects, to some extent, the number of active 
sites on the surface of the catalyst calcium Mn-4, while the 
highest desorption temperature reflects the relative strength 
of the acid-base of the catalyst. The results of chemisorption 
characterization of the catalysts obtained at different roasting  
temperatures were different. The adsorption curves of  
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B@Mn-4 catalysts at 550°C, 650°C, and 750°C were mainly 
investigated in the above study. At 550°C, owing to the low 
firing temperature, only part of the KMnO4 was decom-
posed by high-temperature oxidation, and the amount of 
MnO2 produced was quite limited. From Fig. 7, we can see 
that the peak heights of the catalysts obtained after roast-
ing at 650°C and 750°C were almost identical, and the 
peak areas were also roughly the same. and the compar-
ison with the catalysts obtained after firing at 550°C was 
obvious. It also indicated that the number of basic sites 
on the catalyst surface was comparable for the catalysts 
roasted at 650°C and 750°C, and that different roasting 
temperatures have an effect on the basic sites on the cat-
alyst surface, but they remain unchanged after reaching a 
certain value of temperature.

3.9. Particle size analysis

The average and median particle sizes of montmo-
rillonite and B@Mn-4 after roasting at different tempera-
tures are shown in Table 2. The average particle size of the 
hydrated calcium clay at room temperature was 12.32 μm, 
and the median particle size was 11.827 μm. However, the 
average and median particle sizes of the loaded catalysts 
increase somewhat, mainly due to the conversion of KMnO4 
to MnO2 after high-temperature roasting and the adsorp-
tion of MnO2 itself. Further indicating a significant loading 
effect was the average particle size of 15.234 μm and the 
median particle size of 13.211 μm for B@Mn-4 when roasted 

at 650°C. The average particle size of B@Mn-4 at 650°C 
was 15.234 μm and the median particle size was 13.211 μm.

3.10. SEM analysis

Fig. 9 shows SEM pictures of B@Mn-4 catalysts with 
different loadings. The morphology of the montmorillonite 
was mainly a lumpy structure of different sizes and scat-
tered, when the loading was 10% of the catalyst began to 
condense into a whole, but the surface of the catalyst was 
still rough. When the load increases up to 20%, the catalyst 
starts to show a large amount of lumpy structure, MnO2 
itself has a certain adsorption and coagulation effect, this 
structure also indirectly verifies the effect of MnO2 loading 
on montmorillonite.

3.11. XRD analysis

Fig. 10 presents the XRD spectra of the B@Mn-4 cata-
lysts and bentonite. The XRD patterns from the bentonite 
samples indicate that the main composition of the bentonite 
was montmorillonite, with square quartz (SiO2) as a second-
ary component. The catalyst composition consists mainly of 
MnO2 (2θ = 12.75° and 29.09°) (JCPDS 72-1982) and mont-
morillonite (2θ = 20.90°, 26.73°, and 50.15°) (JCPDS 70-3755) 
crystalline phases. Meanwhile, the XRD pattern of mont-
morillonite shows sharp and intense reflections. The peak 
at 2θ = 12.75° can be indexed to δ-MnO2 (JCPDS 72-1982). 
It was demonstrated that the MnO2 generated after roasting 

Table 2
Mean diameter and median diameter of calcium soil B@Mn-4 at different temperatures

Temperature (°C) Sample Mean diameter (μm) Median diameter (μm)

Room temperature Montmorillonite 12.32 11.827
550 B@Mn-4 10.32 8.643
650 B@Mn-4 15.234 13.211
750 B@Mn-4 14.455 13.011
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of KMnO4 was loaded on the montmorillonite, which corre-
sponded to the SEM results.

4. Conclusions

In this study, B@Mn composite catalysts were success-
fully prepared to catalyze hydrogen peroxide oxidation for 
the treatment of sulfur ions in simulated sulfur-contain-
ing wastewater. The selection variables were optimized by 
examining the initial pH of the reaction, molar ratio, reac-
tion time, temperature, and the amount of catalyst used. 
The reaction conditions with the best sulfur ion removal 
from the wastewater were identified. The experiments 
showed that the best results were obtained when the ini-
tial pH value of simulated water was 8, the reaction time 
was 30 min, the temperature was 30°C, H2O2:Na2S = 5.1:1, 
and the catalyst was B@Mn-4. The removal rate of sulfur 
ions under these conditions was up to 99.97%, and the sul-
fur ion concentration was reduced to 0.0225 mg/L, which 
met the discharge standard of oilfield wastewater. Several 

characterization means were preferred to give the best 
catalytic effect of the catalyst B@Mn-4. Manganese diox-
ide loaded onto montmorillonite at a ratio of ten percent 
and roasted at 650°C for 4 h gave the best catalytic effect.
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