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¢,: Pparticle porosity

\: specific heat of evaporation, kcal-kg™!

pe molar density of solid

o: standard deviation

: dimensionless time, t/tgg

§: dimensionless temperature, T/ T,

. structural parameter, defined by Bhatia and Perlmutter
(1983)

Registry No. Ca(OH),, 1305-62-0.

-
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The evolution of the specific surface area associated with the thermal decomposition of calcium
hydroxide has been studied experimentally and described by kinetic models utilizing two different
solids: commercial calcium hydroxide (S; ~ 8.3 m2g™!) and calcium hydroxide reagent (S, ~ 18.7
m2g1). The surface area was observed to vary linearly with the fraction decomposed during the
dehydration period. Sintering phenomena have been experimentally measured by treating calcium
oxide samples (S, ~ 46 m%g™!), obtained after dehydration of calcium hydroxide under constant
conditions, at temperatures in the range 500-900 °C for periods of time up to 24 h. A previously
developed model, German and Munir (1976), fits the experimental results well if the surface area
decreases to less than 55% of the initial value. An empirical kinetic model, where the surface area
is linearly related to the heating time, correlates the experimental data, when AS/S; = 55%.
Simulated curves using the obtained kinetic models and parameters, for the specific surface during
dehydration and sintering, agree well within the experimental results.

Introduction

Structural changes that take place during the thermal
decomposition of calcium hydroxide to give calcium oxide
are fundamentally related to the transport processes oc-
curring in some of its reactions with gases that form a solid
product. Due to its technological importance, sulfation is

* Author to whom correspondence should be addressed.
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the most thoroughly studied reaction of this type.
When calcium hydroxide is thermally treated at inter-
mediate temperatures (350-550 °C), the solid product
shows a higher specific surface area than does the initial
reagent. Surface generation depends on the kinetics of
dehydration; at long times or when decomposition of the
initial solid takes place at high temperatures, changes in
the surface area and porosity due to sintering phenomena
are of considerable importance, decreasing the specific
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surface area and consequently the reactivity with gases.

In a previous work (Irabien et al., 1990), conversion-time
evolution in the thermal dehydration of calcium hydroxide
was successfully described by means of a pseudohomoge-
neous model accounting for the kinetics of the surface
reaction, external diffusion, and interparticle diffusion.

Borgwardt (1989) studied the sintering of nascent cal-
cium oxide obtained from thermal decomposition of CaCO;
and Ca(OH), at temperatures above 700 °C; the model
proposed by German and Munir (1976) correlated sintering
kinetics, and lattice diffusion was identified as the mech-
anism of solid transport. Mai and Edgar (1989) analyzed
the surface are evolution of calcium hydroxide during
calcination and sintering at 1275 and 1425 K.

In this work, surface area changes associated with cal-
cium hydroxide dehydration at medium temperatures
(400-500 °C) have been experimentally measured using
solids with different microstructures (commercial product,
S, = 8.3 m%g! and reagent, S, = 18.7 m%g!); the surface
area was observed to vary linearly with the decomposed
fraction, which can be described by a pseudohomogeneous
kinetic model.

Calcium oxide, S, = 46 m2g, obtained by decompo-
sition of commercial calcium hydroxide at 450 °C for 30
min, was used in the sintering study.

The initial rates of sintering corresponding to experi-
ments performed between 500 and 900 °C allow the es-
timation of the quantitative surface area decrease when
it is utilized as the sorbent reagent in flue gas desulfuri-
zation processes. From the fundamentals at a sufficiently
high temperature, a system of solid particles undergoes a
spontaneous process to become more compact, in which
the surface area and the total volume decrease. The
singering process may occur rather far below the melting
point of the system (mp of CaO = 2500 °C). The initial
stage of the sintering occurs when the connecting necks
between the particles that touched at single points begin
to grow. Further, pores are closed between the particles
and have a tendency to shrink. Complete disappearance
of pores is a lengthy process, and the final stages of sin-
tering may be complicated by recrystallization.

Many efforts have been directed toward the kinetic

description of sintering based on analytical expressions of
the mass flux, which occurs between sites with positive and
negative curvature. Discrepancies between the theory and
the experimental results have led to the development of
sintering models, in which diffusion of vacancies from
places with a negative surface curvature toward the particle
center is the controlling process (Sestak, 1984).

Under the consideration that the driving force for sin-
tering is the excess surface energy over some value that
would be finally attained at the temperature considered
and as surface energy is proportional to surface area,
Nicholson (1965) proposed the following sintering model:

dS/dt = -Kp(S - 8p 0y

where K1 is a constant depending on the temperature and
S; is the surface area finally attained. Some experimental
results available on the change of surface area with time
during the sintering of some oxides (MgO, Fe,0,) fit eq
1 well when a reasonable choice of S; was made (Nicholson,
1965). Previous investigations have indicated second-order
kinetics (Bortz et al., 1986; Silcox et al., 1986; Cole et al.,
1986; Mai and Edgar, 1989) for calcium oxide sintering.

Empirical relations between S and ¢ are also found in
the literature (Gregg et al., 19855):

dS/dt = -K St™ (2)
where 0 < n < 1.0.
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German and Munir (1976) formulated a standard two-
sphere model of sintering particles to develop a kinetic
relationship for surface area reduction. This model as-
sumes that the grains have an initial spherical shape with
multiple points of contact between adjacent grains. As
sintering begins, a connecting neck forms at each point of
contact and grows in diameter as matter is transported to
the neck region under the influence of its curvature gra-
dient. The transport necessary for neck growth occurs by
one of four possible mechanisms. The specific surface area
is reduced by an amount proportional to the neck diameter
and the number of initial contact points between grains.
The following generalized expression was derived for this

process:
Sy - S\
S = Klt (3)
0

where S, is the initial specific surface area, S is the specific
surface area at time ¢, and K; includes the diffusion
coefficient (a function of temperature), surface tension, and
other constants. The exponent vy, has unique values for
the different transport mechanisms, which are as follows:
plastic flow, vg = 1.1; lattice diffusion, yg = 2.7; grain
boundary diffusion, vg = 3.3; and surface diffusion, vg =
3.5.

The assumptions on which eq 3 is formulated are valid
to a 50% reduction in surface area, at which neck overlap
occurs and other surface reduction processes may become
dominant. The exponent is also slightly dependent on the
grain coordination number, which may change with par-
ticle density. This model has been successfully applied
to describe isothermal sintering kinetics of Al,O;, ZnO,
Fe, 04, TiO,, and, recently, nascent calcium oxide (Borg-
wardt, 1989); in most cases, the transport mechanism de-
duced from the evaluation of vg is in agreement with the
mechanism established by other experimental methods.

Experimental Section

Two different types of solids with different structural
characteristics have been used to analyze the evolution of
surface area when the solid is thermally treated: com-
mercial calcium hydroxide, Dolomitas del Norte, S.A., S,
= 8.3 m%g%; and calcium hydroxide reagent obtained in
the laboratory, Sy ~ 18.7 m%g™.

The experimental setup consists of a tubular reactor
made of quartz located inside an electric oven and provided
with downflow circulation of a preheated gas and heating
rate control by a thermocouple situated in the middle of
the reactor.

Extrapure nitrogen (>99.99%) after water saturation at
T =288K, p, = 1.683 X 102 atm, T = 293 K, p,, = 2.307
X 1072 atm, and T' = 298 K, p,, = 3.126 X 1072 atm was
preheated at the temperature of the experiment and was
passed through the reactor at 50 mL-min™,

The experimental system was checked with 1.25 g of
inert silica for control purposes to establish the tempera-
ture 1(:l:l K), showing a maximum heating rate of 50 K-
min?,

Experiments were performed with a 1.25-g sample (1 g
of inert silica; 0.25 g of calcium hydroxide). No weight loss
nor specific surface area change was observed for tem-
peratures below 623 K, in the experimental range of partial
pressure of water of 1.683 X 1072 atm < p,, < 3.126 X 102
atm. Working with a maximum heating rate of 50 K-min,
the heating period was subtracted from the reaction time,
being ¢ = 0 when the temperature reached 623 K.

After conclusion of the prescribed period, the reactor
was cooled to 373 K and the sample was withdrawn, cooled
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Figure 1. Surface area-temperature evolution for commercial Ca-
(OH), dehydration during 30 min.

under inert atmosphere, weighted, and transferred (in-
cluding inert silica, S < 0.2 m%g!) to a BET flask for
surface area analysis carried out by nitrogen adsorption
at 77 K using the standard BET method. Further details
are given elsewhere (Viguri, 1989).

Kinetics and Modeling

Some preliminary experiments were carried out to an-
alyze the evolution of surface area with temperature in the
thermal decomposition of calcium hydroxide at p,, = 2.307
X 1072 atm. A constant heating time of 30 min was used
in the range between 673 and 1073 K; the results plotted
in Figure 1 were obtained. Similar results were reported
by Feugier (1986) for the variation of the specific surface
area during calcination of Ca(OH),, CaCO4, MgCOj,, and
CaCQ,, simulating their behavior when they were utilized
as solid sorbents for sulfur recovery during fluidized bed
combustion.

The maximum observed in the curve of Figure 1 was
attributed to the lumping between two different phenom-
ena: (i) surface area generation during dehydration of
calcium hydroxide to give a highly porous calcium oxide
and (ii) surface area reduction due to sintering. The
heating time also had an influence on the maximum value
of the surface area attained; therefore, the heated samples
reached a defined specific surface area depending on the
thermal treatment.

From these results, it was concluded that it was neces-
sary to analyze the increase of surface area due to the
dehydration of Ca(OH), and the decrease in surface area
due to sintering phenomena:

W
A

B
dehydration sintering

Kinetic Modeling of the Surface Area Generation.
The influence of the partial pressure of water was checked
in the experiments performed with high surface calcium
hydroxide at 698 K, p,, = 3.126 X 1072 atm, and p,, = 1.683
X 1072 atm, leading to the experimental values shown in
Table 1.

The influence of the temperature in the surface area
generation was studied in experiments performed at 683
and 713 K under constant conditions of an intermediate

Bg (4)

Table I. Influence of the Partial Pressure of Water in
Experiments with High Surface Area Calcium Hydroxide
at 698 K

Pw = 3.126 X 1072 atm Dy = 1.683 X 1072 atm

time, min  loss of wt, % S, m%g! lossof wt, % S, m%g’
5 0.59 194 0.75 18.3
10 3.61 19.8 5.05 21.8
15 7.12 22.5 8.23 26.8
20 14.1 30.4 15.3 34.4

Table II. Experiments Performed at Different
Temperatures and Constant Partial Pressure of Water
(pw = 2.307 X 1072 atm)

T =683 K T=713K
time, min  loss of wt, % S, m%g? lossof wt, % S, m>g"
5 0.096 17.8 1.05 19.3
10 2.36 19.5 4.22 21.1
15 5.87 23.9 10.14 26.9
20 11.96 30.0 13.4 29.1
25 15.62 33.8
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Figure 2. Surface area-weight loss evolution for Ca(OH), reagent.
1.683 X 1072 attm < p,, < 3.126 X 1072 atm; (O) T = 410 °C; (@) T
=425 °C; () T = 440 °C.

partial pressure of water vapor, p,, = 2.307 X 102 atm. The
results are shown in Tabie 11

The partial pressure of water vapor and the temperature
strongly modify the evolution surface area—time during
dehydration but do not show any influence on the surface
area—weight loss relationship in the temperature range 673
K = T <773 K and partial pressure of water vapor range
1.683 X 102 atm < p, < 3.126 X 102 atm investigated in
this work, as is shown in Figure 2.

The experimental results for the surface area evolution
when commercial calcium hydroxide is treated at 683, 698,
and 713 K and p,, = 2.307 X 1072 atm are presented in
Figure 3.

An initial zone up to 5% weight loss is observed in
Figure 3, with a nonlinear relationship between specific
surface area and weight loss (AW) changing to a straight
line at higher values of AW. The presence of the former
nonlinear zone has been explained through the coexistence
of two different mechanisms corresponding to solid de-
composition and recrystallization of the formed crystallites.
When the decomposition degree is low, recrystallization
is assumed to be the controlling phenomenon in which
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Figure 3. Surface area-weight loss evolution for commercial Ca(O-
H),. (0) T = 410 °C; (@) T = 425 °C; (D) T = 440 °C; p,, = 2. 357
X 1072 atm.

Table III. Parameters of the Linear Relationship between
S and (wy - w)/w,, Equation 5

product a, m2g b, m%g!
commercial Ca(OH), 0.106 197.45
high surface Ca(OH), 17.45 98.89

there is not a significant variation in surface area, whereas
at higher degrees of decomposition this stage controls the
global process, resulting in an evolution of the surface area
proportional to the lost water during the dehydration.

A linear model given by eq 5 is able to describe the linear
relationship between specific surface area and loss of water:

Wo— W (5)

S=a+b
Wo

Linear regression fitting of the experimental results for
commercial calcium hydroxide, (wy — w)/wy > 0.05 and the
high surface area calcium hydroxide according to eq 5,
leads to the fitting parameters given in Table III.

From the observation of these results, it is possible to
conclude that surface area generation during dehydration
at low temperatures T < 773 K and medium humidity
1.68-3.12% depends mainly on the characteristics of the
initial calcium hydroxide and dehydration conversion. An
initial activation step seems to be necessary for calcium
hydroxide of low specific surface area (commercial) that
has not been found in high surface area calcium hydroxide
dehydration.

In order to describe the surface area generation during
dehydration, conversion-time evolution should be de-
scribed by the dehydration kinetic model previously de-
veloped, eq 6 (Irabien et al., 1990), where the coupling
between mass transfer and the kinetic equation needs to
be solved for the laboratory or industrial conditions:

dx/dt = Kg, exp(-E,/RT)S,(1 -
x)[p*, exp(-AH /RT) - p,] (6)

Therefore, it can be concluded that in the case where
sintering during dehydration is negligible, thus, at tem-
peratures below 773 K, the specific surface area of the
dehydrated product can be described by eq 5, where fitting
parameters depend on the characteristics of the initial
calcium hydroxide.
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Table IV. Initial Rate of Surface Area Decrease during
Sintering

T,K 873 973 1073 1173
-rgg, m*glmin™! 1915 3.014 3.677 4.276

Table V. Parameters of the Fitting of Experimental Data
at 873 and 973 K to Equation 8

kinetic parameters

T, °C ¢ d f std dev, ¢
600 0.061 1.741 0.188 2.73
700 0.661 3.060 0.152 2.26

Table VI. Parameters of the Fitting of Experimental Data
to the Model of German and Munir, Equation 9, for
AS/8, < 55%

T, °C s 10%K; 2
500-600 2.92 1.86 0.92
700 3.64 5.19 0.91

Sintering Modeling. Sintering experiments were
performed with completely dehydrated calcium hydroxide
(30 min, 723 K) of high surface area (S ~ 46 m%g™) in the
previously described setup working at temperatures be-
tween 773 and 1073 K and at a partial pressure of water
vapor p,, = 2.307 X 1072 atm since sintering was not sen-
sitive to this variable in the researched range: 1.683 X 1072
atm < p, < 3.126 X 1072 atm.

Experimental surface area—time data are shown in Fig-
ures 4 and 5 distinguishing two different zones: the first
one at short heating times with a sharp decrease in surface
area and the second one at longer times with a slight
variation in surface area.

A first approach to calculate the initial rate of surface
area loss in the researched range of temperatures was made
by evaluating the initial rate values, Table IV, which
changed under the studied conditions from 1.9 to 4.2
m2glmin™!. The influence on the degree of desulfuriza-
tion of this loss in surface area depends very much on the
rate of the sulfation reaction between SO, gas and the
calcined CaO solid.

For the kinetic analysis of sintering, a general model that
accounted for the considerations reported in the literature
(Nicholson, 1965; Ranade and Harrison, 1979 Gregg et al.,
1955; Sestak, 1984) was analyzed at first

dS/dt = -KgS™t™ (7
and after integration
¢ = S - dtf (8)

where S and S are the surface areas at t = ¢t and t = 0,
respectively, and the constants ¢, d, and f are related to
the parameters of eq 7 through the expressions

c=1-m
d=Kg(l-m/1-n)
f=1-n

Nonlinear regression fitting based on the Marquardt
optimization subroutine of the experimental data to eq 8
gave the parameters of Table V for the experiments carried
out at 873 and 973 K, but poor fittings were obtained with
experimental data at 1073 and 1173 K.

In the particular case where m = 0, eq 7 takes the form
of the model proposed by German and Munir (1976)

S/Sy=1- kl/vsti/vs 9
A plot of In (1 - S§/S) vs In t is shown in Figure 6.

Linear regression fitting of the data for surface reduction
less than 55% leads to the parameters of Table VI and for
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Figure 4. Decrease in surface area as a result of sintering at long
times. (0) T = 500 °C; (@) T"= 600 °C; (0) T = 700 °C; (@) T = 800
°C; (a) T = 900 °C.

Table VII. Parameters of the Fitting of Experimental Data
to the Model of German and Munir, Equation 9, for
AS/8, 2 55%

T, °C s K, 2
500-600 22.2 412 X 10° 0.72
700 23.8 7.30 X 10 0.90
800 24.4 2.96 X 1074 0.95
900 30.3 6.34 X 10" 0.99

Table VIII. Summary of the Kinetic Expressions for
Sintering

kinetic model

kinetic
T, K S > 0.458, S < 0.458, parameters
773-873 S = Sy{1 - K;V/stt/7] S=h+jt K; =186 x 103
vg = 2.92
h = 19.09
j=21x1073
973 S = Sy{1-Ki/stivs) S=h+jt K =519 X 1073
vs = 3.64
h = 11.04
j=-2.2 % 1073
1073 S=h+jt n=478
j=-22x 103
1173 S=h+jt h=425
] =49.5 x10°°

surface reduction higher than 55% to parameters of Table
VII. In the first case, a mean value of vg = 3.28 + 0.36
can be considered for identifying grain boundary diffusion
as the mechanism of solid transport, but for AS/S, = 55%
the obtained values of vg are very high (mean value vg =
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Figure 5. Decrease in surface area as a result of sintering at short
times. (0) T = 500 °C; (@) T = 600 °C; () T = 700 °C; (w) 7' = 800
°C; (a) T = 900 °C.
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Figure 6. In (1-S/S) vsInt. (0) T =600 °C; (®) T = 700 °C;
(o) T =800 °C; m) T = 900 °C.

25.2 + 5) as a result of the interaction between close necks
at large times of sintering, which on the other hand is in
good agreement with the restrictions of the model of
German and Munir.

Table IX. Experimental and Simulated Specific Surface Area Data for Sintering

at 873 K at 973 K at 1073 K at 1173 K
¢, min exptl sim exptl sim exptl sim exptl sim
5 36.6 33.5 30.7 26.14
10 34.0 32.1 27.2 25.1 9.2 4.8 4.0 3.75
15 33.9 30.9 23.7 23.7 8.5 4.75 31 3.2
30 27.5 29.5 22,0 22.1 9.3 4.7 2.3 2.8
60 25.2 26.8 16.8 18.4 6.5 4.6 1.45 1.28
240 18.3 21.8 10.6 13.2 4.9 4.2
480 18.1 189 10.2 10.5 3.4 3.7
960 17.6 15.8 8.2 7.1 2.5 2.8
1020 16.5 15.0 8.0 7.2 14 2.5
1440 15.7 13.9 8.2 6.1 2.3 1.6



An empirical linear model correlating the specific surface
area data at long heating times was taken. Table VIII
summarizes the kinetic expressions and parameters de-
scribing the evolution of surface area loss when an initial
calcium oxide with S ~ 46 m2g! is thermally treated at
temperatures in the range 773-1173 K, and in Table IX
a good agreement of the experimental and simulated data
employing the kinetic expressions of Table VIII is ob-
served, thus checking the validity of the reported kinetic
expressions in order to describe the loss in surface area of
calcium oxide due to sintering phenomena.

Conclusions

Structural changes in the solid sorbent used in dry de-
sulfurization processes are related to the yield of the
gas—solid reactions. If calcium hydroxide is used as the
solid sorbent, three different phenomena are associated
with the change in surface area: first, a surface area gen-
eration depending on the dehydration reaction to give a
highly porous calcium oxide; second, a surface area re-
duction due to sintering; and third, the surface change due
to the sulfation reaction.

The coupling between surface area generation and sin-
tering can only be solved at temperatures below 773 K.
The dehydration resuits of this work obtained under
constant partial pressure of water for commercial calcium
hydroxide (S, =~ 8.3 m%g™) and high surface calcium hy-
droxide (S; =~ 18.7 m2g!) indicate that surface area gen-
eration can be fitted by a linear equation (eq 5) but pa-
rameters depend strongly on the initial calcium hydroxide.

Borgwardt (1989) evaluated the surface area of nascent
calcium oxide obtained from different precursors after 5
min of dehydration at 700 °C in pure nitrogen, obtaining
an experimental value of 76.7 m%g. The difference be-
tween 76.7 m2g™! (Borgwardt, 1989) and 46 m2g™! obtained
in this work may be attributed to the influence of the
partial pressure of water vapor in the characteristics of
calcium oxide and/or to the influence of the starting
material.

An estimation of the quantitative meaning of sintering
has been performed by evaluating the initial rates of
surface decrease in experiments between 873 and 1073 K,
obtaining the values 1.9 m%g lmin™ < (-dS/dt), < 4.2
m2gmin!, which demonstrate the coupling between
surface generation by dehydration and surface decrease
by sintering at temperatures above 773 K.

The model reported by German and Munir (1976) and
applied previously by Borgwardt (1989) satisfactorily
correlated experimental data of completely dehydrated
commercial calcium hydroxide (S ~ 46 m2g™) at defined
values of the partial pressure of water, 1.683 X 102 atm
< p, < 3.126 X 1072 atm, when AS/S, < 55%, obtaining
a mean value of the parameter vg = 3.28 £ 0.36, thus
identifying grain boundary diffusion as the mechanism of
solid transport.

An empirical model where the surface area is directly
proportional to the heating time correlated the experi-
mental results of surface reduction higher than 55%.
Simulated curves utilizing the kinetic expressions and
reported parameters show good agreement with the ex-
perimental data.

The results of this work allow the practical application
of surface generation and surface reduction models to
desulfurization conditions, where partial pressure of water
is not negligible.

Further research on the surface generation and surface
decreasing processes at higher and lower partial pressures
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of water is now under development.
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Nomenclature

a, b: empirical parameters defined by eq 5

A: refers to the reagent, calcium hydroxide

B: refers to the product, calcium oxide

¢, d, f: parameters defined by eq 8

Eg: energy of activation of sintering, cal-mol™

K;: sintering rate constant in an inert atmosphere, eq 3, t!

Kg: rate constant, eq 8, min™!

K. temperature-dependent constant, eq 1

m, n: empirical parameters, eq 7 and eq 2

Dy. water vapor pressure at equilibrium, atm

-rg:  surface area referring to the dehydration rate, mol-
mlmin’!

S: specific surface area, m%g!

t: time

T: temperature

W: weight fraction

x: dehydration conversion

Greek Letters
vg: mechanism-dependent exponent defined by eq 3
Registry No. Ca(OH),, 1305-62-0; Ca0O, 1305-78-8.
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