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In sorbent-flue-gas reactions, porous CaO sorbent particles 
are used to capture SO, by formation of CaSO,. The overall 
reaction can be expressed by reaction 1: 

Because of the large molar volume of CaSO,, the internal 
surface area which is originally available for reaction dimin- 
ishes as CaSO, forms. Formation of CaSO, on CaO has a 
twofold effect. First, CaSO, covers the fresh CaO surface and 
blocks the passage between CaO and the gas. Secondly, volu- 
metric expansion upon conversion results in plugging of the 
pores in the CaO. Subsequently, the passages between the 
sorbent and the flue gas are blocked. For these reasons, CaO 
sorbents become “deactivated” and the rate of sorbent sulfa- 
tion decreases. Once the CaSO, layer forms, further sorbent 
sulfation is believed to be controlled by the product layer dif- 
fusion process (Borgwardt et al., 1987). It has been suggested 
that the product layer diffusion occurs by gaseous diffusion 
(Simons and Garrnan, 1976) and by ionic diffusion (Bhatia 
and Perlmutter, 1981). 

In examining ionic diffusion mechanisms through the 
CaSO, product layer by marker experiments, Hsia et al. 
(1993) found that the inert platinum markers were embedded 
between CaO and CaSO,. They concluded that the product 
layer thickens by the outward growth mode in which Ca2+ 
and 0’- ions diffuse in a coupled manner from the inner 
CaO/CaSO, interface to the outer CaSO,/gas interface. At 
the CaSOJgas interface, the sulfation reaction takes place as 
follows: 

1 

2 
Ca2+ +o’- + -0, +SO, = CaSO, ( 2 )  

From crystal structure considerations, they further suggested 
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that it is unlikely to have significant SO:- ion diffusion 
through the CaSO, layer. 

In the inert marker experiment, because of not participat- 
ing in the reaction, the markers should always reside on the 
interface where the ions with higher diffusivity are generated. 
Therefore the opposite interface, where the slower ions are 
formed, should become the sulfation site. On the other hand, 
the present work uses a “two-stage” sulfation technique to 
determine the growth mode of CaSO,. As to be explained 
later, the location enriched with isotope 34S will be the site 
for sulfation reaction described in Eq. 1. In fact, 34S can be 
viewed as a “reactive”marker which will reside on the sulfa- 
tion site. Nevertheless, it is not called this way .to avoid con- 
fusion with the inert marker technique. These two experi- 
ments are to be regarded complementary in the sense that, 
for the same reaction, location of the inert and the reactive 
markers should always be on the opposite sides of the prod- 
uct layer. Based on this understanding, results obtained from 
the present sulfation experiments can be correlated with the 
previous work (Hsia et al., 1993) and, additionally, compared 
with ionic diffusion in crystals of similar structure. 

Experimental Studies 
The “two-stage’’ reaction technique is often used in studies 

of gas-solid reactions, such as in metal oxidation (Atkinson 
and Smart, 1988; Moon, 1990) and metal sulfidation (Gile- 
wicz-Wolter, 1990). Initially, in a two-stage reaction, the solid 
is reacted with the first gaseous oxidant at a fixed tempera- 
ture for a given period of time. After the first period of reac- 
tion is terminated, the second gaseous oxidant, an isotope 
of the first oxidant, replaces the first oxidant and reacts for 
another period of time. At the end of the two-stage reac- 
tion, the solid is generally analyzed in a secondary ion mass 
spectrometer (SIMS). If the reaction is controlled by solid 
state diffusion, the growth mode of the product layer can be 
identified by the relative concentrations of oxidants in the 
product. 
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Figure 1. Concentration profiles. 
(a) Inward growth mode; the MX* layer is found next to the solid/solid interface; (b) mixed growth mode; one additional interface is 
present, the MX* layer is sandwiched between two MX layers; (c) outward growth mode; the MX* layer is found next to the gas/solid 
interface. 

In the SIMS analysis, the specimen surface is bombarded 
with an ion beam of high speed. Upon bombardment (or 
sputtering), the elements on the specimen are ionized and 
are directed toward a mass spectrometer. Normally, if the 
sputtering rate ( pm/s) is known, by measuring the sputtering 
time, the concentration profile of the specimen can be ob- 
tained. Suppose that, in the two-stage reaction, oxidant X is 
used first and followed by its isotope X*. When the solid is 
denoted by M and the reaction product by MX, the concen- 
tration profiles of X* in the inward, mixed and outward 
growth modes should resemble those shown in Figure 1. 

In Figure 1, arrows are used to indicate the directions of 
ionic transport. The origin of an arrow represents the supply 
of ionic species while the arrowhead points to, in the present 
study, the sulfation site. Figure l a  shows the inward growth 
mode in which the ion generated at the gas/solid interface 
has a higher mobility than that generated at the solid/solid 
interface; the new product layer MX* thus forms at the 
solid/solid interface. In Figure lc, the reverse is true because 
the ion formed at the solid/solid interface has a higher mo- 
bility than that formed at the gas/solid interface; therefore, 
an outward growth mode is observed. In Figure lb, assuming 
comparable rates of the two modes, the MX* layer is shown 
to form between two layers of MX. The relative thicknesses 
of the two MX layers will depend on the relative rates of two 
competing ionic diffusion modes. Figures l a  and l c  represent 
the two limiting cases while Figure l b  is the general case. 
Schematic concentration Drofiles of X* in these three cases 
are also drawn corresponding to the growth modes. There- 
fore, by sputtering the specimen surface and obtaining the 
concentration profile, the growth mode of the product layer 
can be identified. 

In this work, a two-stage sulfation experiment using 32S02 
and ''S0, was performed. Pure CaO powder (Aldrich chem., 
99.95%) was pressed into tablets and subsequently sintered 
in air at 1,400"C for 24 h. The sintered CaO tablets appear- 

ing white in color were placed on a platinum foil. The foil 
was then placed on an A,O, boat and pushed into the mul- 
lite tube. Figure 2 shows the experimental setup in the 
present work. 

For the first stage of sulfation, at 1,3OO"C, 5,000 ppm 
32S02/air mixture was passed into the mullite tube and circu- 
lated out through the bubbler continuously. This stage lasted 
for 14 days. When the first stage was terminated, the tablets 
were removed from the furnace and examined. The tablets 
appeared slightly yellowish, which is believed to be due to the 
CaSO, formation. Tablets were then again placed on the 
platinum foil and pushed into the mullite tube for the second 
stage sulfation. At the beginning of the second stage sulfa- 
tion, 5,000 ppm ,*SO,/air mixture was first used during the 
heating period. As soon as the tube temperature reached 
1,300"C, the mechanical pump was turned on and the pres- 
sure in the tube was reduced immediately. The required 
pumping time was within 20 s since the experimental system 
was relatively small. Upon the completion of the evacuation, 
isotope gas 75%34S02-25%32S0, was introduced into the 
mullite tube. Appropriate amount of air was also introduced 
into the tube such that the total SO, concentration was 
roughly 5,000 ppm. The second stage sulfation lasted for three 
days. The SIMS analysis was performed by Microelectronics 
Center in North Carolina. 

Results and Discussion 
Profilometry traces were performed on a specimen before 

the SIMS analysis. Figures 3 and 4 show that the specimen 
surfaces were very rough. The highest and the lowest points 
on the surface differ by as much as 50 pm. Because of this 
surface roughness, even with a well-known sputtering rate, 
estimation of the concentration profiles in the specimens was 
difficult. Therefore, the concentration profile cannot be ex- 
tracted quantitatively from the present result. The relative 
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Figure 2. Experimental setup. 

concentration (counts/s) as a function of depth (sputter time), 
however, does yield the necessary qualitative information to 
determine the growth mode of CaSO,. 

The SIMS analyses, as given in Figure 5, show that the 
intensity of 34S is the highest at the outer specimen surface. 
From sputter time 0 min to approximately 5.5 min, the 34S 
intensity decreases continuously. After 5.5 min, the intensity 
remains relatively flat up to 113.5 min. Since the 34S intensity 
at the surface is more than one order of magnitude higher 
than that in the remaining portion of the specimen, there is 
definitely an enrichment of 34S at the surface. Generally, the 
ratio between 32S and 34S in naturally occurred sulfur is 22.6. 
In the present analysis, if 1/22.6 is taken as the 34S/32S ratio 
for the flat portion, the 34S/32S ratio at the surface is greater 
than 1/2.26. Consequently, the enrichment of 34S at the sur- 
face, as compared to Figure lc, indicates that CaSO, thick- 
ens following the outward growth mode. The present work 
agrees with the previous work (Hsia et al., 1993) that when 
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Figure 3. Profilometry trace of the sulfated specimen 
with very rough specimen surface. 
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Figure 4. Profilometry trace of the sulfated specimen 
with a very rough surface. 
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Figure 5. SIMS analysis on 34S as a function of sputter 
time. 
The intensity of 34S appears the highest at the specimen 
surface, decreases continuously and remains unchanged af- 
ter about 5.5 min. of sputtering. 
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controlled by solid state diffusion, CaSO, grows by the out- 
ward growth mode. 

CaSO, has a rhombohedra1 structure with a distorted zir- 
con lattice (ZrSiO,) (Wyckoff, 1960). Ca2+ ions are located 
between SO:- ions which are more than twice as large as 
the Ca2+ ions in size. Because of the arrangement, CaZ+ ions 
should be able to move in the channels between the SO:- 
ions as long as the electroneutrality condition is preserved. In 
the previous work, it is proposed that Ca2+ and 02- diffuse 
in a coupled manner from the CaO/CaSO, interface to the 
CaSO,/gas interface when CaSO, thickens. Since cations are 
generally more mobile, a review on the mobility of 02- ion 
in zircon lattices is appropriate. Lu and Steele (1986) mea- 
sured the ionic conductivity of CaO doped BIVO,, which has 
the zircon lattice, and suggested V;. is the main charge car- 
rier. CaWO, has a scheelite structure which is another ver- 
sion of the zircon lattice, that is, more compact and complex 
(Evans, 1964). Nassau and Loiacono (1963) used the words 
“ . . . .a sea of mobile oxygen ions.. . .” to describe the trans- 
port process in CaWO, and suggested V;, and V,. ’ pairs as 
the dominant defects. Gupta and Weirick (1967) measured 
the tracer diffusivity of calcium in CaWO, and drew a similar 
conclusion. On the other hand, Rigdon and Grace (1973) 
proposed the anti-Frenkel pairs V;. and 0: which are the 
dominant defects. Two other crystals, PbMoO, and PbWO,, 
also have the scheelite structure. van Loo (1975) proposed 
that in both of these crystals Schottcky pairs of V&, and V; ’ 
are the predominant defects. In contrast, Groenink and 
Binsma (1979) measured the electrical conductivity of 
PbMoO, and PbWO, and suggested V; ’ and 0; are respon- 
sible for the ionic conduction. Arora et al. (1983) proposed 
V;. and 0; are the mobile defects in Ca(WO,),(MoO,), --X. 

Despi,te these differences in the proposed defect structures 
in the scheelite lattices, all of the above work agrees on the 
high mobility of oxygen ions. Similar characteristics ought to 
be found in CaSO,, since it has a less compact structure that 
allows 02- ions to move more freely. High mobility of Oz-- 
ions should not be surprising since the corners of an SO:- 
tetrahedron are connected to corners of other SO:- tetrahe- 
dra and the nearest neighbor jumps of the oxygen ions should 
be favored. Therefore, the path formed by the intercon- 
nected oxygen sites and the channels formed by the SO:- 
ions make it possible for 02- and Ca2+ to move in a cou- 
pled manner in CaO,. 

Conclusion 
The present two-stage reaction study with 34S02 supports 

earlier work in establishing that the growth of the CaSO, OC- 
curs primarily by coupled diffusion of Ca2+ and 02- from 
the CaO/CaSO, interface to the CaSO,/gas interface. 
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