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Abstract: The oxidation characteristics of sulfite and thiosulfate were examined by using thermodynamic calculations
and simulated desulfurization solution experiments to investigate their difference. Subsequently, a new multistage
oxidation method using oxygen—ammonium persulfate was presented and applied to the oxidation of a real
desulfurization solution. The results show that the concentrations of thiosulfate and sulfite in the real desulfurization
solution decrease from 48.76 and 61.76 g/L to 2.24 and 0.02 g/L, respectively, and the ammonium sulfate products
obtained are white with uniform particles. In addition, compared with ammonium persulfate alone, the multistage
oxidation method can reduce the ammonium persulfate addition by 37.56% and treatment cost by 28.13%.
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1 Introduction

Flue gas desulfurization is a vital link in the
discharge of non-ferrous smelters, which plays a
significant role in reducing air pollution [1-3].
Among the existing flue gas desulfurization
processes, ammonia desulfurization has been
widely used in industrial flue gas treatment due to
its high desulfurization efficiency, low energy
consumption, low carbon dioxide emissions, and
complete resource utilization of by-product
ammonium sulfate [4—6]. The principle of ammonia
desulfurization is to use ammonia to absorb sulfur
dioxide in the flue gas to form a desulfurization
solution mainly composed of ammonium sulfite,

and then use an oxidant to oxidize ammonium
sulfite into ammonium sulfate products that can be
used as agricultural fertilizer.

However, thiosulfate (S;03), a
containing impurity, becomes easily enriched in the
desulfurization solution when the ammonia
desulfurization system is operated for a long time.
Once the S,03 content in the desulfurization
solution exceeds the standard level, it causes
problems such as the generation of sulfur impurities
during the oxidation step, a decrease in the sulfite
oxidation efficiency, and deterioration of the
chromaticity and quality of the ammonium sulfate
product.

The primary approaches for removing S:03"
from the desulfurization solution include membrane

sulfur-
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filtration [7], anion exchange resin [8,9], and
conversion into  sulfur-combined separating
methods [10,11]. Although membrane filtration has
high separation efficiency, it has disadvantages such
as high membrane price, easy blockage and
pollution, and high operation and maintenance
cost. The anion exchange method has problems,
such as low thiosulfate removal rate and high resin
consumption. To convert thiosulfate into sulfur, the
principle is to add concentrated sulfuric acid or
microorganisms and then separate the formed sulfur
impurities. However, this method still has issues
with a complex process, complicated operation,
high cost, and incomplete separation of sulfur. In
this case, a satisfactory treatment option is to
involve converting ammonium thiosulfate in
solution to ammonium sulfate product.

The most commonly utilized oxidants in the
industry are concentrated sulfuric acid (H2SOs),
hydrogen peroxide (H>O.), and oxygen (O,). However,
concentrated H>SOs is not a suitable oxidant for
treating desulfurization solutions containing S,O3
because S,0; is extremely unstable under acidic
conditions and rapidly decomposes to form sulfur.
H,0, was also found to convert S,03 into unstable
polythionate intermediate products in addition to
sulfate products, which further decomposed to form
sulfur [12]. Oxygen is an inexpensive oxidizing
agent used in industry because it does not produce
other impurities when reacting with sulfite (SO3)
and S,03 , but the oxidation efficiency of S,0; by
oxygen is notably low, reaching only approximately
20% [13,14].

In our recent work [15], we reported that
ammonium persulfate ((NH4),S,0Os) is an ideal
oxidant for oxidizing thiosulfate-containing
desulfurization solutions and producing qualified
ammonium sulfate fertilizer [16]. However, the use
of ammonium persulfate oxidation alone requires a
high dosage of ammonium persulfate oxidant, and
the price of ammonium persulfate (500—600 US$/t)
is much higher than that of concentrated H>SO4, O
and other oxidants used in ammonia desulfurization,
limiting its industry application. Considering that
S,07 and SO;F coexist in the desulfurization
solution, it is necessary to study the oxidation
characteristics of S;05 and SO3 under different
oxidant conditions and to develop an efficient and
economical oxidation treatment technology for
high- concentration S;03 desulfurization solutions

by combining several technologies to reduce the use
of (NH4)2$208.

Based on the difference in the oxidation
characteristics of S,0; and SO; under different
oxidants (O, (NH4):S:0s), a new oxygen—
ammonium persulfate oxidation technology has
been proposed to treat desulfurization solutions
containing S,03 . The idea is to use inexpensive O,
to oxidize most of the SO3 in the desulfurization
solution to sulfate and then use a potent oxidant
((NH4)2S:05) to deeply oxidize the S,03 to sulfate
to improve the oxidation efficiency and reduce the
dosage of the (NH4)»S:Os oxidant. First, the
oxidation characteristics of S,03 and SO3 under
the action of O, and (NH4)>S,0s were studied using
thermodynamic  calculations and  simulated
solutions. Then the influence of various reaction
factors in the new technology on the removal rates
of S,03 and SO? in the real desulfurization
solution was studied, and the ammonium sulfate
product obtained was characterized. The advantages
of this new technology were discussed concerning
the removal rate and cost of the oxygen—ammonium
persulfate and ammonium persulfate alone methods.

2 Experimental

2.1 Materials

Ammonium thiosulfate (60 wt.%), ammonium
sulfite  monohydrate (90 wt.%), ammonium
persulfate (AR grade), manganese dioxide powder
(AR grade), ammonia (AR grade) and pure oxygen
(99.9%) were used in this study. Ammonium
thiosulfate and ammonium sulfite monohydrate
were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Ammonium persulfate,
manganese dioxide powder (AR grade, >99 wt.%,
particle size 0.0075 mm) and ammonia were
purchased from Tianjin Zhiyuan Chemical Reagent
Co., Ltd. Pure oxygen was purchased from
Kunming Gas Plant, China.

In the simulated solution experiment, since the
concentrations of $,0; and SO in the real
abnormal desulfurization solution varied in the
range of 12-50 and 30-64 g/L, the average
concentrations of 30.87 and 46.84 g/L for S,03 and
SO3", respectively, were considered for the
preparation of the simulated solution. This solution
was used as the source of oxygen oxidation
treatment. The solution obtained after oxygen
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treatment under optimum conditions was used with
ammonium persulfate treatment.

In the real solution experiments, a real
abnormal desulfurization solution with high S,03
and SO; concentrations (S;0; 48.76 g/L, SO;
61.76 g/L and SO; 176 g/L) provided by a
metallurgy company in Yunnan province, China,
was used to verify the effect of the oxygen—
ammonium persulfate multistage oxidation method.
The abnormal desulfurization solution is similar in
appearance and pH to the standard desulfurization
mother solution, which is a colorless transparent
liquid with pH of 5. The difference is that its
S,037 concentration is higher than the upper
limit concentration of 3 g/l in the standard
desulfurization solution.

2.2 Experimental procedure

In the oxygen oxidation step, 250 mL of the
desulfurization solution was transferred to a 1000
mL flask and heated in a water bath. When the
temperature of the desulfurization solution reached
the set temperature, a certain amount of MnO,
catalyst was added to the solution. Then, oxygen at
a fixed flow rate was passed through the solution
using a rubber tube with an aeration stone while
stirring at 300 r/min. 5SmL of the oxidized
desulfurization solution was used to measure the
concentrations of S$,0; and SO; by iodometric
methods [17,18]. The removal rates of S,03; and
SO;~ were calculated using the following equation:

R:Cini_c

ini

5 100% (1)

where R is the removal rate of S,03 and SO3
under certain conditions, Ci, 1S the initial
concentration of S,03 and SO3, and C. is the
actual concentration of S,07 and SO? under
certain conditions.

In the ammonium persulfate oxidation step, the
oxygen-oxidized solution (100 mL) was transferred
to a 300 mL beaker and heated in a water bath.
When the temperature of the desulfurization
solution reached the set temperature, a certain
amount of ammonium persulfate powder was added
to the desulfurization solution, and the oxidation
reaction was carried out with stirring at 300 r/min.
The oxidized desulfurization solution was collected,
and the contents of S,05 and SO; were measured.
The obtained solution was neutralized to pH 8 by

adding ammonia, evaporated and crystallized at
85 °C, separated by filtration and then dried at
60 °C for 5 h to obtain ammonium sulfate products.
The experiments in the simulated and real
desulfurization solutions were all performed as
described above. The experiments under the same
conditions were carried out 3 times, and the average
of the three experiments was taken as the final
result. The removal rates of S;03 and SO; were
calculated using the same method in the oxygen
oxidation step.

3 Results and discussions

3.1 Oxidation characteristics of S;03 and SO?”
under action of oxygen and ammonium
persulfate from thermodynamic calculations

3.1.1 Oxygen
The results of thermodynamic calculations of

S,0;” and SO; oxidized by oxygen for 1 mol

S,07 and 1 mol SO; or 1 mol oxidant are shown

in Fig. 1 from HSC chemistry 6. The Gibbs free

energy of each substance in the reaction at different
temperatures was obtained from the database of

HSC chemistry 6. The reactions of O, S;0; and

SO3 are shown as

$,03+20,+H,0=2S02 +2H" )
SO +0.50,=S02" 3)
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Fig. 1 Thermodynamic calculation results of $,0%" and
SO; oxidized by oxygen for 1 mol $;05, 1 mol SO3
and 1 mol oxidant

For 1 mol S;03 and 1 mol SO3, the Gibbs
free energy of the oxidation of S;03 by oxygen is
lower than that of SO;, which means that oxygen
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is more likely to react with S,03” than with SO3
when the concentrations of S,03 and SO; are the
same, and O, is sufficient from the thermodynamic
point of view. However, at 1 mol oxygen, it is found
that the Gibbs free energy of the oxidation of SO3
by oxygen is lower than that of S;03, indicating
that oxygen tends to react with SO3 rather than
S;03” under insufficient oxygen conditions. This
phenomenon can be explained by Reactions (2) and
(3); the oxidant oxygen required for SO3 ™ is 1/4 of
that required for S;03, and hence SO is more
likely to react with oxygen than S,0; when the
oxidant is insufficient. Therefore, according to the
thermodynamic calculations, the removal rate of
oxygen on $;03 is better than that on SO; under
conditions of sufficient oxygen, while the opposite
is true under conditions of insufficient oxygen.
3.1.2 Ammonium persulfate

The results of thermodynamic calculations of
S,03” and SO; oxidized by ammonium persulfate
1 mol of S,07 and 1mol SO, or 1mol of
oxidants are shown in Fig. 2 from HSC chemistry 6.
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Fig. 2 Thermodynamic calculation results of $,0% and
SO; ™ oxidized by ammonium persulfate for 1 mol S,03 ,
1 mol SO3 and 1 mol oxidant

The reactions of S;0;, S;03 and SO3 are
shown as

S,04 +0.25S,05 +1.2H,0=2.5S0; +2.5H" @)
S,04 +SO35 +H,0=3S0; +2H" (5)

As shown in Fig.2, S,0f has similar
oxidation reaction characteristics with S,O3 and
SO;™ as oxygen thermodynamically, i.e., it is more

prone to react with S,03 under sufficient oxidant
conditions and more prone to react with SO3 in the

case of insufficient oxidant.

When the oxidant is insufficient to convert
both S,03 and SO3 into SO, the difference in
Gibbs free energy of O, oxidizing S;0; and SO3~
(~130kJ/mol) is greater than that of S,O5
oxidizing S,0; and SO;~ (~90 kJ/mol). However,
the difference in Gibbs free energy of S,0F
oxidizing S,03  and SO3; (800-900 kJ/mol) is
greater than that of O, oxidizing S,0% and SO3
(450-500 kJ/mol)  under  sufficient  oxidant
conditions. This shows that the difference in the
oxidation characteristics of SO and S,OF under
oxygen is greater than that under ammonium
persulfate in the initial stage of the oxidation
reaction (insufficient oxidant). In contrast, the
difference in the oxidation characteristics of SO~
and S;0; under ammonium persulfate is more
significant than that under oxygen in the latter stage
of the reaction (sufficient oxidant). Therefore, to
reduce the addition of ammonium persulfate
oxidant, it is thermodynamically feasible to oxidize
most of the sulfite with oxygen and then oxidize
the remaining S,07 and SO; with ammonium
persulfate.

3.2 Effect of oxygen—ammonium persulfate
multistage oxidation in simulated
desulfurization solution

3.2.1 Oxygen oxidation
(1) Effect of MnO, catalyst
MnO, was used as a catalyst in our work to

improve the oxygen removal rate due to its stability

in alkaline to weakly acidic conditions, low
solubility in water, hard texture, not easily broken
by mechanical stirring. In addition, the price of

MnQO, is lower than that of other noble metal

catalysts [19,20]. Experiments to investigate the

effect of the MnO; catalyst were carried out at room
temperature (20 °C) for different reaction time

(1-6 h) with an oxygen intake of 0.8 L/min, and an

initial pH of 7. The removal rates of S,0; and

SOF when the simulated desulfurization solution

was oxidized by oxygen without catalyst are shown

in Fig. 3(a), and the results when 0.5 g/l MnO, was

added are shown in Fig. 3(b).

The addition of MnO; catalyst can promote
oxygen oxidation of SOF but not S,0; . The
removal rate of SO; by oxygen for 3 h increases
from 36.71% to 76.08% after the addition of 0.5 g/L.
MnO; catalyst (Fig. 3(b)), while the removal rate of
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Fig. 3 Removal rates of S,0; and SO; oxidized by
oxygen without (a) and with (b) MnO catalyst

S,05” remains at 23.8% with and without catalyst
(Fig. 3(a)). These results can be attributed to the
thermodynamics of SO?, which reacts more readily
with oxygen than with S;0; under insufficient
oxidant and high concentration of SO;, as shown
in Section 3.1.1. Another reason why S;03 cannot
accelerate the reaction under catalytic conditions is
that the reaction of S,0; with oxygen is a
zero-order reaction [21,22], which means that the
reaction is not affected by the concentration of
S,05 [23,24]. By comparing the mass of MnO,
catalyst before and after the reaction, it is found that
the loss of catalyst mass is less than 0.5%; that is,
there is almost no residual manganese in the
solution. The error in the removal rate of SO and
S,03” by the MnO; catalyst is still within 3% after
three cycles of experiments, indicating that the
MnO, catalyst used in our work has good
reusability and stability.

SEM images and spot scanning by SEM—EDS
of the MnO; catalyst before and after oxidation
were investigated by using a scanning electron
microscope (Philips XL20 ESEM-TMP, Amsterdam,

Netherlands), as shown in Fig. 4. The FTIR spectra
of the MnO, catalyst before and after oxidation
were obtained by using an infrared spectrometer
(ALPHA, Bruker, USA), and the results are shown
in Fig. 5. The microscopic morphology of MnO,
(Fig. 4) changes from flat before oxidation to
uneven after oxidation. The spot scanning by
SEM-EDS of the MnO; catalyst also shows that the
sulfur-containing components are attached to the
surface of the MnO; catalyst, proving that the
oxidation reactions of SO; and S,O3 occur on the
surface of MnO,. MnO; catalyzes oxygen to oxidize
SO; and S;0; by changing its valence state. These
different valence states of manganese (Mn“*™")
react with oxygen and SO; and S,0; in the
solution, thus promoting the oxidation reaction. The
following equations can express the main reactions
of MnO; changing different valence states:

Mn*+S03 /8,05 —SO; +Mn“™* (6)
Mn“ " +0,+H,0—OH +Mn*" (7

The FTIR spectra (Fig.5) of the catalyst
samples before and after oxidation show obvious

Before oxidation

6 8 10 12 14 16 18 20
ElkeV

S pm

Fig. 4 SEM images and spot scanning results by SEM—
EDS of MnO; catalyst before (a) and after (b) oxidation

—— Before oxidation
— After oxidation

3413 3174 161914571384 1110 922 597
! | ! !

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 5 FTIR spectra of MnO; catalyst
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peaks at 3413, 3174, 1619 and 1384 cm™'. Among
them, the former two are caused by the O—H
vibrating mode of traces of the absorbed water [25],
while the latter two are caused by the bending and
stretching of H—O—H in the crystal water. The
peaks around 597 cm™! correspond to the Mn—O
stretching vibration [26]. Different from the FTIR
spectra of the catalyst sample before oxidation,
there are significant peaks at around 1110 and
922 cm™! in the FTIR spectra of the catalyst sample
after oxidation, attributed to the metal—oxygen
(Mn—O0) bending vibrations of [MnQOg¢] [27]. This
result further confirms that the catalytic mechanism
of MnQO,, as shown in Reactions (5) and (6), is
accurate. In addition, the peaks at around 1457,
1384 and 1110 cm™! in the FTIR spectra of the
catalyst sample after oxidation were also reported to
be deformed by SO;, SO;” and S;03  deformation
vibrations  of  (NH4)2SO4, (NH4),SO3  and
(NH4)2S:05 [28].

In addition, under the action of MnO catalyst,
prolonging the reaction time can obviously promote
the oxidation of SO;, but its promoting effect on
the oxidation of S;03  is relatively weak, as shown
in Fig. 3(b). There is an obvious effect on the
removal rate of SO; within 3h, and the SO3
concentration in the simulated solution after
oxidation for 3 h is 14.21 g/L, which is lower than
that (<15 g/L) in the relevant production standard.
Therefore, 3h 1is selected as the appropriate
oxidation time for the subsequent experiments.

(2) Effect of reaction temperature

Experiments to investigate the effect of
reaction temperature were carried out at different
temperatures (20, 40, 50 and 60 °C) for 3 h with
oxygen intake of 0.8 L/min and initial pH of 7, and
the result is shown in Fig. 6(a).

The removal rates of S,03 and SO3? increase
from 76.08% to 97.25% and from 23.83% to
27.37%, respectively, as the temperature increases
from 20 to 50 °C, and then there is no noticeable
change in the removal rate after 50 °C. This may be
due to the fact that the reaction rate increases
steadily with increasing temperature, while the
solubility of oxygen in aqueous decreases. The
oxygen solubility in water decreases with
increasing temperature: 0.0700 g/LL at 0 °C,
0.0300 g/ at 50°C, and 0.0280 g/L at 60 °C.
Therefore, 50 °C is chosen as the optimum reaction
temperature based on the removal effect of SO3 ™ at
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0 . . .
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Fig. 6 Effect of reaction temperature (a), oxygen intake
(b) and pH (c) on removal rate in oxygen oxidation step

different temperatures and the actual temperature of
the desulfurization solution, which ranges from 40
to 50 °C.

(3) Effect of oxygen intake

Experiments to investigate the effect of oxygen
intake were carried out under different oxygen
intakes (0.2, 0.4, 0.8 and 1.0 L/min) at 50 °C for 3 h
with initial pH of 7, and the result is shown in
Fig. 6(b).
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Increasing the oxygen intake is beneficial to
the oxidation of SO; and S,03 . The removal rates
of both S;07” and SO increased from 92.85 to
97.25% and from 26.29 to 27.37%, respectively, as
the oxygen intake increased from 0.2 to 0.8 L/min.
However, the effect of oxygen intake on the
oxidation of S;03 and SO; is not apparent after
the oxygen intake reaches 0.8 L/min. Oxygen has a
low solubility in water; therefore, excessive oxygen
intake causes more oxygen to escape and be wasted.
Therefore, the oxygen intake is consequently
considered to be 0.8 L/min.

(4) Effect of pH

Experiments to investigate the effect of pH
value were carried out under different initial pH (3,
5,7 and 9) at 50 °C for 3 h with an oxygen intake of
0.8 L/min, and the result is shown in Fig. 6(c).

The removal rates of S,0; and SOF are
optimal with a solution pH of 7, indicating that
maintaining the pH at neutral level favors the
oxidation of SO; . These results can be explained
by the dissolution of the MnQO; catalyst under acidic
conditions and the instability of the sulfur-
containing intermediates produced by the oxidation
process under alkaline conditions. The MnO,
catalyst is observed to dissolve immediately at
pH 3, while at pH 5, it begins to dissolve after about
2h, and the catalyst is not observed at 2.5 h.
Therefore, the decomposition of the catalyst under
acidic conditions is the direct cause of the decrease
in the reaction rate. On the other hand, the decrease
in the oxidation rate of S,O; wunder alkaline
conditions can be attributed to the instability of
intermediates under alkaline conditions. In
agreement with the work of ZELINSKII and
NOVGORODTSEVA [29], SO; is oxidized to
generate hyposulfite (S;0¢ ), in which the valence
state of the sulfur ion is +5 under insufficient
oxidant. The hyposulfite is unstable under alkaline
conditions and decomposes into SO; and SO; .
The main reaction for the decomposition of S,0f
into SO;~ and SO~ can be expressed by

S,02+20H =S0¥ +S0O¥ +H,0 (8)

Therefore, the optimum solution of pH 7, is
chosen as the optimum condition of the simulation
experiment.

In summary, the optimal conditions for oxygen
oxidation are achieved at 50 °C for 3 h with an

oxygen intake of 0.8 L/min, a simulated solution
volume of 250 mL, an initial pH of 7, and stirring at
300 r/min. Under these conditions, the S,0;
concentration decreased from 30.87 to 22.42 g/L,
the SO3  concentration decreased from 46.84 to
1.29 g/L, and the pH of the treated solution was 5.
3.2.2 Ammonium persulfate oxidation

The simulated solution obtained after oxygen
treatment under optimal conditions was treated with
ammonium persulfate. The concentrations of S,03~
and SO; in the mother solution after oxygen
oxidation under the optimized conditions are 22.42
and 1.29 g/L, respectively. After oxygen oxidation,
the pH of desulfurization solution is decreased from
7to 5.

(1) Effect of pH

Experiments to investigate the effect of the pH
on the ammonium persulfate oxidation step were
carried out under different pH (3, 5, 7 and 9) at
50°C for 10 min with the addition of 80 g/L
ammonium persulfate to the solution, and the result
is shown in Fig. 7(a).

The oxidation efficiency of S,07 and SOF
decreases with increasing pH, especially under
alkaline conditions. Theoretically, 185 g/L. ammonium
persulfate is needed to completely oxidize
22.42 g/L S,05 and 1.29 g/L SO;™ into SO; . The
amount of ammonium persulfate added is only
80 g/L, but most of S;0; and SO; have been
removed, which means that some intermediates,
such as tetrathionate (S40¢ ) and trithionate (S;07),
are produced, as mentioned in Ref. [30]. The
tetrathionate and trithionate can be easily decomposed
into S$,0; and SO; under alkaline conditions, as
shown by the following equations [31]:

S;07+30H =1.58,0+S0> +1.5H,0 (9)
28502 +60H =S,07 +4S02 +3H,0 (10)

Therefore, the decrease in S;03 and SO3
removal rates with increasing pH can be attributed
to the decomposition of unstable intermediates with
increasing pH. Optimum S;03; and SO3 removal
rates are achieved at pH of 3—5. Considering that
the pH of the solution after the oxygen oxidation
step is just 5 under the optimum condition, it is
taken as the optimum pH condition for the
ammonium persulfate oxidation step.

(2) Effect of reaction time

Experiments to investigate the effect of
reaction time on the ammonium persulfate
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oxidation step were carried out under different
reaction time (3, 5, 8, 10, and 20 min) at 50 °C with
80 g/L ammonium persulfate and pH of 5, and the
result is shown in Fig. 7(b).
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Fig. 7 Effect of pH (a), reaction time (b), and (NH4)>S>0g

addition (c¢) on removal rate in ammonium persulfate

oxidation step

As shown in Fig. 7(b), extending time
promotes the oxidation of S;0; and SO; . The
reaction between ammonium persulfate and the

desulfurization solution is almost completed within
10 min, with S,03; removal rate of 96.1% and SO3
removal rate of 99.7%. This is due to the
advantages of the high solubility and strong
oxidizing property of ammonium persulfate [15].
Therefore, the optimum reaction time in the
ammonium persulfate oxidation step is 10 min.

(3) Effect of (NH4)2S,0s addition

Experiments to investigate the effect of
(NH4)2S:0s addition in ammonium persulfate
oxidation step were carried out with different
(NH4)2S:05 additions (40, 60, 80, and 120 g/L) at
50 °C for 10 min and pH of 5, and the result is
shown in Fig. 7(c).

Increasing the addition of (NH4)2S,0s
benefits the oxidation of S,03 and SOj3, which
significantly increases the removal rates of S;03
and SOF . However, the removal rates of S,05 and
SO;™ both reached over 96% after the (NH),S,0s
addition reached 80 g/L, and increased slowly when
the (NH4)2S,0s addition was further increased. This
may be because S;0; and SO; are completely
converted to SO} or other intermediates when
80 g/ (NH4)2S,0s is added. Therefore, 80 g/L is
chosen as the optimum (NH,4),S,0s addition.

In summary, based on the simulated solution
experiments, the optimal conditions for the
ammonium persulfate oxidation step are as follows:
50 °C reaction temperature, 10 min reaction time,
80 g/l (NH4)2S,0s addition, 100 mL simulated
mother solution, pH 5, and 300 r/min mixing rate.
Under these conditions, the S;03 ™ content decreased
from 2242 to 1.21g/L, and the SO; content
decreased from 1.29 to 0.18 g/L. After oxygen—
ammonium persulfate multistage oxidation, the
oxidation rates of S,03 and SO3 in the simulated
desulfurization solution are 96.1% and 99.7%,
respectively, which is remarkable.

3.3 Effect of oxygen—ammonium persulfate
multistage oxidation on real desulfurization
solution
An abnormal real desulfurization solution

containing 48.76 g/L S,0;, 61.76 g/L SO; ", and

176 g/L SO;  was used in this experiment. The

effect of oxygen on the real desulfurization solution

was investigated under the optimum oxidation
conditions of oxygen for the simulated
desulfurization solution, 1i.e., 50°C reaction



2770 Hao-ran XU, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2762—-2776

temperature with an oxygen intake of 0.8 L/min, a
solution pH of 7, a desulfurization solution volume
of 250 mL, 0.5 g/L MnQO, addition, and a mixing
rate of 300 r/min. The pH of the real solution was
adjusted from an initial pH of 5—7 using ammonia.
The removal rates of S,05 and SO; when the real
desulfurization solution was oxidized by oxygen
with the addition of 0.5 g/L MnO; are shown in
Fig. 8.

100
80
—&— S,0%
s S0¥
<§ 60 [
=
s a0l
=
[}
[
7l ’_—‘/./._/
0 C I‘ 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7
Reaction time/min
Fig. 8 Effect of removal rate of oxygen oxidation step on
real desulfurization solution

The extension of the reaction time of the
oxygen oxidation step is beneficial for the
oxidation of SO in the real solution, while the
effect on S;03 is not significant. The oxidation
characteristics of S,03 and SO; in the real
solution under oxygen oxidation are similar to those
in the simulated solution. The difference is that the
oxidation rates of S,03 and SO3 in the real
solution are not as high as those in the simulated
solution under the same conditions. This is because
the sulfate concentration in the real solution is high
(176 g/L), which reduces the solubility and mass
transfer rate of oxygen [32]. As a result, it takes
only 3 h for the SO; concentration in the simulated
solution to reach the industrially required residual
SO;3 ™ concentration (<15 g/L), while it takes 6 h in
the real solution. The concentration of S,0;
decreased from 48.76 to 38.11 g/L, and the
concentration of SOF decreased from 61.76 to
17.61 g/L in the real desulfurization solution after
oxidation by oxygen at 50 °C for 6 h.

Then, the real solution obtained after the above
oxygen oxidation step is subjected to ammonium
persulfate oxidation. The (NH4),S,Og oxidation
experiment on the real solution was carried out

under the optimum oxidation conditions of
(NH4)2S:0g for the simulated desulfurization
solution, which is at 50 °C for 10 min with a
solution volume of 100 mL, a solution pH of 5 and
under stirring at 300 r/min. The experimental results
show that the oxygen—ammonium persulfate
multistage oxidation method can greatly oxidize
and remove S;0; and SO; in real absorption
solutions. After the ammonium persulfate oxidation
step, a real desulfurization solution is obtained
containing 2.24 g/L S,03 and 0.02 g/L SO; with a
final pH of 4. In other words, when the
oxygen—ammonium persulfate multistage oxidation
method is used to treat the real desulfurization
solution with a high concentration of S;03, the
removal rates of S;0; and SO; are as high as
95.4% and 99.97%, respectively.

3.4 Comparison of sulfuric acid, ammonium
persulfate alone, and oxygen—ammonium
persulfate multistage oxidation

3.4.1 Removal rate
The effect of the ammonium persulfate method

was studied under the same optimum conditions as

the oxygen—ammonium persulfate method i.e., at
50°C for 10min with a real desulfurization
solution volume of 100 mL, a solution pH of 5 and
stirring at 300 r/min, except that the addition of

(NH4)2S:05 added was changed to 120, 140, 160,

and 180 g/L. The removal rates of S,03 and SO3;

when the real desulfurization solution was oxidized

by ammonium persulfate alone are shown in Fig. 9.
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Fig. 9 Effect of removal rate of ammonium persulfate
alone on real desulfurization solution

The concentrations of S,03 and SO; are
2.24 and 0.02 g/L, respectively, when 160 g/L
ammonium persulfate alone is added, as shown in
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Fig. 9, achieving the same removal rate by the
oxygen—ammonium persulfate method. That is, the
oxygen—ammonium persulfate method requires
only half the addition of oxidant, 80 g/L, compared
to the ammonium persulfate alone approach with
160 g/L ammonium persulfate. In addition, SO3~ in
solution reacts with ammonium persulfate to release
the proton H", which does not occur when it reacts
with oxygen, as shown in Egs. (4) and (6). As a
result, the decrease in the pH of the solution
obtained by the ammonium persulfate alone is
greater than that of the oxygen—ammonium
persulfate oxidation. The final pH of the real
solution after oxidation by using (NH4),S,0z alone
method is 2 at this point, while that in the case of
oxygen—ammonium persulfate method is 4. This
means that the neutralization step of the ammonium
persulfate alone consumes more ammonia than
the neutralization step by oxygen—ammonium
persulfate, which can reduce the treatment cost.

The chromaticity, XPS, XRD and SEM results
of the ammonium sulfate products obtained by the
traditional concentrated sulfuric acid process,

ammonium persulfate process, and oxygen-
ammonium persulfate process are shown in
Figs. 10—13. Among them, XPS, XRD and SEM
results were obtained from PHI-5300, Rigaku dX
2000, and Philips XL20 ESEM-TMP instruments,
respectively.

The chromaticity of the solid products
obtained using oxygen—ammonium persulfate
oxidation (Fig. 10(a)) and ammonium persulfate
oxidation (Fig. (b)) is white, which is different from
the yellow product obtained by the traditional
concentrated sulfuric acid process (Fig. 10(c)).

The XPS spectra in Figs. 11(a) and (b) show
that the dominant peaks of sulfate (SO; ) and
tetrathionate (S4O¢ ) are around 168.3 and 163.8 eV
[33,34], respectively, for multistage oxidation and
ammonium persulfate oxidation alone. However,
the XPS spectrum in Fig. 11(c) has a wide range of
peaks with binding energies in the range of
161-166 eV that can be fitted to a combination of
sulfur (So) and S4O; [33], confirming the presence
of sulfur impurities (So) in the yellow product obtained
by sulfuric acid oxidation.

Fig. 10 Chromaticity of (NH4).SO4 products oxidized by oxygen—ammonium persulfate (a), ammonium persulfate (b),

and concentrated sulfuric acid (¢)
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I (NH4),SO,
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©
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Binding energy/eV
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Fig. 11 XPS spectra of (NH4),SO4 products oxidized by oxygen—ammonium persulfate (a), ammonium persulfate (b),

and concentrated sulfuric acid (c)
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Fig. 12 XRD patterns of solid products obtained by
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Fig. 13 SEM images and spot scanning results of
(NH4)2SO4 products by oxygen—ammonium persulfate (a),
ammonium persulfate (b), and concentrated sulfuric
acid (c)

In addition, the height ratios of the SO;  peak
to the S4O; peak of the solid product by the
oxygen—ammonium persulfate oxidation process
and the ammonium persulfate alone process are
1:0.28 and 1:0.18, respectively, which means that
more intermediate products (S407") are formed by
the oxygen—ammonium persulfate oxidation. The
reason for this phenomenon is that the oxidation
ability of oxygen by the multistage oxidation is not
as strong as that of ammonium persulfate by
ammonium persulfate alone.

The XRD results (Fig. 12) show that weak
diffraction peaks of sulfur are detected in the
ammonium sulfate product obtained by the

traditional concentrated sulfuric acid oxidation
method, but not in the products by the multistage
oxidation and ammonium persulfate alone oxidation
methods.

The SEM images in Fig. 13 show that the product
obtained by the oxygen—ammonium persulfate
oxidation process has larger and more average crystal
shapes than the product formed by the traditional
concentrated sulfuric acid oxidation process.

The spot scanning results in Fig. 13 show that
manganese dioxide was not found in the product
produced by the oxygen—persulfate method,
indicating that the multi-stage oxidation method did
not introduce new impurities into the product. In
addition, the product obtained by the oxygen—
ammonium persulfate method has a lower sulfur
content than that obtained from the traditional
concentrated sulfuric acid oxidation process. The
excess sulfur on the product’s surface in the
traditional concentrated sulfuric acid oxidation
process may be due to sulfur impurities, which are
responsible for the abnormal color of ammonium
sulfate products. And no manganese is found in
multiple locations in the product.

In summary, compared with the traditional
concentrated sulfuric acid oxidation method, the
multistage oxidation method can solve the
abnormal chromaticity problem of ammonium
sulfate products when oxidizing the desulfurization
solution with a high concentration of S;0; .
Compared with the ammonium persulfate alone, the
multistage oxidation can also reduce the addition of
ammonium persulfate and ammonia on the basis of
obtaining a qualified chromaticity of ammonium
sulfate products.

The difference in removal rates between this
work and other recent studies of S,03 and SO
oxidation is compared in Table 1. As shown, the
multistage oxidation method in this work has certain
advantages in the removal rates of S,0; and SO;
compared with other studies. In addition, the
multistage oxidation method provided in our work
can effectively treat solutions containing high
concentrations of S;0; and SO3, especially mixed
solutions of S,0; and SO; under mild conditions
of atmospheric pressure and low temperature, thereby
solving the problems of only treating solutions of
single components with low concentrations of
S,03 and SO; ™ and requiring high temperature and
high pressure in existing processes.
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Table 1 Comparison in removal rates of S,03 and SO;

Initial

Oxidized Oxidation . Removal
. concentration/ Source
object method 3 rate/%
(gL7)
SO Oxygen 28 98.1  [35]
Nore Ozone 12.8 98.5  [23]
Ozone with a
_ rotating
SO3 packed bed 8 97.5 [36]
(RPB)
Oxygen with
$,05 Cu (II) 1 98.0  [14]
catalyst
Oxygen at
$,0;  85°Cand 0.11 83.9 [37]
0.6 MPa
> Airat230°C
S203 and 6.8 MPa 20 88.9 [38]
g0  Muliistage ¢ 99.9 s
oxidation work
s,0 Multistage 48.76 954  Lhis
oxidation work

3.4.2 Estimated cost

In addition to studying the removal rate, the
cost of the treatment technology is also an essential
factor in its viability for industrial application. The
quality of the ammonium sulfate product is
296.81 g when using the oxygen—ammonium
persulfate process and 370.67 g when using the
ammonium  persulfate  process, found by
considering the volume of the absorbed
desulfurization solution as 1 L. Since the dosage of
ammonium persulfate added in the ammonium
persulfate alone process is significantly higher than
that in the oxygen—ammonium persulfate oxidation
process, more ammonium persulfate is converted
into an ammonium sulfate product. In other words,
to produce 1 t of ammonium sulfate, the ammonium
persulfate consumption required by the ammonium
persulfate process and the oxygen—ammonium
persulfate oxidation process is 431.65 and
269.53 kg, respectively. This indicates that the
oxygen—ammonium persulfate multistage oxidation
process can reduce ammonium persulfate
consumption by 37.56% compared with the
ammonium persulfate oxidation process alone.

The cost accounting of the oxygen—ammonium
persulfate method and ammonium persulfate alone
method is carried out considering 1 t of ammonium
sulfate production, and the results are shown in

Table 2. The cost of oxygen—ammonium persulfate
is 28.13% lower than that of ammonium persulfate
alone. Using oxygen instead of ammonium
persulfate to oxidize SO3 can effectively reduce the
treatment cost of the desulfurization solution and
result in a qualified ammonium sulfate solid at a
low treatment cost.

Table 2 Cost of oxygen—ammonium persulfate and
ammonium persulfate processes (US$-t ™)

. Ammonium Oxygep 3
Additive ammonium
persulfate
persulfate
O?cy'gen (1nclgc1.1ng - 67.55
stirring electricity)
Ammonium persulfate ~ 295.65 184.82
Ammonia 74.77 49.54
Total 370.42 301.91

4 Conclusions

(1) Thermodynamic calculations revealed the
differences in the oxidation -characteristics of
different oxidants (oxygen and ammonium
persulfate) towards S;0; and SO3;. Oxygen had
a definite removal effect on SO3F in the
desulfurization  solution, while = ammonium
persulfate could efficiently oxidize both S,0; and
SO7 . Therefore, the order of oxidant addition was
determined by adding oxygen first and then
ammonium persulfate.

(2) The removal rates of S;0; and SO;
concentrations in the simulated solution were
96.1% and 99.7%, respectively, while those in the
real desulfurization solution were 95.4% and
99.97%, respectively. The oxygen—ammonium
persulfate multistage oxidation can realize the
economical and efficient oxidation of the
desulfurization solution.

(3) Compared with other recent studies, the
multistage oxidation method can effectively treat
solutions containing high concentrations of S,03"
and SO; at atmospheric pressure and low
temperature. The multistage oxidation can reduce
ammonium persulfate consumption by 37.56% and
reduce the treatment cost by 28.13% compared with
the ammonium persulfate alone. The same treatment
effect, as that of ammonium persulfate alone could
be achieved by the oxygen—ammonium persulfate
multistage oxidation with a reduced treatment cost.
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