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ABSTRACT

The reaction between sulfur dioxide and calcium oxide, pertaining to atmospheric flui-
dized bed combustion, was investigated using thermogravimetric analysis, IR spectroscopy
and X-ray powder diffraction, at 600-900 ° C and with SO, concentrations of 0.1-0.9% in N,.
The reaction was observed to have a non-zero SO, reaction order, and in general the rate of
reaction decreased with increasing temperature; CaSO,, CaSO; and CaS were identified as
reaction products, and a consecutive reaction mechanism is proposed with CaSO; as a key
intermediate.

INTRODUCTION

The application of calcium-based sorbents, such as limestone or dolomite,
in fluidized bed coal combustion to reduce sulfur dioxide emissions is a well
established technique. In this case the calcium introduced into the fluidized
bed boiler is in the form of calcium carbonate (CaCO,). Within the tempera-
ture range of interest, 700-950° C, the carbonate is rapidly calcined to the
porous oxide (Ca0O), which can subsequently react with SO, to form calcium
sulfate (CaSO,).

Numerous experimental studies in laboratory-sized reactors have been
undertaken, examining the sulfation reaction under varying oxidizing condi-
tions pertaining to the fluidized bed boiler environment [1-6]. It has been
suggested that a possible mechanism in the sulfation reaction could be SO,
interaction with CaO, as described in eqn. (1), followed by a subsequent
disproportionation of CaSO, as in eqn. (2) [4,5]. The CaS fraction formed in
eqn. (2) can then readily be oxidized to give additional CaSO,

CaO(s) + SO, (g) = CaSO0;(s) (1)
4CaS0,(s) = 3CaSO,(s) + CaS(s) (2)

Further experiments, specifically directed at studying the reactions of eqns.
(1) and (2), have so far been restricted to using crystalline CaSO; samples
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[7-11] and relatively high SO, concentrations [12,13] at temperatures often
outside those relevant to fluidized bed combustion. Consequently, the pur-
pose of this investigation was to study the interaction of SO, and CaO with
a view to verifying the possible occurrence of reactions (1) and (2) at
conditions more appropriate to the fluidized bed application.

EXPERIMENTAL

Reagent grade CaCO,; (Merck, 99%) with particle sizes ranging from
10-50 pm was used to prepare CaO. High purity sulfur dioxide (2% SO, in
N,), nitrogen and carbon monoxide were employed, and the desired gas
mixtures were obtained by adjusting the appropriate flow rates using pre-
calibrated rotameters. The reaction progress was followed by thermogravi-
metric (TG) analysis (Mettler TA1 apparatus with a middle range quartz
furnace and controlled atmosphere accessory), where the balance housing
was protected by a nitrogen purge during all experiments. A platinum—
platinum, 10% rhodium standard thermocouple was used to measure the
temperature near the reaction site, below a platinum hemispherical crucible
sample holder (diameter 15 mm, depth 10 mm). Samples of CaCO; were
placed centrally in the sample holder for each run. The reaction’s solid
products were analyzed by X-ray powder diffraction (XRD, Huber vertical
Guinier camera 620) and Fourier transform infrared spectroscopy (FTIR,
Mattson Polaris FTIR system) using the KBr-pellet technique. The BET
specific surface area of the calcined sample (CaO) was measured by nitrogen
adsorption as ca. 10 m* g~ ! (Digisorb 2600 apparatus).

Procedure

Calcium oxide (CaO) was prepared by calcining a preweighed sample of
CaCO, under nitrogen (flow rate 200 ml min~' at 25°C) in the TG
apparatus. Heating of the furnace was performed at a rate of 25°C min ™!
up to 850°C, at which temperature virtually complete calcination was
achieved, and the amount of CaQ present in each sample was determined
from the total weight loss measured. At this point the temperature of the
furnace was re-set to the desired sulfation reaction temperature (heating or
cooling rate of 25°C min~!) and, when temperature equilibration was
observed, the atmosphere was changed from nitrogen (previously adjusted to
600 ml min~!) to the reacting gas mixture (600 ml min~') using two
three-way cross valves. The reaction time was 120 min for all experiments.

At the end of the reaction time, a number of samples were allowed to cool
to ambient temperature under nitrogen at an average cooling rate of 100°C
min~'. It should be noted that, to prevent further product formation, any
traces of SO, remaining in the system were removed by flushing with
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Fig. 1. TG diagram for the experiment at 600° C with 0.3% SO, (N, making up the balance):
A, calcination step, B, reaction between SO, and CaO, and C, reduction step using 100% CO.

nitrogen for 1 min before the cooling period. The samples were then
removed from the TG apparatus and degassed at a pressure of ca. 107¢ atm
for 10 min in an evacuation chamber. Subsequently, the evacuation chamber
was filled with nitrogen and the samples were promptly analyzed by FTIR
(KBr pellets pressed at 350 kg cm~?) and XRD.

In other experiments after the 120 min reaction time, the amount of
CaSQ,/CaSO, present could be determined through weight changes (cor-
rected for buoyancy effect) by reducing the products to CaS using 100% CO
(flow rate 200 ml min~!') at a temperature of 850°C (any temperature
adjustment being effected at a heating or cooling rate of 10°C min~'). The
sensitivity of this method was checked by comparing experiments with pro
analysi CaSO,, where the reduction commenced at 760-770°C [14], and
with the products of the reaction obtained at 600°C, where the sulfite
reduction appeared at ca. 610-620°C.

RESULTS

A typical TG diagram, weight /temperature against time, for the experi-
ment carried out at a reaction temperature of 600°C with 0.3% SO, (the
remainder being N,) is shown in Fig. 1. Stage A, characterized by weight
loss, corresponds to the calcination of CaCO;, stage B relates io the reaction
between SO, and CaO, and stage C shows weight loss through the reduction
of the formed CaSO,/CaSO,. It should be noted that stage C could be
observed as a multistep reduction for the products formed at < 750° C; the
first, low temperature, reduction step presumably accounts for the CaSO,
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Fig. 2. Effect of different sample weights on rate of reaction at 800 °C with 0.3% SO, in N,:
———, 22 mg; , 44 mg; —- -, 66 mg.

conversion [eqn. (3)] and the secondary, higher temperature, reduction step
for the CaSQ, conversion [eqn. (4)].

CaS0,(s) + 3CO(g) = CaS(s) + 3CO,(g) (3)
CaSO0,(s) + 4CO(g) = CaS(s) + 4CO,(g) (4)

For the experiments performed at a reaction temperature > 750°C, it was
evident that only trace amounts of CaSO; existed in the product, and thus in
these cases no clear step-wise reduction was observed.

The TG data reported in Figs. 2, 3 and 4 are in terms of the percent
weight gain, which refers to the weight gain per initial amount of CaO
present in each sample. Although this treatment gives an overall measure of
the reactions taking place, it should be borne in mind that the rates
discussed below refer to a weight gain and not a molecular conversion, since
differing fractions of CaSO,, CaSO, and CaS exist in the products.

The effect of different sample weights on the rate of reaction with 0.3%
SO, in N, at 800°C is illustrated in Fig. 2, where the weights given are in
terms of the CaO present in each sample after calcination. A small effect on
the rate of reaction was observed, with the initial rate slightly greater for
smaller sample weights. This phenomenon appears to be due to mass
transfer resistance, i.e. slower inter-particular SO, penetration through the
large samples to the underlying layers. A standard sample weight of 22 mg
was used for all other experiments.

In Fig. 3, the influence of the SO, concentration in N, on the rate of
reaction at 800°C is presented. The rate was observed to increase succes-
sively with increasing SO, concentration, although for 0.6% and 0.9% SO,
the rates markedly fall off after a comparatively rapid initial reaction. It
seems probable that the initial fast rate of reaction occurs at the outer
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Fig. 3. Effect of SO, concentration on rate of reaction at 800°C: —..—, 0.1% SO,; ,
0.3% SO,; —-—, 0.6% SO,; — — —, 0.9% SO,.

surface and the subsequent slower reaction is due to the slow diffusion of
SO, through the newly formed product layer.

The effect of temperature on the rate of reaction with 0.3% SO, in N, is
shown in Fig. 4. The fastest rate was observed at 650°C and, in general,
increasing the temperature corresponded to a decrease in the rate (see
Discussion section).

IR spectra

In Fig. 5, traces B—E show IR spectra obtained from similar experiments
with 0.3% SO, in N,, while trace A represents the spectrum of calcined
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Fig. 4. Effect of temperature on rate of reaction with 0.3% SO, in N,: - — —, 600°C; —p»—,
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Fig. 5. IR spectra (wavenumbers in cm™!) of calcined CaCO; (A) and of the products from

experiments with 0.3% SO, in N,: B, at 600°C; C, at 700°C; D, at 800°C; E, at 900°C.
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CaCO, prior to sulfation. The broad band at 32003800 cm ! of traces A—E
is due to H,O, which was incorporated into the KBr pellet matrix material,
and the sharp band at 3650 cm ™' (traces A and E) would appear to be a
result of Ca(OH), [15] formed during sample preparation. In addition,
despite TG weight stabilization to that expected for complete calcination,
spectrum A also shows a band characteristic of residual CO;~, at 1400
cm ™!, which could possibly originate from the adsorption of CO, from the
air during the IR analysis. Trace B shows the spectrum of the product from
the experiment run at 600 ° C. The strong bands between 900-974 cm™!, 657
cm™! and 495 cm™! are characteristic for SO~ (CaSO;) and the additional
bands observed at 1090-1140 cm ™! correspond to SO2~ frequencies (CaSO,)
[15-18]. Trace C shows the IR spectrum of the product formed at 700°C. In
comparison to trace B, a decrease in intensity of the 972 cm ™' sulfite band
and several subtle changes in the 600-700 cm ™! region of the spectrum are
observed, together with more intense sulfate bands at 1090, 1140, 595, 612
and 676 cm ™. This tendency of weakened sulfite and strengthened sulfate
band frequencies with increased reaction temperature is also reflected in
trace D. In trace E (reaction at 900 ° C) the sulfite bands are absent and the
spectrum is consistent with a CaSO, product. Interestingly, the OH band at
3650 cm ™! originating from Ca(OH), reappears in trace E, which suggests
the presence of some unreacted CaO and thus a relatively slow reaction at
this temperature.

Table 1 summarizes the principal results of the analyses (TG, XRD and
FTIR) and the experimental scope of this investigation. In general, con-
sistent product identifications for each experiment were obtained. It should
be noted that XRD analyses allow the detection of all possible Ca species,
whereas only CaSO,, CaSO, and Ca(OH), could be seen with FTIR (over

TABLE 1
Summary of experimental results as determined by TG, XRD and FTIR

SO, Temper- Sulfur distribution deter- Phase identification

(%) ature mined by TG (mol%)

O CaSO, CasO, CaS XRD FTIR
03 600 13 18 0 CaSO,, CaSO,, CaO _ CaSO,, CaSO,
03 650 21 15 0
03 700 32 2 7 CaSO,, CaS, CaO CaSO0,, CaSO,
03 750 34 0 1
03 800 32 0 10 CaSO,, CaS, CaO CaS0,, CaS0,
03 850 16 0 2
03 900 7 0 0  CaSO,, CaO, Ca(OH), CaSO,, Ca(OH),
01 800 9 0 0o - -
0.6 800 £ 0 1n - -
09 800 44 0 7 CaSO,, CaS, CaO CaSO,, CaSO,
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the frequency range of this study). The latter, however, has a greater
sensitivity, and thus the CaSO,; present in the product at 700 and 800°C
was observed only by FTIR and could not be inferred from TG or XRD.

DISCUSSION

As indicated by Fig. 2, the experiments conducted appear to be subject to
mass transfer resistance, and thus a detailed kinetic study of this reaction
system was not possible. Although temperature influences this effect slightly,
the identical sample weights and gas flow rates used do, however, allow
some qualitative comparison between the reaction rates to be made.

A reasonable interpretation of the results can be accounted for by
assuming a consecutive reaction mechanism consisting of eqns. (1) and (2),
with CaSO, as the key intermediate. From thermodynamic data [19] both
steps are exothermic up to at least 750 ° C [20], while the magnitude of the
Gibbs free energy change (proportional to the logarithm of the equilibrium
constant, AG = —RT In K) of the disproportionation (eqn. (2)) decreases
somewhat more slowly with increasing temperature than that for the sulfa-
tion [21]. That is,
dK,(T) _dK,(T)

ar =~ T dT

over the temperature range of interest. To avoid complications with frac-
tional reaction orders we consider the simplified consecutive mechanism

ki ks
ReXeP

koy ko,
where reactant R progresses through the intermediate X and then on to
product P. The corresponding equilibrium constants can be expressed in
terms of the elementary rate coefficients as follows

ki(T) ky(T)

K(T)=+—=, K\(T)=+———=

1( ) k_l(T) 2( ) k_2(T)
By invoking a steady-state assumption on the formation rate of the inter-
mediate X, we easily obtain the rate of product appearance

7 [P = = 5 R] = 7 (kakalR] = k_yk [P])
k_, 2 K,
= LK)k F (KK (Kl [R] - E[P])
k_, 2 K,
= 6Kk + (K/K,) (K2 (R] - E[P])
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In the limit of high temperature such that K,/K, becomes vanishingly
small, this rate becomes

K d
T—>oo=>7<—l——>0=>a[P] -k, [R]

Similarly, in the low temperature asymptote, the initial step is also rate
determining at short times

K
T-0= 2 0= 5P =k [R]
At both these limits the elementary rate coefficient, and hence the overall
rate, will increase with temperature. In the intermediate regime, however,
there exists a temperature T* such that the ratio of equilibrium constants is
unity, i.e. K, =K, = K, say. Here we have
K K

at short times, where it is assumed that no product P is initially present. The
additional factor is manifestly less than unity, and is particularly small if
k, > k,, when the second step controls the overall rate. Under such cir-
cumstances, the overall rate will pass through a maximum about the temper-
ature T*. The observed temperature characteristic of the CaSO, production
rate in the CaO-SO, system is consistent with this simplified model where
we can specify the transition temperature 7% in the range 600-700°C.
Furthermore, calculations from thermodynamic tables indicate also that
K,/K, = 0.7 at 1000 K [19].

Further support for the proposed mechanism is evident from the experi-
ments conducted with varying SO, concentrations. Fig. 3 is clearly indicative
of a non-zero SO, reaction order, and a simultaneous strengthening of the
sulfite bands was observed in the FTIR spectra with increased SO, con-
centrations (0.3-0.9%). A detailed account of the kinetics, however, would
require a more sophisticated mechanism than that proposed above, where
for example, the heterogeneous surface reaction (eqn. (1)) and subsequent
migration of products by homogeneous disproportionation (eqn. (2)) through
the CaO particle are considered explicitly in terms of active surface sites.

For the most part, the sulfur species distribution in Table 1 is in
accordance with the consecutive mechanism of eqns. (1) and (2). Reaction
(1) predominates at low temperatures but reaction (2) becomes increasingly
important at higher temperatures, and thus a build-up of CaSO, and CaS
occurs at the expense of CaSO, with increasing temperature. Since eqn. (1),
and hence CaSO, formation, is limited at elevated temperatures, however,
CaSO, and CaS production via reaction (2) also subsequently falls. In
addition, the disproportionation of CaSO, (eqn. (2)) is known to begin at ca.
660—-680°C in an inert atmosphere [8,10], which could account for the
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absence of CaS at 600-650° C (Table 1). Interestingly the CaSO,: CaS mole
ratios reported in Table 1 are not constant, as would be expected on the
basis of the mechanism of only eqns. (1) and (2). The absence of CaS at high
temperatures can possibly be attributed to its oxidation by SO, as in eqn. (5)
[12], while at temperatures < 700°C the oxidation of CaSO; (eqn. (6)) is
believed to predominate over the disproportionation reaction (1) [12,22].

CaS(s) + 250, (g) = CaSO,(s) + S,(g) (5)
2CaS0,(s) + SO, (g) = 2CaS0,(s) + 1S,(g) (6)

The elemental sulfur product, however, as predicted by eqns. (5) and (6),
was not detected, either visually or by XRD, in the present study.

Although oxidizing, reducing and inert environments are inherent in
fluidized bed combustion, it should be stressed that this study has been
restricted to examining the reaction of CaO and SO, under inert conditions.
According to previous investigations, the presence of oxygen would allow
the formation of CaSQO,, while reducing conditions (CO) would lead to
solely CaS as the Ca-containing species. In the present investigation, the
results clearly suggest the existence of a CaSO, intermediate via eqn. (1), but
the question remains as to whether this primary reaction is prevalent under
all fluidized bed combustion conditions. Some support for this proposal may
lie in the temperature dependence of SO, removal found in operating boilers
[23], which is consistent with that observed in the present study.
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