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Kinetics of the Reaction between Sulfur Dioxide and Cal-
cium Oxide at a Low Temperature: Mathematical Modeling

Cinética de la reaccion entre didoxido de azufre y 6xido de calcio a baja
temperatura: modelado matematico

Isnel Benitez Cortés?, Reni Danilo Vinocunga-Pillajo?, Luis Beltran Ramos Sanchez?, Agustin Garcia Rodriguez®, Estela
Guardado Yordi®, Grety Marquez Pefiamaria®, and Amaury Pérez Martinez’

ABSTRACT

The use of high-sulfur crude oil in power generation plants has increased SO, emissions and reduced the service life of steam
generators due to corrosive effects in the low-temperature zone, with consequent economic and environmental impacts. The
infroduction of SO, reduction tfechnology using CaO requires an understanding of how the reacting system develops, its governing
parameters, the stages controlling the reaction rate, and the kinetic model to which it conforms, among other critical aspects. The
objective of this study was to determine the kinetfic parameters characterizing the reaction between SO, and CaO at low temper-
atures, as described by the unreacted core model. In a laboratory-scale facility, the reaction temperature was set at 200, 300, and
400 °C, and the SO, concentration in air at 2%, 4%, and 6%. Gas-film resistance and gas diffusion within the solid bed were elimi-
nated. The results showed that the rate-controlling step is the resistance of the product layer. SO, reduction increased with rising
temperature and SO, concentration, and CaO conversion did not exceed 20%. The pre-exponential factor was 2.938 x 107* m?/s,
and the activation energy was 17.23 kJ/mol, values characteristic of processes limited by physical diffusion.

Keywords: activation, desulfurization, diffusivity, thermogravimetry, unreacted core model
RESUMEN

El uso de petrdleo crudo con alto contenido de azufre en plantas de generacién de energia ha incrementado las emisiones de
SO, vy reducido la vida Util del generador de vapor debido a los efectos corrosivos en la zona de bajas temperaturas, con el
consecuente impacto econdmico y medioambiental. La introduccién de una tecnologia de reduccién del SO, con CaO requiere
comprender cémo se desarrolla el sistema reaccionante, cudles son sus pardmetros, las etapas que controlan la velocidad de
reaccion y el modelo cinético al que se ajusta, entre otros aspectos de gran importancia. El objetivo de este trabajo fue determinar
los pardmetros cinéticos que caracterizan la reaccién entre el SO, y el CaO a bajas temperaturas, descritos por el modelo cinético
del ndcleo sin reaccionar (NSR). En una instalacién a escala de laboratorio se ajustd la temperatura de reaccién en los valores de
200, 300 y 400 °C, y la concentraciéon de SO, en aire en 2%, 4% y 6%. Se eliminé la resistencia de la pelicula gaseosa y la difusién
del gas dentro del lecho de sdlidos. Como resultado, la etapa controlante de la velocidad es la resistencia de la capa de pro-
ducto. La reduccién de SO, aumenta con el incremento de la temperatura y la concentracién de SO,, y no se alcanzan valores
de conversion del CaO por encima del 20%. El factor preexponencial es 2,938 x 107'* m?/s y la energia de activacién es de 17,23
kJ/mol, valores caracteristicos de procesos limitados por difusion fisica.
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Introduction

The use of crude oil with a sulfur content exceeding 4% in ther-
moelectric plants has significant implications for pollutant emis-
sions and desulfurization processes [1], leading to problems such
as corrosion in the low temperature zone of the boiler and in-
creased SOz emissions into the atmosphere [2].

To remove SOz from combustion gases, the use of lime, limestone,
or lime slurry is well established in the scientific community [3],
[4], [5], [6]- In all three cases, the most important reaction is that
between lime and sulfur dioxide, as expressed in (I):

CaO(S) + SOz(g) - Ca503(s) (1)
At elevated temperatures, oxidation processes continue and the
final reaction product is calcium sulfate, as expressed in (2):

1
CaS055 + 502(9) - CaS0ys) (2)

These are recognized as complex reactions due to the high tem-
peratures and short reaction times involved, which reduce diffu-
sion through the pore structure and ash layer [7], [8]. According
to (1), when the temperature is below 500 °C, the principal prod-
uct is CaSO3, comprising 32.5% CaO and 46.6% SOs, which may
also exist in hydrated form. When the temperature exceeds 700
°C, the product obtained is CaSO4 [9]. Three formation mecha-
nisms have been identified in the literature [10], [I1]. The first
mechanism occurs in the presence of oxygen, for which CaSOa4
formation is probable, as shown in (3) and (4). The oxidation of
SOz to SOs happens after the reaction between CaO and SO2:

1
502(9) +5 029) = S03(9) (3)
503(9) + CaO(S) - Ca504(5) 4
The reaction rate given in (3) applies in the absence of a catalyst
at temperatures below 1373 °C. In practical combustion pro-
cesses, SO3 appears in the gas phase as a result of high-tempera-
ture oxidation of SOx. It has been reported [12] that the rate of
SOz removal is independent of Oz concentration and that SO3
does not act as an intermediate in the reaction, although its for-
mation may depend on Oz concentration. Therefore, (3) and (4)
do not represent the governing mechanism of CaSO4 formation

[13].
The second mechanism is based on the following equations:
§0;(g) + CaOsy = CaSOss) (5)
CaS055) + %Oz(g) = CaS04s) (6)

Here, (5) represents the initial step of the desulfurization reaction,
and (6) represents the final step. However, because the molar vol-
ume of CaSO4 exceeds that of CaSO3, complete pore closure may
occur at the external surface of the particles, especially at a low
temperature. Under these conditions, CaSO3 cannot be oxidated
to form CaSOs4, and the reaction is halted. Moreover, it has been
confirmed that CaSO4 is one of the products of the reaction be-
tween CaO and SO; [14] within the temperature range of 200—
600 °C.

An increase in temperature above this range enhances effective
diffusivity. Consequently, the product layer of the sulfate particle
develops more open pores, which facilitates the formation of
CaSOa.

Experiments conducted at low temperatures, such as 300 °C, in
the presence and absence of oxygen, showed that the compound
formed was CaSOs [9]. It has also been reported that the

adsorption mechanism of SO2 on CaO is not well established in
the specialist literature. At low temperatures, the kinetic treat-
ment proceeds according to (I).

Although the reaction of lime with SO, has been widely investi-
gated, no kinetic study using Cuban lime has been reported in the
literature. This study therefore addresses a gap by characterizing
the reaction system between SO, and Cuban lime. Several models
have been proposed to describe the reaction under study; for in-
stance, the model developed in [|6] simultaneously analyzes calci-
nation, sintering, and sulfation, in which sorbent decomposition
follows the unreacted core model (UCM). However, the majority
of existing models focus on large particle sizes, long contact times,
and temperatures exceeding 850 °C. The UCM has also been ap-
plied in [17], [18], and [19].

Several researchers have treated the sulfation reaction as first-or-
der with respect to both SO2 and CaO, reporting rate constants
in the range of 0.001 to 0.02 m3/mol [20]. Applying the UCM, [17]
reported a rate constant of 0.05-0.5 m/s, while [21] obtained a
diffusion coefficient of 2 X 10™'" m?/s. The apparent activation en-
ergy reported in [22] span a notably wide range, from 6.64 to
82.18 kJ/mol for five limestones. Meanwhile, activation energies of
100.9 * 2.2 kJ/mol for pure limestones, | 15.6 + 3.5 kj/mol for do-
lomites, and 84.1 * 0.4 kJ/mol for marly limestones were reported
in [23].

A UCM was developed in [21] to describe the mechanism of the
non-catalytic reaction between CaO and SO, demonstrating good
correlation between the model and the diffusion-controlled be-
havior, with the ash layer identified as the rate-limiting step. Inde-
pendent of the model used to characterize the reactant system for
SOz and CaO, the activation energy was around 104.5 to 171.38
kJ/mol (2541 kcal/mol), while the effective diffusivity ranged from
0.19 to 0.428e-'2 m?/s, both determined at elevated temperatures
(800—1.000 °C). These results indicated that the UCM is the most
commonly applied model for kinetic analysis of this system.

Accordingly, this study proposes the determination of kinetic pa-
rameters, including the pre-exponential factor, activation energy,
and conversion, together with the kinetic model that describes the
reaction in the 200—400 °C range, where corrosion occurs due to
the sulfuric acid formation and which has not been previously doc-
umented in the literature. These findings are expected to contrib-
ute to the development of technology aimed at reducing SO, in
combustion gases, thereby mitigating both corrosive effects and
environmental impact.

The manuscript is structured as follows. The Methods section pre-
sents the methodological flowchart and the procedure followed
to validate the research hypothesis. The morphological character-
ization of CaO particles is described, along with the design and
assembly of the experimental setup and the operational techniques
applied during testing. The procedures implemented to minimize
gas-phase resistance and gas diffusion between particles are de-
tailed, with the objective of determining the intrinsic reaction rate.
The experimental design, the criteria used for fitting the UCM, and
the corresponding procedure are also presented. Finally, the re-
sults obtained are reported and discussed.

Methods
Flowchart of the methodological phases

Fig. | presents the methodological structure of the study, divided
into five sequential phases: the physicochemical characterization
of CaO, the installation of the experimental system, factorial
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experimentation under controlled conditions, determination of
conversion through gravimetric analysis, and the mathematical
modeling based on the UCM. Each stage was designed to ensure
experimental reproducibility and reliable kinetic interpretation of
the CaO-SO, reaction.

Characterizatio Experimental Experimental Conversion Kinetic
n of CaO setup execution determination modeling

Figure 1. Flowchart of the experimental methodology applied in the kinetic modeling
of the CaO—SO: reaction

Source: Authors

The characterization process included the chemical composition
of lime and its particle size distribution.

Chemical composition

The chemical composition of lime was determined at the central
laboratory of the Geominera Company, Camagiiey, according to
the ASTM C25, Standard Test Methods for Chemical Analysis of
Limestone, Quicklime, and Hydrated Lime.

Particle size distribution

Particle size distribution was determined by sieving analysis per-
formed in the Unit Operations Laboratory of the University of
Camagliey Ignacio Agramonte Loynaz. WLW-RDA vibratory siev-
ing equipment (RDA) was used for this purpose. Eight clean sieves
raging from -12+16 to -400 mesh were stacked in descending or-
der of aperture size. Wet sieving was performed using water as
the sieving medium, given the small particle size, and continued
until the effluent ran clear. Solid samples were dried in a Memmert
oven at 100 °C, and 200 g of the sorbent was weighed for each
test. The samples were then sieved twice, and the average values
were recorded. After the samples were dried in the oven, the re-
tained fractions were weighed using an analytical balance with a
precision of 0.001 g.

A preliminary visual inspection of Cuban lime indicated that the
majority of particles are very small, without undergoing any phys-
ical size reduction. Further characterization of these particles is
therefore recommended, as detailed below. Moreover, the follow-
ing parameters are needed to use the kinetic model of the unre-
acted nucleus:

Particle size distribution for small particles

A total of 1.098 particles with diameters below 40 pm (see Results
of the screening analysis section) were analyzed using a Hitachi S-
4100 scanning electron microscope, equipped with a BSE Autrata
detector, an EMIP 3.0 image capture system, and a Rontec micro-
analysis system. The length and width of each particle were meas-
ured, the area was determined by assuming a rectangular cross-
sectional shape, and the equation for the area of a circle was ap-
plied to obtain the equivalent diameters and corresponding radius.

Approximation to the shape of particles

The shape of the particles is one of the most critical aspects for
fitting the unreacted nucleus model, as the appropriate model for-
mulation depends on whether the particles are cylindrical, flat, or
spherical. For instance, micrographs of the particles were taken
using the scanning electron microscope.

Weight loss associated with the evaporation of water and
release of volatile compounds

Kinetic studies for this type of reaction system are performed us-
ing the gravimetric method. Therefore, it is necessary to ensure
that the weight variations experienced by the sorbent are caused
by physical processes such as drying, loss of volatile substances, or
moisture absorption, factors unrelated to the chemical reaction.
For this reason, a thermogravimetric analysis (TGA) was per-
formed on the sorbent sample to study the behavior of its weight
variations. This step ensured the stability of the sorbent under ex-
perimental conditions and minimized variations in reactivity.

Specific surface area

The BET method was used to determine the specific surface area.
Pore structure parameters were obtained using the mercury ad-
sorption-desorption method, from which the BJH curve was ob-
tained. Since slaked lime can decompose into quicklime at a tem-
perature of 580 °C, two experiments were conducted to evaluate
the effect of lime calcination on particle surface area: one using
lime calcined at 580 °C and one using uncalcined lime. The calci-
nation process was carried out in a Memmert muffle furnace at
600 °C for three hours.

Description of experimental installation

The experimental installation was designed and assembled as
shown in Fig. 2. Its versatility allows the study of the first variables
affecting the reaction rate, like temperature and concentration. In
addition, it can avoid the diffusional resistance of gas through a
gaseous film and interparticle space, which could otherwise affect
the reaction rate.

12 13
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[4n]
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[ ] L7
(] 1| = R L
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17

11 12

Figure. 2. Schematic diagram of the experimental installation at a laboratory scale: 1)
external cylinder of the rotary reactor; 2) internal cylinder of the rotary reactor; 3)
reaction vessel; 4) Teflon ring; 5) DC motor; 6) electric oven; 7) thermocouple; 8)
millivoltmeter; 9) PID temperature controller; 10) packed column; 11) and 12) varia-
ble-area flowmeter (float style); 13) and 14) differential pressure measurement of lig-
uid columns; 15), 16), and 17)- flow control valves; 18) orifice plate; and 19) gas outlet
to atmosphere.

Source: Authors.

The rotary drum-type kinetic reactor consists of concentric bo-
rosilicate glass tubes rated for operation up to 500 °C. The exter-
nal cylinder (1) is fixed, while the internal cylinder (2) rotates. The
rotational motion is controlled by a DC motor and can be regu-
lated up to 2 rpm. The internal cylinder has a 7 cm reaction vessel
(3), where the particles of lime are deposited. Glass wool is pre-
sent at the exit to avoid the possibility of solid entrainment. This
zone is located about 6—7 cm from the inlet to the electric oven
(6) as a preheater zone.

The SO plus air mixture at varying concentrations is obtained us-
ing flow regulation, that is, by measuring the variable area (float
style) (Il and 12). The combined gases are then pass through a
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packed column (10) filled with Raschig rings to ensure thorough
mixing.

The orifice plate (18) is installed at the start of the reactor. It
measures the flow of the air-SO2 combination following prior cal-
ibration. To obtain the temperatures required in the investigation,
a Chromel-Alumel thermocouple is integrated into the reaction
vessel inside a glass tube of 2.5 mm in diameter and connected to
an Ultra-Therm PID controller.

Measuring the advancing grade of the reaction

The method developed in [24] was used to evaluate the reaction
progress through thermogravimetry. This method involved re-
cording the reactor height without limestone and with limestone
at regular intervals until a constant value was reached. Measure-
ments were conducted using a Sartorius analytical balance. To en-
sure that the accuracy of the thermogravimetric method was not
affected by moisture loss, the sorbent was treated in the stove at
580 °C for 24 hours, as described previously. Subsequently, the
samples were maintained in a closed recipient at | 10 °C. Conver-
sion was determined using the following equation:

(Wt_Wo)
(WoXcao1.1428) ™
where the factor 1.1428 is the increase in weight when | g of CaO
is completely converted to CaSOs.

Xp =

Description of the operational technique

The experiment began by weighing the reactor without lime. The
sorbent was then loaded into the reactor, and the reactor was
weighed again; the difference between this value and the initial lime
mass was noted. The loaded reactor was placed in the oven at the
target temperature for 10 minutes, then removed and cooled to
room temperature, and its weight was recorded. If the weight was
equal to the initial weight, then the hydration of the sorbent had
not occurred. The reactor was subsequently returned to the oven,
and the air-SO2 mixture was supplied. The increment in weight
was recorded every |0 minutes until a constant value was reached.
The procedure was repeated for each measurement interval until
weight remained constant and equal to the weight in the 10
minutes prior to the measurement.

Selection of the operational conditions
Gas rate

The objective of the experiment was to determine the gas flow
rate that minimizes the resistance of SO, diffusion from the gas
phase to the particle surface. The system was maintained at a con-
stant temperature of 200, 300, and 400 °C, with an SO, concen-
tration of 6% and a rotational speed of | rpm. The gas flow rate
was varied within the range of 0.103 to 0.172 Nl/s. The objective
was to identify the minimum flow rate at which the mass transfer
limitations in the gas phase could be considered negligible.

The gas mixture was prepared using calibrated flowmeters, and
the SO, concentration was held constant throughout the experi-
ment. The weight gain of the lime sample was recorded every 10
minutes using a Sartorius analytical balance. The data obtained
were plotted to assess the effect of gas flow on the conversion of
CaO to CaSOs.

Minimum rotational speed of the reactor

The objective of this experiment was to determine the minimum
rotating speed of the reactor necessary to eliminate gas diffusion
resistance among particles. The experimental setup was

maintained under the same operational conditions as the gas flow
test, at a constant temperature of 400 °C and SO, concentration
of 6%.

The rotational speed was systematically varied in the range of 0 to
0.75 rpm to assess its effect on gas diffusion and particle interac-
tion. The weight gain of the lime sample was recorded every 10
minutes using a Sartorius analytical balance. The recorded data
were plotted to evaluate the effect of rotational speed on the con-
version of CaO to CaSOs.

Experimental design

To evaluate the influence of SO, concentration and temperature
on the reaction rate, a factorial design of type 3 was applied. The
experimental conditions included SO, concentrations of 2, 4, and
6% in air, combined with temperatures of 200, 300, and 400 °C.
These combinations allowed for an analysis of the reaction kinetics
under varying operational parameters.

The experimental procedure involved recording the weight gain
over time for each combination of SO, concentration and tem-
perature. The data were processed using a fifth-order polynomial
regression analysis with Statgraphics Plus v. 5.0. This approach en-
abled the estimation of conversion values and facilitated the iden-
tification of trends in the reaction rate based on the defined vari-
ables.

Sulfation reaction modeling

The UCM was selected to describe the reaction kinetics of SO,
with lime particles under the defined experimental conditions.
This model is widely utilized to characterize gas-solid reactions
involving porous particles, particularly under conditions where
both diffusion resistance and surface reaction are considered. Ta-
ble | presents the key assumptions and considerations applied in
the development of the UCM for this study.

Table 1. Assumptions and hypotheses for the application of the unreacted core model
(UCM) in the sulfation reaction of lime.

Hypothesis Description

Reaction path- | The sole reaction considered is the sulfation of lime to cal-
way cium sulfite, as described in (5).

Model adjust- | Experimental data are assumed to align with the UCM, con-
ment sidering a constant effective diffusivity.

Temperature Temperature gradients within particles are negligible, allow-
profile ing for an isothermal treatment.

State of prod- | All products remain in a solid state. The ash layer does not
ucts form a barrier or hinder the reaction.

Reaction site The reaction occurs exclusively at the surface of the unre-
acted core, consistent with UCM principles.

SO, concen- | The concentration of SO, in the gas phase and at the particle
tration surface remains constant throughout the process.

Gas flow rate Gas flow rates are sufficiently high to eliminate mass transfer
resistance in the gas phase.

Solid particles are maintained in a turbulent state, allowing
the neglect of interparticle mass transfer resistance.

Particle state

Controlling The model considers resistance to diffusion through the

steps product layer and the surface reaction as the only controlling
steps.

Pseudo-steady | The reaction is treated under pseudo-steady-state condi-

state tions due to the slow surface reaction relative to SO, diffu-
sion.

Source: Authors.
Description of the algorithm of adjustments

Various authors [25], [26] have demonstrated that solid-gas reac-
tions involve a series of factors to be taken into account in the
kinetic model, including the presence of a solid size distribution,
the variation in their form, and the difference in reactivity between
the components. Previous researchers have proposed dividing the

“

solids into “n” groups according to the particle size and computing
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an average conversion based on the particle size distribution (f(r),
the conversion of isolated particles (X)), and the particle radius
(Ri), as expressed in (8):

Rmax

R

Xw) = f friydR + f fryX@ndR (8)
Rmin R

The first term considers the particles that have been totally con-

verted, and the second considers the particles that have not been

totally converted. The procedure for obtaining the conversion is

as follows:

I.  The calculation begins with fixed system parameters,
such as lime molar density (69.56 mol/m3), the stoichio-
metric coefficient (b=1), and the reaction order (n=1).

2. For each particle radius level (Rmin to Rmax), temperature,
partial pressures, and time (t) at which the average con-
version is evaluated, the conversion is estimated by the
numerical integration of (8), where f(ri) is obtained using

(15).

3. The conversion in the isolated particle is obtained by
numerical solution of (9), using the Newton-Raphson
method:

z—((1—z)(1—x)§)

2
= — (1= X)3| + Tpg [1 -

t=3TCZ Z —

1-x:] ©

This expression corresponds to the UCM kinetic model with con-
stant effective diffusivity. The term Z represents the molar volume
ratio, which must be included in the equation when modeling re-
actions with significant differences between molar volumes of the
reactant and the product [19]. Specifically, Z corresponds to the
ratio of molar volumes of the product formed and the reactant
(CaSO3/Ca0). The molar masses of CaSO3 and CaO are 120.14
g/mol and 56.08 g/mol, respectively, while their densities are 2.5—
2.6 g/cm® and 3.34 g/cm?, yielding molar volumes of 47 cm?/mol
and 16.8 cm®*mol, respectively. These values result in Z = 2.79.
This value can change depending on the temperature and pressure
at which the reaction takes place. In the UCM modeling process,
this parameter is considered in the simulation to evaluate its be-
havior for Cuban lime at low temperatures. The simulation begins
with a value of 1.247 [27].

The remaining terms in (9) are calculated as follows:

_ Ps
TR = kaC(SOZ)R (10
—__Ps p2
Tez = 6bDeC(SOZ)R an
where:

ERQ

kS = ARQe[_F] (12)
-5
D, = Bcze' rr' (13)
4. Initial values of pre-exponential factors (A and B) and
the activation energies (Erq and Ecz) were taken from

values reported in the literature to define the first da-
taset.

5. The objective function to adjust is expressed in (14):

- 2

ZN z(cal_1
7 \Xexp

Ii——

)

MIN:FO =
Egx

6. If the calculated error is not acceptable, the values of A,
B, Erq, and Ecz are changed following the numerical op-
timization method until the error becomes minimal. The
Hooke and Jeeves method [28] was employed for this
purpose, and the algorithm was implemented in Visual
Basic v. 5.0.

Results and discussion

Chemical composition of Cuban lime

The chemical composition of the sorbent confirms its high CaO
content, which is favorable for its application in flue gas desulfuri-
zation technologies. The presence in very low concentrations of
magnesium oxides, aluminum, iron, and silicon leads us to consider
that, in the kinetic study, CaO is solely responsible for the reduc-
tion of sulfur dioxide, as shown in Table 2.

Table 2. Chemical composition of Cuban lime

CaO | MgO | SiO: | AO; | Fe 03

Ignition
losses

64.80 | 0.21 |3.15 | 207 0.25 29.67

Source: Authors.

The chemical composition analysis confirmed a CaO purity ex-
ceeding 90%, which indicates a sorbent highly suitable for SO, cap-
ture. The low concentrations of residual oxides imply that CaO
acts as the main reactive phase, consistent with the results re-
ported in [29] and [30]. This high purity also supports the applica-
tion of reliable kinetic models. In this regard, it has been shown
that well-characterized materials with minimal interference from
inert phases allow more accurate prediction in heterogeneous sys-
tems, even in complex media such as crude-solvent emulsions
[31]. Therefore, the high purity of the CaO used in this study re-
inforces its suitability for modeling diffusion-governed reactions

[32].
Particle size distribution

Table 3 presents the results of the sieving test. For a total initial
sample mass of 200 g, 91.5% passed through the 40 pm sieve. This
result is significant because it indicates that the material is suitable
for kinetic studies, which require small particle sizes to minimize
diffusion resistance in the product layer.

Table 3. Results of the screening analysis.
Particle di- Aver-
Mesh Retained |Frac- |ameter Cumulative Re-|age Non-accumu-
class mass (g) tion (mm) tained Fraction |(mm) [lated fraction
-12+16 |1.18 0.0059 |1.397 0.006 1.194 10.994
-16 +28 10.44 0.0022 |0.991 0.008 0.790 [0.992
-28 +35 |0.28 0.0014 |0.589 0.010 0.503 |0.991
-35 +115 0.8l 0.0040 (0.417 0.014 0.270 |0.987
-115+200|1.59 0.0080 [0.124 0.022 0.114 10.979
-200
+350 5.18 0.0259 |0.104 0.047 0.089 |0.953
-350
+400 7.36 0.0368 |0.074 0.084 0.056 [0.916
-400 183.46 0.9173 |0.038 0.998 — 0.002

Source: Authors.
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Particle size distribution for small particles

Particle radius values ranged from 0.874 to 37.490 uym. These data
were fitted to an empirical power-type distribution, with the mean
of 8.5808 pm and the standard deviation of 7.888 pm, yielding a
coefficient of determination of RZ2 = 0.8855. The particle size dis-
tribution was fitted to an empirical model expressed in (I5):

feriy = 5,0928x10710R~16827 (15)
where R is the diameter of the Cuban lime particles in ym (Fig. 3).

60%

50% N

y = 5,0928E-0x 16827E 00

40%

30%

20%

Frequency (%)

10%

0% )
0,0E+00 1.0E-05 2,0E-05 3,0E-05 4,0E-05

Particle radius class(m)

Figure 3. Frequency distribution of particle radius for Cuban lime particles.
Source: Authors.

Approximation of particle shape

Fig. 4 presents the particle shape characterization results. The
analysis indicates that the shape of the particles tends toward a
spheroidal geometry; this approximation was therefore adopted
for use in kinetic modeling.

Figure 4. Microelectronic photograph of the sorbent (enlargement 1 mm: 1 000 nm).
Source: Authors.

Weight loss associated with the evaporation of water and re-
lease of volatile compounds

For the uncalcined absorbent, a considerable weight loss due to
evaporation was observed, indicating that thermal pretreatment is
required prior to use as a reactant in order to eliminate both
moisture and volatile compounds.

TGA confirmed a significant mass loss during the heat treatment
at 580 °C, attributable to the elimination of water and volatile
compounds. The stabilization step at 110 °C prevented rehydra-
tion, maintaining the consistency of the samples. It was observed
that more than 92 % of the particles had diameters of less than 40
pum. The empirical model reached an R? of 0.8855, with a standard

deviation of 7.888 um and a mean diameter of 8.5808 um. These
three results are comparable to those reported in [33], which also
demonstrated that thermally stable structures improve the relia-
bility of predictive model applications. The study indicates that the
pre-treatment must be carried out at a minimum temperature of
580 °C, primarily because calcium hydroxide, which is invariably
present in a CaO samples exposed to atmospheric air, decom-
poses at this temperature. Therefore, all sorbent samples were
subjected to a 24-hour pre-treatment at 580 °C to eliminate all
volatile substances (Table 4).

Table 4. TGA results.

Uncalcined sorbent

No. |AT.(C) g)e'ght 10311 ecy*| Origin
| 25-110 0.8 72 Loss of moisture and absorbed water
2 110-300 |[I.19 182
Decomposition of hydroxides
3 300-500 |14.91 442
4 500-800 14.02 711 Decomposition of carbonates
5 800-1200 1023 855 Loss of volatiles

Total |110-1200 [30.4

Sorbent calcined at 580°C.

No. [AT.(C) z’oz)eight loss |1 ecy+| Origin

| 25-110 -0.41 78 Weight gain: Hydration, oxidation, and car-
2 110-300 |-1.52 Ig¢__|bonation

3 300-500 |5.75 394 |Decomposition of hydroxides

4 500-800 12.7 711 Decomposition of carbonates

5 8001200 |0.21 920 |Loss of volatiles

Total |110-1200 (17.2

* Temperature at which the rate of weight loss is at its maximum.
Source: Authors.

Specific surface area

The morphological analysis of Cuban lime evidenced that calcina-
tion increased pore diameters from 23.4-27.4 nm (uncalcined) to
30.6-33.1 nm (calcined). Despite this increase, the specific surface
area remained in a stable range of |3 to 13.3 m?/g, indicating that
the porosity was not significantly affected by the heat treatment.
These results coincide with observations reported in [31], which
noted that surface area stability is a critical factor to guarantee
efficiency in mass transfer processes, especially in predictive mod-
els based on porous structures. Consequently, the preservation of
the microstructure of the calcined CaO in this study supports its
viability for diffusion-governed applications without compromising
its reactive capacity.

A significant difference was observed between the pore diameter
of the sorbent without prior treatment and with prior treatment.
These results indicate that thermal pre-treatment of the solid sur-
face widens the pores by approximately 20-30%, slightly increasing
its absorption capacity. The increase in pore size is associated with
the loss of organic and volatile material, which, upon removal, in-
creases the cross-sectional area of the pores where it is located.
An additional contributing factor is the decomposition of the cal-
cium hydroxide present in the material at temperatures above 580
°C, which modifies the particle structure and induces particles
cracking, further increasing pore size. As shown in Table 5, the
specific surface area does not vary considerably between the cal-
cined and uncalcined sorbent.
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Table 5. Specific surface area

. IAverage diameterAve.rage dlame.terSpeciﬁc surface area
|Additive A ) during desorption[ ",
in adsorption (nm) (m?/g)
(nm)
Uncalcined sorbent [27.4 23.6 13.0
Sorbent calcined at]
580°C. 33.1 30.6 13.3

Source: Authors.

Effect of gas flow rate on reaction rate

Experimental results show that for flow rates below 0.1 17 L/s, no-
table differences in mass gain are observed (Fig. 5), suggesting that
the diffusion of SO, in the gas phase limits the conversion of CaO.
In contrast, at flow rates of 0.127, 0.151, and 0.172 L/s, the weight
gain curves overlap, confirming that the mass transfer resistance
has been overcome and that the reaction rate is determined by
the intrinsic kinetics of the gas-solid system. This behavior was
consistent across the three temperature levels investigated, with
mass gain increasing with temperature. These findings are con-
sistent with those reported in [9], which indicated that under sim-
ilar conditions, the CaO-SO, reaction transitions from a diffusion-
controlled regime to one governed by chemical kinetics. Accord-
ingly, a flow rate of 0.172 L/s was selected for the subsequent ex-
periments, ensuring that the mass transfer resistance did not limit
the reaction rate.

0,103 Us
0117 Us
0.127 Us
0,151 Us
—t=—0,172 Us

Weight gain (g)
o o o
o o =1
4 & 2

o
=
51

°

o 10 20 30 40 50
Time (min)

Figure 5. Effect of gas flow on the conversion of lime.
Source: Authors.

Effect of rotational speed on reaction rate

At rotational speeds below 0.75 rpm, the weight gain curves show
significant differences, evidencing that the diffusion of SO, be-
tween particles limits the conversion. At static conditions (0 rpm),
the gas-solid contact proved insufficient, significantly reducing the
diffusion of the reagent. Although moderate mass increases were
recorded at 0.25 and 0.5 rpm (Fig. 6), diffusional limitations per-
sisted. At 0.75 rpm, the curves stabilized, signaling a substantial
improvement in phase-phase contact. This result is consistent with
findings reported in [34] and [35], which demonstrated that rota-
tional agitation favors mass transfer in gas-solid systems. However,
internal diffusion through the product layer remains a potential
barrier; in materials with irregular morphology, this layer may hin-
der gas penetration. This phenomenon has been described in stud-
ies of non-catalytic reactions using random pore models [36].

0.14
0.12
01
C]
é’ 0,08 0 rpm
oy
%’ 006 0,25 rpm
; 05 rpm
0,04 0,75

0 10 20 30 40 50
Time (min)

Figure 6. Effect of the reactor rotational speed on CaO conversion.
Source: Authors.

Based on these findings, a rotational speed of 0.75 rpm was se-
lected for subsequent experiments. The stabilization of the weight
increment curve at this speed confirms that the reaction rate is
primarily controlled by the intrinsic kinetics under these condi-
tions. Nevertheless, the effect of higher rotational speeds should
be evaluated in future studies to determine whether further re-
ductions in diffusion resistance can be achieved, especially in cases
where the particle size is reduced to less than 10 pym. Such inves-
tigations could provide valuable insights into optimizing opera-
tional conditions in large-scale applications, such as rotary reac-
tors in industrial desulfurization processes.

Effect of temperature and SO: concentration

The experimental data showed that the conversion levels did not
exceed 30—40% under the conditions evaluated, which contrasts
with results reported in [37] and [38], where conversions above
60% were recorded at temperatures above 900 °C. This difference
is attributed to the diffusive resistance of the formed product
layer, which limited the penetration of SO, and, consequently, the
reaction rate. The application of a polynomial regression model
enabled more precise quantification of the conversion achieved in
the presence of temperature and concentration variations. De-
spite the thermal increase, the structural barrier imposed by the
product layer prevented higher conversion, especially at low SO,
concentration conditions. This reinforces the importance of po-
rosity in the efficiency of the process, as established in kinetic stud-
ies of non-catalytic reactions with diffusion-limiting mechanisms.

Comparison between diffusion and chemical reaction

The results presented in Fig. 7 show that the conversion time by
chemical reaction is considerably less than that associated with
diffusion through the production layer, confirming that diffusional
resistance represents the limiting stage in the lime sulfation pro-
cess. This behavior justifies the omission of the kinetic resistance
in the model fit, as expressed in (10). The diffusivity of SO, in
layers formed during CaO sulfation has been evaluated in [39],
which found that the reduction of the pore diameter increases this
resistance, favoring a diffusion-controlled regime. This coincidence
supports the validity of the proposed model, even for particles
smaller than 10 pm, in which a dense layer forms and restricts the
penetration of the reactive gas.
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Figure 7. Comparison between tRQ and tCZ values obtained in the adjustment.
Source: Authors.

Adjustment of the UCM model to experimental data

Fig. 8 presents the results of the UCM adjustment to the experi-
mental data obtained at 200, 300, and 400 °C. The solid lines rep-
resent the values calculated by the model, while the circles reflect
the empirical data: the green line for 2% SO,, the light blue line
for 4%, and the orange line for 6%. At 300 °C, the conversion
exhibited a tendency to stabilize, indicating that the progressive
formation of the product layer limits gas penetration, acting as a
diffusive barrier. This behavior agrees with findings reported in [4],
where diffusional resistance through the solid layer was identified
as the determining factor in the control stage of in situ desulfuriza-
tion processes. Despite the adequate correspondence between
experimental and calculated values, it is advisable to extend the
settings to temperatures above 400 °C to confirm a possible tran-
sition to a fully diffusion-controlled regime.

014

0,12

o

E=3
=3
®

2%
4%
6%

Conversion (%)

o o
o [<d
] 5

o

0 2 4 6 8 10 15 20 25 30 35 40 45 50
Time (min)

Figure 8. Adjustment of the UCM to the experimental results at 300 °C, in which B
and Ecz are reported in Table 1. Solid lines represent the calculated values, and the
marked lines represent the experimental data. Similar results have been obtained for
200 and 400 °C.

Source: Authors.

The kinetic parameters determined through the adjustment of the
UCM model are presented in Table 6. The values obtained for B
and Ecz correspond to a diffusion-controlled process. The activa-
tion energy of 17.23 kJ/mol indicates a low temperature depend-
ency. The relative fitting error of 8.09%, demonstrates acceptable
correspondence between the experimental data and the values
calculated by the model.

Table 6. Kinetic parameters obtained by adjusting the UCM.

Parameter Unit Value
B m2/s 2.9381x10-14
ECZ kj/mol 17.23
5:;::: of adjust- % 8.09%

Source: Authors.
Evaluation of diffusivity and its relationship with temperature

The experiments were conducted over a temperature range of
200 to 400 °C. The dashed line in Fig. 9 represents the linear trend
obtained within this measurement range, with a coefficient of de-
termination of RZ = 0.986. As the temperature increased from 200
to 400 °C, the effective diffusivity (ED) values increased, reaching
a maximum of 1.2x10-!5 m?/s at 400 °C. Throughout this range,
the values remained relatively low, indicating the restriction to
SO;, diffusion due to the formation of a dense product layer. This
trend aligns with the activation energy of 17.23 kJ/mol, character-
istic of diffusion-controlled processes with low temperature de-
pendence. This behavior is consistent with results reported in
[22], which describe the influence of diffusion resistance in the
product layer on reaction efficiency during limestone sulfation.
The Z value obtained is 1.75, which is higher than the value re-
ported in [27].

1 40E+15
_ 120E+15
1,00E+15
800E+14

6,00E+ |4

Effective diffusivity, De (m?/s|

4,00E+ |4

2,00E+ 14
160 210 260 310 360 410 460

Temperature (°C)

Figure 9. Effective diffusivity (De) of SO in the lime particles, estimated using (13).
Source: Authors.

Conclusions

The results confirm the hypothesis proposed in this study. The
chemical reaction between SO, and CaO contained in Cuban lime
fits the unreacted core model, with effective diffusivity values rang-
ing from 3.90 x 107'* to .31 x 107'® m?/s, reaching a maximum
of 2.00 x 107> m?/s at 400 °C. Fitting the model to the experi-
mental data yielded a relative error of 8.09%, indicating satisfac-
tory agreement between calculated and measured values. Diffu-
sion through the product layer (CaSO,) constituted the main re-
sistance in the process, limiting overall conversion in the 200—-400
°C range. The activation energy of 17.23 kJ/mol showed low tem-
perature dependence in diffusion, characteristic of diffusion-con-
trolled processes. These findings are relevant for the design of
technologies aimed at SO, reduction. The primary limitation iden-
tified was the low conversion achieved under the evaluated SO,
concentrations and temperatures, suggesting the need for future
research on the pre-treatment of CaO particle surfaces to in-
crease pore size, as well as the assessment of alternative contact
systems with higher efficiency.
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Nomenclature

Arq- Frequency factor for the chemical reaction (m/s).

b- Stoichiometric coefficient (mol of B consumed/mol A reacted)
Bcz- Frequency factor for diffusion through the ash layer (m?%/s).
De- Effective diffusivity (ma/s).

Ecz- Activation energy for the diffusion stage through the ash layer
(k)/mol).

Eexp- Experimental error (%).
Erq- Activation energy for the chemical step (kJ/mol).

fri)- Weight fraction of the different particle sizes in the sample
(%).

ks- Intrinsic kinetic constant of the reaction rate (m/s).
R- Initial radius of the particle (m).

rc- Radius of the unreacted core (m).

rci- Unreacted core radius of particle size i (m).

Ri- Initial radius of particle size i (m).

Rmax- Maximum particle radius (m).

Rmin- Minimum particle radius (m).

t- time (s).

TGA — Thermogravimetric analysis.

RDA — WLW-RDA vibratory sieving equipment used for particle
size classification.

UCM: unreacted core model.

Wca0- Mass fraction of CaO in the sample.

Wo- Initial weight of the dry sample (g).

W:- Increased weight of the sample over time (g).

Xs- CaO conversion (g CaO converted/g initial CaO).
XcaL- Calculated conversion (%).

X(r)- Average conversion of the fraction of size R (mol CaO/mol
solid).

Xexp- Experimental conversion (%).

Xt~ Conversion of the isolated particle according to Eq. (8) (frac-
tion).

xcao- CaO content in the sample (%).

tcz- Time required for the particle to react completely according
to the resistance of the physical stage (min).

TrRQ- Time required for the particle to react completely according
to the resistance of the chemical step (min).

ps- Apparent mass density of the solid particle (kg/m3).
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