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ABSTRACT

Using bubbling apparatus, the kinetics of oxidation of total sulfite in ammonia-based wet flue gas
desulfurization (FGD) process was investigated by varying concentrations of SO32~ and SO42-, pH, tem-
peratures and air flow. The concentration range of sulfite is 0.0044-0.026 gmol L-! and that of sulfate
is 0.5-2 gmol L-'. Experiments were conducted at pH level of 4.5-6.5 and air flow ranging from 50 to
200Lh~1. In the temperature range of 303.15-333.15K, the reaction was found to be —0.5 order with
respect to sulfite. The experimental findings also showed that the bisulfite could be oxidized easier than
sulfite. Thus, keeping the pH level of the solution low is conducive to the oxidation of total sulfite. The
apparent activation energy for the overall oxidation was calculated to be 28.0 k] mol~'. A kinetic model
has been derived according to the experimental results. The developed kinetic model, including the oper-
ating parameters SO32~ concentration, SO4%~ concentration, pH, temperature and air flow, can be applied
to simulate the oxidation of total sulfite. This model would be useful for the design of the ammonia-based

wet FGD system.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Among the various flue gas desulfurization processes, the wet-
type techniques using ammonia as an absorbent lead to efficient
removal of SO,. Ammonium sulfite thus formed can be oxidized to
ammonium sulfate which is used as a fertilizer [1-3]. The ammonia-
based wet FGD process is attractive as it results in the production of
valuable ammonium sulfate without generating any other polluting
by-products, according to the following oxidation reaction [4]:

(NH4)2SO3+1/202—> (NH4)2504 (])
NH4HSO3 +1/20, — NH4HSO,4 )

In the chemical engineering literature the problem of oxidation of
aqueous ammonium sulfite has been studied by a number of inves-
tigators. Mishra and Srivastava conducted a study of the kinetics of
the homogeneous oxidation of ammonium sulfite using the rapid
mixing method of Hatridge and Roughton. The reaction rate was
found to be 0 order with respect to oxygen, 2/3 order with respect
to sulfite and 0.5 order with respect to cobalt [5]. Neelakantan and
Gehlawat studied the kinetics of absorption of oxygen in aqueous
solutions of ammonium sulfite in stirred cells. In the range of the
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ammonium sulfite concentration of 0.045-0.45mol L~ the reac-
tion was found to be 2 order with respect to sulfite and 1 order
with respect to oxygen [6]. Ahmad et al. found the reaction to be 0
order with respect to sulfite above a critical sulfite concentration,
2 order below a critical sulfite concentration, and 1 order in oxy-
gen [7]. Gurkan et al. investigated the kinetics of the heterogeneous
oxidation of ammonium sulfite with oxygen transferring from the
gas phase and proposed that the reaction mechanism and conse-
quently the order of the intrinsic rate of reaction were dependent
on the oxygen to sulfite ratio [8]. Recently Zhou et al. found the reac-
tion to be 1 order with respect to oxygen, 0.2 order with respect to
sulfite above a critical sulfite concentration and —1.0 order below
a critical sulfite concentration [9].

Although the oxidation of ammonium sulfite has been exten-
sively studied for many years, kinetics analysis has been slow in
developing. It should be noted that most of these previous inves-
tigations dealt with oxygen absorption into basic sulfite solutions
and did not take the oxidation of ammonium bisulfite into consid-
eration [5-11], under conditions significantly different from those
encountered in ammonia-based wet FGD plants. In previous inves-
tigations, the pH was significantly different from that in the plants,
Ahamd controlled pH level at range of 7.6-8.5, Glirkan controlled
pH at range of 7.0-8.0 and Zhou controlled pH at range of 5.0-8.0
[8-10]. In the literature, sulfuric acid (or hydrochloric acid) and
ammonia were used to adjust the pH. Changes in the pH resulted
in changes in the ionic strength, which influenced the oxidation
rate. This has not been taken into account in the previous investi-
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Nomenclature

a specific gas-liquid interfacial area (m? m—3)

C504zf concentration of sulfate (molL~1)

C5032_ concentration of sulfite (molL~1)

C(’gz interfacial concentration of oxygen (molL~1)

Co, concentration of oxygen in the solution (molL~1)

Do, diffusion coefficient of oxygen (m2s-1)

Dr diameter of bubbling reactor (m)

dys volume-surface mean bubble diameter (m)

g gravitational constant (ms—2)

H solubility coefficient of SO, in solution
(molm—3Pa-1)

HO solubility coefficient of SO, in water (molm—3 Pa~1)

h proportionality constant (m3 kion—1)

I ionic strength (kionm—3)

Kal equilibrium constant, log Kal=853/T—4.74
Ka2 equilibrium constant, log Ka2 =621.9/T —9.278

Ka3 equilibrium constant

Ka4 equilibrium constant

Kw equilibrium constant, log Kw=4470.99/T+6.0875 —
0.01706

k the reaction constant

ko frequency factor

kg gas-phase mass transfer coefficient
(molm=2s-1Pa-1)

ki liquid-phase mass transfer coefficient (ms=1)

pgz partial pressure of oxygen on the gas-liquid inter-
face (Pa)

R gas constant (8.31]Jmol~1 K1)

vy the oxidation rate of total sulfite (molL-! min—1)

T temperature (K)

t time (min)

Uog superficial gas velocity (ms=1)

Greek symbols

8o distribution coefficient of SO,(aq)

81 distribution coefficient of HSO3~

82 distribution coefficient of SO32~

ol gas holdup (%)

7y viscosity of solution (Pas)

oL density of solution (kg m~3)

oL surface tension of solution (Nm~1)

Subscript

i the species of electrolyte in the solution

gations. Thus, the detailed information on the kinetics of oxidation
of sulfite in the literature is not available for ammonia-based wet
FGD process. An independent study is needed. The present work
was undertaken to make a systematic study of the kinetics of oxi-
dation of total sulfite (SO,(aq), (NH4)>,SO3 and NH4HSO3), under
operating conditions relevant to ammonia-based wet FGD plants.

2. Experimental

The oxidation of total sulfite was carried out in a bubbling reac-
tor. Fig. 1 shows the schematic diagram for experimental setup.
The bubbling reactor used is a glass cylindrical vessel, 10.8 cm
in internal diameter and 19 cm in height. Before performing the
experiment, 500 ml of distilled water was added into the bubbling
reactor which was installed in a constant-temperature bath. The pH
was then adjusted by passing SO, gas through the solution after a

( 0 ] e
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Fig. 1. Experimental apparatus. (1) SO, tank; (2) air compressor; (3) buffer tank;
(4) air flow meter; (5) bubbling reactor; (6) constant-temperature bath; (7) ther-
mocouple; (8) aeration header; (9) sampling port; (10) valve.
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Fig. 2. Effect of sulfite concentration on the oxidation rate. Q=100Lh-'; CSO4Z, =
1 mol Lfl; pH=5.5;T=313.15K.

certain amount of ammonium sulfite and ammonium sulfate were
added into the bubbling reactor. Finally, the time was noted and
the air was injected into the solution in a steady manner.
Experiments were conducted at pH level of 4.5-6.5, under con-
ditions where the concentration of HSO3~ was much larger than
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Fig. 3. Effect of sulfate concentration on the oxidation rate. Q=100Lh-"; Cso32* =
0.01mol L™'; pH=5.5; T=313.15K.
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Fig. 4. Effect of pH on the oxidation rate. Q=100Lh"'; Csong =0.01mol L™';

Cso,2- = 1mol L' T=313.15K.
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Fig. 5. Effect of temperature on the oxidation rate. Q=100Lh'; CSO32, =
0.01mol L5 Cy, 2 = 1mol L''; pH=55.

that of SO32~. Thus, the experiments were conducted at different
concentration of SO32~ between 0.0044 and 0.026 mol L1,
According to the chemical equilibrium, the concentration of
SO, (aq) in the solution can be ignored at this pH range. The total
sulfite concentration (Csy) = Cgg,2- + Cyyso,-) Was determined by
means of iodometric titrations at intervals of 30 min. Similarly, the
sulfate concentration was measured by means of ion chromatog-
raphy. Although the oxidation rate of SO32~ and that of HSO3~ are
difficult to measure separately, it should be noted that the oxidation
rate of total sulfite is equal to the variation rate of sulfate concentra-
tion (rgyy = dCSO4zf /dt) during the experiment. The oxidation rate
of total sulfite can be evaluated by the method of initial rates [12].

3. Theoretical

The rate of oxidation reaction can be written as the product of a
reaction rate constant k and a function of the concentrations of the
various species involved in the reaction, i.e. [12],

ravy = [k(D)][fm(Ca, Ca, .. .)] (3)
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Fig. 6. Variation of reaction constant with temperature.
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Fig. 7. Effect of air flow on the oxidation rate. CSOBz, =0.01mol L™'; CSO42, =
1mol L™'; T=313.15K; pH=5.5.

The reaction rate constant could be correlated by the Arrhenius
formula:

k(T) = ko e EIRT (4)

The activation energy E and frequency factor ko are determined
experimentally by carrying out the reaction at several different
temperatures. After taking the nature logarithm of Eq. (4):

E /1
Ink=Inky—- = (= 5
nk=1In kg R (T) (5)
It can be seen that a plot of In k versus 1/T should be a straight line
whose slope is proportional to the activation energy. The depen-
dence of the reaction rate r(;y) on the concentrations of the species
present, fn(C;), is determined by experiments.

4. Results and discussion
4.1. Effect of SO32~ concentration

Anumber of experiments were performed at various SO32~ con-
centrations to demonstrate its effect on the oxidation rate of total
sulfite, keeping pH at 5.5. In the solution, there are nine different
species, i.e. HSO3~, SO32~, HSO4~, SO42~, OH-, H*, NH4*, NH3-H,0
and SO,(aq), among which the following chemical equilibriums
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Fig. 8. Effect of sulfite concentration on the oxidation rate. Q=140Lh~"'; C5042, =
1.4mol L; pH=5.4; T=313.15K. (W) Experimental values; (O) calculated values.

take place [1,2,13]:

K,
S05(aq) + HyO() = H* + HSO3™ (6)
K,
HSO3~ “2H* + 5052~ (7)
Ky
NH; - HyO= NH," + OH™ (8)
K,
HSO,~ = H* + 50,2~ (9)
Kw
H,O=H" + OH~ (10)

The distribution coefficient of each species of total sulfite is as fol-
lows:

2
0= 2 +
[HT]" + K1 [H"] + Ka1Kq2
Kgq[HT
8‘1 — - 5 (11[ +] (12)
[H]” + K1 [H"] + Ka1 Ka2
S KalKaZ (13)

, =
[H*]* + K [H"] + Ka1 Kqo

The ratio of SO32~ concentration to HSO3;~ concentration is a func-
tion of pH according to Eqs. (12) and (13). Therefore concentration
of SO32~ and HSO3 ™~ can be evaluated by taking into account simul-
taneously the chemical equilibrium corresponding to reactions
(6)-(10), as well as pH.

Fig. 2 shows the variation of the oxidation rate of total sulfite
with SO32~ concentration. It is observed that the oxidation rate of
total sulfite decreases as SO32~ concentration increases. The oxi-
dation rate of total sulfite is found to be —0.5 order with respect
to SO32~ and with a correlation coefficient of 0.99. Neelakantan
reported the reaction to be 2 order with respect to sulfite. Glirkan
found the reaction to be 2 order with respect to sulfite above a
critical sulfite concentration, 0 order below a critical sulfite con-
centration. However, Zhou reported the reaction to be 0.2 order
with respect to sulfite above a critical sulfite concentration, —1.0
order below a critical sulfite concentration. In these literature, the
experimental conditions (e.g. sulfite concentration and pH) were
different and the oxidation of bisulfite was not taken into consid-
eration. Thus, these previous results are controversial.
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Fig. 9. Effect of sulfate concentration on the oxidation rate. Q=140Lh"1; Cso32* =
0.015mol L™'; pH=5.4;T=313.15K. (W) Experimental values; (O) calculated values.

4.2. Effect of SO42~ concentration

The relation of oxidation rate of total sulfite versus SO42~ con-
centration is shown in Fig. 3.

It is obvious that the oxidation rate is almost inversely propor-
tional to the sulfate concentration. The similar tendency has also
been reported by Zhou [9]. An examination of Fig. 3 reveals that
the experimental data can be linearized as rgqyy = 0.0001 x (9 —
4CSO42,) with a correlation coefficient of 0.99. Therefore, it can be

deduced from this equation that if the solution includes too much
sulfate, the oxidation rate of total sulfate will be inhibited to a con-
siderably low value. Glirkan and Zhou also noticed that the total
ionic strength of sulfate could influence the oxidation rate. The
reason that sulfate ion hampers the oxidation may be due to the
decrease of the solubility of oxygen in the solution [14,15].

4.3. Effect of pH

Typical experimental results indicating the dependence of pH on
the oxidation rate of total sulfite are shown in Fig. 4. An examination
of Fig. 4 shows that the oxidation rate of total sulfite decreases as
pH increases. Zhou and Wang reported that the oxidation rate of
sulfite decreases with the increase of pH [9,16]. At a pH level of 7-8,
Glirkan et al. found that the oxidation rate of sulfite increases as pH
increases [8]. Zhou adjusted the pH by adding sulfuric acid into
the solution. Wang adjusted the pH by using hydrochloric acid and
ammonia, while Glirkan used ammonia to adjust the pH. The ionic
strength of sulfate and other ions could influence the reaction rate
[8,9]. Thus, the existence of the acid radical and ammonium ions
added into solution would affect the accuracy of the experimental
results.

In the present work, pH was adjusted by passing SO, through
the solution. Thus, the influence of the acid radical and ammonium
ions on the oxidation rate can be eliminated. According to Egs. (12)
and (13), the concentration of SO32~ and HSO3~ can be evaluated
by taking into account the total sulfite and pH. By linear fitting
the experimental data, the oxidation rate of total sulfite can be
expressed as rgy)=exp(—0.39pH — 1.14) with a correlation coef-
ficient is 0.97. This expression is similar to that proposed by Gerbec
etal [17].

An examination of Fig. 4 also reveals that the bisulfite can be
oxidized easier than sulfite. According to Eqgs. (11)-(13), the ratio
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of bisulfite concentration to sulfite concentration increases with
the pH decrease. Therefore keeping the pH level of the solution low
is conducive to the oxidation of total sulfite. However, the control
of pH in the wet ammonia-based process should take corrosiveness
as well as the absorption of SO, into account.

4.4. Effect of temperature

Temperature plays an important role in the oxidation of total
sulfite. A number of experiments were performed at different
temperature to demonstrate its effect on the oxidation rate.

The oxidation process of total sulfite could be divided into
two steps: oxygen transfer from gas phase to the solution;
reaction between oxygen and total sulfite in the liquid phase.
The mass transfer rate of oxygen is equal to the oxidation
rate of total sulfite at steady-state conditions. So the following
equation can be obtained according to the double-film theory
[18]:

ravy = kLa(Cg, — Co,) (15)

Combining Eqs. (14) and (15), the concentration of dissolved oxy-
gen can be expressed as:

kLaC*
92 (16)

0, =
* ko exp(~2.8 x 10*/RT) x 100039119 ¢ 03 . (~0.0004C;, 2~ +0.0009) + kia
3

Experimental results are shown in Fig. 5. It is obvious that the oxi-
dation rate of total sulfite increases as the temperature increases.

By combining Egs. (14)-(16) to eliminate the concentration of dis-

solved oxygen, one obtains:
C*

" (17)

Tav) =

The same tendency has been reported by Giirkan et al., Zhou et al.,
and Wang and Zhao [8,9,16].

A plot of the logarithm of reaction constant versus 1/T is shown
in Fig. 6. An examination of Fig. 6 reveals that the reaction constant
increases with a rise in temperature. That is why the oxidation rate
of total sulfite increases as the temperature increases. According
to Eq. (5), the apparent activation energy for the overall oxidation
was calculated to be 28.0 k] mol~!, which is close to that proposed
by Zhou et al. [9]. However this value is higher than the activation
energy previously reported by Giirkan et al. [8]. The reason could
be that the catalyst wasn’t used in our work, while it was used in
Girkan's investigations.

4.5. Effect of air flow

The effect of air flow on the oxidation rate of total sulfite is
shown in Fig. 7. An examination of Fig. 7 shows that the oxida-
tion rate of total sulfite increased quickly with the air flow up to
150Lh~!, above which it increased slowly. This tendency is sim-
ilar to that reported by Wang and Zhao [16]. The reason may be
that the gas-liquid contact area increased as the air flow increased
while below 150Lh~1. On the other hand, the stirring effect of air
on the solution became more evident with a rise in air flow below
150Lh~!. When the air flow was increased to 150Lh~!, some air
froth collided and agglomerated, resulting in a little change of
gas-liquid contact area and the stirring effect on the solution [16].

4.6. Kinetic model

Investigators such as Neelakantan found that the oxidation reac-
tion was 1 order with respect to oxygen [6-9]. Accordingly, the
oxidation reaction is assumed to be 1 order with respect to oxy-
gen in this work. Basing on the experimental results above, the
following rate expression can be derived:

ke exp [ 28 10°
(v) = Ko p T RT

x 10(~0-39pH-1.14) | cs-ézg, (~0.0004Cy;, 2- +0.0009) - Co,
(14)

(1/ka) + (1/kg exp(—2.8 x 10%/(RT))) - (1/10(-0-39pPH-1.14)y (1 /csfg-;) -(10000/(~4Cyq 2~ +9))
3

According to Henry’s Law, the interfacial concentration of oxygen
can be expressed in the following form [18-20]:

ngsz’c‘)z (18)
where

HO
log T =hmh+hlh+ - +hli+--- (19)

In Eq. (19), I is the ionic strength and h is the proportionality con-
stant. The proportionality constant is the sum of contributions
referring to the species of positive and negative ions and to the
species of gas as:

hij=h*+h™ +hg (20)

The liquid-phase mass transfer coefficient k; can be written as
[21]:

0.5 0.25 0.375
_nePo [ gdyspi 8dis
kL =0.5 > (21)
dys \ Do, oL i oL

where

—0.5 ~0.12 —0.12
gD} gD} p? u
dys = 26Dg (0R> ( RL 06 (22)
L KL /8D

The specific gas-liquid interfacial area a is related to the frac-
tional gas holdup & and the volume-surface mean bubble diameter
dys by following equation [21]:

6éeg

a=——— 23
dus (23)
The gas holdup in the bubbling reactor was defined by:
. u 03 7/24
6 _025x (L"L) il (24)
(1 - SG) oL g/"q_

Combining Eqgs. (17)-(23), the rate expression for the oxidation of
total sulfite can be expressed as:
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Fig. 10. Effect of pH on the oxidation rate. Q=140Lh"'; Cso32* =0.015mol L;
CSO42 =1.4mol L'; T=313.15K. (m) Experimental values; (O) calculated values.
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Fig. 12. Effect of air flow on the oxidation rate. Cso32* =0.015mol L™'; CSO42, =
1.4mol L™'; T=313.15K; pH=>5.4. (W) Experimental values; (O) calculated values.

4.7. Simulation of the oxidation process

Using the kinetic model derived, the oxidation process of total
sulfite was simulated at different operating conditions. The cal-
culated (line) and the experimental (points) oxidation rate are
compared in Figs. 8-12. In particular, the model parameters are
presented in Tables 1 and 2.

As shown in Figs. 8-10, the calculated values for the operat-
ing conditions SO32~ concentration, SO42~ concentration and pH
closely correspond to the experimental values.

Fig. 11 illustrates the influence of operating condition T for
the oxidation rate. Obviously, both the calculated values and the
experimental results increase as temperature increases. It is worth
noting that the agreement is satisfactory with temperatures up
to 323.15K, above which the experimental results increase more

%10*/mol-L ™" min
iy

0 . I . I N I R I R
305 310 315 320 325 330

7K
= experimental values -

calculated values

Fig. 11. Effect of temperature on the oxidation rate. Q=140Lh"1; Cq,

032
0.015mol L7'; Cso,2- = 1.4mol L™'; pH=5.4. (W) Experimental values; (O) calcu-
lated values.

(1/kea) + (1/kg exp(—2.8 x 10%/(RT)) x 10~%). (1/10(-039PH-1.14)y (1 /c-05 y (1 /(=4Csq,2- +9))

(25)
5052~

rapidly than calculated values. The reasons may be that the decom-
position of sulfite increases as the temperature increases, which
cannot be simulated by using this model. In the ammonia-based
wet FGD plants, the operating temperature of the spray scrubber is
usually controlled at about 323.15K. The relative error of the cal-
culated oxidation rate is about 15.3% at a temperature of 323.15K.
Thus, this model is appropriately used to simulate the effect of
temperature on the oxidation of total sulfite.

Fig. 12 illustrates the influence of operating condition air flow on
the oxidation rate of total sulfite. It can be seen that the oxidation
rate increases with air flow increase. The tendency of the calculated
values is similar to that of the experimental values. However, the
experimental values increase more rapidly than the calculated val-

Table 1
Values of model parameters(R, o1, ;. and Dg).
Parameters Values
At308.15K At313.15K At318.15K At323.15K At328.15K
R(Jmol'K') 831 8.31 8.31 8.31 8.31
o, (mNm~') 70.50 69.81 68.82 67.77 66.92
L (mPas) 0.7225 0.6559 0.5988 0.5492 0.5064
Dg (m) 0.108 0.108 0.108 0.108 0.108
Table 2
Values of model parameters(h*, h— and hg) [20].
Ion species h* h- hg
NH4* 0.0290 - -
S032~ - 0.0069 -
HSO3~ - 0.0663 -
S042%~ - 0.0290 -
- - 0.028 (at 308.15K
- - 0.024 (at 313.15K
02 - -

0.015 (at 323.15K

( )
( )
0.019 (at 318.15K)
( )
0.010 (at 328.15K)
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ues. Bubbling process in the reactor is complex and the bubble size
distribution is hard to be calculated. For the sake of simplification,
the bubble diameter is assumed to be the same in this paper. Thus,
the calculated values could not closely correspond to the calculated
values. Further investigation is needed.

5. Conclusions

Using bubbling apparatus, the kinetics of oxidation of total sul-
fite in ammonia-based wet FGD process was studied by varying
SO32~ concentration, SO42~ concentration, pH, temperatures and
air flow. The reaction was found to be —0.5 order with respect to
sulfite. The oxidation rate of total sulfite is inversely proportional
to the sulfate concentration. Thus, the oxidation rate of total sulfate
would be inhibited to a considerably low value with too much sul-
fate in the solution. The experimental findings also show that the
bisulfite can be oxidized easier than sulfite. Thus, keeping the pH
level of the solution low is conducive to the oxidation of total sul-
fite. The apparent activation energy for the overall oxidation was
calculated to be 28.0 k] mol-1.

A kinetic model was established on the basis of analysis of the
experimental results. The developed kinetic model, including the
operating parameters SO32~ concentration, SO42~ concentration,
pH, temperatures and air flow, can be applied to simulate the
oxidation of total sulfite. The model provided a satisfactory sim-
ulation of the experimental results for the operating conditions of
S032- concentration, SO42~ concentration, pH and temperatures.
The oxidation rate of total sulfite increases with air flow increases.
However, the comparison of calculated and experimentally mea-
sured dependence of oxidation rate to air flow shows that the
experimental values increase more rapidly than the calculated val-
ues. Thus, further investigation is needed.
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