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ARTICLE INFO ABSTRACT

Keywords: Alkaline injection is an effective way to control the emission of high concentration SO3 caused by the use of high-
SO3 sulfur coal and selective catalytic reduction (SCR), but its performance is affected by the competitive absorption
SO, of SO,. A fixed-bed reactor was used to study the competitive absorption of SO3; and SO, by Ca(OH),. The
Ca(OH),

dynamic absorption curves in different atmospheres were obtained, the intermediate products were character-
ized, and the competitive absorption mechanism was discussed. The absorption of SO and SO, consists of the
chemical kinetics-controlled and product layer diffusion-controlled stages. In the chemical kinetics-controlled
stage, the SO3 and SO, removal efficiencies were around 90% and 55% at first and then decreased; the SO3;
selectivity was around 0.1 at first and then increased. In the product layer diffusion-controlled stage, the SO3
removal efficiency gradually decreased but kept greater than 10%, while the SO, removal efficiency deceased to
zero; the SOj3 selectivity continued to increase and reached 0.31 at most when SO, absorption ceased. There
existed significant competition between SOz and SO, absorption. The increasing SO concentration promoted the
SO; absorption and the increasing SO, concentration decreased it. The absorption of SO increased the intensity
of the SO~ band, decrease the intensity of the SO}~ band, and made the product layer more compact. The
possibility of SO3 reacting with the components (CaSO3, CaSO,4 and CaCOs3) on the reacted Ca(OH), surface was
analyzed. Ionic diffusion was proposed as the main mechanism of the continuous SOz absorption after the

Competitive absorption
Ionic diffusion

formation of a dense product layer.

1. Introduction

The in-furnace combustion and catalytic oxidation of SCR lead to a
2% oxidation of SO, to SOz in coal-fired units [1-3]. The SO3 con-
centration reaches 30 ppm or more when burning high-sulfur coal. This
SO; concentration is enough to cause serious problems, such as in-
creasing the acid dew point of the flue gas, corroding the air preheater
(APH) and aggravating stack opacity and smog [1,4-8]. For example,
the number concentration of sulfuric acid droplets may reach 108 cm ™3
after the wet flue gas desulfurization (WFGD) [9,10], and the blue
plume appears at the stack when SO3 concentration exceeds 5ppm
[11]. As a result, SO5 controlling is of great significance for the stable
operation of coal-fired units and the reduction of pollutants.

There are three main kinds of control methods for SO; emissions.
The first is to adjust the combustion conditions. Fleig et al. found that
the SO3; concentration reduced by 30-40% with a reduction of com-
bustion temperature or oxygen concentration by 60 °C or 5%, respec-
tively [12], thus revealing a limited removal efficiency. The second is
the SO; synergistic removal of the precipitator or the WFGD. Previous
reports found that the baghouse filter, the electrostatic precipitator, the
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wet electrostatic precipitator and the WFGD had some synergistic re-
moval effect on SO [13-16], but the APH corrosion cannot be solved.
The third control method is to spray alkaline absorbents into the flue
gas to achieve solidification removal of the strongly acidic gaseous SO3.

There are three feasible injection positions for the alkaline absor-
bents, which are in the furnace, between the SCR and the APH, and
between the APH and the precipitator. Blythe et al. injected the Mg
(OH), slurry into the furnace and found that the SO; removal efficiency
was 90% with a Mg/S molar ratio of 3.5:1 [17]. However, the in-fur-
nace SO; removal is incapable of the SCR formed SO3;. Wahlco injected
ammonia between the APH and the precipitator and observed a 95+ %
SO3; removal efficiency at an N/S molar ratio of 1:1-2:1 [18]. Injecting
ammonia between the APH and the precipitator cannot alleviate the
APH corrosion, and products (ammonium sulfate or ammonium bi-
sulfate) will affect the fly ash disposal/reuse. In summary, it is more
feasible to inject alkaline absorbents between the SCR and the APH,
which can remove both the in-furnace and the SCR formed SO3; and
alleviate the APH corrosion.

Some laboratory research and engineering tests have been carried
out to control SO; between the SCR and the APH. In the laboratory
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research, previous researchers conducted a series of experiments on the
reactivity of various metal oxides with just SO3 in the reactant gas and
found the order of the reactivity was Mg < Ca < Na < K [19,20].
Considering the cost and the reactivity, more researches focused on the
calcium-based sorbents [21-25], which showed good deSO; perfor-
mance. Wang et al. found the SO; removal efficiency was 99% with the
Ca(OH), of a 3 um particle size [21]. In the engineering tests, Martin
Marietta injected MgO in several full-scale tests and showed a 65% SO3
removal efficiency at an Mg/S molar ratio of 1.5:1 [26]. However, the
effect of other acid gases (such as SO5) on SO3 absorption had not been
studied.

The SO; and SO, selectivity by the absorbent directly influenced the
removal efficiency of SO; and the conversion of absorbents by ab-
sorbing SO3, but there are no studies on the competitive reaction be-
tween SO3; and SOs. In the dry desulfurization process, some scholars
found that CO, had a great influence on the effective calcium utilization
efficiency of the desulfurizer at 540-582°C [27]. During the CO, cap-
ture process, the CO, absorption reduced in the presence of SO,
especially using high-efficiency absorbents or increasing temperature
[28-30]. Because the concentration and acidity of SO; and SO, are si-
milar to those of SO, and CO,, the competitive absorption between SO3
and SO, may exist during the desulfurization process.

The alkaline absorbent injection between the SCR and the APH can
effectively control SO3, and the competitive absorption of SO3 and SO,
has an important influence on the removal efficiency and cost. A fixed-
bed reactor was applied to study the competitive absorption experi-
ments of Ca(OH), on SO3; and SO,. The dynamic absorption curve was
obtained, including the conversion of Ca(OH), by absorbing SO; and
SO,, SO3; removal efficiency and the selectivity. The physical and che-
mical properties of the intermediate products will be characterized. The
competitive reaction mechanism will be proposed combined with ver-
ification experiments.

Mass flow controller
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2. Experiment
2.1. Experimental setup

A SOx absorption experiment system is shown in Fig. 1. The entire
experimental system consisted of a gas distribution system, a SO3
generation reactor, a SOx absorption reactor and an analytical instru-
ment.

The gas distribution system consisted of the gas cylinders, pressure
reducing valves, mass flow controllers and connecting lines. The stan-
dard and high purity gases used in the experiments were supplied by
the Air Liquide (China) Holding Co., Ltd. One mixed gas (SO, O,
balance gas was N5) generated a high concentration of SO3 by the SO;
reactor, and the other mixed gas (SO, N, as balance) was used to dilute
the high concentration of SO5 to obtain the desired low concentration of
SO3. The total flow rate was 500 Nml/min. The desired SOz and SO,
concentrations were obtained by adjusting the amount of the catalyst,
the O, concentration was 5%, and the balance gas was N».

The quartz reactors of the SOz generation reactor and the SOx ab-
sorption reactor comprised an inner tube and an outer tube. The inner
tube of the SO3; generation reactor was 13 mm in diameter, and the
V,05/TiO, catalyst was placed at the bottom of the inner tube, fixing
with the analytically pure quartz wool. The inner tube of the SOx ab-
sorption reactor consisted of a removable quartz basket (internal dia-
meter of 15 mm), which was connected to the underlying inner tube by
a scrub connection. A quartz filter membrane (MK360, Sweden) was
laid at the bottom of the quartz basket to support the 100 mg Ca(OH),.
The quartz basket was located in the constant temperature zone at a
reaction temperature of 300 °C with an error of less than 2 °C.

The gas analysis instrument was a Fourier transform infrared
spectroscopy (FTIR, Nicolet 6700, USA) for the on-line measurement of
SO, concentration. The relative standard deviation of SO, concentra-
tion measured by the FTIR was 0.5%. To prevent FTIR corrosion, the
gas passed through a U-tube stuffed with analytically pure quartz wool
before entering the FTIR to filter out possible sulfuric acid droplets.
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Fig. 1. Schematic of the SOy absorption system.
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Table 1
Properties of Ca(OH),.

Ca(OH), content (%) 95
CaCO; content (%) 5

Average particle diameter (um) 72
Specific surface area (m?/g) 19.9
Specific pore volume (cm®/g) 0.077
Average pore diameter (nm) 15.5

2.2. Materials

Analytically pure Ca(OH), produced by Sinopharm Chemical
Reagent Co., Ltd. was used in the experiment and the properties of the
Ca(OH),, are listed in Table 1.

The V,05/TiO, catalyst is used to catalyze the oxidation of SO, to
SOs. Ethanedioic acid dihydrate (C,H,042H,0), ammonium metava-
nadate (NH4VOs3) and titanium dioxide (TiO,) were added to the
deionized water at a C,H,042H,0/NH4VO3/TiO, mass ratio of 5:2:10.
The catalyst was mixed at 60-70 °C, dried in an oven at 100-105 °C and
then calcined for 3h at 250 °C and 450 °C, respectively, in an air at-
mosphere.

2.3. Method

SO, absorption can be obtained by integrating the inlet and outlet
SO, concentration difference of the SOx absorption reactor with the
reaction time. SO3 absorption can be acquired by the isopropanol ab-
sorption method and the controlled condensation method. However,
the above two methods need a sufficient sampling amount, and the
sampling time is more than 30 min, which is difficult to be used for the
real-time measurement of dynamic SO; absorption processes. The
PENTOL SOj; analyzer shortened the sampling time, but the measure-
ment accuracy was influenced by the incomplete absorption of the
sample, the SO, oxidation, the side reaction of SO3 and the isopropanol
evaporation [31]. To determine the dynamic SO3 absorption amount, a
novel method that combined offline analysis of sulfur content in a solid
sample by a thermogravimetric analyzer (TGA) and online measure-
ment of SO, concentration was established. After a certain period of
reaction, the absorbent sample contained desulfurization products
(CaSO; and CaS0,), unreacted Ca(OH),, and a small amount of im-
purities (CaCOs) [32]. First, the sample was heated in an air atmo-
sphere at 550 °C for 20 min to completely oxidize CaSO5 to CaSO, and
exclude the CaSO; disproportionation reaction. Then, the oxidized
sample (Ca(OH),, CaCO3; and CaSO,) was placed in a TGA (Mettler
Toledo TGA/DSC 3+, Switzerland) and heated to 1300 °C for 10 min at
a heating rate of 30 °C/min. Since CaSO,4 undergoes a decomposition
reaction as shown in Eq. (1) at 1200-1300 °C, the total sulfur content in
the sample can be calculated according to the weight loss rate, sub-
tracting the SO, absorption amount to obtain the SO; absorption
amount.

1200-1300°C

CaSOy, CaO + SO, + %02

(@]

The samples reacted in the SO, absorption reactor for different times
(1/2/5/10/20/30/60 min) were analyzed by the above method to ob-
tain SO3 and SO, absorption amounts with the reaction time. The re-
lative standard deviation of SOz absorption amount measured by this
method was related to the SO3 absorption amount and decreased with
the increase in the SO5; absorption amount. For example, the relative
standard deviation was around 5% when the conversion of Ca(OH), by
absorbing SOz was around 0.74% and decreased to 2% when the con-
version of Ca(OH), by absorbing SO; was around 2.22%.

The conversion of Ca(OH), by absorbing SO», Rso,, the conversion
of Ca(OH), by absorbing SOs3, Rso,, and the conversion of Ca(OH), by
absorbing SOx, Rsoy, are defined in Egs. (2), (3) and (4), respectively.
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Nso
RSOZ = 2
Ncaony, (2
Nso
Rso; = o3
Ncaony, 3
Nso, + Nsos
Rsox = ———
Nea(ony, @

where Ngo, and Nso, are respectively the SO, and SO; absorption
amounts in units of mol; Ncaom), is the original Ca(OH), amount in
units of mol.

The SO, removal efficiency, aso,, is defined in Eq. (5).
CSOZ,in - CSOZ,out
Aso, = —— 5 —
%)
where Csp, in and Cso, out are respectively the SO, concentrations at the
inlet and outlet of the reactor in units of ppm.

Since the real-time SO; concentrations at the inlet and outlet of the
reactor cannot be measured directly, the SO removal efficiency, aso,, is
determined as in Eq. (6).

Cs0,,in

N503,t2 - NSOs.n
Cs03,in X QX (12— 11)
224

[o4

S0, (2t =

’ 6)
where t; and t, are two adjacent sampling moments in units of minute;
Nso,, and Ngo,, are respectively the SO5 absorption amounts in units
of mol at t; and t,; Cso,in is the SO3 concentration at the inlet in unit of
ppm; Q is the inlet gas flow rate in unit of L/min.

The SOj; selectivity, Ssos, is defined in Eq. (7).

Nso,

Ss03 = —————
Nso; + Nso,

@)

The Fourier transform infrared spectroscopy (FTIR, Nicolet 6700,
USA), Scanning Electron Microscope (SEM, ZEISS Merlin, Germany)
and Surface Area and Porosity Analyzer (Micrometrics ASAP 2020,
USA) were used to observe the sulfur-containing functional groups, the
surface morphology, the specific surface area and pore structures of the
original Ca(OH), and the desulfurization products under different ex-
perimental conditions, respectively.

3. Results and discussion
3.1. Co-absorption of SO and SO3 by Ca(OH),

The pure SO; cannot be produced by the catalytic oxidation
method. To compare the effects of SO, and SO3; absorption on each
other, experiments were carried out in five atmospheres (2000 ppm
SO,, 1000 ppm SO, + 100 ppm SO, 2000 ppm SO, + 100 ppm SOs,
3000 ppm SO, + 100 ppm SOz, 2000 ppm SO, + 200 ppm SO3). Fig. 2
shows the conversion of Ca(OH), by absorbing SOx (a) and the con-
version of Ca(OH), by absorbing SO5 or SO, (b) as a function of time at
each atmosphere.

In Fig. 2(a), the conversion of Ca(OH), by absorbing SO, increased
rapidly in the initial stage and then turned to slowly increase in the
later stage, which corresponded to chemical kinetics control and pro-
duct layer diffusion control, respectively [33]. In the chemical kinetics-
controlled stage, the conversion of Ca(OH), by absorbing SOy increased
with the increasing SO3/SO, concentration. When the process transited
from chemical kinetics-controlled to product layer diffusion-controlled,
the increasing SO, concentration had little influence on the increase of
the conversion, while the increasing SO; concentration increased the
conversion obviously.

In Fig. 2(b), the conversion of Ca(OH), by absorbing SO3 or SO,
showed a rapid increase in the chemical kinetics-controlled stage. In the
product layer diffusion-controlled stage, the conversion of Ca(OH), by
absorbing SO3 kept increasing with a slower rate, while the conversion
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Fig. 2. The conversion of Ca(OH), by absorbing SOy (a) and the conversion of Ca(OH), by absorbing SO3 or SO, (b) as a function of time.

of Ca(OH), by absorbing SO, gradually reached a constant after ap-
proximately 30 min. In the chemical kinetics-controlled stage, the in-
creasing SO, concentration slightly decreased the conversion of Ca
(OH), by absorbing SO3; because of the sufficient active sites at the
beginning, and significantly decreased the conversion of Ca(OH), by
absorbing SOj in the later stage due to the competitive consumption of
the active sites. In the product layer diffusion-controlled stage, the in-
creasing SO, concentration continued to decrease the conversion of Ca
(OH), by absorbing SO3 at the beginning, and its effect weakened till
the cessation of the SO, absorption. The increasing SO3 concentration
increased the conversion of Ca(OH), by absorbing SO3, and decreased
the conversion of Ca(OH), by absorbing SO, with a slight decrease in
the chemical kinetics-controlled stage and a significant decrease in the
product layer diffusion-controlled stage.

The above experimental results showed an obvious competition
between SO3; and SO absorption. The absorption selectivity of Ca(OH),
for SO3 as a function of time are shown in Fig. 3. In the initial chemical
kinetics-controlled stage, the active sites consumed by SO, and SO
were negligible compared to the original sufficient active sites on the Ca
(OH), surface, thus the absorption rates of SO, and SO3 were almost
constant, causing an invariant SOj3 selectivity. The SO; selectivity of the
four atmospheres (1000ppm SO, + 100ppm SOs3, 2000 ppm
SO, + 100 ppm SO3, 3000 ppm SO, + 100 ppm SOz and 2000 ppm
SO, + 200 ppm SO3) were 0.16, 0.09, 0.06 and 0.17, respectively, and
the values were small due to the large difference in the reactant gas
concentration. In the later chemical kinetics-controlled stage, some
active sites on the Ca(OH), surface were consumed due to the con-
tinuous absorption, and the competition in the reactions of SO; and SO,
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—A—2000 + 100
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Fig. 3. The absorption selectivity of Ca(OH), for SO3 as a function of time.

with the limited active sites became significant. The SO3 selectivity
increased due to the higher activity of SO3. In the product layer diffu-
sion-controlled stage, the Ca(OH), surface was covered by the SOy
absorption products, the diffusion of the reactant gas through the
product layer decelerated the SO3; absorption, and the increase rate of
the SO; selectivity began to slow down. The SO; selectivity reached
0.28, 0.19, 0.13 and 0.31 after 30 min (when the SO, absorption
stopped), and 0.33, 0.24, 0.18 and 0.39 after 60 min, for the atmo-
spheres of 1000 ppm SO, + 100 ppm SOs, 2000 ppm SO, + 100 ppm
SO3, 3000 ppm SO, + 100 ppm SO3; and 2000 ppm SO, + 200 ppm,
respectively. The increasing SO; concentration and the decreasing SO,
concentration increased the SOj3 selectivity.

Fig. 4 shows the SO; removal efficiency (a) and SO, removal effi-
ciency (b) as a function of time. In the initial chemical kinetics-con-
trolled stage, the SO3 and SO, removal efficiencies were around 90%
and 55%, respectively, but decreased rapidly and then slowly. After
30 min, the SO3 removal efficiency was still greater than 10%, while the
SO, removal efficiency tended to be zero. The increasing SO, con-
centration decreased the SO3; removal efficiency. In the chemical ki-
netics-controlled stage, the increasing SO, concentration slightly de-
creased the SO; removal efficiency at the beginning, and significantly
decreased the SO3 removal efficiency in the later stage. In the product
layer diffusion-controlled stage, the increasing SO, concentration con-
tinued to decrease the SO3; removal efficiency at the beginning, and no
longer affected the SO5; removal efficiency in the later stage due to the
cessation of the SO, absorption. The increasing SO3; concentration de-
creased the SO, removal efficiency with a slight decrease in the che-
mical kinetics-controlled stage and an obvious decrease in the product
layer diffusion-controlled stage.

3.2. Characterization of co-absorbed samples of SO, and SOz by Ca(OH)

Fig. 5 shows the functional groups of the desulfurization products at
different reaction times (2/10/60 min) at 300 °C. The simulated flue gas
of Fig. 5(a) was 2000 ppm SO,. The band at 3641 cm ™' was due to the
OH™ of the original Ca(OH), and the bands at 1435 cm ™ Tand 876 cm ™
were due to the CO%’ of the impurities (CaCO3). With the SO, ab-
sorption on the Ca(OH), surface, bands of SO?~ and SO?~ appeared at
1142cm™ ! and 957 cm™?, respectively [27,34], indicating that Ca
(OH),, reacted with SO, to form CaSOs, and a small amount of CaSO3
was oxidized to CaSO, in the presence of 5% O,. As the reaction time
increased, the content of CaSO5;/CaSO, increased, and the corre-
sponding bands became stronger. The simulated flue gas of Fig. 5(b)
was 2000 ppm SO, + 100 ppm SOs. After the addition of SO3, the in-
tensity of the SO~ band increased while the intensity of the SO?~ band
decreased compared with the SO, absorption.
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Fig. 4. The SO, removal efficiency (a) and SO3 removal efficiency (b) by Ca(OH), as a function of time.

Fig. 6 presents the surface morphology of the original Ca(OH), and
the desulfurization products. As shown in Fig. 6(a), the original Ca
(OH), had a sheet-like structure with a smooth surface and a small
number of protrusions, which might correspond to CaCO3; impurities.
Fig. 6(b) shows the surface morphology of Ca(OH), absorbed 2000 ppm
SO, for 60 min. With the formation of CaSO3; and a small amount of
CaS0y, a large number of granular small protrusions cover the Ca(OH),
surface. Fig. 6(c) shows the surface morphology of Ca(OH), absorbed
2000 ppm SO5 + 100 ppm SO; for 60 min. After the addition of SO, a
large amount of CaSO,4 was formed, and the small protrusions originally
formed by the absorption of SO, disappeared and were replaced by the
large and relatively smooth protrusion. The structure of the desulfur-
ization products was denser.

The specific surface area and pore structures of the original Ca(OH),
and the desulfurization products were analyzed by Surface Area and
Porosity Analyzer, as shown in Table 2. Because of the formation of the
desulfurization products, the specific surface area and specific pore
volume of the sample decreased, and the decreases were more sig-
nificant in the presence of SOs. This was consistent with the observa-
tions of the SEM.

3.3. Competitive absorption mechanism of Ca(OH), on SO, and SO3

The dynamic SO, absorption process transited from the chemical
kinetics-controlled stage to the product layer diffusion-controlled stage,
and finally stopped SO, diffusion due to the excessive diffusion

1

-OH

Absorbance

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

(a) FTIR spectrum of SO, absorption by Ca(OH),

resistance of the product layer. SO3 absorption should also undergo a
similar process, and since the SO3 molecule is larger than SO,, the SO3
product layer diffusion resistance should be greater, and the SO3 ab-
sorption in the product layer diffusion-controlled stage should end
earlier. However, the actual situation was that the conversion of Ca
(OH), by absorbing SO5 experienced two stages: a rapid increase and a
slight increase. The SO, absorption had almost stopped, while the SO3
absorption still continued. There may be two types of reasons for this
phenomenon: one was that some components on the reacted Ca(OH),
surface continued to react with SO3, and the other was that the product
layer diffusion mechanism had transformed from the SO5 product layer
diffusion to the ionic diffusion. The components on the reacted Ca(OH),
surface contained CaSOs, CaSO4, and a small amount of impurities
(CaCOs). The possibility of SO3 reacting with these components was
analyzed one by one.

First, the possibility of SO5 reacting with CaSOs; to replace SO, was
verified. A total of 100 mg Ca(OH), was placed in the SOx absorption
reactor at 300 °C, and the reaction gas of 2100 ppm SO, (5% O., N, as
balance) was supplied for 60 min. When the SO, concentrations at the
outlet of the reactor was equal to the inlet, the SO, absorption by Ca
(OH), had reached saturation. The reaction gas was then switched to
2000 ppm SO, + 100 ppm SO3 (5% O,, N, as balance) for another
60 min. The conversion of Ca(OH), by absorbing SO3 and SO, as a
function of time during the reactions is shown in Fig. 7. After the ad-
dition of SO3; at 60 min, the conversion of Ca(OH), by absorbing SO
continued to increase, indicating the occurrence of the SO absorption

-OH
2.0
1.5 SO*
2. 4
g €Oy M s0*
60 min )
g 10
5
< 05
0.0

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

(b) FTIR spectrum of SO, and SO; absorption by Ca(OH),

Fig. 5. The functional groups of the desulfurization products at different reaction times. (Pretreatment: absorption by Ca(OH), in the SOx absorption reactor at 300 °C

(a) 2000 ppm SO; (b) 2000 ppm SO, + 100 ppm SO3 0/2/10/60 min).
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(c) 2000 ppm SO»+100 ppm SO3,60 min

Fig. 6. The surface morphology of the original Ca(OH), and the desulfurization products.

Table 2
Specific surface area (BET) and specific pore volume (BJH) of the original Ca
(OH), and the desulfurization products.

Ca(OH),  +2000 ppm SO, +2000 ppm SO, + 100 ppm
60 min SO3; 60 min
BET (m%*/g)  19.9 18.6 14.5
BJH (ecm®/g)  0.077 0.059 0.050

8t 48
6+ —=—Ry, {6
~ -= Ry, ~
gt s
3 2
< | 12

R
el ]
oF ~ 1o
1 " 1 " 1 " 1 " 1 " 1 " 1
0 20 40 60 80 100 120
¢t (min)

Fig. 7. The possibility of SO3 reacting with CaSOs. (300 °C, Ca(OH),, supplying
the reaction gas of 2100 ppm SO, for 60 min, supplying the reaction gas of
2000 ppm SO, + 100 ppm SO;3 for another 60 min).

reaction. However, the conversion of Ca(OH), by absorbing SO did not
change, indicating that the products which absorbed SO, to saturation
did not resorb or replace SO,. Therefore, SO3 did not react with CaSO3
at 300 °C.

Second, the possibility of SO; reacting with CaSO,4 to form Ca
(HSO,4), was verified. A total of 100 mg anhydrous CaSO, (Aladdin,
sample content =99.99%) was placed in the SOx absorption reactor
and used to absorb the reaction gas of 2000 ppm SO, + 300 ppm SO3
(5% O,, N, as balance) for 60 min at 300 °C. A total of 10 mg of the
products was taken for a temperature-programmed experiment with
TGA. The products were heated from 105 °C to 700 °C at a heating rate
of 30 °C/min and insulated for 20 min, and then, they were heated from
700°C to 1300°C at a heating rate of 30°C/min and insulated for
20 min under a gas flow of argon at a flow rate of 100 mL/min. The
results of TGA experiments showed that the TG curves of the original
CaS04 and the products which contacted SO5 for 60 min almost com-
pletely overlapped, and all of them decomposed at 1200-1300 °C. The
decomposition amounts were 11.26% and 11.29%, respectively, with a
difference of 0.03%. Therefore, SO5 did not react with CaSO, at 300 °C.

Third, the possibility of SO3 reacting with CaCO3 to form CaSO, was
verified. A total of 100 mg CaCO5 (Sinopharm Chemical Reagent Co.,
Ltd., sample content = 99.99%) was placed in the SOx absorption
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reactor and used to absorb two reaction gases of 2300 ppm SO, and
2000 ppm SO, + 300 ppm SO3 (5% O, N, as balance) for 90 min, re-
spectively, at 300 °C. The original CaCOs3, the SO, absorption products,
and the SO, + SO3; absorption products were taken for temperature-
programmed experiments with TGA. The products were heated from
105 °C to 800 °C at a heating rate of 30 °C/min and insulated for 20 min
and then heated from 800 °C to 1300 °C at a heating rate of 30 °C/min
and insulated for 20 min under a gas flow of argon at a flow rate of
100 mL/min. The results of TGA experiments showed that the TG
curves of the original CaCO3 and the SO, absorption products almost
completely overlapped, and all of them decomposed at 550-800 °C,
corresponding to the decomposition of CaCO3. However, the SO, + SO3
absorption products not only had the corresponding CaCO3; decom-
position in the temperature range of 550-800 °C but also had an in-
significant decomposition at 1200-1300 °C, corresponding to the de-
composition of CaSO,. Therefore, SO3 did react with CaCO5 at 300 °C.
However, the conversion of CaCO3; by absorbing SO; was only 0.8% at
the reaction gas of 2000 ppm SO, + 300 ppm SO;3 for 90 min, indicating
a poor reactivity between CaCO3; and SOs. In addition, as an impurity,
CaCO3 had a low content in Ca(OH),. As a result, the contribution of the
reaction between SOz and CaCO3; was negligible for the continuous SO3
absorption after the cessation of the SO, absorption.

The above three verification experiments showed that the compo-
nents on the reacted Ca(OH), surface could not continue to react with
SO3, and the continuous SO3 absorption after the cessation of the SO,
absorption should be due to the transformation of the product layer
diffusion mechanism. It is no longer the SO; inward diffusion through
the product layer, but the ionic diffusion. Fan et al. discovered the ionic
diffusion mechanism through the product layer when studying the re-
action of CaO and CO, or SO, + O, [35,36]. Taking the reaction of CaO
and SO, + O, at 1300°C as an example, CaSO; formed on the CaO
surface was rapidly oxidized to CaSO,, and then, a thin layer of CaSO4
was on the CaO surface. First, the Ca*>* cations and the 0%~ anions of
the unreacted CaO diffused to the surface of the CaSO,4 product layer.
Second, the gaseous SO, reacted with the 02~ anions to form the SO3~
anion groups, and SO?~ anion groups were rapidly oxidized to SO3~
anion groups. Finally, the SO~ anion groups reacted with Ca>* cations
to form a new CaSO4. However, in this paper, the reaction temperature
was 300 °C, and the SO, absorption by Ca(OH), was almost terminated
after 30 min, indicating a lesser effect of the ionic diffusion. The ions
were diffused by intrinsic thermal defects in the solid-phase. The higher
the temperature, the higher the thermal defect concentration, and the
more pronounced the effect of the ionic diffusion. The reaction tem-
perature herein was low, and the ionic intrinsic diffusion was negli-
gible. It is speculated that the adsorbed SO3 on the surface of the pro-
duct layer formed a strong potential to drive the ionic migration,
causing the Ca?* cations and the OH~ anions of the unreacted Ca(OH),
migrated to the SOz adsorption site through the CaSO,4 product layer,
thereby promoting the continuous absorption of SOs.
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4. Conclusion

The competitive absorption of SO3 and SO, by Ca(OH), was studied
with a SO3 generation/SOx absorption reaction system. Similar as the
common deSO, process, the absorption of SO3 and SO, consists of two
stages, i.e. the chemical kinetics-controlled and product layer diffusion-
controlled. In the chemical kinetics-controlled stage, the SOz and SO,
removal efficiencies were around 90% and 55% at the beginning and
then decreased; the conversion of Ca(OH), by absorbing SOz or SO,
increased fast, with the SOj selectivity around 0.1 at the beginning and
then increasing with time. In the product layer diffusion-controlled
stage, the SO; removal efficiency gradually decreased but kept greater
than 10%, while the SO, removal efficiency deceased to zero; the
conversion of Ca(OH), by absorbing SO3 kept increasing with a slower
rate, while the conversion of Ca(OH), by absorbing SO, gradually
reached a constant after approximately 30 min, indicating the cessation
of the reaction; the SOj; selectivity continued to increase and reached
0.28,0.19, 0.13 and 0.31 for the four atmospheres when SO, absorption
ceased. There existed significant competition between SO; and SO,
absorption. The increasing SO, concentration decreased the SO; re-
moval efficiency and the selectivity of Ca(OH), for SOz absorption
while the increasing SO3; concentration increased them.

The absorption products were characterized by FTIR, SEM and
Surface Area and Porosity Analyzer. The sulfur-containing functional
groups of SO~ and SO~ were found when the SO, and O, absorbed on
the Ca(OH), surface. The absorption of SO3 increased the intensity of
the SO~ band, decrease the intensity of the SO3~ band, and made the
product layer more compact.

The mechanism of the continuous SO5 absorption after the cessation
of the SO, absorption was explored. The possibility of SO5 reacting with
the components (CaSO3, CaSO4 and CaCO3) on the reacted Ca(OH),
surface was analyzed. Ionic diffusion was proposed as the main me-
chanism of the continuous SO3 absorption after the formation of a dense
product layer.

The significant competition between SO; and SO, absorption de-
creases the SO3; removal efficiency and the absorbent utilization. Thus,
absorbents with high selectivity for SO3 absorption need to be devel-
oped to reduce the deSO; cost.
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