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THERMOGRAVIMETRIC STUDY OF THE SULPHUR DIOXIDE
REACTION WITH LIME
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ABSTRACT. Experimental thermogravimetric measurements, employing
a CAHN TG- 121 system, have been performed on the reaction of sulphur
dioxide and oxygen with calcined limestone. The conversions versus time
of calcined limestone, ranging in particle size from 25 to 9004m, were
measured over the temperature range 973- 1173 K and a gas rate of
0.0230 to 0.0277 m/s. On the basis of experimental data, using the
unreacted core model, the kinetic parameters have been identified and the
kinetic regimes evaluated. Although the external mass transfer had no
influence, the internal diffusion resistance could not be avoided even with

the particles as small as 25 pm in diameter.

INTRODUCTION

Sulphur dioxide is a major pollutant of the atmosphere, whose main effect
is the acid rain [1]. It is produced whenever fuels, particularly coal and oll
containing sulphur, burn in excess oxygen. One way of minimizing emissions of
SO, is to absorb it on solid calcium oxide, produced by calcining limestone:

CaCO; = CaO + CO, 1)

The porous solid CaO can then react with SO, in the presence of oxygen to give
calcium sulphate, via the reaction (2):

CaO + SO, +% 0, = CaSO, )

This process, proposed by Borgwardt thirty years ago, is also known as the
dry injection process [2].The limits and the potentials of the dry injections process
were analyzed in detail by Bjerle et al. [1] by reviewing the published works. Their
conclusion was rather optimistic: "the dry injection technique is really the dream
process for the power plant operator because of low investment and operating
cost, compared with other available choice". Maybe for this reason the process has
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been extensively studied both by scientists involved in the environmental protection
[3-9] and by academics interested in solid-gas reactions [10-33]. The representative
are Borgwardt for the first group, and professor Hartman from the Czech Academy,
Prague, for the second. In spite of the large amount of theoretical and experimental
work carried out on this process the dependence of its rate controlling mechanism
upon the operating factors is still not clearly understood. The aim of the present
paper is to present our thermogravimetric results and their interpretation in order to
identify the rate determining step and the kinetic parameters.

EXPERIMENTAL

The primary kinetic data of any chemical process are the conversion
versus time curves. Such data have been already obtained for the lime sulphation
reaction by continuous measurement of gas phase SO, concentration at the outlet
of the reactor [14,15]; discontinuous gravimetric or chemical analysis of reacted
particles in a fixed bed reactor [3,12,16,17]; as well as by continuous thermogravimetric
analysis [18-20]. The continuous weight measurement by a recording thermobalance
seems to be the most suitable because of the accuracy and reproducibility of
results. The reaction (2) is accompanied by an important solid weight increase, and the
effects of side reactions are negligible. On the basis of materials balance equations (3):

Meao = m°cao ~mPcao flcao
as0, = 50 m°ce0/7ca0
* 56
My = MPar (3)

80°
mg =m’s(L+ B (ca0 /Icao)

the relation between the solid mass increase (Amg) and the fractional conversion
of lime (/7c,0 ) can be derived:

56 Amg
== — > 4
f1ca0 80 x°ca0.m’s )

According to the equation (4), at an average conversion of 50 %, a sample of 100
mg pure lime increase in weight with 71.42 mg because of sulphation reaction (2).

The experimental equipment used in our kinetic measurements was a
CAHN TG-121 system (Figure 1).
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Figure 1. The gas circulation diagram in the main frame on the CHAN TG-121
experimental system.

It consisted of two main sections: the main frame and the Data Acquisition
and Control Station (DACS) which controlled the system. The microbalance, the
furnace, the cooling fan, the thermocouple, the gas and vacuum ports were the
components of the main frame. The CAHN microbalance included in the TG-121
system is considered the finest apparatus available today for this application. Its

sensitivity is of 0.1 g and the maximum capacity of 1.5 g. This balance has a closed
loop servo controlled transducer which automatically compensates for weight changes
in the sample. The measured weight is displayed both on the DACS monitor and
on the weight display in the front panel. The furnace assures an uniform heating
zone with a temperature up to 1373 K. Typically, the ramping temperature in the
thermogravimetric experiments varied from 5 ° C /min. up to 25°C/min. The reactor,
located in the furnace, had a 125 cm®volume (22 mm diameter and 329 mm hight)
and was operated at a pressure of 0.3403 bar. Typical flow rates of reacting and
purge gas were between 50 and 100 cm®/min. The gas handling system provided a
purge gas for the microbalance (argon), air flow for furnace cooling, and reactive
pure gases from cylinders (sulfur dioxide, oxygen, and nitrogen).

Each sample of limestone has been primarily calcinated for 40 minutes at
973 K and 0.3403 bar. The thirty probes belonged to one of the following granulometric
classes: 0- 50 g#m, 80 —-100 u m, 160 —200 x m, 400 -500 u m, and 800 —1000 x m.
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After the complete calcination, each sample has been sulphated in a gas mixture
containing 0.9 % (vol.) or 0.3 % (vol.) SO,, 20 % (vol.) O,, and nitrogen for the
balance. The gas mixture was prepared from pure gases measured with rotameters.

The flow rate of the gas mixture was 50 cm*/min.in 11 of the 12 runs. The
temperature in the sulphation process was kept constant at 973 K, 1023 K, 1123 K,
and 1173 K respectively. The solid weight has been continuously registered, and
tabulated at five minutes intervals.

RESULTS AND DISCUSSION
The primary thermogravimetric measurements have been converted into

kinetic curves with the equation (4). The conversion versus time curves for the
extreme particles sizes are presented in Figures 2 and 3.

100
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Figure 2. Isothermal kinetic curves, at: Tc= 973 K, T =40 min., P = 0.3403 bar, V4 =50 cm/min,
% vol SO, =0.9, and Rp = 12.5 {/ m.

The experimental values of the fractional conversion of CaO illustrate the
influence of two important parameters: temperature and particle size. With small
particles (Figure 2) conversions above 50 % are possible in only 10 minutes, at
1173 K. The influence of temperature on the conversion of such particles, at a
given time, is rather significant. This may suggest a transformation rate determining
step, with a great activation energy. With large particles (Figure 3) the conversion
of 50 % is not attainable even at the highest temperature and after a reaction times
as long as 60 minutes. This could be due to a strong influence of the SO, diffusion
through the solid product layer. The sensitivity to temperature of the conversion of
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such large particles is less important, as one can see from the Figure 3. This lack
of the sensitivity to temperature may be a qualitative confirmation for a mass
transfer kinetic regime. Nevertheless, a more accurate and quantitatively supported
interpretation of the experimental results is not possible without a postulated model
describing the process.
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Figure 3. Isothermal kinetic curves at: T.= 973 K, T, =40 min, P = 0.3403 bar, V=50 cm ¥ min,
% vol SO2=0.9,and Rp =450 UM

Kinetic modeling

If the lime is considered to be made of spherical and homogeneous solid
particles the shrinking unreacted core model may be applied for the kinetic modeling
of this solid- gas process. Other improved models take into consideration the
physical texture of the solid, and the intraparticular physical and chemical phenomena
involved. The application of such grain or pore models needs complementary
experimental data on the intraparticular surface area (BET measurements) molar
volume / density of the solid product (X — ray difraction analysis) as well as pore
size distribution in particles. In the absence of such complementary data the only
model to be used is the unreacted core model. This model postulates that the
overall chemical process is made of three steps in series: (I) mass transfer through
the gas film to the outer surface of the particle with radius Ry; (Il) the diffusion
through the solid product layer; (1) the pseudo first order chemical reaction (2) at
the surface of the unreacted core of radius R. The kinetic equations of the three
steps are the following:

dng,
S. dr

ex

=k g(Cso2 - C’s02) (5)
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dngo, b dCq,

“sdr . R ©)
d
- S:'ZO; =kCqp, (7)

Using the pseudo- stationarity hypothesis, the integration of these equations
gives the time required to move the reaction front from the external surface of the lime
particle (a sphere of radius Ry) to the unreacted core of radius R:

o RCao’|1(1 Ref, R, R [, R® +1[1_5] (8)
Co, |3lky Ds R, ) 2Dg R | k R,
By introducing the fractional conversion defined by (9) :
3
R
Nlcao = 1‘(%} 9)

the equation (8) becomes:

0
r= LOCC;ZZO {slig'ke{o + &[Pr 21-Nca0) = - 7Tcao )%} + é[l_ (L-77ca0 )% }} (10)

The time required for the complete conversion of the solid particle (7" ) is found by
setting /]c,0 =1 in the equation (10):
0
T*:ROCA i+i+l (11)
Ceo, (3k; 6Dg k

By combining equations (10 ) and (11) the kinetic model of the process can be
derived in a dimensionless form:

1 Ry _ g 1 q-
. _{skg’kao}’fmjs[l'*z(l ’7Cao) 3(1 UCao)%}*'k[l (l qcao)%:| (12)
I 1, R 1
%, 6Ds k

The equation (12) suggests that the three "resistances" involved are purely
in series, the "overall" rate coefficient being of the form:

o1, R 1 (13)
K 3k, 6Ds K

To prove its adequacy, the extreme cases also called "simple macrokinetic
models", are derived from the general equation (10).

Case |. The external mass transfer is the rate determining step (RDS), the other
two resistances being negligible. (1/k =0 ; Ry/ 6Ds =0):
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0

L= F() = fleao  where 7 = 0CG0 (14
r 9C5D2
Case Il. The diffusion through solid product layer (CaSO,) is RDS (1/k = 0; 1/3kq =0)
and the equation (10 ) becomes:

T _ E _ . * RZOCCaOO

- =1+ 21 /1ca0) =31~ /Tca0)3 = F (), withr" =——=%29—  (15)
Case lll. When the overall process is kinetically controlled by the chemical reaction
at the core surface, the two mass transfer steps being very rapid (1/3kg = O;
Ro/6Ds = 0) the equation (10) becomes:

0
L =) =1~ (1~ 71cs0) 5, where 7 = R (1)

T kCq,
In addition to these three extreme cases and the general one (IV) described by
equation (10), other three cases, with two comparable step rates, are possible: (V)
external transfer and diffusion, (VI) diffusion and reaction, (VIl) external transfer
and reaction. Which one of these seven kinetic regimes is the most advantageous
for practice? By numerical solution of the equation (12), for five frequently encountered
kinetic regimes, the simulated curves in Figure 4 have been generated.
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Figure 4.Conversion versus reduced time for different kinetic regimes (I, 11, lll, IV, V).
The most favorable kinetic regime is that providing the greatest conversion
at a given time. It can be seen from Figure 4 that, to achieve conversions above
90%, the kinetic regime lll, with no transfer limitation, is the most advantageous.
Practically, the diffusion influence is not avoidable when a compact solid is formed.
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Therefore, a regime of VI type may be frequently encountered in practice. This
could be a rather effective regime when conversions under 90% would be
accepted in practice.

The next paragraph is devoted to the estimation of the kinetic constants,
on the basis of our own experimental data and the postulated unreacted core
model, in order to evaluate the kinetic regime for a given set of operation factors:
temperature, particle size, gas flow rate and composition.

Kinetic coefficients identification

The kinetic coefficients characterizing the three individual steps of the
process have been defined by the kinetic equations (5), (6), and (7). They are kg,
Ds, and k respectively.

The mass transfer coefficient can be predicted quite accurately with the
correlation proposed by Rantz and Marshall [21]:

Sh=2.0 + 0.6 Re*?sc'? (17)

using experiments confined to the Reynolds number range 0 to 200. Froessling
[22] had earlier presented an almost identical equation, and theoretically showed
that the Sherwood number should take on a value of 2.0 in stagnant fluid.
Froessling’s experiments concerned the evaporation of nitrobenzene, aniline, water,
and naphtalene into hot air stream. The Froessling — Rantz — Marshall equation
(17) is still accepted as the most rigorous [23] in spite of the later extensive studies
on the subject of mass transfer from solid spheres [24,25]. Therefore it has been
used in previous papers on the lime — sulphur dioxide reaction [26-28].

The gas properties involved in the Sh, Re, and Sc numbers have been
calculated for our experimental conditions. The molecular diffusivity of SO, has
been evaluated with the equation proposed by Fuller et al. [29]. The results are
presented in Tablel:

Table 1.

Gas properties and flow rates for the experimental conditions:

P = 0.3403 bar, A = 3.8.10" m? V,; = 50 cm®/min.

T,K | Vg 10°m’s | vy, mis Py kg/m® | p1y,10°Pas | Dsox 10°m?/s
973 8.7275 0.0230 0.123 4.086 2.930
1023 9.1760 0.0241 0.117 4.202 3.206
1123 10.0729 0.0265 0.106 4.434 3.775
1173 10.5213 0.0277 0.102 4.550 4.074

With the values from Table 1 introduced into the equation (17 ) the mass
transfer coefficients in Table 2 have been obtained.
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Table2.

Mass transfer coefficients ( kq, m/s ) at the experimental conditions.

P = 0.3403 bar, V, = 50 cm*/min.

d,,um 25 90 180 450 900
T,K
973 23.7325 6.6653 3.3646 1.3711 0.6998
1023 25.9631 7.2905 3.6793 1.4912 0.7649
1123 30.5606 8.5789 4.3288 1.7627 0.8989
1173 32.9772 9.2563 4.6702 1.8298 0.9695

The value of kg is more sensitive to the particle size variation than to the
temperature change, as expected.

The reaction rate constant (k) can be derived from the thermogravimetric
data obtained with the smallest particles (R, = 12. 5 um) at low conversions
(<10%) when the diffusion influence may be supposed as negligible. This is the
extreme case lll, described by the equation (10) reduced to the form:

kC
F(7) :1‘(1"7(:.510)% == o7 (18)
ROCCaO
By representing F(;) versus time, using the points from curves in Figure 2, the

constant k can be calculated with the relation (19):
= Ceao Ro {dF(ﬂ)}
Csoz dr T=const.
Where: C%a0 =3370 x 0.95 / 56=57.17 kmol/m?® Cso, =0.009/22.4=4.01785.10"
kmol/m3, and Ry = 12.5.10°m.
The values of k identified in such a manner are listed in Table 5 (with
*superscript) together with those derived from Borgwardt ‘s data using the grain
model [3,4] by Hartman and Trnka [13].

(19)

Table 3.
Kinetic constants of the reaction of lime with sulfur dioxide
T, K k, 10 m/s De, 10° m/s D, 107 m*/s re, 10’ m
973 3.16 - - -
1073 - 3.04 6.94 1.4 2.85
1123 3.75 4.95 7.50 5.5 3.74
1173 4.15 7.76 8.07 7.4 4.86

The values of k derived from our thermogravimetric data have the same
order of magnitude with those calculated by Hartman and Trnka [13]. Nevertheless,
there is a great difference regarding the activation energy: that from Borgwardt's
data is 79.6 kJ/ mol whereas our data lead to an activation energy smaller than 41.
8 kJ/mol. This means that our k is only an apparent rate constant, the process
being in the kinetic regime VI (reaction controlled by diffusion).

Another way to check the kinetic regime is suggested by the equation (11),
which may be translated into the following words: the time for complete conversion
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of a particle is the sum of complete reaction times corresponding to extreme cases
I to Il

i=Ill
r = Zri* (11")
i

Using the values of kg, k, and Ds from Tables 4 and 5 it is possible to
evaluate the relative complete reaction times at given values of parameters:
temperature, particle size, gas flow rate. With T = 1.123 K, Ry = 12.5 um, and gas

flow rate of 50 cm®/min, the relative contributions of the three reaction steps are the

following:
(T'4J.100: 0.02449; [“%}100: 84.8503, [’“%}100: 151252

In other words, even with the smallest particles, the process investigated was
kinetically controlled by diffusion in a proportion of 85 %. The chemical reaction
share was only 15 %, whereas the external mass transfer had no influence.
Consequently, the industrial process could be enhanced mainly through the factors
accelerating the solid phase diffusion.

Conclusions and significance

The dry injection of limestone fine particles in the power plant furnaces is a
promising process for flue gas desulphurization and acid rain mitigation. The limestone
is quickly converted to lime which further reacts with sulphur dioxide. New kinetic
studies have been carried out on the sulfation reaction using a CAHN TG —121 system
for continuous thermogravimetric measurements. The kinetic curves are quantitatively
analyzed on the basis of the unreacted core model integrated in the general form.
This includes the three steps connected in series: external mass transfer, diffusion,
and chemical reaction at the core surface. The corresponding kinetic coefficients are
identified for the experimental operating conditions: temperature, particles size, gas
composition and flow rate. The first practical conclusion is that, even with low gas
rates used in the thermobalance (0.0230 to 0.0277 m/s) the external mass transfer
has no influence on the overall rate of the process.

The second conclusion is that even with the smallest particles (d, = 25 um)
and temperatures as low as 1123 K the internal diffusion "resistance" can not be
avoided. Improved structured models and complementary experimental techniques
are needed for a better understanding and quantitative description of the lime
sulphation reaction in order to enhance the industrial process.

Notations

A — cross section area of the reactor, m?;
A” — inert substances in the solid, - ;

C — molar concentration, kmol / m*;

d, - particle diameter, m;

De — effective diffusion coefficient, m?/s;
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Ds - diffusion coefficient in the product layer, m/s;

Dso2 — molecular diffusion coefficient of SO, in the gas mixture, m?/s;
H — hight of the reaction tube, m;

Kk — surface reaction rate constant, m/s;

kg — mass transfer coefficient in the gas phase, m/s;

K — overall coefficient of the process, defined by equation (13), m/s;
m - mass of component, kg,

P

r

r

— pressure, Pa;
—radius of the grain unreacted core, m;

g  —Orainradius, m;

R —radius of the unreacted core of particle, m;
Ro — initial radius of the particle, m;

S —surface area of particle, m*;

T — temperature, K;

V, —gasrate, m/s;

V, —gas flow rate, m%s;

XCaoO — mass fraction of CaO in the lime, —;
. — thermogravimetric mass increase, Kg;

N0 — fractional conversion of CaO in the reaction (2), —;
Hy, —gas viscosity, Pa.s;

p, - gas density, kg/m’;

P, - solid density, kg/m®;

T — reaction time, s;

I —time for complete reaction, s;
Subscripts

c — related to calcination;

€X - external surface of the particle;
g — grain or gas phase;

L —lime;

LS —limestone;

r — reaction;

S —solid phase;

Superscripts

0 —initial state (7 = 0);

S — surface of the patrticle.
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