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bstract

Catalytic effects of nine organic acids on the oxidation of sulfite were compared, in which peracetic acid was the most effective. The intrinsic
xidation kinetics of sodium sulfite catalyzed by peracetic acid were studied using intermittent apparatus, and reaction orders of the reagents and

ctivation energy obtained. Using bubbling apparatus, the macroscopic catalyzed oxidation kinetics of calcium sulfite were investigated by varying
H, concentration of calcium sulfite and peracetic acid, airflow flux and temperature. A mathematical model was established that involved intrinsic
eaction, dissolution of calcium sulfite and diffusion of oxygen. It was concluded that the macroscopic reaction is controlled by diffusion of oxygen,
hich benefits wet flue gas desulfurization.
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. Introduction

Sulfur dioxide is a major air pollutant that has attracted much
ttention. Oxidation of calcium sulfite is of great importance in
et flue gas desulfurization, with forced oxidation being a par-

icularly popular application. During forced oxidation, a blower
njects air into the slurry, oxidizing the sulfite into sulfate. How-
ver, due to the low oxidation rate, most of the air is wasted,
esulting in excess investment and energy. Furthermore, jams
nd accumulation of filth also frequently occur during practical
pplication.

On the basis of uncatalyzed oxidation kinetics [1–5], the
ffects of transition metal ions such as manganese, copper,
obalt and ferrous on the oxidation rate of sulfite have been
horoughly investigated [6–14]. In addition, we also revealed

any inhibitors that slow down the oxidation process [15]. These
esults show that oxidation of sulfite is a chain reaction initiated
y metal ions.

There are two kinds of kinetics, intrinsic and macroscopic.

he former is used to study the mechanisms of chemical

eactions, which are usually carried out under homogeneous
onditions, while the latter consider not only the chemical reac-
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ion, but also mass transfer of reagents between different phases,
hich are often carried out under heterogeneous conditions. In
et desulfurization, the oxidation of sulfite accompanies mass

ransfer, which, as mentioned above, is a macroscopic process.
Unfortunately, most published work concentrates on the cat-

lytic effect of transition metal ions. That of organic acid, which
s cheaper and causes less secondary pollution, however, has
et to be investigated. In the present work, nine organic acid
atalysts [16,17] were screened and, of these, macroscopic oxi-
ation results revealed that peracetic acid was the best catalyst.
n the presence of peracetic acid, the intrinsic oxidation kinetics
f sodium sulfite were subsequently studied using intermittent
pparatus. Using experimental parameters close to the practical
etting, the macroscopic catalyzed oxidation kinetics of calcium
ulfite were then studied using bubbling apparatus. Based on
he intrinsic kinetics, a mathematical model of the macroscopic
rocess was thereby established and the controlling rate step
educed. In this way, the catalyzed mechanism was confirmed,
hus benefiting the exploration of new cheap and effective addi-
ives for forced oxidation in wet flue gas desulfurization.

. Experimental
.1. Experiment of the intrinsic reaction kinetics

Intermittent apparatus was used to analyze the intrinsic reac-
ion kinetics. Briefly, a known quantity of distilled water and
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Nomenclature

CA concentration of oxygen in the solution (mol L−1)
CAi equilibrium concentration of oxygen at the inter-

phase (mol L−1)
CB concentration of calcium sulfite particles in solu-

tion (mol L−1)
CS saturation concentration of calcium sulfite parti-

cles in solution (mol L−1)
CS(IV)t concentration of sulfate at time t (mol L−1)
CS(IV)0 initial concentration of sulfate (mol L−1)
C1 concentration of sulfite (mol L−1)
C1t concentration of sulfite at time t (mol L−1)
C2t concentration of dissolved oxygen at time t

(mol L−1)
C1 0 initial concentration of sulfite (mol L−1)
C2 0 initial concentration of dissolved oxygen

(mol L−1)
C3 concentration of peracetic acid (mol L−1)
D diffusion coefficient of calcium sulfite (m2 s−1)
DA diffusion coefficient of oxygen in the solution

(m2 s−1)
Ea activation energy (kJ mol−1)
f2 function between C2t and t
k coefficient of intrinsic reaction rate

(mol−1.5 L1.5 s−1)
ka1 ionization constant of the first step
ka2 ionization constant of the second step
m reaction order of oxygen in the intrinsic reaction
M amount of froth in unit time
n reaction order of sulfite in the intrinsic reaction
N amount of balls that was proportional to initial

quantity of calcium sulfite
Q volume of injected air in unit time (m3)
rj radius of balls (m)
R macroscopic reaction rate (mol L−1 s−1)
RA intrinsic reaction rate (mol L−1 s−1)
RB dissolution rate of calcium sulfite (mol L−1 s−1)
RC diffusion rate of oxygen (mol L−1 s−1)
RM diffusion rate of oxygen in single froth

(mol L−1 s−1)
t reaction time (s)
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Greek letter
δ0 distribution coefficient of sulfite ions SO3

2−

race quantity of organic acid were added to the reactor. After
xing a dissolved oxygen probe in the solution, the reactor
as sealed and placed in a water bath. The rotation speed was

djusted to a scheduled value, and the reaction was started at the
ame time as sodium sulfite solution was added to the reactor to
total volume of 1.0 L. The concentration of dissolved oxygen

as recorded during the reaction process, and using this, the

ulfite concentration could be obtained at any time as follows:

O3
2− + 1/2O2 → SO4

2− (1)
r
b
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initial time : C10 C20

t : C1t C2t

The statistical software SPSS was used for regressive analysis
f the experimental data, and the relationship between the dis-
olved oxygen concentration and reaction time was determined
s C2t = f2(t). Thus, the intrinsic reaction rate at any time was
iven by 2 df2(t)/dt.

.2. Experiment of the macroscopic reaction kinetics

Bubbling apparatus was used to analyze the macroscopic
eaction kinetics. Briefly, 150 mL of distilled water was added to
he reactor after adjusting the temperature, rotation speed of the
tirrer and airflow velocity to scheduled values. Air was injected
nto the reactor after a known quantity of organic acid and cal-
ium sulfite were added to the water. Solution of hydrochloric
cid and ammonia were used to adjust the pH. The tempera-
ure, airflow velocity and pH were also observed and adjusted
o the scheduled values during the course of the reaction. The
roduction was dissolved by adding hydrochloric acid at the
xed time. The concentration of sulfate was then measured and

he initialization involved in the sulfite removed. The concen-
ration of sulfate was measured according to the turbidimetric

ethod, and the observed oxidation rate was calculated using
he following formula [2]:

= CS(VI)t − CS(VI)0

t
(2)

For example, to screen the most effective catalyst, 1.00 g
alcium sulfite was oxidized for 30 min under the following
onditions: pH, 5.5; airflow flux, 0.056 m3 h−1; organic acid,
.55 × 10−4 mol; temperature, 27.0 ◦C.

.3. Experimental reagents

The following reagents were used: anhydrous sodium sulfate,
odium sulfite, calcium sulfite, peracetic acid, formic acid, acetic
cid, oxalic acid, hexanedioic acid, tartaric acid, salicylic acid,
ydrogen peroxide, benzoic acid, hydrochloride acid, ammonia,
odium chloride, barium chloride, glycerol, and alcohol; all were
f analytical purity grade. Solution of peracetic acid was pre-
ared after leaving it to stand for 24 h then diluting it to 2% for
he intrinsic reaction and 30% for the macroscopic reaction. The
xing reagent was composed of 75 g sodium chloride, 300 mL
istilled water, 30 mL hydrochloride acid, 50 mL glycerol and
00 mL alcohol, mixed well. The standard sulfate solution was
omposed of 1.4787 g anhydrous sodium sulfate dissolved in
000 mL distilled water.

. Results and discussion

.1. Organic acid screening
The effect of each organic acid is shown in Fig. 1. The
esults showed that peracetic acid was the best catalyst, proba-
ly because it initiated the free radical reaction and significantly
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Fig. 1. Effect of organic acid on macroscopical oxidation of sulfite. UC: uncat-
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Table 1
Reaction order of peracetic acid in intrinsic oxidation

No.

1 2 3 4

C3 (mol L−1) 4.20 × 10−6 8.40 × 10−6 2.10 × 10−5 4.20 × 10−5

r (mol L−1 s−1) 8.13 × 10−7 1.63 × 10−6 4.06 × 10−6 8.50 × 10−6

Relationship r ∞ C3

F
m
o
s

1
g
c
t
w

lyzed; PA: peracetic acid; FA: formic acid; AA: acetic acid; OA: oxalic acid;
A: hexanedioic acid; TA: tartaric acid; SA: salicylic acid; HP: hydrogen per-
xide; BA: benzoic acid.

mproved the reaction rate (this will be discussed in Sections 3.2
nd 3.3). However, hydrogen peroxide seemed to act as oxidant,
hough it was much less effective than peracetic acid. None of
he other organic acids had a strong effect on the reaction rate,
ither as a catalyst or strong oxidant.

.2. Results of intrinsic kinetics

According to Section 2.1, when the initial concentration of
issolved oxygen was 2.40 × 10−4 mol L−1 and the sodium sul-
te concentration 6.00 × 10−3 mol L−1 at 24.0 ◦C, the effect of
eracetic acid on the intrinsic reaction rate was as is shown in
ig. 2. The concentration of peracetic acid and reaction rate
ere made dimensionless with respect to the value, and the

esults show that the intrinsic oxidation rate was 1.0 order in

oncentration of peracetic acid (see Table 1).

When the initial concentration of peracetic acid was
.40 × 10−6 mol L−1, the effect of sodium sulfite on the intrin-
ic reaction rate under the same conditions was as is shown in

Fig. 2. Effect of peracetic acid concentration on intrinsic reaction rate.
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Fig. 3. Effect of sulfite concentration on intrinsic reaction rate.

ig. 3. The concentration of sodium sulfite and reaction rate were
ade dimensionless with respect to the value, and the intrinsic

xidation was shown to be 1.5 order in concentration of sodium
ulfite (see Table 2).

As shown in Fig. 3, while the concentration of sulfite,
.0 × 10−2 mol L−1, was much more than that of dissolved oxy-
en, there was only a trace amount of peracetic acid. Further, the
oncentration of dissolved oxygen decreased linearly with reac-
ion time, indicating that the reaction order of dissolved oxygen
as zero.
Using the above results, the following equation of the intrinsic

eaction rate was obtained:

dc

dt
= kC

3/2
1 C3 (3)

Fig. 4 shows the effect of temperature on the intrin-
ic reaction rate given initial concentrations of dissolved
xygen, sodium sulfite and peracetic acid of 2.40 × 10−4,
.00 × 10−3 and 8.40 × 10−6 mol L−1, respectively. Using Eq.

3), when T = 14.0, 19.0, and 24.0 ◦C, k = 101, 208 and
16 mol−1.5 L1.5 s−1, respectively. According to the Arrhenius
quation k = k0 e−Ea/RT , the activation energy, Ea, is about
01.6 KJ mol−1 and k0 about 3.06 × 1020 mol−1.5 L1.5 s−1.

able 2
eaction order of sodium sulfite in intrinsic oxidation

No.

1 2 3 4

1 (mol L−1) 4.00 × 10−4 6.00 × 10−4 8.00 × 10−4 1.00 × 10−3

(mol L−1 s−1) 8.81 × 10−7 1.63 × 10−6 2.42 × 10−6 3.44 × 10−6

elationship r ∞ C1.5
1
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Fig. 4. Effect of temperature on intrinsic reaction rate.

Table 3
Effect of pH on macroscopical reaction rate

pH R (×10−6 mol L−1 s−1)

4.5 17.31
5.0 14.65
5
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Table 5
Effect of airflow flux on macroscopical reaction rate

Airflow flux (m3 h−1) R (×10−6 mol L−1 s−1)

0.032 12.62
0.056 13.80
0.080 15.00
0.104 14.75

Table 6
Effect of peracetic acid on macroscopical reaction rate

Peracetic acid (×10−3 mol L−1) R (×10−6 mol L−1 s−1)

2.24 12.83
4.47 14.80
6.71 17.54
8.94 20.74

Table 7
Effect of temperature macroscopical reaction rate

Temperature (◦C) R (×10−6 mol L−1 s−1)

27.0 13.80
35.0 15.87
43.0 17.59
5
6

fl
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.5 13.80

.0 11.12

.3. Results of macroscopic kinetics

According to Section 2.2, when the airflow flux
as 0.056 m3 h−1 and the peracetic acid concentration
.50 × 10−3 mol L−1 at 27.0 ◦C, 1.00 g calcium sulfite was
xidized for 30 min. The effect of pH on the macroscopic
eaction rate is shown in Table 3. The results indicate that the
xidation rate decreases with increasing pH.

Under the same conditions, Table 4 shows the effect of the ini-
ial concentration of calcium sulfite on the macroscopic reaction
ate at pH 5.5. The results indicate that macroscopic oxidation
s 0.1 order in concentration of calcium sulfite approximately.

The effect of airflow flux on the macroscopic reaction rate
s shown in Table 5. When the airflow flux was between 0.032
nd 0.080 m3 h−1, the bubbled air had little stirring effect on
he reaction solution. Influenced by the stirrer, regular bubbling
as observed and the air froth dispersed uniformly, resulting

n a quiet bubbling area. When the airflow flux was increased

o 0.104 m3 h−1, on the other hand, some air froth collided and
gglomerated, resulting in a turbulent bubbling area. Table 5
hows that the macroscopic oxidation rate increases with a rise
n airflow flux between 0.032 and 0.080 m3 h−1. When the air-

able 4
ffect of calcium sulfite on macroscopical reaction rate

alcium sulfite (mol L−1) R (×10−6 mol L−1 s−1)

.049 13.79

.096 14.77

.144 15.51

.192 16.14

.285 16.76

r

H

H

t

δ

1.0 18.45
0.0 19.40

ow flux was increased further, however, the oxidation rate
ecreased.

Table 6 shows the effect of the initial concentration of per-
cetic acid on the macroscopic reaction rate, indicating that
he macroscopic oxidation is 0.5 order in concentration of per-
cetic acid approximately. The effect of temperature is shown
n Table 7, indicating an increase with increasing temperature.

. Mechanism of macroscopic oxidation kinetics

The macroscopic oxidation process of calcium sulfite could
e divided into three steps: an intrinsic reaction in the liquid
hase, RA, dissolution of calcium sulfite from solid particles
nto liquid, RB, and mass transfer of oxygen into liquid, RC.

.1. Intrinsic reaction rate RA

Calcium sulfite (CaSO3·1/2H2O) barely dissolved in the
eagent. Sulfurous acid ionizes in two stages as follows:

2SO3 ↔ H+ + HSO3
−, ka1 = 1.5 × 10−2 (4)

SO3
− ↔ H+ + SO3

2−, ka2 = 1.0 × 10−7 (5)

Thus, sulfite exists as SO3
2−, HSO3

− and H2SO3. The dis-
ribution coefficient of SO3

2− is
0 = [SO3
2−]

c
= Ka1Ka2

[H+]2 + Ka1[H+] + Ka1Ka2

(6)
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At pH 5.5, δ0 was 0.031, and the solubility of calcium sulfite
as determined as

CaSO3 = [Ca2+] = [SO3]total =
√

Ksp,CaSO3

δ0

=
√

6.8 × 10−8

0.031
= 1.48 × 10−3 mol L−1 (7)

When the calcium sulfite saturated, the intrinsic oxidation
ate could then be calculated using Eq. (3).

.2. Dissolution rate of calcium sulfite RB

In solution with a volume of V, calcium sulfite samples were
ssumed to form little balls equal in size and in amount of N,
hich was proportional to the initial quality. Accordingly, dif-

usion took place from the surface of the ball into the solvent at
rate of (−4πr2D(dC/dr)). According to the balance of mate-

ials, the sum of dissolved solute was equal to the increased
oncentration of solute in the solution:

∂C

∂t
= −4πr2DN

∂C

∂r
(8)

In the above equation, the boundary condition was as follows:

= rj, C = CS; r = +∞, C = CB

This resulted in

B = ∂C

∂t
= 4πDrjN

V
(CS − CB) (9)

.3. Diffusion rate of oxygen RC

In the quiet bubbling area, it was assumed: (1) the air froth
ubbles were equal in size and showed little agglomeration
uring the rise process; (2) the oxygen concentration in the
ingle air froth remained constant. For example, as shown in
able 6, when the oxidation rate was 2.07 × 10−5 mol L−1 s−1,

he airflow flux and reaction time resulted in 0.263 mol bubbled
xygen. According to the produced sulfate, the reacted oxygen
as 2.63 × 10−3 mol. This shows that the utility of oxygen was

ather low, consistent with the assumption; (3) the pressure of
he air froth remained constant during the rise process, and was
qual to the atmospheric pressure. In the solution, the pressure
f the air froth was (P0 + ρgh), but since the height of reactor was
elatively low, (ρgh) was neglected. The assumption mentioned
bove resulted in

= Mπr3
g (10)

Q

C = MRM =

πr3
g
RM (11)

The diffusion rate was controlled by mass transfer in the liq-
id film. Also, taking into account the chemical reaction, the

s

(
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ass transfer rate of single air froth was determined according
o the theory of double film:

M = k′
L(CAi − CA) (12)

Further, as the chemical reaction was rapid, it was thus sim-
lified to

′
L ≈

√
2

m + 1
DAkCm−1

Ai Cn
B (13)

The concentration of oxygen measured in the reaction system
as approximately zero giving:

M =
√

2

m + 1
DAkCm−1

Ai Cn
B × CAi =

√
2DAkCAiC

1.5
B

(14)

C = Q

πr3

√
2DAkCAiC

1.5
B (15)

The catalytic effect of peracetic acid was regarded as a mag-
ification of the reaction coefficient k, and was simplified as
ollows:

C = Q

πr3
g

√
2DAkCAiC

1.5
1 C3 (16)

It was concluded that the diffusion rate of oxygen was (1)
roportional to the airflow flux; (2) inversely proportional to the
ube of the radius of the air froth; (3) 0.75 order in dissolved
ulfite; (4) 0.5 order in peracetic acid.

.4. Macroscopic reaction rate R

As the above three steps proceed simultaneously, the macro-
copic reaction rate depends on the slowest one:

= min(RA, RB, RC) (17)

Dissolution of calcium sulfite is an exothermic reaction; thus,
f the macroscopic reaction rate is controlled by RB, it should
ave decreased with the rise in temperature, which conflicts with
he results shown in Table 7. It was therefore concluded that the
issolution of sulfite is not the controlling rate step, and that cal-
ium sulfite reaches saturation rapidly due to quick dissolution.
ccording to Section 4.1, the concentration of dissolved sulfite

hould be 1.48 × 10−3 mol L−1 at pH 5.5.
According to Eq. (3), the coefficient of the intrinsic

eaction rate k is 628 mol−1.5 L1.5 s−1. If the reaction rate
s controlled by RA, the intrinsic reaction rate should be
.60 × 10−4 mol L−1 s−1 when the concentration of peracetic
cid is 7.10 × 10−4 mol L−1 at 27.0 ◦C. Table 6 shows that the
acroscopic reaction rate is much lower than that of the intrin-

ic reaction rate, which therefore is not the controlling rate step
ither. Thus, it was concluded that the reaction is controlled by
hould occur as follows:

1) According to Section 4.1, δ0 is thought to decrease with a
rise in pH, leading to an increase in the dissolved sulfite
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concentration C1. As shown in Eq. (16), the reaction rate is
then expected to increase accordingly, consistent with the
findings shown in Table 3.

2) As shown in Eq. (16), the macroscopic reaction was
0.5 order in peracetic acid, which is consistent with
Table 6.

3) The concentration of calcium sulfite has little effect on the
reaction rate; rather, due to quick dissolution, calcium sulfite
is thought to become almost completely saturated in the
solution.

4) In the quiet bubbling area, as the radius of the air froth
remains constant, the mass transfer rate increases with
a rise in airflow flux. In the turbulent bubbling area, on
the other hand, the radius of some air froth increases
due to collision. According to Eq. (16), the reaction rate
is therefore thought to decrease with a rise in airflow
flux.

5) The coefficient of the intrinsic reaction rate, k, is thought
to increase greatly with a rise in temperature, leading to an
increase in the mass transfer rate. According to Eq. (16), the
macroscopic reaction rate should also increase, consistent
with the findings in Table 7.

. Conclusions

1) The aim of the current study was to examine the applicability
of using organic acid as a catalyst in the oxidation sys-
tem during wet flue gas desulfurization. Through screening
experiments, peracetic acid was selected.

2) Using intermittent apparatus, the intrinsic oxidation kinetics
of sodium sulfite catalyzed by peracetic acid were sub-
sequently studied. The findings showed that the intrinsic
reaction was 1.0 order in peracetic acid, 1.5 order in sulfite
and zero order in dissolved oxygen. The activation energy
rate was determined as 101.6 kJ mol−1.

3) Using bubbling apparatus, the macroscopic oxidation kinet-
ics of calcium sulfite catalyzed by peracetic acid were also
investigated by varying the pH, the concentration of calcium
sulfite and peracetic acid, the airflow flux and temperature.
A mathematical model was also established to include the
effect of the intrinsic reaction, the dissolution of calcium
sulfite and diffusion of oxygen.

4) It was concluded that the macroscopic reaction of calcium

sulfite catalyzed by peracetic acid is controlled by the diffu-
sion of oxygen. This finding will be beneficial in designing
the oxidation process during wet desulfurization.

[
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