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a  b  s  t  r  a  c  t

NO  was  oxidized  into  NO2 first  by  injecting  ozone  into  flue  gas  stream,  and  then  NO2 was  absorbed
from  flue  gas  simultaneously  with  SO2 by  pyrolusite  slurry.  Reaction  mechanism  and  products  during
the absorption  process  were  discussed  in the  followings.  Effects  of  concentrations  of injected  ozone,
inlet  NO,  pyrolusite  and  reaction  temperature  on  NOx/SO2 removal  efficiency  and  Mn  extraction  rate
were  also  investigated.  The  results  showed  that  ozone  could  oxidize  NO  to  NO2 with  selectivity  and  high
efficiency,  furthermore,  MnO2 in  pyrolusite  slurry  could  oxidize  SO2 and  NO2 into  MnSO4 and  Mn(NO3)2

in  liquid  phase,  respectively.  Temperature  and  concentrations  of  injected  ozone  and  inlet  NO  had  little
yrolusite slurry
imultaneous absorption of NOx and SO2

anganese sulphate
anganese nitrate

impact  on  both  SO2 removal  efficiency  and  Mn  extraction  rate.  Specifically,  Mn  extraction  rate  remained
steady  at  around  85%  when  SO2 removal  efficiency  dropped  to  90%.  NOx removal  efficiency  increased  with
the increasing  of  ozone  concentration,  inlet  NO  concentration  and  pyrolusite  concentration,  however,  it
remained  stable  when  reaction  temperature  increased  from  20 ◦C  to  40 ◦C  and  decreased  when  the  flue
gas  temperature  exceeded  40 ◦C.  NOx removal  efficiency  reached  82%  when  inlet  NO  at  750  ppm,  injected

trati ◦
ozone  at  900  ppm,  concen

. Introduction

Due to the fact that SO2 is a key contributor to “acid rain” [1]
nd NOx also contributes considerably to both “acid rain” [1] and
greenhouse effect” [2],  emissions of SO2 and NOx, mainly from
ombustion of coal and fuel oils, have brought about significant
ffects on both environment and human health [3].  Various kinds
f technologies have been developed to control and reduce SO2 and
Ox emissions worldwide. Though high SO2 removal efficiency can
e obtained by wet SO2 removal process which is widely used at
resent, it is difficult to attain the high NOx removal efficiency at
he same time because of the low solubility of NO that accounts for

ore than 90% of all NOx [4,5]. Moreover, the presence of SO2 can
lso lead to catalyst poisoned and invalidation in selective catalytic
eduction (SCR) process [6,7], which is considered as the most effec-
ive process for NOx removal. Hence, currently a relatively mature
olution for removing SO2 and NOx is referred as an integrated set-
p consisting of wet process for SO2 removal and selective catalytic

eduction (SCR) for NOx removal. The two independent systems can
emove SO2 and NOx step by step with high efficiency, but with
rawbacks such as large areas, complex system, high investment

∗ Corresponding author at: Department of Environmental Science and Engineer-
ng,  Sichuan University, No. 24 South Section 1, Yihuan Road, Chengdu, Sichuan
rovince 610065, China. Tel.: +86 28 8546 0916; fax: +86 28 8546 0916.

E-mail address: ssjscu@163.com (S.-j. Su).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.04.104
on  of  pyrolusite  at  500  g/L  and  temperature  at 25 C.
© 2011 Elsevier B.V. All rights reserved.

and operation cost [7–9]. In order to overcome above-mentioned
problems, a large number of strong oxidizing agents are added into
NOx removal process [10–21] to obtain the satisfying NOx removal
efficiency as SO2 in wet process. These approaches are divided into
absorption–oxidation process [2,10–14] and oxidation–absorption
process [8,15–21]. In absorption–oxidation process, liquid oxidants
with strong oxidability are used as absorbent, such as sodium
chlorite [10–12],  hydrogen peroxide [13] and potassium perman-
ganate [2,14].  Although using strong oxidizing agents can improve
NOx removal efficiency, there are certain drawbacks, such as the
expensive cost of oxidizing agents [4,22] and disposal problems
of absorption solution [22]. While in oxidation–absorption pro-
cess, gas phase oxidants, such as hydrogen peroxide [15,16] and
ozone [8,17–21], are injected into flue gas first to oxidize NO to
NO2 which is highly soluble in water, and then NO2 and SO2 can
be removed simultaneously by wet  removal process. Ozone has
proved to be an efficient gas phase oxidant with advantages of
selectivity, high oxidation efficiency, fast oxidation speed and non-
pollution decomposition products, etc. [8,17–21]. With respect to
the liquid phase absorption of oxidized flue gas, NOx removal
efficiency could reach more than 80% regardless of alkali liquor
[8,18,19] or reducing Na2S [20,21] used.

China has a rich reserve of pyrolusite, of which more than 90%

is low-grade with the average content of Mn  at 22% [23]. This kind
of pyrolusite is not economic in metallurgy not only due to its low
content of Mn,  but also due to its high operating cost and emis-
sions of pollutants. That is because Mn  exists in the form of MnO2

dx.doi.org/10.1016/j.jhazmat.2011.04.104
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ssjscu@163.com
dx.doi.org/10.1016/j.jhazmat.2011.04.104
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Fig. 1. E–pH diagram of Mn–SO2–NOx–H2O system.

Fig. 2. Experimental apparatus and flow. (1). O2 cylinder; (2). N2–SO2 cylinder; (3).
N2–NO cylinder; (4). N2 cylinder; (5). relief valve; (6). gas flow meter; (7). ozone
generator; (8). ozonizing chamber; (9). agitated bubbling reactor; (10). gas pipe
W.-y. Sun et al. / Journal of Haza

hich cannot react with H2SO4 and will be reduced into MnO  first
y carbon, leading to a huge amount of CO2. However, as an oxidant,
nO2 is able to oxide reducing substance. Because of this function,

yrolusite is commercially used in the field of waste treatment,
emoving organic matter [24–28] and inorganic matter [29–31]
n wastewater and SO2 [32–34] from exhaust gas. A great deal of
esearch on SO2 removal with pyrolusite slurry has been carried out
n our earlier work [32–34],  with high SO2 removal efficiency and
roduct MnSO4·H2O of which the quality could reach GB1622286
f China, the industry grade standards. The application of simulta-
eous removal of NOx and SO2 with pyrolusite as absorbent has not
een reported.

In this work, the objective of the research was to introduce a
ew process that could obtain the simultaneous removal of NOx

nd SO2 from flue gas with resource utilization process of low-grade
yrolusite. Pyrolusite was used as an absorbent in liquid phase to
emove SO2 and NOx simultaneously from flue gas and ozone was
njected into flue gas stream to oxidized NO into NO2 to increase
olubility of NOx. Reaction mechanism and products during the
bsorption process were studied, and effects of process parame-
ers on both NOx and SO2 removal efficiencies and Mn  extraction
ate were also investigated.

. Theoretical

The simultaneous removal system of NOx and SO2 consists of
wo processes: gas-phase oxidation of NO using ozone and absorp-
ion of NOx and SO2 with pyrolusite slurry. Oxidation of NO in gas
hase is the first step. When ozone is used as oxidant, NO2 is the
redominant oxidation product through reaction (1),  although NO3
nd N2O5 are also produced at the same time [8,20,21].

O + O3 = NO2 + O2 (1)

The process of simultaneous absorption of NO2 and SO2 with
yrolusite slurry from flue gas is a complex system, which involves
as–liquid–solid mass transfer, chemical reactions in liquid phase,
nd chemical reactions on pyrolusite surface. Gas dissolution,
he process of gas–liquid mass transfer, is the first step of the
hole absorption procedure. SO2 dissolves into water and produces
2SO3, HSO3

− and SO3
2− by ionization equilibrium, while NO2 can

eact with water to generate HNO2 and HNO3 [35–38].  At the same
ime, O2 dissolves into liquid phase in equilibrium with the resid-
al O2 in flue gas. Therefore, H2SO3, HSO3

−, SO3
2− are the existence

orms of S(IV) species, and NO2 and HNO2 are the existence forms of
itrogen species which can react with O2 in liquid phase and MnO2
n pyrolusite surface. The E–pH diagrams of Mn–SO2–NOx–H2O
ystem (Fig. 1) are developed based on thermodynamic data from
39] to analyze reactions that may  take place in liquid phase and
n pyrolusite surface.

Fig. 1 illustrates that in the Mn–SO2–NOx–H2O system, oxida-
ion potential of MnO2 and O2 are higher than that of S(IV) species,
O2 and HNO2, indicating that MnO2 and O2 have the potential to
xidize them to SO4

2− and NO3
−, respectively. Accordingly, there

re two reaction patterns in the process of SO2/NOx removal in flue
as with pyrolusite slurry: (1) MnO2 as oxidant; (2) O2 as oxidant.
he exact reactions are presented as follows:

nO2 + SO2 = Mn2+ + SO4
2− (2)

O2 + H2O + (1/2)O2 = 2H+ + SO4
2− (3)

nO2 + 2NO2 = Mn2+ + 2NO3
− (4)
1/2)O2 + 2NO2 + H2O = 2H+ + 2NO3
− (5)

+ + MnO2 + HNO2 = Mn2+ + NO3
− + H2O (6)

2 + 2HNO2 = 2H+ + 2NO3
− (7)
inlet; (11). gas pager; (12). gas pipe outlet; (13). sampling port; (14). gas analyzer;
(15). heater

From reactions (2)–(7),  it can be seen that under the condition of
MnO2 acting as oxidant, Mn2+ was  produced as reduction product
and products of MnSO4 and Mn(NO3)2 were obtained. In the case
of O2 being oxidant, H2SO4 and HNO3 were obtained.

3. Experiments

3.1. The experimental system

The experimental system is divided into four parts, i.e., exper-
imental materials supply system, ozone oxidization system, flue
gas treatment unit and sampling cum analysis system. A schematic
diagram of the experimental set-up is shown in Fig. 2.

3.1.1. Experimental materials supply system
The system mainly consists of simulated flue gas supply and

pyrolusite slurry preparation. The simulated flue gas was obtained
by the control of mixing different standard gases using gas flow
meters and the standard gases include O2, SO2, NO and N2 whose
purity were all over 99.9%. Ozone was carried out in an ozone gener-
ator with oxygen source (DX-SS1, Harbin Jiujiu Electrochemical Co.,
Ltd., China), in which output ozone concentration was 0–10 mg/L,

and five gears were prepared to change the outlet ozone concen-
tration according to experiment requirement. The feed pyrolusite
slurry was  prepared by mixing tap water with a required amount
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Table 1
Compositions of pyrolusite(wt%).

MnO2 Fe Ca K Mg  Pb Ni Co

27.16 3.44 3.46 1.70 0.58 0.10 0.032 0.017

Table 2
Constant experimental parameters for experiments.

Experiment parameter Value

Flow rate of gas, L/min 15
Volume of pyrolusite slurry, L 5
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4.2.1. Effects of ozone and pyrolusite on NOx removal efficiency
Concentration of O2, % 5
Agitator speed, rpm/min 300

f commercial pyrolusite from Guangxi Province, China, and the
ompositions are shown in Table 1.

.1.2. Ozone oxidization system
The oxidizations of NO and SO2 in flue gas using ozone is taken

lace in an ozonizing chamber, which was a cylindrical glass tube
ith inner diameter and length of 5 and 25 cm.  Effective volume of

zonizing chamber was calculated to be 500 cm3.

.1.3. Flue gas treatment unit
The absorption of NO2 and SO2 with pyrolusite slurry is taken

n a bubbling reactor, which is a well-stirred sealed vessel (ID,
8.5 cm;  height, 38 cm)  with internal volume of 10 L. Continuous
tirring was provided by a mechanical agitator (4 blades disc, tur-
ine type impeller) with a speed of 300 rpm/min. The pH values
ere detected by METTLER TOLEDO pH combination electrode

405-DPAS-SC-K8S/325). Temperature was proved by an electrical
eater at the bottom of reactor and detected by temperature elec-
rode (T817-A-3, Shanghai Precision and Scientific Instrument Co.,
td., China). There was also an intelligent PID (Proportion Integra-
ion Differentiation) temperature control system, which can make
ure the error range of temperature to be within 1 ◦C.

.1.4. Sampling cum analysis system
Negative ions in reactor were analyzed by ion chromatograph

Dionex-ICS-2500). Concentrations of SO2, NOx and O2 in inlet
nd outlet flue gas were detected by a set of online gas analyzer
SMC-9021, Sick Maihak Co., Ltd., Beijing, China). Concentrations
f manganese in both liquid samples and pyrolusite were deter-
ined by atomic absorption spectrometer (AA7000 Institute of

astwest Electronic Technology of Beijing, China). Ozone con-
entration was measured by the iodometric procedure (Ozone
tandards Committee Method), in which ozone was absorbed by
eutral solution of potassium iodine and then the solution was
cidified and the liberated iodine was drawn of by the sodium
hiosulphate [40].Experiment parameters

In our research, flue gas was oxidized by ozone continuously
n gas phase and then absorbed by pyrolusite slurry in liquid phase
nder semi-batch condition. Some experiment parameters, includ-

ng inlet ozone concentration, inlet NO concentration, reaction
emperature and the pyrolusite slurry concentration, were changed
n order to examine their effects on NOx/SO2 removal efficiency and

n extraction rate. The constant experimental parameters for the
hole experiment were displayed in Table 2.

With regard to an oxidation–absorption process for NOx and
O2 removal combined ozone with pyrolusite slurry, the main
arameters considered include oxidation rate of NO/SO , removal
2
fficiency of NOx/SO2 and Mn  extraction rate. In order to clearly
xplain analytical methods for these parameters, the flue gas before
xidized was called “inlet flue gas” and the flue gas oxidized by
Fig. 3. Variations of oxidation rate of NO and SO2 with injected ozone concentration
(concentration of NO, 1500 ppm; reaction temperature, 25 ◦C).

ozone but before absorbed was  called “oxidized flue gas” and the
flue gas absorbed was  called “oulet flue gas”.

The oxidation rate of NO/SO2 was  analyzed as follows:

Oxidization rate (%) = Cinlet − Coxidized

Cinlet
× 100 (8)

where, Cinlet is the concentration of NO/SO2 in inlet flue gas, ppm;
Coxidized is the concentration of NO/SO2 in oxidized flue gas, ppm.

The removal efficiency of NOx/SO2 was  analyzed as follows:

Removal efficiency (%) = Cinlet − Coutlet

Cinlet
× 100 (9)

where, Cinlet is the concentration of NOx/SO2 in inlet flue gas, ppm;
Coutlet is the concentration of NOx/SO2 in outlet flue gas, ppm

Equation for expressing manganese extraction rate as follows:

Mn  extraction rate (%) = mliquidoid

mtotal
× 100 (10)

where, mliquidoid is the net mass of Mn2+ in liquid phase in reactor,
g; mtotal is the net mass of Mn  in liquid and pyrolusite, g.

4. Results and discussion

4.1. Oxidations of NO and SO2 using ozone in gas phase

The oxidation efficiency of ozone, which was served as a gas-
phase oxidant, determined the NOx existing form in flue gas, as a
result of affecting the NOx removal efficiency. This thesis examined
the effect of ozone concentration on oxidation rates of NO and SO2.
The results were briefly summarized in Fig. 3.

Fig. 3 showed that ozone could oxidize NO in flue gas contrapun-
tally and effectively, and the NO oxidation rate went up with the
ozone concentration linearly. When injected ozone was at about
750 and 900 ppm, the NO oxidation rate turned out to be 88% and
97%, respectively. But ozone had little impact on SO2 oxidation, that
is, the oxidation rate of SO2 was less than 5% as injected ozone was
at about 900 ppm. The selectivity of ozone on NO oxidation could
save the oxidant cost.

4.2. Reaction mechanism and products during absorption process
The research studied the effect of ozone and pyrolusite slurry on
NOx removal efficiency in a wet process. Variations of pH value, out-
put NO concentration and NOx removal efficiency were displayed
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Table 3
Concentrations of species in liquid phase.

pH NO3
−/mol L−1 NO2

−/mol L−1 Mn2+/mol L−1

NO + pyrolusite(10 g/L) 3.67 0.025 0.0040 0.0089
NO  + ozone(1800 ppm) + running water 0.95 0.1203 0.0107 –
NO  + ozone(1800 ppm) + pyrolusite(10 g/L) 1.14 0.1384 0 0.0280

Concentration of NO, 1500 ppm; reaction temperature, 25 ◦C.

Table 4
Relationship of total amount between SO2/NOx removed from flue gas and SO4

2− , NO3
− in liquid phase.

Nitrogen species Sulphur species

NOx removed from
flue gas (A1)/mol

NO3
− in liquid

phase (B1)/mol
Ratio of A1/B1 SO2 removed from

flue gas (A2)/mol
SO4

2− in liquid
phase (B2)/mol

Ratio of A2/B2

C zone, 

i
r

t
t
l
u
[
N

F
i
2

0.0623 0.0591 1.054:1 

oncentration of NO, 750 ppm; concentration of SO2, 2000 ppm; concentration of o

n Fig. 4. Concentrations of species in liquid phase at the end of
eaction were exhibited in Table 3.

As shown in Fig. 4 and Table 3, when there was no ozone in
he system, NOx removal efficiency was around 15% (Fig. 4(b)), and
he manganese concentration in liquid phase appeared to be quite
ow (Table 3). This was mainly due to the fact that NO is insol-

ble and the reaction was controlled by gas–liquid mass transfer
41]. Reversely when 1800 ppm ozone was injected into system,
Ox removal efficiency increased to about 75% (Fig. 4(b)). The rea-

ig. 4. (a) Variations of Output NO concentration and (b) NOx removal efficiencies
n  different removal process (concentration of NO, 1500 ppm; reaction temperature,
5 ◦C).
0.2172 0.209 1.039: 1

900 ppm; concentration of pyrolusite, 40 g/L; reaction temperature, 25 ◦C.

son was that NO could be oxidized into NO2, which is more soluble
than NO. If the absorbent was water, the output NO concentration
increased from 25 to 152 ppm with reaction time (Fig. 4(a)) and NOx

removal efficiency decreased (Fig. 4(b)). The main reason was  that
a great amount of HNO3 produced in the system made pH value
drop to 0.95 (Table 3), resulting in the decomposition of HNO2. If
pyrolusite slurry was used as absorbent, output NO only increased
from 25 to 52 ppm (Fig. 4(a)) and NOx removal efficiency could still
reach achieve 70% (Fig. 4(b)), and no HNO2 was detected in liq-
uid phase (Table 3). This illustrated that MnO2 in pyrolusite slurry
could consume HNO2 and NO2 immediately, preventing HNO2 from
decomposition and enhancing NOx removal efficiency.

4.2.2. Simultaneous absorption of NOx and SO2 with pyrolusite
slurry combined with gas-phase oxidation of NO using ozone

NO in flue gas was oxidized into NO2 by ozone in gas phase. The
oxidized flue gas was continuously entered into reactor filled with
a certain volume and concentration of pyrolusite slurry. Variations
of SO2/NOx removal efficiency, pH value and Mn  extraction rate
with reaction time were displayed in Fig. 5. The relationship of total
amount between SO2 and NOx removed from flue gas and SO4

2−,
NO3

− in liquid phase were all listed in Table 4.
Results collected in Fig. 5(a) indicated that Mn  extraction rate

increased and pH decreased gradually with reaction time. In the
former 8 h, SO2 and NOx removal efficiencies remained relatively
stable at 100% and 74% (Fig. 5(b)). While 8 h later, pH value was
lower than 1.0 (Fig. 5(a)) and SO2 removal efficiency began to
decrease and output NO concentration came to increase (Fig. 5(b)).
When reaction lasted for 14 h, Mn  extraction rate arrived at 92%
and pH value decreased to 0.68 (Fig. 5(a)). Furthermore, output NO
reached to 45 ppm, SO2 and NOx removal efficiencies were reduced
to 79% and 70% (Fig. 5(b)), respectively.

According to mechanism discussed in section 1, S(IV) species,
NO2 and HNO2 in liquid phase were oxidized by both of MnO2 and
O2. With the gradual reduction of MnO2 in the liquid phase, the
system oxidation would be diminished, leading to the decrease of
SO2 and NOx removal efficiencies. On the other hand, through reac-
tions (3),  (5) and (7),  H2SO4 and HNO3 were produced and led to pH
value decreasing, the low solubility of SO2 and the decomposition
of HNO2 in liquid phase, which also contributed to the decreasing
SO2 and NOx removal efficiencies.

Table 4 showed that both ratios of total amount of NOx/SO2
removed from flue gas to NO3

−/SO4
2− in liquid phase were about

1:1, indicating that the products of SO2 and NOx removal process

were SO4

2− and NO3
−, without other valence states of sulphur

species, nitrogen species or sulphur–nitrogen compounds pro-
duced. This was  owing to the fact that H2SO4 and HNO3 produced in
system resulted in the lower pH value, while the oxidation poten-
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Fig. 5. Parameter variation characters of SO2/NOx removal system with pyrolusite
slurry (concentration of NO, 750 ppm; concentration of SO2, 2000 ppm; concentra-
tion  of ozone, 900 ppm; concentration of pyrolusite, 40 g/L; reaction temperature,
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Fig. 6. Variations of NOx removal efficiency and Mn extraction rate with injected
ozone concentration (concentration of NO, 750 ppm; concentration of SO2,
2000 ppm; concentration of pyrolusite, 40 g/L; reaction temperature, 25 ◦C).
5 ◦C). (a) Variations of pH and output NO concentration with reaction time. (b)
ariations of SO2/NOx removal efficiency and Mn extraction rate with reaction time.

ial of MnO2 went up with lower pH, thus a strong oxidation system
as formed to oxidize the S(IV) species, NO2 and HNO2 in liquid
hase into SO4

2− and NO3
−, respectively.

The variations of various parameters in system showed that Mn
xtraction rate increased and pH decreased with reaction time,
hile SO2 and NOx removal efficiencies decreased with the increas-

ng Mn  extraction rate and decreasing pH. Therefore, in order to
btain satisfying NOx removal efficiency and Mn  extraction rate
ith high SO2 removal efficiency at the same time, we set the SO2

emoval efficiency at 90% as the end of semi-batch reaction. The
ffects of temperature and concentrations of ozone, inlet NO and
yrolusite on NOx removal efficiency and Mn  extraction rate were
iscussed on the base of SO2 removal efficiency at 90%.

.3. Effect of ozone concentration on NOx removal efficiency and
n  extraction rate

Ozone concentration determined NO oxidation rate and affected
Ox absorption efficiency. The effects of injection ozone concentra-

ion on NOx removal efficiency and Mn  extraction rate were studied.
he experimental results were shown in Fig. 6.

Fig. 6 indicated that the Mn  extraction rate maintained at about

5%, while NOx removal efficiency increased from 15% to 75% when
he ozone concentration rose from 0 to 900 ppm. This is mainly
ue to the fact that the increasing injection ozone concentration

ncreased NOx oxidation rate and accelerated the NOx dissolution,
hich were helpful for the removal efficiency.
Fig. 7. Variations of NOx removal efficiency and Mn  extraction rate with inlet NO
concentration (concentration of SO2, 2000 ppm; concentration of pyrolusite, 40 g/L;
reaction temperature, 25 ◦C).

4.4. Effect of NO concentration on NOx removal efficiency and Mn
extraction rate

Effect of inlet NO concentration on the simultaneous removal of
SO2 and NOx was investigated and results were displayed in Fig. 7.
Molar ratio of ozone to NO remained at 1.2:1.

As shown in Fig. 7, inlet NO concentration had trivial effect on
Mn extraction rate. NOx removal efficiency increased slightly when
inlet NO concentration increased from 250 to 1250 ppm, The reason
might be that the gas–liquid mass transfer rate of NOx was propor-
tional to the concentration driving force according to film theory
and the increase of gas partial pressure increased the concentration
driving force between gas phase and liquid phase [11]. As a result,
the gas–liquid mass transfer rate of NOx was enhanced.

4.5. Effects of temperature on NOx removal efficiency and Mn
extraction rate

Temperature was  changed from about 30 ◦C to 70 ◦C in order
to examine its effect on NOx removal efficiency and Mn  extraction
rate.

Fig. 8 indicated that the Mn  extraction rate increased first and

then dropped with the rise of reaction temperature. The highest Mn
extraction rate of 86% was achieved at 50 ◦C. NOx removal efficiency
remained stable at 74% with the increase of reaction temperature
from 20 ◦C to 40 ◦C, but decreased when the flue gas temperature



W.-y. Sun et al. / Journal of Hazardous

Fig. 8. Variations of NOx removal efficiency and Mn extraction rate with tempera-
ture (concentration of NO, 750 ppm; concentration of SO2, 2000 ppm; concentration
of  ozone, 900 ppm; concentration of pyrolusite, 40 g/L).

Fig. 9. Variations of SO2/NOx removal efficiency with pyrolusite concentration (con-
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[

[

[

[

[

[

[17] Y. Fu, U.M. Diwekar, Cost effective environmental control technology for utili-
entration of NO, 750 ppm; concentration of SO2, 2000 ppm; reaction temperature,
5 ◦C).

xceeded 40 ◦C. It could be explained from two aspects positively
r negatively. On one hand, the increase of the temperature could
nhance mass transfer coefficient of NOx and SO2 and promoted the
eaction rate [11,32]. On the other hand, with the rise of the reaction
emperature, the decomposition of HNO2 was promoted, and the
bsorption of SO2 was also inhibited because of the reduction of
he solubility [32]. When the positive effect was greater than the
egative effect, the NOx removal efficiency and Mn  extraction rate

ncreased, otherwise, they decreased.

.6. Effect of pyrolusite concentration on simultaneous removal
f SO2 and NOx

Some experiments were also performed to investigate the effect
f pyrolusite concentration on SO2/NOx removal efficiency.

According to Fig. 9, SO2 removal efficiency was nearly 100% and
Ox removal efficiency improved with higher pyrolusite concentra-

ion, when pyrolusite concentration was kept at 500 g/L and NOx

emoval efficiency reached 82%. This is due to the fact that pyro-
usite dispersed throughout aqueous phase as solid particles, which
as favorable to increase gas–liquid interfacial area by breaking
as bubbles and preventing its combination, enhancing gas–liquid
ass transfer rate of NOx [42,43].

[
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5.  Conclusions

Simultaneous absorption process of NOx and SO2 from flue gas
with pyrolusite slurry combined with gas-phase oxidation of NO
using ozone was investigated. Ozone could oxidize NO to NO2
with selectivity and high efficiency, furthermore, MnO2 in pyro-
lusite slurry could oxidize SO2 and NO2 into MnSO4 and Mn(NO3)2
in liquid phase, respectively. Temperature and concentrations of
injected ozone and inlet NO had little impact on both SO2 removal
efficiency and Mn  extraction rate. Mn  extraction rate remained
steady at around 80–86% when SO2 removal efficiency dropped to
90%. NOx removal efficiency reached 82% when inlet NO at 750 ppm,
injected ozone at 900 ppm, concentration of pyrolusite at 500 g/L
and temperature at 25 ◦C.

The new process employed low-grade pyrolusite as an
absorbent to remove NOx and SO2 from flue gas and obtained the
mixed solution of Mn(NO3)2 and MnSO4 economically in the mean
time, which controlled the pollution of NOx and SO2 and realized
the resource utilization process. In this way, the new process has
good potential to be put into practice.
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