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THE SULFIDATION AND REGENERATION OF I-IALF-CALCINED
DOLOMITE" -
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ABSTRACT

High-temperature sulfur removal from fuel. gas, such as in the Westinghouse

fAuidized bed coal gasification process, may be achicved usmg dolomite in the reaction
desulfurization, 870°C
MegO - CaCO_a,-}-HzSg — MgO - CaS—}—HzO—.—COz
regeneration, 650°C

Although the rcgenerauon process reduces the sorbent requirement and solid waste
handling, a major problem has been the difficulty in completing regeneration and
the decrease in regenerability with sulfidation/regeneration cycles. Reactions were
carried out in a pressurized TG system and structural information of the solid products
was obtained employing scanning electron microscopy, energy dispersive analysis
by X-ray, electron microprobe analysis, and X-ray diffraction. The morphological
changes during half-calcination, sulfidation, regeneration and cyclic sulfidationf
regeneration reactions were correlated with chemical kinetic measurements obtained
from TGA. A reaction mechanismn which postulates the migration and crystallite
growth of MgO onto CaS crystals explains the deterioration in dclomite regener-
ability, and is supported by the kinetic TG measurements. Time at temperature, and
desulfurization temperature are the significant vanablcs which control the regener-
ability of the product calcium sulfide.

INTRODUCTIOR

The desulfurization of fuel pas generated at ~ 1.5 MPa from high-sulfur coals
for power generation such as the Westinghouse coal gasification system requires a
high-temperature process for energy recovery efiiciency. Calcinm carbonate is an
cxcellent sorbent for H,S provided it is used in the form of half-calcined dolomite
MgO - CaCQ,, and the rates of reaction are such that virtually ali the calcium is
utilized aud the sulfur is fixed in a dry solid form_'l'hlssohdmnstbedlsposed of in
a once-threugh system, or rcgenerated by the reaction T
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CaS + H,0 + CO, —» CaCO; + H,S

such that sulfur may be recovered and the sorbent re-used to trap more fuel sulfur.
While operating a once-through system is simpler, regenerative operation reduces
the sorbent requirement as well as waste handling.

Extensive thermogravimetric experiments were carried out to study the snlfida-
tion/regeneration reaction cycle up to 30 cycles. Resnlts indicated that dolomite
can be fully sulfided after each regeneration, but the extent of regeneration decreases
rapidly as a function of sample cycling!* 2. These results agreed with those reported
by Conoco Coal Development Co.? for the decline in regenerability of calcium
sulfide. Although the extent of regencration increases with increasing temperatuore,
regeneration temperature lower than 700°C is defined by the equilibrium H,S con-
centration required for recovery!. The poor regenerability of CaS in dolomite is also
a concern for the two-step regeneration of the fluidized-bed coal combustion process
where CaSQ, is first reduced to Ca$S which is converted to CaCQ, with CO, and
steam in the second step?.

A study of morphological changes in dolomite samples which have undergone
half-calcination, svifidation, regeneration and sample cycling has been carried out
to probe the decline in calcium sulfide recarbonation. Microstructural changes found
at various stages of the cyclic sulfidationfregeneration reactions were corrslated with
the chemical kinetic measuremenis obtained from TGA. A reaction mechanism is
postulated to explain the decrease in regenerability of dolomite samples.

EXPERIMENTAL

Apparatus

Samples used for the morphologiczl studies were produced by TG runs designed
to produce dolomite at various stages of the desulfurization reactions: half-calcina-
tion, sulfidanion, regeneration and cyclic sulfidation/regeneration. -

The thermogravimetric analyzer used was a DuPont 951 thermogravimetiric
balance controlled by a DuPont 990 console. The system, which is shown is Fig |
and described elsewhere in detail*~%, is capable of handling corrosive gas—solid
reactions at pressure up to 30 atm and at temperature up to 1200°C. In addition to
the analog recorder, the weaght and temperature signals are fed to a Fluidyne multi-
chanmnel interface. The signals are digitized and input to a2 Wang 2200 calcnlator with
a 3 K memory, and cassette tape recorders. The data may be conditioned, or reduced,
before recording After a run, the data is reduced and analyzed through the Wang
calculator and graphically output on a typewriter plotter.

Methods explored for structure investigation included optical and scannping
clectron microscopy (SEM), energy dispersive X-ray analysis (EDAX), electron
microprobe analysis (EMA), and X-ray difiraction (XRD). A Cambridge Model
2A SEM was used in conjunction with an International 502/504 EDAX which was
capable of chemical identification of various phases observed on SEM of half-calcined,
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Fig. 1. Schematic diagram of the TG system.
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sulfided, regenerated and cycled dolomite samples. A MAC 400 electron microprobe
analyzer was employed to obtain elemental profiles on polished cross-sections of
reacted dolomite samples. Both a Norelco X-ray diffractemeter and camera (2
Radians Debye-Scherrer) were used for chemical identification of the rezction products

TABLE 1

SAMPLFS USED FOR SUL FIDATION/REGERERATION STUDY

Sample Farticle Ca Mg Loss on ignition
) size (w1-%%) (wt. %) (wt. %)
(um)
Glasshouse dolomite 1000-1200 215 125 477
{dolomite 1337)

Tymochtee dolomite 10001200 20.5 11.9 444

Salamonie Dolomite 10001200 216 13.0 47.8

TABLE 2

TYPICAL REACTION CONDITIONS

Reaction Gas Mixture Temperature Pressure
(°C) 7 {MPa) -

Half-cakcination 105, CO= in N 870 1.0

Sulfidation - 0.5%, HsS, 109, CO:in N2 870 1.01

505 CO, 109, H20 in Nz

1.01
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and the former was also used for crystallite size determination by line breadth
broadeniag method. Cu K, radiation with Ni filter was used. Optical microscopic
examination by Leitz NMS5 metallograph was atiempted to deterrnine grain size oi
reaction products. Unlike the larger-grained initial dolomites, crystallites of reacted
samples were below the microscopic resolution, even with the assistance of polarized
licht and acid etching.

Material

Three natural dolomites (Glasshouse, Tymochiee and Salamonie) were selected
as dictated by their extensive use as desulfurization sorbents in the fuidized bed
casification and combustion studies. Table 1 summarizes the chemical composition.
Samples were ground and sieved and the 1000-1200 um fraction appropriate to the
fluidized bed process was used in this study. The soiid sample was contained in a
platinum gauze basket in the TG apparatus.

Hydrogen sulfide, carbon dioxide, and nitrogen were used as supplied from
cylinders. Steam was supplied by injection and evaperation of water. The rotameters
were calibrated for pressurized operation using a back pressure regulator and a Brooks
flowmeter calibrator. Typical reaction conditions are summarized in Table 2.

Initial structural study

For the initial structural study, TG cxperiments were designed to provide
samples of three dolomites (Glasshouse, Tymochtee, and Salamonie) at various
stages of the reaction sequence under conditions representative of process applica-
tions {Table 2).

Figure 2 shows the effect of sulfidation/regeneration cycles on regeneration,
i.e. molar percent of CaS regenerated, for a 30-cycle TG run. Two points should be
noted. First, the regeneration was incomplete even for the first eycle despite the
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Fig. 2. Regenerability of sulfided dolomiie as a2 function of number of sulfidation/regeneration
cycles O, Ist cycle; @, 4th cyle; T3, Tih cycle; W, 11th oycle; A, 30th cycle



Fig 3. SEM photomicrographs of (2) Glasshouse dolomite 1337; (b) half-calcined; (¢) sulfided;
(d) regenerated; {e) sample alier five sulfidation/regeneration cvcles.
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Fig. 4. SEM photomicrographs and EDAX spectra of a partially sulfided dolomite particle.



favorable thermodynamics. Secondly, the extent of CaS regenerability decreased with
increasing number of sulfidation/regeneration cycles.

Imitially SEM was employecC with the intention of correlating morphological
changes with chemical reactions. Figure 3 shows typical scanning eleciron micre- ..
photographs of Glasshouse dolomite at different stages in the rcaclion sequencs:
half-calcination, suifidation, regeneration and five sulfidation/regeneration cyeles.
Although the general shape of the crystal aggregate of the half-calcined dolomite
remained largely unchanged throughout the sulfidationfregeneration cycles, the

Fig. 5. Microprobe photomicrographs of a partiaiiy suifided Tymochtee dalomite. (2) Particle
cross-section marking the area scanned by EMA; (b) EMA arcz scan for Ca; (c) Mg; (d) S; (¢} Si;
(0 AL
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crystallite surface became more rough, pebbly and styrofoam-like with sample history.
The styrofoam-like surface was particulariy typical for the cyclic samples. The small
pebbly elevations covering the surface were suspected to be minute MgO crystallites,
as reported in the literature”. Very little concrete information emerged from the SEM
study and it proved necessary to rely on elemental scans from EDAX and EMA to
determine the nature of the products.

EDAX analysis showed that although some larger CaCQ; and CaS were present
occasionally, the majonty of scans (1 pm diameter) displayed intimate intermingling
of small MgO with CaCO; and CaS. This was in agreement with the report by Arsonne
that much of the MgO might be distributed within the CaCO; crystals themselves
for half-calcined dolomites®. Fizure 4 (a) and (b) show typical SEM and EDAX
spectra for area scans of a partially sulfided dolomite particle surface and fractured
surface, respectiveiy. The sulfur concentration was higher on the surface suggesting
that the sulfidation reaction took place from the exterior of the particle and was
controlled by gas diffusion into the solid. Small amounts of aluminum, silicon and
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Fig- 6. EMA of a partially sulfided dolomite particle. Area scap and finc trace for (a} S. (b) Ca,
(c) Mg.
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trace amounts of potassium and iron were also detected. Closer examination revealed
that the Mg/Ca ratio was also greater at the surface where there was higher CaS
concentration. The same phenomena were also observed by electron microprobe’ 7,
analysis (EMA).

Figure 5 shows typical EMA area-scan photomicrographs of a partially suifided
dolomite. A cross-section of a particle is shown in Fig. 5(a) in which the darker
periphery is the sulfided area. The square block indicates the area scanned for calcium
magnesium, sulfur, silicon and aluminum which are shown in Fig. 5(b)-(f). The
quantity of an element present is reflected by the intensity of the white dotted charac-
teristic X-ray counts on the photos. It is obvious from Fig. 5(d) that sulfur was richer
near the particle surface. It can also be seen that silicon and aluminuin were present
in clusters where calcium, magnesium and sulfur were deficient. This suggests that
silicon and aluminum do not form migrating liguid phase with calcium and magne-
sium under the reaction conditions. Thus we can safely rule out the formation of glass
phases in grain boundaries (so as to block gas—solid contact) as the cause of decrease
in regenerability. In addition, partially sulfided dolomite displayed a magnesium-
rich Iayer in the sulfur-rich area, shown in Fig. 6. Magnesium gradient was not obvious
from the area scan photo, but was seen more clearly from the line-trace profile for
magnesium on the same sample from the particle surface to 2530 uym inward. It can
be seen that the sulfur-rich layer was approximately 130 pm thick, where the magne-
siuma concentration was approximately 20%, higher than the unsulfided area, whereas
calcium intensity stayed constant throughout. The fact that magnesium was more
concentrated where the dolomite was sulfided suggested that MgO migrated toward
CaS. There are two reasons why this would tend to take place. First, as CaS has a
smaller molar volume than CaCQ,, which it replaces, the small MgO crystals which
were scattered among the CaCQ; crystallites would have a tendency to move toward
the less crowded region where CaS is newly formed. Secondly, let us consider the
crystal structures of the three compounds involved: CaCOQO,; is rhombohedral, while
both CaS and MgO are cubic and would be expected to be more compatible with
cach other®: 'Y Therefore, as the rhombohedral CaCQ, reacts with H,S to form
cubic CaS, there could be a tendency for the cubic MgO to migrate toward it or
grow around it.

Completely sulfided dolomite displayed uniform distribution of calcium,
magnesium and sulfur as expected. Partially regenerated samples following compleie™ *
sulfidation did not exhibit a sulfur gradient indicating that the regeneration reaction
took place vniformnly (on a macroscale) within the particles. This means that the
incomplete regeneration of the sulfided dolomite sorbents was not limited by gas
(CO,/H,0) diffusion into the macropores of the solid particles and the barrier foi
the regeneration reaction existed within the individual crystallites or crystallite
aggregates. Dolomite sorbents after several cycles of sulfidation and regeneration
reactions also showed uniform calcium, magnesium and sulfor within the particles.
The source of the regenerability problem appears to lie in the individual crystallites
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of which the solid is composed, and attention was, therefore, subsequently focused
on X-ray examination of these individual crystallite sizes.

X-Ray line broadening study

Since preliminary investigation of crystallite size by the X-ray difiraction line-
broadening method revealed that the crystallites in the dolomite desulfurization
system fell within the measurable range using the line breadth broadening method,
a series of TG runs was carried out to provide samples for investigating the sintering
effect of dolom:te samples at various stages of sulfur removal processes. In addition
to sample cycling up to 30 cycles, other parameters explored for their effects on
crystallite size and regeneration included sulfidation temperature from 650 to 950°C,
total sample exposure time under half-calcination conditions and under sulfidation
conditions.

The mean crystallite dimension of each compound was determined from a
number of X-ray diffraction peaks for MgO, CaCQ,;, CaO and CaMg(CO;). in
selected@ dolomite samples at various stages using Sherrer’s line breadth broadening
method and Jones’ correction procedures for instrumental broadeping and K,
doublet! >~ 1%_ Broadening of diffraction lines increases as the average crystallite size
decreases. Relatively large crystallites (10004000 A) were found in all three (Glass-
house, Tymochtes, and Salamonie) dolomites. Small CaCO, (~200 A) was found
in all samples (calcined, sulfided, regenerated and cycled dolomites) regardless of
processing conditions. However, formation of larger crystallite agaregates (pseudo-
crystals) was observed under SEM. Small MgO crystallites were formed during half-
calcination, but sintering of MgO crystallites took place during sulfidation. Crystallite
size of CaS also increased with increasing sulfidation time and temperature but
decreased after regeneration.

Table 3 shows the effect of sulfidation temperature on crystallite size. Larger
MgO and CaS were found in samples sulfided at higher temperature. Similarly, small
CaCQ,; crystallites were found in all cases. Figure 7 illustrates the effect of sulfidation
temperature on regeneration. The extent of CaS regenerability increased with de-
creasing sulfidation temperature.

TABLE 3

EFFECT OF SULFTDATION TEMPERATURE ON MEAN CRYSTALLIOE SIZE

Temperatare of Afean crystallite size (A}

sulfidazion{regeneration -

(°C) MpO CaS . CaCOs

S50{650 32 - 29 282

TOO/650 367 R | 277

$70/650 454 381 260
234

950650 457 612
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Fig. 7. Effcct of sulfidation temperature on regeneration. O, 650°C; @, 700°C; 3, 370°C; W, 950°C.

Fig. 8. Effiect of sulfidation time on regeneration. &, 25 min; @, 192 min.

Table 4 shows the effect of sample exposure time under sulfidation conditions
on the average crystallite size_ Sintering of MgO and CaS was observed with sulfida--
ton time. CaCO, remained unchanged. Figure 8 shows the effect of sulfidation time
on CaS regenerability. Longer sample exposure under sulfidation conditions lowered -
both the regeneration rate and the extent of regenerability of CaS.

TABLE4

EFFECT OF SREFIDATION TIME ON MEAN CRYSTALLIVE SIFE

Sample Sulfidation Mean crystallite size (A)
kistory time
{ min) MeO Cas CaCOa
Suliided at 950°C 10 530 83 9
Sulfidad at 950°C 120 797 1020
Sulfided at 950°C 210 859 1000
Suffided at 870°C, 25 454 381 2650
rezeperated at 650°C )
Sulfided at 370°C, 192 612 463 225
regepecated at 650°C
TABLE 5
EXFECT OF REGENERATION ON THE AVERAGE SIZE OF Cas cavsnu.rrzs
Sulfidation Regeneration S:}te of CaS crystaliites
(4
Yes, 870°C No T 505A
Yes, 870°C Yes, 650°C 381A
Yes, 950°C No ’ 883A
Yes, 950°C Yes, 650°C 457A
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TABLE 6

EFFECT OF SULFIDATION/REGENERATION CYCLES ON MFAN CRYSTALEITE SIZE

Sample kistory No. of Metoy cresiallite size (A)
cycles CaMg(CO1)s MgpO CaS CaCos

Originat dolomite ) 2112
Half-calcined L)) 255 . 164
Sulfidedfregenerated 1 454 381 60
Sulfidedregenerated 11 935 372 203
Sulfided fregoncrated 50 1168 594
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Fig. 9. Effect of sulfidarionfregeneration cycles on dolomite regenerability.

Table 5 shows the effect of regeneration on average size for CaS crystallites.
A decrease in CaS size always occurred during the regeneration reaction.

Table & shows the efiect of the number of sulfidation/regeneration cycles on
crystallite size. As the model predicted, MgO sintering took place with sample cycling,
and there was a small increase in CaS crystallite size. Again, CaCO, crystaliite size
remamed unaffected. Figure 9 sumimarizes the TG results for a 30-cycle run. The
decrease in dolomite regenerability was cbvious.

SUMMARY

The experiments demoanstrate that structural changes occur in the dolomite
sorbent which parallel the decline in its regenerability. Migration and sintering of
magnesivm oxide occur in regions which are rich in calciom sulfide, and reduce
accessibility of reactant gases at the reaction sites, and escape patbs for the product.
The migration and sintering of MgO is accelerated by higher sulfidation temperature,
and longer residence time at higher temperature. The occurrence of these internal
changes explains tke relatively good correspondence between our TG data and data
of Curran® ** et al. from fluidized bed studies, since the internal kinetically limiting
mechanism can reasonably be assumed to be the same in both eénvironments.
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It appears that time at temperature is the important process variable which
leads to deactivation of the calciam sulfide. In most process schemes, the solids
residence times at high temperature will be much longer than in the TG apparatus
This finding is in agreement with studies on the regenerability of calcium sulfide
produced by reduction from calcium sulfate. In those experiments, residence times
greater than one hour at 870°C were required to reduce the sulfate, and less than 25%
of the product calcium sulfide was regencrable.

Cle=arly, if the sulfidation temperature and residence timnes were lowered, as -
in the case of the CCNY studies®*- *® regenerability would be improved. However,
for practical applications, lower temperature applications of the dolomite-based
process may not be competitive with the regenerable iron oxide system'”. Further
studies are required to probe the validity of the mechanism proposed here for sorbents
with different grain structures and for sorbents with significant additional impurities
which may preveat MgO migration.
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