
T
d

Y
I

a

A
R
R
A
A

K
S
H
H
E
X
S

1

t
c
r
a
d
w
i
g
u
C
a
r
a
p
c
a

w

0
d

Journal of Hazardous Materials 170 (2009) 436–442

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

he effect of hydrogen peroxide solution on SO2 removal in the semidry flue gas
esulfurization process

uegui Zhou ∗, Xian Zhu, Jun Peng, Yaobin Liu, Dingwang Zhang, Mingchuan Zhang
nstitute of Thermal Energy Engineering, School of Mechanical Engineering, Shanghai Jiao Tong University, 800 Dong Chuan Road, Minhang District, Shanghai 200240, China

r t i c l e i n f o

rticle history:
eceived 23 January 2009
eceived in revised form 8 April 2009
ccepted 20 April 2009
vailable online 24 April 2009

eywords:
emidry flue gas desulfurization
umidification

a b s t r a c t

The present study attempts to use hydrogen peroxide solution to humidify Ca(OH)2 particles to enhance
the absorption of SO2 to achieve higher removal efficiency and to solve the valuable reuse of the reac-
tion product in the semidry flue gas desulfurization (FGD) process. Experiments were carried out to
examine the effect of various operating parameters including hydrogen peroxide solution concentra-
tion, Ca/S molar ratio and approach to adiabatic saturation temperature on SO2 removal efficiency in
a laboratory scale spray reactor. The product samples were analyzed to obtain semi-quantitative mea-
sures of mineralogical composition by X-ray diffraction (XRD) with reference intensity ratio (RIR) method
and the morphology of the samples was examined by scanning electron microscope (SEM). Compared
with spraying water to humidify Ca(OH) , SO removal efficiency was improved significantly by spray-
ydrogen peroxide solution

nhanced absorption
RD
emi-quantitative

2 2

ing hydrogen peroxide solution of 1–3 wt.% to humidify Ca(OH)2 because hydrogen peroxide solution
enhanced the dissolution and absorption rate of SO2. Moreover, XRD and SEM analyses show that the
desulfurization products contain less amount of unreacted Ca(OH)2 and more amount of stable calcium
sulfate with increasing hydrogen peroxide solution concentration. Thus, the process mechanism of the
enhanced absorption of SO2 by spraying hydrogen peroxide solution to humidify Ca(OH)2 was elucidated

ment
on the basis of the experi

. Introduction

The semidry flue gas desulfurization (FGD) processes are effec-
ive in reducing SO2 emission from medium- and small-scale
oal-fired power stations with the advantages of small space
equirement, low water consumption and low investment and oper-
tion costs [1–3]. Thus, these processes are very attractive for the
esulfurization retrofits in the old units. However, compared with
et FGD processes, SO2 removal efficiency and sorbent utilization

n the semidry FGD processes are relatively low [4,5]. Moreover, a
reat variety of analytical methods have revealed that the prod-
cts of the semidry FGD processes primarily contain Ca(OH)2 and
aSO3·1/2H2O [6–8]. The unstable calcium sulfite could release SO2
gain at high temperature or acid atmosphere, which restricts the
euse of the desulfurization products. Therefore, it is important to
dd a small amount of chemical oxidants into the semidry FGD
rocesses to enhance SO2 absorption to improve the removal effi-

iency and simultaneously to obtain more stable products which
re primarily comprised of calcium sulfate.

Hydrogen peroxide (H2O2), as a strong oxidant, can react fast
ith SO2 and NOx and enhance the absorption of the gaseous pol-
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lutants. Additionally, H2O2 can be safe to store and will not cause
secondary pollution because it is itself non-toxic and non-polluting
and decomposes into water and oxygen [9]. Using aqueous solu-
tion of hydrogen peroxide to scrub flue gas containing SO2 and
NOx will enhance the absorption rate even with a small gas scrub-
ber. Furthermore, it could produce valuable sulfuric acid or nitric
acid of high concentration with the recycle of acid solutions con-
taining hydrogen peroxide in wet flue gas cleaning system [10–13].
Wang’s investigation showed that adding 1–5 mL/L hydrogen per-
oxide solution into lime slurry in spray dryer FGD process could
increase SO2 removal efficiency by 20% [14]. Our previous study
also showed that SO2 removal efficiency and sorbent utilization
were significantly improved when hydrogen peroxide solution was
used to humidify Ca(OH)2 particles for high SO2 concentration in
the simulated flue gas for high sulfur content coal [15]. However,
the mechanism of the enhanced absorption of SO2 with hydrogen
peroxide solution in the semidry FGD processes is not clear.

The objective of this paper is to investigate the effect of var-
ious operating parameters including hydrogen peroxide solution
concentration, Ca/S molar ratio and approach to adiabatic sat-

uration temperature on SO2 removal efficiency in a laboratory
scale spray reactor when using hydrogen peroxide solution to
humidify Ca(OH)2 particles. Moreover, the process mechanism on
the enhanced absorption of SO2 with hydrogen peroxide solu-
tion was analyzed and elucidated by semi-quantitative analysis

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ygzhou@sjtu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.04.075
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Table 1
Physical properties of Ca(OH)2 sorbent.
ig. 1. Schematic experimental setup: (1) blower; (2) control valve; (3) electric
eater; (4) SO2 cylinder; (5) Y-jet nozzle; (6) spray reactor; (7) sample collector;
8) variable speed screw feeder; (9) water tank; (10) pump; (11) flue gas analyzer.

f mineralogical compositions with X-ray diffraction (XRD) refer-
nce intensity ratio (RIR) method and microscopic analysis of the
emidry FGD products with scanning electrical microscope (SEM).

. Experimental

.1. Experimental setup and procedure

The schematic experimental setup, as shown in Fig. 1, was com-
osed of a simulated flue gas system, a laboratory scale spray
eactor, a variable speed sorbent feeder, one set of spray water
umidification system and a gas sampling and analyzing system.
he spray reactor was a stainless steel cylinder with an internal
iameter of 0.2 m and a height of 1.0 m. The flue gas flow rate in
he reactor was 70 m3/h (STP) and gas residence time was 1.1 s.
he air stream from the blower was measured by a rotameter and
eated to 120–140 ◦C by an electric heater. The SO2 gas from a SO2
ylinder (purity >99.9%) measured by a rotameter was mixed into
he air stream to produce the simulated flue gas of a desired SO2
oncentration. The chemical grade Ca(OH)2 particles were fed by
variable speed feeder and the simulated flue gas entrained the

iven amount of Ca(OH)2 particles into the spray reactor through
he top gas distributor. The Y-jet twin fluid nozzle located at the cen-
erline of the reactor atomized hydrogen peroxide solution to fine
roplets, and Ca(OH)2 particles were humidified by spray droplets
o form aqueous lime slurry droplets which reacted with SO2 in
ue gas. The dry FGD product samples at the reactor outlet were
olleted for microscopic analysis and then the flue gas containing
he reaction products was cleaned by dust filter to discharge into
he atmosphere.

The SO2 concentrations in flue gas were measured online at the
nlet and outlet of the spray reactor with Testo 350XL type flue gas
nalyzer. The analyzer was calibrated with standard gases before
he experiments were conducted, and the range of the monitored
O2 concentration was 0–1000 ppm with the accuracy of ±4 ppm.

3
he inlet SO2 concentration in the reactor is 1425 mg/m (500 ppm)
or low sulfur content coal in the present experiments. SO2 removal
fficiency was calculated from the inlet and outlet SO2 concentra-
ions in the reactor for each run. The flue gas dew point temperature
as measured by Testo 645 type humidiometer. In order to indicate
Surface area (m2/g) 6.664
Pore volume (cm3/g) 0.0449
Mean pore diameter (nm) 25.946

the repeatability of the experimental results, the experiments were
carried out repeatedly at the same operating parameters such as
Ca/S molar ratio, approach to adiabatic saturation temperature and
hydrogen peroxide solution concentration.

2.2. Experimental materials

The chemical grade calcium hydroxide particles (Shanghai
Huangdu Lime Company) were used as a sorbent which con-
sisted of 99.7% Ca(OH)2 to eliminate the effect of impurity
in the sorbent on XRD analysis. The particle mean diameter
of Ca(OH)2 was 73 �m measured by laser particle size ana-
lyzer. The Brunauer–Emmett–Teller (BET) surface area and the
Barrett–Joyner–Halenda (BJH) pore volume of Ca(OH)2 particles
were determined from the N2 adsorption–desorption isotherms
at 77 K using an ASAP 2010 vacuum volumetric sorption instru-
ment. Before N2 sorption analysis, the samples were preheated at
493 K for degassing and cooled at room temperature under vacuum
conditions. The physical properties of Ca(OH)2 sorbent used in the
present study were listed in Table 1.

The 35 wt.% industrial hydrogen peroxide solution was diluted
by the given amount of distilled water and well-stirred in the water
tank to obtain hydrogen peroxide solution of a low concentration
ranging from 1 to 3 wt.% before the experiments were conducted.
The heat transfer equation was used to determine spray droplet
mean diameter to ensure the complete evaporation of the droplets
at the outlet of the reactor, expressed by Eq. (1).

� = ��d2

8��tm
(1)

where � is the evaporation time of spray droplets, determined by
the flue gas residence time in the reactor, � is the droplet density,
d is the droplet mean diameter, � is the thermal conductivity, and
�tm is the logarithmic mean temperature difference in the reactor,
expressed as

�tm = tin − tout

ln[(tin − tas)/(tout − tas)]
(2)

where tin and tout are the flue gas inlet temperature and outlet
temperature measured by thermocouples, respectively. tas is the
adiabatic saturation temperature in the reactor measured by Testo
645 humidiometer.

Therefore, the droplet mean diameters and size distributions of
Y-jet nozzle at different spray water mass flow rates were measured
by laser particle size analyzer in advance. The spray cone angle of
Y-jet nozzle was 15◦, and the droplet mean diameter was controlled
to be less than 60 �m to obtain the dry products at the outlet of the
reactor by adjusting the operating parameters of Y-jet nozzle.

2.3. Semi-quantitative analysis of desulfurization samples by XRD

The dry FGD product samples for typical runs were collected
at the reactor outlet and analyzed to determine the physical and
chemical properties of the products. A Bruker-AXS type XRD over
the angular range 10–70◦ (2�) in 0.010◦ steps and 8 s per step was

used to obtain semi-quantitative measures of mineralogical com-
position of the desulfurization products. A JSM-6460 type SEM was
used to examine the surface morphologies of the samples.

Quantification of samples obtained from XRD was performed
by measuring the intensity of the peaks acquired in the scan. In
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hydrogen peroxide solution is sprayed to scrub flue gas containing
SO2, hydrogen peroxide can oxidize the dissolved SO2 to form sol-
uble sulfuric acid as follows: SO2 + H2O2 → H2SO4. It means that
hydrogen peroxide enhances the oxidation-absorption of SO2 in
38 Y. Zhou et al. / Journal of Hazar

amples containing a mixture of materials, the intensity of a peak
s proportional to the mass fraction and the atomic number of the
lements responsible for that reflection. The derivation of the equa-
ions relating intensity and mass is described by Nuffield [16].

The basic equation describing the intensity of a peak from a given
aterial, ‘a’, in a mixture of n materials is given by [16,17]

a = Ka
Wa/�a∑n

1Wn�∗
n

(3)

here Ia is the intensity of a peak associated with the component
a’, Ka is the constant dependent on the nature of the component
a’ and the instrumental arrangements, Wa is the weight fraction of
he component ‘a’, �a is the density of the component ‘a’, Wn is the
eight fraction of the component ‘n’, and �∗

n is the mass absorption
oefficient associated with the component ‘n’. If Eq. (3) is applied to
wo components in a heterogeneous mixture of materials, the ratio
f the intensities of two components is given by

Ia
Ib

= RIRaWa

RIRbWb

Wa

Ia/RIRa
= Wb

Ib/RIRb
(4)

here Ib is the intensity of a peak associated with the component
b’, RIRa and RIRb are the constants representing Ka/�a and Kb/�b,
espectively, and Wb is the weight fraction of the component ‘b’.

For n phase components in a heterogeneous mixture of materi-
ls, Eq. (4) is expressed as

W1

I1/RIR1
= W2

I2/RIR2
= · · · = Wi

Ii/RIRi
= · · · = Wn

In/RIRn
(5)

nd
n

i=1

Wi = 1 (6)

Therefore, the weight fraction of particular crystal phase i in
amples containing a mixture of n materials can be determined by
eference intensity ratio (RIR) method [18,19]:

i = Ii/RIRi∑n
k=1Ik/RIRk

× 100% (7)

here Ii is the integrated intensity of diffraction of the ith phase,
IRi is the reference intensity ratio of the ith phase, Wi is the weight
ontent of the ith phase, and n is the phase number of the multi-
hase mixture.

With Jade’s Easy-Quant package and the ICSD subfile available
ith ICDD 1998 and later releases of the PDF2 CD, we can perform

uantitative analysis on multi-phase mixture easily by means of ref-
rence intensity ratio (i.e., RIR, also called I/Ic in the PDF database).
he ∼40 K patterns calculated from the crystal structures in the
CSD subfile make it possible to look up the RIR values for most of
he common phases encountered [19].

. Results and discussion

.1. Only spraying water droplets to humidify Ca(OH)2 particles

The effect of Ca/S molar ratio and approach to adiabatic satu-
ation temperature on SO2 removal efficiency is shown in Fig. 2

hen only spraying water droplets to humidify Ca(OH)2 parti-

les. The repeatability errors of the experiments are also shown
n Fig. 2. It can be seen that SO2 removal efficiency increases sig-
ificantly when Ca/S molar ratio increases from 1.0 to 2.0 at the
ame approach to adiabatic saturation temperature, and it increases
Fig. 2. Effect of Ca/S molar ratio on SO2 removal efficiency when only spraying water
droplets to humidify Ca(OH)2.

relatively slow when Ca/S molar ratio exceeds 2.0. Thus, the suit-
able Ca/S molar ratio in the semidry FGD process is 2.0 or so when
operation costs are taken into account, which agrees well with the
results in the typical semidry FGD process of sorbent humidification
activation [2]. The approach to adiabatic saturation temperature
decreases with the increase of spray water mass flow rate. SO2
removal efficiency increases sharply when the approach to adia-
batic saturation temperature decreases from 15 to 10 ◦C even 5 ◦C.
However, too small approach to adiabatic saturation temperature
may cause the wetting and corrosion of the desulfurization reactor
wall. Therefore, it is better to control spray water mass flow rate
to ensure that the approach to adiabatic saturation temperature is
about 10 ◦C.

3.2. Only spraying hydrogen peroxide solution of different flow
rates

Fig. 3 shows the effect of different hydrogen peroxide solution
flow rates on SO2 removal efficiency when only hydrogen perox-
ide solution is sprayed to scrub flue gas. SO2 removal efficiency
increases from 8.1% to 31.6% with the increasing mass flow rate
of hydrogen peroxide solution at the same concentration. When
Fig. 3. Effect of different hydrogen peroxide solution flow rates on SO2 removal
efficiency when only spraying hydrogen peroxide solution.
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Fig. 4. Effect of different hydrogen peroxide concentrations on SO2 remo

ue gas. Moreover, SO2 removal efficiency also increases with the
ncreasing hydrogen peroxide concentration at the same hydrogen
eroxide solution flow rate.

.3. Spraying hydrogen peroxide solution of different
oncentrations to humidify Ca(OH)2
Fig. 4 shows the effect of different hydrogen peroxide solution
oncentrations on SO2 removal efficiency when spraying hydro-
en peroxide solution to humidify Ca(OH)2 particles in the reactor.
he effect of Ca/S molar ratio and approach to adiabatic saturation

Fig. 5. Comparison of SO2 removal efficiency between the humidificatio
ciency when spraying hydrogen peroxide solution to humidify Ca(OH)2.

temperature on SO2 removal efficiency when spraying hydrogen
peroxide solution of 1% to 3% to humidify Ca(OH)2 in Fig. 4a–c is
the same as that when only spraying water to humidify Ca(OH)2
in Fig. 2. The data were rearranged in Fig. 4d to indicate the
effect of hydrogen peroxide solution concentration on SO2 removal
efficiency. It can be seen that SO2 removal efficiency increases sig-

nificantly with increasing hydrogen peroxide concentration from
0% to 3% at the same Ca/S molar ratio and approach to adiabatic
saturation temperature.

Fig. 5 shows comparison of SO2 removal efficiency between the
humidification of Ca(OH)2 by spraying hydrogen peroxide solution

n of Ca(OH)2 by spraying hydrogen peroxide solution and water.
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f different concentrations and by only spraying water. As can be
een, SO2 removal efficiency ranged from 25% to 40% when spraying
ater to humidify Ca(OH)2, and it increased from 45% to 56% when

praying hydrogen peroxide solution of 3% to humidify Ca(OH)2.
ompared with spraying water to humidify Ca(OH)2, SO2 removal
fficiency increased by 15–20% when spraying hydrogen peroxide
olution of 1–3%. The calcium-based sorbent utilization is usually
efined as the ratio of SO2 removal efficiency to Ca/S molar ratio.
he sorbent utilization was 32.0% and 24.0% at 3% H2O2 solution and
% H2O2 solution, respectively, which showed that the sorbent uti-

ization increased by 33.3% at Ca/S molar ratio of 1.5 and approach to
diabatic saturation of 5 ◦C. Therefore, SO2 removal efficiency and
orbent utilization were significantly improved with the addition
f hydrogen peroxide to humidify Ca(OH)2.

.4. Semi-quantitative XRD analysis and discussion

XRD was used to analyze and identify the mineralogical compo-
ition of the FGD products. The XRD patterns of the desulfurization
roducts are shown in Fig. 6 when hydrogen peroxide solution
f different concentrations is sprayed to humidify Ca(OH)2. Let-
ers A–E in Fig. 6 denote different crystalline phases: Ca(OH)2,
aSO4·1/2H2O, CaSO4, CaSO3 and Ca(SO4), respectively. The char-
cteristic peaks of the XRD spectrum for each particular crystalline
hase are based on the International Center for Diffraction Data
ICDD) file. The main peak of the XRD spectrum for Ca(OH)2 appears
t 2� = 34.169◦ and the minor peaks appear at 2� = 18.107◦, 28.728◦,
7.249◦ and 50.896◦. The main peak of the XRD spectrum for
aSO4·1/2H2O appears at 2� 14.739◦ and the minor peaks appear
t 2� = 25.648◦, 29.729◦, 31.893◦ and 49.321◦. The main peak of the
RD spectrum for CaSO4 appears at 2� = 23.143◦ and the minor
eaks appear at 2� = 20.258◦, 30.283◦, 35.466◦ and 47.279◦. The
ain peak of the XRD spectrum for CaSO3 appears at 2� = 29.050◦

nd the minor peaks appear at 2� = 27.430◦, 29.880◦, 32.610◦,
5.330◦, 45.180◦ and 49.870◦. The main peak of the XRD spectrum
or Ca(SO4) appears at 2� = 14.664◦ and the minor peaks appear at
� = 25.541◦, 29.576◦, 32.010◦, 49.269◦ and 54.030◦.

XRD pattern in Fig. 6a reveals that the desulfurization product
hen only spraying water to humidify Ca(OH)2 is primarily com-
osed of Ca(OH)2 and CaSO3. The relative peak intensity indicates
hat there is a significant amount of unreacted Ca(OH)2 and CaSO3,
nd a small amount of CaSO4, which is the same as XRD analysis of
he semidry FGD products such as in spray dryer and in-duct sor-
ent injection processes [7]. Fig. 6b shows that the desulfurization
roduct when spraying hydrogen peroxide solution of 1% to humid-

fy Ca(OH)2 is primarily composed of Ca(OH)2 and CaSO4, especially
o CaSO3 is found in the product. The relative peak intensity indi-
ates that there is a significant amount of unreacted Ca(OH)2 and
ore amount of two kinds of calcium sulfate crystals CaSO4 and

a(SO4) with different unit cell sizes in the desulfurization prod-
ct. This is because hydrogen peroxide oxidizes the dissolved SO2
o form sulfuric acid and it reacts fast with the dissolved Ca(OH)2 to
roduce CaSO4. Fig. 6c shows that the desulfurization product when
praying hydrogen peroxide solution of 2% to humidify Ca(OH)2 pri-
arily contains Ca(OH)2, CaSO4·1/2H2O and CaSO4, and no CaSO3

s also found in the product, which is similar to Fig. 6b. How-
ver, Fig. 6d shows that the desulfurization product when spraying
ydrogen peroxide solution of 3% to humidify Ca(OH)2 primarily
ontains Ca(OH)2, CaSO4, CaSO3 and Ca(SO4). This might be because
oo much hydrogen peroxide significantly enhances the dissolu-

ion of SO2 into the liquid film at sorbent particle surface, and the
issolved SO2 is partially oxidized by added hydrogen peroxide to
ulfuric acid and it reacts with the dissolved Ca(OH)2 to form CaSO4.
dditionally, some dissolved SO2 may directly react with excessive
a(OH)2 to form CaSO3.
Fig. 6. XRD patterns of the desulfurization products when spraying hydrogen perox-
ide solution of different concentrations to humidify Ca(OH)2: (a) hydrogen peroxide
solution of 0%; (b) hydrogen peroxide solution of 1%; (c) hydrogen peroxide solution
of 2%; (d) hydrogen peroxide solution of 3%.

Semi-quantitative XRD analysis with reference intensity ratio
(RIR) method was used to obtain the quantitative measures of min-
eralogical composition of the desulfurization products (see Table 2).
Combined with XRD patterns in Fig. 6, it can be quantitatively
seen that the amount of Ca(OH)2 in the desulfurization products
decreases significantly from 70.9% to 40.8% when hydrogen perox-
ide solution of 1–3% is sprayed to humidify Ca(OH)2, which means
that SO2 removal efficiency is improved as mentioned above. More-
over, the desulfurization products contain a significant amount of
different calcium sulfate crystals when hydrogen peroxide solution
of 1% and 2% is sprayed to humidify Ca(OH)2. There also contains
some amount of CaSO3 when hydrogen peroxide solution of 3% is
sprayed to humidify Ca(OH)2. A great variety of analysis showed
that the ratio of the amount of CaSO3 to that of CaSO4 in the conven-

tional semidry FGD products such as in spray dryer process ranged
from 2:1 to 3:1 [7,20]. On the basis of the conducted experiments
in this paper, it can be concluded that adding a small amount of
hydrogen peroxide solution to humidify Ca(OH)2 in the semidry
FGD process will not only significantly improve SO2 removal effi-
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Table 2
Semi-quantitative measures of mineralogical composition of the desulfurization products.

Case condition Composition (%)

H2O2 concentration Ca/S Ca(OH)2 CaSO3 CaSO4 Ca(SO4) CaSO4·1/2H2O
∑

1% 1.5 70.9 – 20.4 8.7 – 100
2% 1.5 49.0 – 28.9 – 22.1 100
3% 1.5 40.8 36.0 18.4 4.8 – 100

F nt con
H

c
t
t

u
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(

(

(

ig. 7. SEM micrographs of sorbent particle and desulfurization products at differe
2O2; (c) sample at 1% H2O2; (d) sample at 2% H2O2; (e) sample at 3% H2O2.

iency but also produce more amount of stable calcium sulfate in
he desulfurization products. Therefore, this method is beneficial
o improving the quality and reuse of the semidry FGD products.

The process mechanism of the enhanced absorption of SO2 by
sing hydrogen peroxide solution to humidify Ca(OH)2 can be ana-

yzed and discussed as follows on the basis of the experimental
esults.

1) In the conventional semidry FGD processes such as spray dryer
and in-duct sorbent injection, SO2 in bulk flue gas diffuses and
dissolves into the droplet surface and SO2(aq) ionizes into ion
forms: SO2(aq) + H2O ⇔ H+ + HSO3

− and HSO3
− ⇔ H+ + SO3

2−.
Ca(OH)2 in the slurry droplets also dissolves into ion form:
Ca(OH)2 ⇔ Ca2+ + 2OH−. Thus, calcium species reacts with
SO3

2− to form calcium sulfite in the liquid film. Therefore, the
product in the conventional semidry FGD processes is primarily
consisted of unreacted Ca(OH)2 and unstable CaSO3.

2) When hydrogen peroxide solution of a low concen-
tration is sprayed to humidify Ca(OH)2, hydrogen
peroxide as a strong oxidant can oxidize the SO2(aq),
HSO3

− and SO3
2− (known as S(IV) forms) into SO3(aq),

HSO4
− and SO4

2− (known as S(VI) forms), respectively:
SO2(aq) + H2O2 → H2SO4, HSO3

− + H2O2 → HSO4
− + H2O, and

SO3
2− + H2O2 → SO4

2− + H2O. Thus, the SO2 dissolution into
liquid film will almost not be affected by the liquid side
equilibrium. Therefore, adding hydrogen peroxide significantly
enhances the SO2 dissolution and absorption in the liquid film
and the S(VI) species reacts with the dissolved Ca(OH)2 to

produce more stable calcium sulfate.

3) The research has shown that CaSO3 solids have lower solubil-
ity and could crystallize easily than CaSO4 solids in the semidry
FGD pH operating range [14]. Thus, crystals of the formed CaSO3
can deposit on the surface of the sorbent particles and block the
centrations of hydrogen peroxide solutions: (a) original Ca(OH)2; (b) sample at 0%

pore to halt SO2 diffuse and dissolute into the liquid phase in the
conventional semidry FGD processes. If S(IV) forms can be oxi-
dized to S(VI) forms by hydrogen peroxide, the product CaSO4
has less crystallization and there is more available sorbent sur-
face area for the dissolution and diffusion of reactants SO2 and
Ca(OH)2 in the reaction process. It was confirmed by the SEM
micrographs of the desulfurization products in this paper. Fig. 7
shows the SEM micrographs of the desulfurization products
when hydrogen peroxide solution of different concentrations
is used to humidify Ca(OH)2. When only water is sprayed to
humidify Ca(OH)2, SEM micrograph in Fig. 7b shows that there
are fine crystals which deposit on the sorbent surface and block
the surface pores, and the produced crystal is determined as
CaSO3 by XRD patterns. When hydrogen peroxide solution of
different concentrations is sprayed to humidify Ca(OH)2, SEM
micrographs in Fig. 7c–e show that there are large crystals on
the sorbent surface and more sorbent surface areas are available
for the dissolution and diffusion of SO2 and Ca(OH)2.

4. Conclusions

SO2 removal efficiency increases by 15–20% when spraying
hydrogen peroxide solution of 1–3% to humidify Ca(OH)2 particles
at the same Ca/S molar ratio and approach to adiabatic satura-
tion temperature compared with only spraying water to humidify
Ca(OH)2. Moreover, semi-quantitative XRD analysis of mineralogi-
cal composition of the desulfurization products shows that spraying
hydrogen peroxide solution of 1–3% to humidify Ca(OH)2 in the

semidry FGD process will not only significantly decrease the
amount of unreacted Ca(OH)2 (i.e., improve SO2 removal efficiency)
but also produce more amount of stable CaSO4. Additionally, SEM
analysis confirms that the desulfurization product CaSO4 when
spraying hydrogen peroxide solution to humidify Ca(OH)2 has less
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rystallization and more sorbent surface areas are available for the
issolution and diffusion of SO2 and Ca(OH)2, which is helpful to

mproving the removal efficiency and the reuse of the semidry FGD
roducts. Thus, the process mechanism of the enhanced absorp-
ion of SO2 when spraying hydrogen peroxide solution to humidify
a(OH)2 was elucidated on the basis of the experimental results
nd microscopic analysis of the desulfurization products.
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