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Theoretical Study on Sulfur Dioxide Absorption with Citrate Solution
XUE Juan-gin(#48%%), HONG Tao(i#% ), WANG Zhao-qi(£ & /&), LI Lin-bo(Z=#kik)
(School of Metallurgy Engineering, Xi‘an University of Architecture and Technology, Xi‘an, Shaanxi 710055, China)

Abstract: The citrate absorption of SO, is currently one of the most successful and economic methods to harness sulfur dioxide pollution.
In order to theoretically elucidate the mechanism of SO, absorption by citrate solution and provide theoretical instruction for experiments
and industrial process, the theory of multi-buffer solution, combined with computer numerical calculation methods, was applied to study
the distribution parameters of the components of the citrate solution in the process of SO, absorption and the following results were
obtained: (1) HCi*™ and H,Ci™ in the citrate solution played the dominant role in the absorption and desorption processes; (2) Through the
calculation for the buffer capacity of citrate solution, it was found that the pH of the absorption and desorption solution should be in the
range of 2~8, while at pH=4.5 the buffer capacity reached its maximum. Some valuable parameters were obtained, which are instructive
to the ensuing experiments and industrial design.
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1 INTRODUCTION 2 ANALYSES OF BUFFER

Currently, the absorption and desorption of sulfur CAPABILITY OF CITRATE

dioxide by using citrate solution is one of the efficient SOLUTION SYSTEM

methods to curb sulfur dioxide pollution®™™. The
fundamental principle of this method is that when the
SO,-containing gas flows through the citrate solution,
SO, reacts with water to produce H,SOs, in which the
released H* combines with citric radical to form citric
acid. Due to its good buffer capability, the citrate

2.1 Determination of the Initial pH of Citrate
Solution at Different Concentrations
Citrate solution has buffer capability because citric
acid is a kind of ternary weak acid. The chemical
equilibrium and decomposition constants*>**! are given

sc_)lution cz?m continually cat(,:h H+ produced Whgn SO, by: HyCimH,Ci +H", K, =7.42x10", 1)

dissolves into water, thus significantly enhancing the

SO; solubility in the citrate solution. Afterwards, the H,Ci"=HCi? +H*, K,=1.73x10°°, 2)

SO, desorption from the solution makes SO, flow out to

form pure SO, gas which can be recycled. HCI*=Ci*+H', K, =4x107, 3
So far the existing analyses about such a process H,0=H+OH", K, =1.0x10°", )

are mainly focused on the determination of the
concentration and pH of the absorption solution from
the study of existing state of SO, in the solution as well
as its dependence on the concentration and pH of the Ky =[HIIH,Ci/IHCil, )
solution® ™. In order to theoretically elucidate the
mechanism of the SO, absorption by citrate solution, by
applying the theory of buffer solution and the computer
numerical method to such a system, theoretical
calculations and analyses for the process of absorption K, =[H"][OHT]. (8)
and desorption of SO; in citrate solution are carried out

in this work. Some valuable parameters are obtained, ~ Then the relations among the concentration of hydrogen

which are instructive to the ensuing experiments and ~ ion [H'], general concentration of citric acid radical
industrial design. [Ci*]; and the concentrations of other ions are

where Ci stands for the citrate radical and

K, =[H'I[HCi* I/[H,Ci 1, (6)

K. =[H1[Ci*1/[HCi* ], (7
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obtained:

[H"]=[OH ]+[H,Ci ]+ 2[HCi* 1+ 3[Ci*],

©)

[Ci* ], =[HCil+[H,Ci- ]+ [HCI* ]+[Ci*].  (10)

From the above equations, the relation between
[H'] and [Ci® ], is obtained:

3K KoKy + 2K Ko, [H] + Ky [H]
KoKioK + KK [H]+ K [H] +[H]

.(12)

[H]= []+[ i,

Through the iteration calculation by using C
codes™, pH values of citrate solution at different
concentrations are obtained, as shown in Fig.1. Figure 1
shows that pH decreases with the increase of the citrate
concentration. When the concentration varies in the
range of 0.05~1.00 mol/L, pH changes drastically. But
when the concentration is higher than 1.00 mol/L, pH is
no longer sensitive to the concentration and remains at
about 1.57.
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Fig.1 The dependence of pH of citrate solution on the
citrate concentration

2.2 Distribution Parameters of Citric Radical

Components in Absorption Solution

The distribution parameter of a component is
defined as the percentage of the concentration of the
component in the total concentration in the equilibrium
system. Citric acid is a kind of mononuclear complex.
When citric acid reaches equilibrium in the solution, the
equilibrium components are H*, Ci*, HCi*, H.Ci,
HsCi. The contents of these components in the
equilibrium system are equal to the equilibrium
concentrations. Its distribution parameters can be
expressed as

Sue=[HCIl/H,CI], = A"[H* ]/(HZIJ’ [H ]'j (12)

where " is the protonization constant of citric acid.

The distribution parameters of citric radicals can be
calculated in the following steps:
(1) Derivation of pK of citric acid in each step
dissociation

pKa=lg(— K, )=—1g(7.4x107%)=3.13,
pKa=lg(- K, )=—19(1.73x107°)=4.76,
PKaa=lg(~ K 5 )=—1g(4x10")=6.40.

(2) Derivation of the protonization constant 4"

From lgBs=pK,, + pK,, + pK,, =14.29,

l94=pK,, + pK,=11.16,
l94=pK,;=6.40,

S=1.95x1014, 3=1.45x1011 and p=2.51x106 are
obtained.

(3) Determination of the distribution parameters
Putting 4, % and A into Eq.(12) and assuming pH
to be x, the following formulae are obtained:

| ALH) L)
O 81074 B, (107) + 4,(107)

- A1) W
MOy 10 +8,(107) + g, (107)

Heiz pl0” 2 3 (15)
1+ 107 + B,(107) + B,(107)

. (16)

144107+ B, (207) + g, (107)"

Then inputting the values of £, £, £ and pH, and
programming in VBY®, the relation of pH with the
distribution parameters of various citric acid radical ions
can be obtained, as shown in Fig.2.
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Fig.2 The dependence of the distribution parameters of various
citric acid radicals on the pH of citrate solution
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Figure 2 shows that due to the configuration of
citric acid radicals varies with the change of the acidity,
in the absorption solution with fixed acidity there
mainly exists only one or several configuration citric
acid radical ions. H3Ci is dominant when pH is below 3,
Ci* is dominant when pH is above 7, and H,Ci~ and
HCi* are dominant (with a total percentage of about
85%) when pH is in the range of 3~7.

2.3 Differential Buffer Capacity of Citrate Solution

The differential buffer capacity of citrate solution

includes that of water and that of conjugated acid-base.
Assuming pH of buffer solution is x, the differential
buffer capacity of citrate solution in the following steps
can be derived:

(1) Derivation the differential buffer capacity of water

H20

B0 =2.303([H]+[OH]) = 2.303(10"* +107).  (17)

The relation between ﬁDHzo and pH is shown in Table 1.

Table 1 The relation between the buffer capacity and the pH of water

pH 0 1 2 3 4 5

7 8 9 10 11 12 13 14

Pho 2.303 0.2303  0.02303  0.0023  0.0002 0

0 0 0 0.0002 0.0023 0.0230 0.2303  2.303

Table 1 shows that ,HDHzo contributes to the
differential buffer capacity of buffer solution mainly in
the range of high acidity and high alkalinity, such
contribution is almost zero when pH lies in the range of
4.5~9.5. This is the reason why water cannot absorb
sulfur dioxide efficiently.

(2) Derivation of the differential buffer capacity of
conjugated acid-base

3 3
/BHDQCi = _2-303(:22” —i)(n- j)éHJcigH,civ

j=0i=0
which can be further simplified as

B =2.303C [%% +45.5, .+

Ci¥H,ci* (18)
Sci(906 +40uc + ) |

Inputting C value and the distribution parameters of
various citric acid radical ions, ﬁDH3Ci can be obtained.
Furthermore, inputting .0 for different pH values, the
differential buffer capacity of citric acid 4° is obtained.
The results are shown in Fig.3.
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Fig.3 The dependence of the buffer capacity of H;Ci on the pH
of citrate solution for different concentrations of citrate
solution

From Eq.(18) we know that the differential buffer
capacity of citrate solution increases with the increase of
the concentration. From Fig.3 it can be seen that the
buffer capability of citrate solution shows up mainly in
the range of 2~8 of pH. In such a range of pH the
absorption and desorption are simultaneously realized,
thus the initial pH should take a value in the range of
2~8. From Fig.3 it can be seen that the differential
buffer capacity of citrate solution reaches its maximum
when pH is around 4.50.

3 EXPERIMENTS OF SO,
ABSORPTION

SO, absorption process in the citrate solution is
determined by the following chemical reactions:

S02(g=502(aq), (19)
SOjaq+H,0=H"+HSO?, (20)
H*+Ci* =HCi*, (21)
H*+HCi?=H,Ci", (22)
H*+H,Ci"=H,Ci. (23)

The absorption efficiency of SO; is defined as follows:
n=[(C,~C,)/C, |x100%, (24)

where C; and C, are the SO, concentrations before and
after absorption, respectively. Experiments of SO,
absorption were performed under the following
conditions: air flow rate is at 700 L/h, pressure of
incoming gas is at 0.136 MPa, SO, concentration in the
gas is at 0.48%+5%, the liquid flow rate is at 16.80 L/h,
the total amount of circulating liquid is about 3.0 L. The
experimental results are shown in Fig.4.

From the results shown in Fig.4 it can be seen that



%3

XUE Juan-qin, et al.: Theoretical Study on Sulfur Dioxide Absorption with Citrate Solution 391

the absorption efficiency goes up with the increasing of
pH. However, we should note that the increase of the
citric acid pH will make the later desorption process
more difficult and reduces the recycle rate of desorption.
The balance of these aspects indicates a resonable pH
being at 4.5 for the citric acid solution. The reason can
be seen from Fig.2 and Eq.(19) to Eq.(23). From that we
know that the increase of the citric acid pH enhances the
absorption gradient of the liquid and in turn strengthens
the impetus of mass-transfer. From Fig.2 it can be seen
that HsCi is dominant when pH is below 3, Ci* is
dominant when pH is above 7, H,Ci~ and HCi% are
dominant (with a total percentage of about 85%) when
pH is in the range of 3~7. It is clear that H,Ci~ and
HCi* play the dominant role in the absorption and
desorption process, thus pH of the solution should also
lie in such a range. The changing order of the
components is expressed as Ci® —HCi* —H,Ci —H;Ci
for the absorption process and HsCi— H,Ci —HCi* —
Ci*® for the desorption process. Therefore, a resonable
pH should be at 4.5 for the citrate solution and the
conclusion is consistent with the result of Fig.3.
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Fig.4 Dependence of absorption efficiency of SO,
on the pH of citrate solution

4 CONCLUSIONS

The theory of multi-buffer solution, combined with
computer numerical calculation methods, was applied to
study the distribution parameters of the components of
the citrate solution in the process of SO, absorption.
Some conclusions are drawn as follows:

(1) pH value of the citrate solution decreases with
the increase of the citrate concentration; pH value is
sensitive to the change of the concentration in the range
of 0.05~1.00 mol/L.

(2) The distribution parameters of the components
of the citrate solution are different under different pH
values. When pH lies in the range of 3~7, the total

distribution parameter of H,Ci~ and HCi? is about 85%,
which indicates that in the absorption and desorption
process H,Ci~ and HCi* play the dominant role.

(3) The buffer capacity of citrate solution increases
with the increase of the concentration. The buffer
capability presents mainly in the pH range of 2~8, thus
the initial pH should take a value in the range of 2~8.
The buffer capacity of citrate solution reaches its
maximum when pH is around 4.50.

NOTATIONS:

C  Concentration (mol/L) Ci  Citrate radical

K Decomposition constant X Unkown variable pH
£ Protonization constant 6  Distribution parameter

n  Absorption efficiency
Subcripts and superscripts

aqg Liquid phase g  Gas phase
t Total w  Water
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