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Experimental characterization of the wet flue gas desulfurization process is carried out using a model
limestone-hydrochloric acid reaction system, with in-situ measurement of the dissolution rate and par-
ticle size distribution. The limestone source, initial particle size distribution, working temperature and
pH value are varied in large ranges. The dissolution rate is found to be higher when the average parti-
cle size is smaller, the temperature is higher, or the pH is lower. An empirical equation is established

to correlate the dissolution rate with the particle size and working conditions, which agrees well with
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measurements. The results may be useful for providing insights to improve the efficiency of the wet flue
gas desulfurization process, as well as other solid particle-liquid solution reactions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The wet flue gas desulfurization (WFGD) [1-4] process is the
most frequently used approach for environmental protection in
thermal power plants, where the main component is the scrubbing
process of wet type limestone. During this process, SO, from the
flue gas is absorbed by the limestone slurry. The main content in
the slurry is limestone particles (CaCOs3), which could dissolve and
react with the dissolved SO, and O, to produce CaSO4-2H,0. One of
the most important characterizations [5] of the WFGD process is to
accurately evaluate the dissolution rate of limestone; a challenge is
that the size distribution of the limestone particle changes signifi-
cantly during the reaction process - in order to better understand
the working mechanisms of WFGD and optimize the process, in-
situ characterization of the dissolution rate and particle size distri-
bution is desired. On the other hand, note that the reaction between
solid particles and liquid solution is very commonly encountered in
nature and other engineering processes, an improved fundamental
understanding of the critical factors affecting the reaction between
limestone particles and acid solutions could also contribute to the
fundamental discipline of liquid-solid flow.

Some previous studies of limestone dissolution have been car-
ried out [6-13]. Several earlier works focused on the basic kinetics
of calcite/limestone dissolution under typical conditions of WFGD
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[14-20], including the effects of pH value of liquid, limestone type,
and particle size. An empirical relationship between pH, tempera-
ture, SO, partial pressure, and solution composition was developed
by Chan and Rochelle [21], and verified by other studies [22,23].
Ukawa et al. [24] reported experimental results for the dissolution
of limestone samples with different compositions and particle size
distributions, which were in good agreement with a model based
on the mass transfer mechanism. Ahlbeck et al. [25,26] measured
the reactivity of limestone/lime absorbents by means of neutral-
ization with a strong acid; however the effect of temperature was
not considered in their investigation. Shih and Lin [27] studied the
dissolution characteristics of limestone from six sources by using
the pH-stat method in a stirred tank, however the adhered fine
particles of the limestone samples must be washed away using
ethanol, which was a complicated experimental step. Note that
in almost all previous studies, the measurement was based on
sequential/stepwise approach and to the best of authors’ knowl-
edge, in-situ characterization of the particle distribution profile and
dissolution rate is still lacking - this is critical because the industrial
desulfurization system is a continuous reactor and thus the process
of dissolution cannot be interrupted.

In the present fundamental experimental study, we focus on
the effect of microscopic size distribution of particles during the
process of dissolution reaction, by employing a model system of
limestone particles dissolution in acid. For different dissolution
reactions with strong acid, the source of limestone, as well as the
pH environment and temperature, are varied in large ranges to
explore their influences. During a given experiment, the source of
limestone, pH, and temperature are fixed at desired values, and the
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Table 1

Contents of limestone.
Habitat Contents

Cao (%) MgO (%) Al, 05 (%) Fe,05 (%) Undissolved substance (%) Bulk (kg/m3)

Liquan limestone 52.76 0.00057 0.08064 0.3344 2.19 715.9
Tanyu limestone 51.91 3.03 0.08 0.24 3.88 649.8
Jiaochang limestone 53.59 1.92 0.08 0.24 3.98 646.3
Xinjiang limestone 50.22 0.91 1.71 1.08 4.52 663.2

Table 2

Average grain diameter of each sample.
Samples Sample 1-1 Sample 1-2 Sample 1-3 Sample 1-4
Average grain diameter/pwm 12.16 19.29 30.65 40.58
Samples Sample 2-1 Sample 2-2 Sample 2-3 Sample 2-4
Average grain diameter/pm 12.58 18.99 21.21 39.23
Samples Sample 3-1 Sample 3-2 Sample 3-3 Sample 3-4
Average grain diameter/pwm 10.72 13.60 18.19 35.63
Samples Sample 4-1 Sample 4-2 Sample 4-3 Sample 4-4
Average grain diameter/pwm 11.09 16.81 27.69 34.32
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Fig. 1. Schematic of experimental setup.
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measurements of the dissolution rate and particle size distribution
are carried out in-situ. An empirical equation is proposed based on
the fitting of experimental data, which could guide the dissolution
process in practice.

2. Experimental procedure
2.1. Experimental fixture

Fig. 1 shows the experimental fixture. A model strong acid is
used in the dissolution experiment to replace SO, in order to pre-
vent the formation and influence of gypsum, so that the more
intrinsic dissolution behavior can be studied. Note that when using
a strong acid to neutralize limestone with the same supply rate,
there is a small difference between sulfuric acid and hydrochlo-
ric acid [28]. In this study, in order to prevent the adhesion of
byproduct CaSO4 on the limestone particles (which may strongly
affect the measurement of particle size distribution), hydrochloric
acid is used in the present study. Again we note that the present
fundamental experimental study focuses on the effects of various
parameters on the intrinsic characteristics of dissolution, includ-
ing the source of limestone, particle size, pH, and temperature, and
these parameters are varied in large ranges (which do not neces-
sarily correspond to the real working conditions of WFGD,! thus
the findings are not limited to WFGD and they are also applicable
to many other processes involving limestone and acid solutions).

T In one of our previous studies [29] which experimentally involved limestone
and dissolved SO, under working conditions that are more relevant to the WFGD
industry, the useful process parameters for improving the efficiency of the WFGD
process were explored.

The dissolution reaction occurs in a beaker, which is immersed
in a water bath whose temperature is controlled at a desired level.
Since the solid particle concentration has little influence on lime-
stone reactivity [29], 1.2 g of limestone powder is added into 0.05 M
CaCl, at the beginning of the experiment. A large amount of 0.1 M
HCl is contained in the acid holding bottle, the supply rate of which
toward the reaction beaker is adjusted by a pH controller (using
a compound electrode dipped into the reaction solution to detect
the pH value); in this way, a constant pH value can be kept in the
reaction beaker. A mechanical stirrer provides a sufficiently fast
stirring speed to keep the reactants and products mixed uniformly.
The consumed quantity of HCl is recorded in-situ, from which the
dissolution rate of limestone samples may be deduced. A pump
circulates the liquid into the laser particle size analyzer, and the
in-situ information of the size distribution of unreacted limestone
particles is obtained. For different experiments, the testing condi-
tions are as varied as following: temperature from 30 to 60°C, and
liquid pH value from 4.6 to 6.2.

2.2. Limestone samples

The limestone samples are from four different sources
(Jiaochang, Liquan, Tanyu, Xinjiang), whose contents and physical
properties are listed in Table 1. Each type of limestone is sieved to
four batches of samples with different particle size distributions,
which are measured by the laser particle size analyzer. The aver-
age particle diameter of each batch of sample is listed in Table 2.
In the name of the sample, the first number indicates the source of
limestone sample (“1” indicates Liquan, “2” indicates Tanyu, “3”
indicates Jiaochang, and “4” indicates Xinjiang) and the second
number indicates the different batches of particle size distribu-
tions (with “1” being the smallest and “4” the largest). From the
optical microscopy (Fig. 2) it can be seen that the typical particles
from limestone samples have a certain size distribution, and most
particles are not spherical (“regular” or “ideal” shape).

2.3. Experimental conditions

Three groups of working conditions similar to that encountered
in WFGD are examined, based on the reaction temperatures and
system pH values: Group 1 (Table 3) with reaction temperature
50°C and pH value 5.4, for 16 limestone samples (with different
particle size distributions) from four different sources; Group 2
(Table 4) with reaction temperature 50 °C and pH value 4.6-6.2, for
four limestone samples (with different particle size distributions)
from four different sources; and Group 3 (Table 5) with reaction
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Sample 1-3

Sample 2-3

Fig. 2. Optical micrograph of limestone particles.

Table 3
Experimental conditions of Group 1.
Label Conditions
pH value T/°C Samples
1-1-1 Sample 1-1
1-1-2 Sample 1-2
1-1-3 &4 50 sample 1-3
1-1-4 Sample 1-4
1-3-1 Sample 3-1
1-3-2 Sample 3-2
1-3-3 2 oY Sample 3-3
1-3-4 Sample 3-4
1-2-1 Sample 2-1
1-2-2 Sample 2-2
1-2-3 54 50 sample 2-3
1-2-4 Sample 2-4
1-4-1 Sample 4-1
1-4-2 Sample 4-2
1-4-3 54 20 Sample 4-3
1-4-4 Sample 4-4
Table 4
Experimental conditions of Group 2.
Label Conditions
pH value T(°C) Samples
2-1-1 4.6
2-1-2 5
2-1-3 5.4 50 Sample 1-3
2-1-4 5.8
2-1-5 6.2
2-3-1 4.6
2-3-2 5
2-3-3 5.4 50 Sample 3-3
2-3-4 5.8
2-3-5 6.2
2-2-1 4.6
2-2-2 5
2-2-3 5.4 50 Sample 2-3
2-2-4 5.8
2-2-5 6.2
2-4-1 4.6
2-4-2 5
2-4-3 5.4 50 Sample 4-3
2-4-4 5.8
2-4-5 6.2

temperature 30-60°C and pH value 5.4, for four limestone sam-
ples (with different particle size distributions) from four different
sources.

3. Experimental results and discussion
3.1. Dissolution characteristics

Ifastrongacid, for example, hydrochloric acid, is added to stirred
limestone slurry, the dissolution of limestone follows the reaction:

CaCOs3 +2Ht — Ca®* +CO;5 +H,0 (1)

Therefore, by measuring the consumed quantity of hydrochloric
acid during the dissolution process, the mass of unreacted lime-
stone samples can be obtained in-situ. On the other hand, by
studying the in-situ particle size distribution of the unreacted lime-
stone samples, the dissolution characteristics of different limestone
samples under various testing conditions can be explored. Take the
limestone samples 1-3, 2-3, 3-3, and 4-3 as illustrative examples, in
Figs. 3—6 their dissolution characteristics are given under reacting
pH value 5.4 and temperature 50 °C (experimental condition Group
1, Table 3). In these figures, (a) represents the mass of remaining
limestone varying with dissolution time, (b) and (c) represent the
particle size distribution at particular instants, during the earlier
and later stages of the dissolution process, respectively.

Table 5
Experimental conditions of Group 3.
Label Conditions
pH value T(°C) Samples
3-1-1 30
3-1-2 40
3.1-3 5.4 50 Sample 1-3
3-1-4 60
3-3-1 30
3-3-2 40
3.3.3 5.4 50 Sample 3-3
3-3-4 60
3-2-1 30
3-2-2 40
3.2-3 5.4 50 Sample 2-3
3-2-4 60
3-4-1 30
3-4-2 40
3.4.3 5.4 50 Sample 4-3

3-4-4 60
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Fig. 3. Effect of particle size distributions during dissolution process: (a) the time evolution of the mass of unreacted limestone sample, (b) the differential distributions at
0, 48,96 and 180 s during dissolution process and (c) the differential distributions at 180, 600, 3000, 9000 and 24,000 s during dissolution process of Liquan limestone 1-3 at

50°C and pH 5.4.

While the overall trend is that the total mass of unreacted lime-
stone decays exponentially with time, the variation of the particle
size distribution is not monotonic. During the first 3 min of reaction,
the wave crest of differential distribution moves toward the bigger
particles, which means that the finer particles that have larger spe-
cific areas react and diminish at a higher rate. With the increased
reaction time, the wave crest of differential distribution moves
toward the smaller particles, indicating that the bigger particles
dissolve and break into smaller ones. Therefore, the initial particle
size distribution of the sample (e.g. ratio between finer and bigger
particles) has a significant effect on the process of dissolution.

In order to quantitatively characterize the dissolution rate on
a unit surface area of the limestone particles, the following esti-
mation is carried out. Suppose the limestone particles with sizes
between [x;_1, X;] have an averaged relative mass fraction w; (the
density is p and the total mass of the sample is M). Assume all
limestone particles are nonporous and spherical, the number of
limestone particles within the interval [x;_1, x;] can be estimated
as:

_ 6 x w;M

i=

(2)

prx;”

where X; = (x;_1 + X;)/2. The total particle number of the entire
sample is the summation of n;. The total surface area of the lime-
stone sample is

m

m
As = Znisi =6x ZWITW
i=1

i=1

(3)

Combined with the limestone mass consumption rate dm/dt mea-
sured in experiment (e.g. Fig. 3(a)), the dissolution rate on unit

surface area of limestone particle can be obtained as following:

dm 1 dm P

= = X =¥ X ————— 4
dt x Ag 6 dt Z?:llwimi ( )

Based on the above calculations, Figs. 7-9 show the time evolu-
tion of the total number of unreacted limestone particles, Zl";l n;,
and dissolution rates on unit surface area, dm/(dt x As), for differ-
ent limestone sources, different pH, and different temperatures,
respectively. It can be observed that during the early stage of dis-
solution process, the total number of unreacted limestone particles
decreases rapidly and the dissolution rate is much higher, which is
controlled by surface reaction kinetics. In the later stage of dissolu-
tion process, the dissolution rate varies very slowly since it is mainly
controlled by diffusion; meanwhile, the quantity of unreacted lime-
stone particles may increase in some occasions - on one hand, the
fluctuation of particle number may be expected since larger par-
ticles may break into smaller ones during the dissolution process
(due to the porous structures of limestone particles), on the other
hand, the error of Eq. (2) (and any error of the calculated limestone
particle number in Figs. 7(a), 8(a), and 9(a)) may be resulted from
the irregular shape (see Fig. 2) of limestone particles in practice.

3.2. Discussion

The experimental results indicate a significant effect of particle
size on dissolution characteristics. Since the particle size distribu-
tion can be measured in practice, in order to quantitatively explain
the particle size effect, the dissolution process of a single lime-
stone particle needs to be described. Among the previous studies
on the dissolution rate of limestone [21,25-27], the shrinking-core
model is a fundamental approach to describe such a dissolution
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Fig. 4. Effect of particle size distributions during dissolution process: (a) the time evolution of the mass of unreacted limestone sample, (b) the differential distributions at
0, 48, 96 and 180 s during dissolution process and (c) the differential distributions at 180, 600, 3000, 9000 and 24,000 s during dissolution process of Tanyu limestone 2-3 at

50°Cand pH 5.4.

process. Assuming the limestone particle is nonporous and spheri-
cal, the dissolution rate per unit surface area of the particle can be
expressed by [26,27]:

drp

—Pm—- at =
where pp, is the molar concentration of CaCO3; and MgCOs in the
limestone sample, kmol/m3; r;, is the radius of limestone particle,
m; k is a dissolution rate constant, m/s; t is reaction time, s; Cy+
is the concentration of H* in reaction solution, kmol/m3; C¢ is the
concentration of H* at the surface of limestone particle, kmol/m3.
The mass transfer coefficient in the stagnant fluid (i.e. the Sherwood
number) is given by:

= k(Cyy+ — C2) (5)

k x 2rp
D

From Egs. (5) and (6):

Sh= =2 (6)

In the dissolution process of limestone in acidic solution, Cy+ is
much greater than C¢ [26], and thus C{ can be neglected in Eq. (7). In
order to obtain the evolution of limestone particle size, the expres-
sion of the diffusion coefficient D needs to be identified. However,
it is often difficult to define D during liquid-solid reaction, which
is affected by many factors. According to the dissolution curve
(such as Figs. 3(a)-6(a)), the final empirical equation should be in
an exponential form, therefore, we define a synthesized diffusion
coefficient D’ to replace D:

— kpr? (8)
kp is diffusion velocity coefficient, s~1. Substitute Eq. (8) into Eq.
(7) and integrate:

1C
H+t>

% pm 9)

rpzrgxexp(

drp =— (Cy+ — CE) (7) In the above, ry is the initial radius of limestone particle before
dt TpPm dissolution, m. The dissolution ratio of a single limestone particle

Table 6

Coefficients of different limestone used in the model.
Habitat Coefficient

’(1 kz K A B C

Liquan limestone 423.55 3.4158 2.5588 0.67117 -10.457 2.0353
Tanyu limestone 756.51 1.8960 2.2241 0.42380 -6.3307 0.46727
Jiaochang limestone 388.39 0.25910 144.79 0.92953 -9.2530 1.1369
Xinjiang limestone 497.98 0.22994 48.113 0.77716 -13.116 0.82735
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can be represented as:

1= () =1 (oo (- 50)

Given the dissolution characteristics measured from our experi-
ment, it is anticipated that kp is large during the early stage and
becomes smaller during the later stage of the dissolution process.
We assume that the evolution of kp follows the smooth function:

le=(r2—r1)<1—exp(—(r0r_0rpl<’)n)>+t1 (11)

Here, 71 and 7, are two constants governing the value range of kp,
n’ and K’ are two constants governing the gradient and transition of
the evolution of kp. In order to describe the dissolution character-
istics of different limestone samples under various experimental
conditions obtained above, two reaction rate constants (kq, k) are
introduced into the equation to reflect the two factors of surface
reaction kinetics and diffusion. An empirical equation describing
the dissolution process of a single particle can be obtained as (where
we assume that the effects of temperature, pH value and initial
particle size can be expressed as power-law functions):

drp 1

(a)
6.00E+015
= o
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Fig. 8. Dissolution characteristics: (a) the time evolution of the total number of
unreacted limestone particles and (b) the dissolution rate on unit surface area of
Jiaochang limestone 3-3 at 50 °C and pH varying between 4.6 and 6.2.

are empirical coefficients that represent the effects of pH value,
temperature, and initial particle size, respectively. K is another
empirical coefficient reflecting the effect of particle shape. The
empirical coefficients are listed in Table 6.

Suppose y; is the average relative dissolution ratio for particles
within the interval [x;_1, x;]. With the initial particle size distribu-
tion, from Eq. (12) one can predict the mass consumption rate of all
limestone particles:

n n rl 3
Y=i§;<wfx(1—yf))=z<w,~x (1—(;;) )) (13)

i=1

where rg; = x;/2. Figs. 10-12 show the time-dependence of disso-
lution ratio of several representative limestone samples, where the
testing conditions are varied. Similar results hold for other samples
at other testing conditions. The solid curves in these figures show
the prediction by Eq. (12), which are in good agreement with the
experimental data. Both the experimental data and Eq. (12) indi-
cate that, for a given type of limestone, the dissolution reaction
rate is higher if the average particle size is smaller (see Fig. 11), or
when temperature is higher (see Fig. 13), or when pH is lower (see
Fig. 12). On the other hand, the average particle sizes of samples

Cy+
HT p

dt —

Here, T is the reaction temperature, K; k; and k, are reaction rate
constants, s~1, which depend on the type of limestone; d is the ini-
tial average grain diameter of sample, m; C° = 1 kmol/m3, 70 =273 K,
and d®=1m are reference values for normalization; A, B, and C

0YA 0BT /gy Pm L
((1/k1) + (1/ka) x (1 — exp(K((ro — 1p)/10)(Cy+ /CO)(T/T0)"(do/d0) )))

(12)

1-1, 1-2, 3-3 and 4-2 are close to 18 mm, however they have differ-
ent molar contents of CaO and MgO: the molar content in sample
3-3>sample 1-2>sample 2-2>sample 4-2. Fig. 10 indicates that
the chemical composition has some influence on the dissolution
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Fig. 9. Dissolution characteristics: (a) the time evolution of the total number of
unreacted limestone particles and (b) the dissolution rate on unit surface area of
Xinjiang limestone 4-3 at pH 5.4 and as the temperature varies from 30 to 60°C.

rate, in addition to and may be coupled with the effects of the lime-
stone source and particle size distribution. Overall, the empirical
equation (12) is generic and it can well describe the dissolution
rate for a large range of particle size distribution, ambient temper-
ature, and pH value. For limestone samples from the same source,
the reaction rate constants (kq, k») and empirical coefficients (K,
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Fig. 10. Dissolution rates at 50°C and pH 5.4 for different limestone samples 1-2,
2-2, 3-3 and 4-2; lines are predictions from the model.
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Fig. 12. Dissolution ratio of limestone at 50 °C and different pH values 4.6, 5.0, 5.4,
5.8, 6.2 for limestone sample 2-3; lines are predictions from the model.
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Fig. 13. Dissolution ratios of limestone at different temperatures 30, 40, 50, 60°C,

with pH 5.4 for limestone sample 3-3.
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Fig. 14. Particle size distributions of unreacted limestone for four different disso-
lution ratios (Y) in a dissolution process, for Xinjiang limestone 4-3 at 50°C and pH
5.4.

A, B, €) in Eq. (12) are invariant constants; for different limestone
sources they take different values.

Another verification of Eq. (12) is shown in Fig. 14, where from
the initial particle size distribution of limestone sample and Eq.
(12), the particle size distributions of unreacted limestone at any
instant during the dissolution process can be predicted. The pre-
dictions (solid curves) of Xinjiang sample 4-3 (at 50°C and pH 5.4)
agree well with experimental observation; the error with respect to
measurement gets larger near the end of dissolution process, since
only few limestone particles remain. Similar good agreements are
found in other limestone samples at other conditions.

4. Conclusion

In this experimental study, in-situ information of limestone dis-
solution is obtained for different limestone sources, initial particle
size distributions, temperatures, and pH values, from which impor-
tant insights of liquid-solid particle reaction is obtained. It is found
that the dissolution rate (per unit surface area of limestone particle)
is higher when the average particle size is smaller, the temperature
is higher, and pH value is lower. The chemical composition also has
some influence on the dissolution rate. Based on a shrinking-core
model, an empirical equation is proposed which can correlate the
dissolution rate of a single particle with particle size and working
conditions. The predictions of the empirical equation, including the
effects of particle size, pH value and temperature, agree well with
experimental measurements. The results may help to design the
FGD process more efficiently.
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