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OBJECTIVES BACKGROUND STATEMENT

The primary objective of this project is The reactions of metal oxides with sulfur-
the investigation of the effects of pore structure containing compounds, such as S02 and H2S,
on the capacity of porous metal oxides for re- find extensive use in controlling emissions of
moved of gaseous pollutants from flue gases of gaseous pollutants from coal utilization sys-
power plants (S02) and hut coal gas (primar- tems. Limestone and dolomite, for instance,
ily H2S). Porous calcines obtained from natu- are used in tile control of emissions of sulfur
ral precursors (limestones and dolomites) and dioxide from coal-fired power plants. In the
sorbents based on oxides of zinc, iron, and/or high temperature environment of a combustor,
copper will be used as model systems in our ex- the limestone or dolomite particles undergo
perimental studies, which will include reactiv- calcination, and the calcined product (CaO
ity evolution studies and pore structure char- or MgO) reacts with the sulfur dioxide pro-
aeterization using a variety of methods. Our duced during coal combustion forming, mainly,
work will focus on oxides that can react (sur- calcium or magnesium sulfate. Calcium ox-
ficiently fast) both with SO._ and H2S. We ide and other metal oxide sorbents (iron ox-
intend to appropriately exploit the differences ide, zinc oxide, zinc ferrite, zinc titanate, etc.),
of the sulfidation and sulfation reactions (for on the other hand, are used to remove eutfur-
instance, different molar volumes of solid prod- containing compounds (predominantly H,2S)
ucts) to elucidate the dependence of the sorp- from hot coal gas.
tive capacity of a porous sorbent on its physical Tim reaction of metal oxides with SO,_
microstructure, and H2S are typici examples of _loncatalytic



gas solid reactio.',.s with solid product forma- cle size related factors has been carried out
tion and pore c:.:,sure behavior. Such gas- by my research group (Zarkanitis and Sotir-
solid reactions witi_ solid product are encoun- chos, 1989; Yu, 1987). ()_lr results have shown
tered in a number , :hemical process indus- strong dependence of th_.' transient betmvior of
tries with applications ranging from ceramic reacting particles of calcined limestone and,
material manufacture to gas scrubbing for pol- consequently, of their sorptive capacity for
lution control. The calcination and sulfation S02 removal on their initial pore size distribu-
reactions of limestone and dolomite have been tion, but this dependence seems to follow an
the subject of extensive experimental inves- anomalous pattern when the sulfation capaci-
tigation, but unambiguous experimental evi- ties of calcines obtained from different precur-
dence that leads to a clear understanding of sors (stones) are compared. Specifically, cal-
the effects of pore size distribution of calcined cines of similar composition and pore structure
stones on their capacity for SO_ removal is still properties have been found to exhibit consid-
lacking. Most investigators tend to focus on erably different capacities for removal of S02
the global kinetics of the sulfation or sulfida- from flue gases. Comparison of the experimen-
tion reactions while paying little attention to tal data with the predictions of a generalized
the pore structure of the calcined solid. A re- pore model for gas-solid reactions with solid
view of the experimental evidence of the liter- product (Yu and Sotirchos, 1987) showed that
ature reveals an anomalous dependence of the these differences could be due to the forma-
reactivity and S02 uptake of calcined lime- tion of inaccessible pore space in the course of
stones on the initial values of average prop- the reaction, which takes place when the small
erties of their pore structure, such as poros- feeder pores of finite clusters of large pores or
ity and surface area, indicating strong effects large cavities, in aperture-cavity pore struc-
of the pore size distribution on the overall re- tures, are filled with solid product.
activity of the calcined solids (Borgwardt and
Harvey, 1972; Wen and Ishida, 1973; Hartman Similar conclusions have been reached by
and Coughlin, 1974, 1976; Simons and Gar- analyzing reactivity data for zinc oxide sulfida-
man, 1986; Yu, 1987; Gullett and Bruce, 1987). tion obtained in our laboratory (Efthimiadis

and Sotirchos, 1989). However, an important
Analogous observations apply to the re- difference exists between the reaction of metal

action of metal oxides (calcium oxide, zinc ox- oxides with HsS and their reaction with S02.
ide, zinc ferrite, zinc titanate, etc.) with H2S. The sulfide produced during reaction with H2S
A good deal of experimental effort has been put occupies less space than the solid product pro-
in the area of hot gas desulfurization into the duced during sulfation (sulfate (mainly) or sul-
investigation the reactivity and capacity of var- rite), and as a result, complete pore closure in
ious metal/metal oxide sorbents for sulfur com- the case of sulfidation can happen only for low
pound removal from coal gas (e.g., see stud- initial porosities. This difference suggests that
ies by Gibson and Harrison (1980), Tamhankar a comparative study of the reactions of porous
et al., (1981 and 1985), Ranade and Harrison metal oxides with S02 and H2S can lead to a

1981 l, Jalan (1983), Sick and Schwerdtfeger better assessment of the effects of pore strut-1987, and Saet al. (1989)). However, limited ture on sorptive capacity than studies of the'
work has been done on the characterization of effects of the parameter.s of a single reaction
these sorbents in terms of their pore size dis- only.
tribution and resistance for intraparticle diffu-
sion. Simplistic models of structure evolution
are usually employed for data treatment and PROJECT DESCRIPTION
interpretation, while few studies have looked
into the variation of the properties of the pore On the basis of the above observations, a
structure, such as the internal surface area research program has been formulated for the

(Caillet and Harrison, 1982; Sa et al., 1989) comparative investigation of th_. reactions ofwith the progress of the reaction. ' metal oxides with SO.e and H2 During the
first period of this project, we conce1_trabed on

A systematic investigation of the depen- the experimental investigation of the reaction
dence of the transient behavior of large lime- of ZrzO-b_ed sorbents with S02 and the re-
stone particles reacting with S02 in the pres- action of CaO-based sorbents with Hg.S. Two
ence of oxygen on pore structure and parti- commercially available zillc oxide sorbents aild



calcines prepared from three limestones of high and the studies of other research groups on tile
(>95%) calcium carbonate coneent were used reaction of CaO with H2S and 5;02 at atmo-
in the experiments. Reactivity experiments spheric pressure cannot be applied to flue gas
were carried out in a thermogravimetric anM- and coal gas desulfurization by limestone addi--
ysis system, tile solids were characterized by tion in units (combustors and gasifiers) oper-
mercury porosimetry and gas adsorption, and ating at high pressures. For exmnple, pressur-
the obtained sulfidation data were analyzed us- ized fluidized-bed combustion (PFBC) units
ing the generalized random pore model of Yu normally operate under a pressure of 16 atm,
and Sotirchos (1987), a model describing re- which for an average CO_ content of 15% gives
action, transport, and structure evolution in a partial pressure of C02 in the reactor of
gas-solid reactions with sclid product. We about 2.4 atm. Thermodynamic calculations
also worked on the development of a grain- show that the temperature for CaC03 calci-
based mathematical model for gas-solid reac- nation in the presence of 2.4 atm of C02 must
tions with solid product, which allows for par- be larger than 980 °C, that is, well above the
tial overlapping (sintering) of the grains _hat temperature range (750-950 °C) encountered
make up the porous solid, and carried out a in a PFBC unit. Nevertheless, despite that
detailed study of the measurement of effective formation of a highly porous material with a
diffusion coefficients in porous solids using the high specific surface area cannot take place un-
diffusion-cell method. Details on the partially der under high pressure PFBC conditions, la.-
overlapping grain model are given by Efthimi- vorable desulfurization is known to occur in
adis and Sotirehos (1992a). PFBC units (Bulewicz et al., 1986; Murthy

et al., 1979). Analagous observations apply
The ZnO-S02 reaction was found to to coal gas desulfurization (H2S removal) by

take place with very low rate, and thus only the limesto_.e addition at high pressures.
CaO-H2S reaction data were analyzed. Very
strong dependence of the overall reaction rate In view of the above observations, it was
of the calcines and of its evolution with the decided to work on the comparative experi-
progress of the reaction on particle size was ob- mental investigation of the direct reaction with
served. The overall reactivity of the solids in- H2S and S02 of the three limestones that we
creased with the calcination temperature, but used as CaO precursors. Reactivity evolution
the sulfidation temperature was found to influ- experiments were thus carried out in a thermo-
ence weakly the cenversion vs. time behavior gravimetric analysis system under simulated
of all sorbents, with its effect diminishing with high pressure conditions, that is, in the pres-
increasing particle size. The results and con- ence of enough C02 to prevent decomposition
clusions of our sulfidation study were in rela- of CaCOa, as it was done in the studies of
tire agreement with those reached by Sotirchos Snow et al. (1988) and Tullin and Lj.ungstrom
and Zarkanitis (1992) from the study of the (1989)for thelimestone-SO2 reaction. Someof
sulfation of the same solids. In both cases, the our results for the direct reaction of limestones
reactivity of the sorbent was found to increase, with S02 will be discussed in the following sec-
in general, with increasing average grain in the tion.
precursor stone, and the same behavior was
also exhibited by the calcination rates of the
precursors. Very good agreement was obtained RESULTS
between model and experiment using parame-
ter values consistent with those needed to de-
scribe the sulfation of the same solids. In gen- Materials and Procedures
era/, the comparison of model predictions and
experimental data showed that the key factor Experiments were carried out using the
influencing the behavior of a sorbent during following limestone specimens: a limestone of
sulfidation and sulfation is the connectivity of very high CaC03 content distributed by Greer

" Limestone Co. (Greer limestone), a cah:itic
its pore space. More details on these results marble (Tate White Aggregate)distibut.ed byare given by Efthimiadis and Sotirchos (1992b)
and Sotirchos and Zarkanitis (1992). Georgia Marble Co. (Georg]a marble), and a

calcite (Iceland spar) distributed by Wards Inc.
Unfortunately, the immense volume of Chemical analysis of the solids showed that til(:

information that was collected from our studies calcium carbonate content was the highest in



the Iceland spar (99.19 %), followed by those
of the Greer limestone(97.89 %) and of the _ catxuMesro_:
Georgia marble (95.19 %). Detailed chemical ,0 _-u_^ru_°c
analyses of the three solids are given elsewhere _,53-62,., .- .......

(Krishnan, 1992). Mineralogical amalysis of tile B° _-,0s,,,,_ o 2Lf-
292-350 t_rn .... "

stones revealed that the calcium carbonate was ,0 ., i.....'-
• ..

present in the form of calcite. Examination un- g .._):'Jder a petrographic microscope showed that the [', _° ,s00m,./,,'

Greer limestone mainly consisted of calcitic, _ .@i/ ............
microgranular mud with inclusions of aggre- _ _ .... 6000,_1,,'/gates of small calcitic grains and that tile Geor- _ ,o
gia marble consisted of coarse calcitic grains. 8 ..' ........_.........
The Iceland spar was found to be translucent _o .¢'p ..-_......_____.____t_------

and to consist of single crystals. More de- =t_^_-.-__"2--'---_-
tails on these materials are given by Zarkanitis I_la._ ._

(1991), who carried out a detailed investiga- _"_... .._ ...............tion of the reaction of their calcined products o
0 3O 6O 90 I20 150

with S02. _ (..,_3

Direct sulfation experiments were carried Figure 1. Conversion vs. time results
out in a thermogravimetric analysis (TGA) during direct sulfation at 850 °C of Greer
system. A Cahn 2000 electrobalance capable limestone particles
of handling weights up to 2.5 g and sensing
weight changes as small as 0.1 #g constitutes
the main part of the TGA system. In order "[ zeo_u__c e_0,_,_ |

to avoid having significant interparticle diffu- I _,_ asu°c ............ _00,,t_,._.tsiGnal limitations, a small amount of solid (3- '°- oS>ea,m ..,'°

10 mg) was used for reactivity experiments. _s8-_5_, a ......_.../'q
The effects of particle size on conversion vs. =_ ,_7-i_o _,m ...... .." I
time results were studied by carrying out ex- _, .._.......,_
periments with particles in three size ranges ,_ _o " "_"/ --

.-/"frf w/_- .,-"""

(53-62, 88-105, and 297-350 #m) for each of _ .......fz ....._......_____the three solids. Two inlet concentrations of e
._ tS O ..f"

1,500 and 6,000 mL/m a of SO= were employed 3 ...o_.. _._

to estimate the order of the reaction with re- _ ¢-/_._._-_spect to S02, which in past studies was as- ./¢ ;/
sumed to be unity. The temperature effect was ._:/2 ............ .._-:_

" ' 7/ ....._-----also studied by performing experiments at two __
different temperatures, 750 and 850 °C. The
inlet gases were composed of a mixture of 70% o , , , ,0 50 _J 90 t20 150

CO__ (99.99% purity), and 30% air (containing T._E(,_n_)

0.5% or 27_ S0.2). "The sample was heated to Figure 2. Conve"sion vs. time results
the desired reaction temperature of 750 °C or during direct sulfation at 850 °C of Geor-
850 °C in an em'ironment of pure C02 to en- gia marble particles
sure that calcination would not take place. Af-
ter temperature stabilization, the C02 stream

was substituted with a mixture of 70% CO2 Reactivity Evolution Results
and 30% N2 to verify that calcination was in-
hibited under these conditions. The C02-N2 Figures 1-3 present conversion vs. time
stream was then replaced by the reactive mix- data for the direct sulfation at 850 °C of 53-
ture, and the transient weight gain of the sam- 62, 88-105, and 297-350 ym particles of Greer
pie w_s recorded. A flow rate of 200 mL/rain limestone, Georgia marble, and IceFand-spar,
at standard conditions was employed in all ex- respectively, using 1,500 and 6,000 mL/m a
periments discussed in this study. SOre with 70% CO.z (by volume) in air. lt is

obvious from the results of Figures 1-.3 that
tile particle size strongly influences the over-



ali reactivity of limestone with S02, an indi- reaction rate of small Greet limestone particles
cation that the reaction occurs under strong appears to be considerably stronger, on a tel-
mass transport limitations. The existence of ative basis, than in all other cases. Increasing
heat transport limitations is not an issue un- the particle size from 53-62 to SS-105 #m (that
der the reaction conditions used in our study, is, by a factor of 1.8) decreases the conversion
Because of the small concentrations of gaseous level reached at large reaction times by merc.
reactant, the amount of heat involved in the than 50%, while the corresponding decrease in
chemical reaction is too low to cause signifi- the cases of Georgia marble and Iceland spar
cant temperature gradients in the interior of is less than 30%. This observation suggests
the particles or in the surrounding gas phase, that the overall mech.-_nism of reaction of small

Greer limestone particles may be qualitatively
,. different from that of the other solids and of

___ se_ _,00,_ _ large particles of the same solid. For the 88-105
rr_,a_Tua as0°c ..........._00,_'........--° and 297-350 #m particles, the effects of parti-
c_3-_ _,,, ......._ cle size on the conversion evolution curves are

,0 .,_-_s,,, ........ / I in qumltitative agreement on a relative basis
.29:-3_,,, ..-_/. 1 for all three sorbents.

!_ -' .... Qualitatively similar results were ob-

_ ._:_ tained for the direct sulfation of the three.:_/'...-"/// solids (for the same particle sizes and S02 con-

3 centrations as in Figures 1-3) at 750 °C. The

conversion vs. time curves for the Greer lime-...
• . ..... -4_ ............... -_ stone sample are shown in Figure 4. Compari-

|-/, .........:+":--------- son of Figures 1 and 4 shows that the reaction
I/// .....:-*_ temperature has a strong influence on the over-

o__ . .._ all rate of the CaCOa-S02 reaction, similar in
0 _ ,_ ,_ _ ,, extent to that of particle size. The sulfation

_:("_) temperature appears to influence both the ki-

Figure 3. Conversion vs. time results netic and mass transport characteristics of the
during direct sulfation at 850 °C of Ice- process. The initial slopes of the conversionevolution curves show that the overall reaction
land spar particles

rate at the start of the process, where presum-

,0 _u_-To_ _ _, -_ ably there are no diffusional limitations, de-
_n._5ooc e_00,ut,_ creases significantly as the temperature goes

....... ....1 from 850 to 750 °C, implving that a propor-
o 55-62 _m

.0 __-_5,,_ .... tionate decrease is experienced by the intrinsic
._7-_,m ......./f, reaction rate. The variation of the slopes of

"_JJ the conversion vs. time curves with time indi-

•!:_.,: ..";"_///" cates that the overall ra.tes of reaction at tile
{. .. ,:. two temperaturt_'s are muc]_ difl'cre_t _,vell at
< . high conv(:rsion levels. Si,l('e the process is ex-
.: ._ . ": -' pcct('d to be c.ontrollcd at higll conv('rsion h.'v-

.._ ....... --

$ I .. ._ ....... __l els by diffusion through the product layer, one
] // ....'_"_- f_-- I concludes that the mass transport resistance

[ ."/ _ I in the product laver must also be affected by
_d_'..._-_ { temperature.

o..i , , , , , Increasing the concentration of S02
o _o .o ,o ,_ _ leads to higher reaction rates a_ld co,iversio_s,

("*_'_) but the increase is for all con fl)inations of lime-

Figure 4. Conversion vs. time results stone, particle size, and teml)eratm'e "much
smaller than what shoul(t be cxt)ected for a

during direct sulfation at 750 °C of Greer four-fold increase in the concelltration ml(ter

limestone particles conditions controlled t0y tile i_ltrinsic kinet-

The effect of particle size on the overall ics of the reaction for a first order (with rc-



spect to S02) reaction or by mass transport in °C, respectively, the conversion vs. time curves
the intraparticle space with the mass transport that we measured in this study for the di-
(diffusion) resistance being independent of the rect reaction of 53-62 #m particles with 1500
concentration. This result leads us to conclude mL/m a S02 with the corresponding curves
that the order of reaction with respect to S02 that were obtained by Zarkanitis (1991) for the
is different from unity and that the diffusion sulfation of the calcines of tile three sorbents

coefficient in the product layer is a function of (same size particles). In the experiments of
the S02 concentration. Zarkanitis (1991), tile calcines were produced

and sulfated at the same temperature. Sulfa-
'_ ss-ra ,,,, __ 0_t sara,0, tion was carried out using a mixture of 3000

1___n_as0°c ....... S_o.o_o_ca_ mL/m 3 S02 and 12% (by volume) O2 in A'2.
_SOO"_Jm_ Experiments for different S02 concentrations

0 Ore_'r I_estone

'°[ _C_o_;o,_a_ _ showed that the overall rate of reaction was of
| +_a_' _ first order with respect to the concentration of

Co[ .S_._,o S02 at. all conversions. Thus, in order to make
_ "° ..o..c,--o--o the results of Zarkanitis comparable with those

/ __. ._ obtained in our study for 1500 mL/m a of S02,
| ..o_ the reaction time of his experiments was mul-

,0 I !__'*________ tiplied by 2.
: _ It is seen in Figures 5 and 6 that the

_o ,...+..+..-_.-+.-+-- '.* overall reaction rate is much higher at low

t_ conversions for the sulfation of the calcines
(CaO-S02 reaction) than for the sulfation

0,_ , , , , of the precursors under conditions that pro-
° 3° _ " _ _ hibit decomposition to GaO (CaC03-S02 re-

("*'_1 action). However, the reaction rate of the cal-
Figure 5. Comparison of the conversion cines drops sharply after some conversion level
evolution curves during direct and indi- (after about 10 min of exposure to the reac-
rect sulfation of 53-62 #m particles at tive environment), beyond which insignificant
850 °C sorption of S02 takes piace, whereas sulfation

is seen to occur with significant rate for the

!- sy4a _m _ _,_ s_f°t_, uncalcined limestones throughout the 150 min
/ m_n_rs°°c ....... S_o,_o,C_ window shown in Figure 1. It is interesting to

_o0_' observe that in the case of the Greer limestone
•0 particles, the conversion of the uncalcined sor-

l o _..o..o.,_.o-._._--eo'-o._ bent surpasses that of the calcine after about

..- .o-" 30 min of reaction time.

The results of Figures 5 and 6 cannot be
|J "' " "_< .... +_ used to determine tlm effect of temperature onL.) : .. .._ " .- /./

•_ _oI-i_:...." _.-"i.c,_,-,:_,o-* the reaction of calcined limetones since the cad-
3 |i- _/_ _,C_o_o_bl_ tines of each figure were produced at different

Ii-" Z",_o_:" -- ,_o_ _ temperatures, and as a result, they have differ-
_[j _/ _..___----_ ent pore structures. Zarkanitis and Sotirchos

• (1989) found that lowering of temperature does
result in a decrease in the overall reaction rate

0 for the sulfation of limestone calcines (Zarkani-
o ,0 ,o ,o _o _ tis and Sotirchos, 1989), but of much smaller

_("*'_) extent than for direct sulfation of limestones.

Figure 6. Comparison of the conversion The fact that temperature affects the two re-
evolution curves during direct and indi- actions differently lends further support {0the
feet sulfation of 53-62 #m particles at conclusion that the overall mechanisms of the
750 °C two processes are radically different.

Figures 5 and 6 compare at 850 and 750



Pore Structure Results the connectivity of the pores, which appears
to increase with decreasing grain size. For

Mercury penetration and gas adsorption the case in which direct sulfation takes place,
were used to analyze the structure of the solids, the limestone characteristics probably influ-
Since very small penetration volumes were ob- ence the structure of the resulting product
served in our experiments and mercury intru- layer and, hence, the effective diffusion coef-
sion mainly occurred at high pressures, where ficient through it. Hajaligol ct al. (1988)
sample and mercury compressibility introduce also attributed the differences among the var-
significant errors in the interpreted data for ious limestones they considered to the natural
small intrusion volumes, it was decided to porosity of the samples.
base the analysis of the pore structure of the
samples of un.reacted and partially reacted The analysis of the sorption isotherm of a
solids on gas sorption data only. Gas sorption Greer limestone sample exposed to the reactive
isotherms (N2 at 77 K) were measured using mixture for only 1 min showed that its cumula-
a volumetric sorption instrument (Autosorb-1 tive porosity was nmch smaller than that of the
by Quantachrome). The relatively large quan- unreacted precursor. This was also found to be
tities of partially reacted samples needed for the case for a sample that was heat-treated un-
the porosimetry and sorption experiments were der N2 and C02 at the reaction temperature
prepared in a fixed-bed reactor under differen- (see Figure 7). The pore size distribution of
tim operation at the same conditions used in the heat-treated precursor was restored to its
the TGA experiments. The differential oper- initial, form after washing the sample in water
ation of the reactor was verified using a gas and drying it in an oven at 150 °C. The last
chromatograph (Varian 3300) equipped with a finding suggests that the main reason for the
flame photometric detector to analyze the el- immediate decrease that the apparent cumula-
fluent stream, five porosity of Greer limestone undergoes dur-

ing sulfation may be the exposure of the sam-
Very small porosities and surface areas ple to high temperatures and not the formation

were determined for the precursors from the of the solid product. Greet limestone contains
N2 sorption data. Specifically, the porosity 0.163% of P205 on a mass basis which has a
for pores of radius smaller than 100 nm were melting point of 580-585 oC. During heat treat-
found to be 0.015, 0.007, and 0.004 for Greer ment at 850 °C, molten phosphorous pentoxide
limestone, Georgia marble, and Iceland spar, may probably fill the interstitial space, block-
respectively, whereas the corresponding values ing some of the pores and causing a reduc-
of surface area were 0.91, 0.31, and 0.23 m 2/g. tion in apparent porosity. Washing with wa-
The surface areas show the same trend as the ter dissolves the oxide and unplugs the pores,
porosities, with Greer limestone having about restoring the initial pore size distribution. A
three times larger surface area than Georgia similar scenario was postulated by Huang and
marble and four times than Iceland spar. It is Daugherty (1988) in their attempt to explain
interesting to note that the reaction rates and the role of P205 in some of their results con-
the sulfation efficiencies, both for direct and in- cerning the calcination of calcium carbonate
direct (after calcination) sulfation (see Figures solids. Heat treatment also affected the poros-
5 mad 6), of the three solids increase in the ity of the Georgia marble sample, but it had
same order as their porosities and surface ar- practically no effect on Iceland spin'. This be-
eas, while, on the contrary, their average grain havior is in agreement with the postulated role
size, as revealed by petrographic analysis, de- of P205, since Georgia marble also contains
creases. This observation indicates that the P205, while Iceland spar contains very little.
petrographic texture of a limestone plays an
important role in determining its performance Figure 7 shows how the cunmlative pore
as a sorbent for S02 removal under both ca1- size distribution of Greer limestone changes
tining and noncalcining conditions (AFBC and with the conversion during sulfation at 850 °C
PFBC). In the case of sulfation of calcined and 1500 mL/m a of S0.2 under noncalcining
stones, analysis of the reactivity evolution data (70% C02) conditions. Partially reaCted-sam-
using detailed models for transport, reaction, ples are seen to have smaller porosities than
and structure change in porous solids (Sotir- the original material at all conversions. The
chos and Zarkanitis, 1992) suggested that the overall porosity tends to increase with increas-
petrographic texture of the precursor affects ing conversion, but the rate of increase appears



to fall as the conversion increases. If it is as- and the order of the reaction with respect to
sumed that the apparent pore size distribution S02. Details on parameter estimation are
of the unreacted material is the same as that of given in Krishnan and Sotirchos (1992a). The
the heat treated sample, the above result indi- order of the reaction was found to be sirni-
cares that the average porosity of the reacted htr for the three different stones and an av-
solid phase decreases with increasing conver- crate value of 0.4 was estimated. The intrinsic
sion. The effect of conversion on the pore size reaction rate constant was found to decrease
distribution of the other two solids was quali- among the three solids in the same order as
tatively similar to that shown in Figure 7 for tile overall reactivity but not enough to justify
Greer limestone. However, since the pore size the drop in overall reactivity. The following
distribution of these solids did not decrease as values were estimated for the reaction rate con-
much at the outset of the process, the cumula- stant (in mol °6/cm °8 .s): 9.06 x 10.6 (750 °C)
five porosity varied less with the conversion, and 3.83 x 10-5 (850 °C) for Greer limestone;

3.04 x 10.6 (750 °C) and 9.53 x 10-6 (850 °C)
for Georgia marble; 2.28 x 10.6 (750 °C) and

,_ ,, e,_t_,o_(53_,,,,) 7.77 x 10-6 (850 °C) for Iceland spar.

/_, _o_ Assuming Arrhenius-type dependence of...........8 _.Conver'_on

.... s07.co_,_o, the rate constants on temperature, the above
.,_ a0zCo,_o, values of rate constant yield 138.44 kJ/mol"o 22v,,o_a_,wo.o_o.o_/ ,-'.<

": a=co_, / //.."" activation energy for Greer limestone, 109.73
,6 __H,o,T_o_, _oc/ ._... kJ/mol for Georgia marble, and 113 57 kJ/molB for30 rr_n A/ //

.°J'

o ///_.. for Iceland spar. In his study of sulfation of cal-tta 27 "J"

. d • f/_//....."" /.. cined samples of the same precursors Zarkani-
/:_'..- j tis (1991) determined activation energies of

_../"/. about 17.14 kJ/mol for ali three solids. The
_ _/_ _ higher values of activation energies of the di-

__i _. rect sulfation reaction reflect the greater sen-0 .............. sitivity of the kinetics of this reaction with re-
_t e 10' spect to the reaction temperature than that

Po_RADm(_.,,) observed for the reaction of GaO with S02.

Figure 7. Effects of conversion on the The kinetic data were used in a
pore size distribution of Clreer limestone shrinking-core model with constant effective
particles (53-62 #m) during direct sulfa- diffusivity in the product shell, but this sim-
tion at 850 °C pie model failed to bring any agreement be-

tween theory and experiment. It was ob-
The CaS04 product of the 8% converted served that an increasing mass transport re-

sample of Figure 7 was removed by washing sistance through the product layer was needed
with water, and the remaining solid was dried to yield agreement between model predictions
in an oven at 1.50 °C. The weight of the washed and experimental results. A variable diffusiv-
solid was found to be in good agreement with itv shrinking-core model was thus developed
that expected from the conversion level, while aI_d used to analyze the experimental data.
gas sorption analysis (see Figure 7) showed its The functional dependence of the effective dif-
pore size distribution to be almost the same fusivity on the distance in the product layer
as that of the original solid. This result of- was determined by fitting the model predic-
fers a strong indication that the direct sulfa- tions to the experimental data for three pm._
tion process proceeds in a shrinking-core lash- title sizes for each solid and each set of re-
ion, in agreement with the scanning electron action conditions (temperature and concentra-
microscopy results of Hajaligol et al. (1988). tion). The parameter estimation scheme gave

rise to an ill-posed problem- it was ecLuiva-
lent to the inversion of a Fredholm equationAnalysis of the Reactivity Data 1of the first kind- and a procecmre based on

The initial reaction rates were used to singular vMue decomposition was formulated
determine the intrinsic reaction rate constant to circumvent this difficulty. Very good agree-



i

ment between experimental results and model icant drop, the effective diffusivity at the max-
predictions was generally observed when the imum depth is at least two to three orders of
estimated functional form of effective diffusiv- magnitude higher than the product layer dif-
ity was introduced in the variable diffusivity fusivity for the CaO-S02 ,'eaction, which has
shrinking-core model, a value of 10-12 m2/s on the average (Sotir-

chos and Zarkanitis, 1992). The higher diffu-
Figure 8 shows the variation of effec- sivity of SO2 through the product layer formed

rive diffusivity (De(l)) of S02 along the dis- during direct sulfation must obviously be the
rance from the external surface for Greer lime- reason for which this reaction proceeds with
stone, Georgia marble, and Iceland spar for the rate comparable to that of the reaction of cal-
two temperatures used in the experiments (750 eined limestones with S02 even though it in-
and 850 °C) for a bulk concentration of 1500 volves essentially nonporous solids. The effec-
mL/m a of S02. The variation of the diffusivity tive diffusivity at a certain depth was always
is terminated at the largest product thickness the highest for Greer limestone, with Iceland
obtained for each case experimentally. For ex- spar displaying the lowest value. The same or-
ample, after sulfation for 150 min at 750 °C, der of variation was followed by the rates of
the Iceland spar samples had a product layer the indirect and direct sulfation reactions (see
thickness of only 1/zm, and thus, De(l) values Figures 5 and 6) and the solid product diffusiv-
are shown only within this window of product ities that were extracted from the analysis of
layer thickness. On the other hand, Greer lime- reactivity data for the sulfation of the calcines
stone particles reacted at 850 °C developed a of the same solids by Sotirch_,s and Zarkanitis
product layer thickness of approximately 6 #m (1992).
during 150 min sulfation.

The effective diffusivity was found to be

I a strong function of the temperature and of

'°_. the concentration of S02 in the bulk of the
gas phase (see Figure 8). Specifically, it in-
creased with increasing temperature but de-

....... creased with increasing concentration. The re-
) ...................... suits were in agreement with the observed sen-Io-' " .__ _ONE ......

.e. .......-_.<%..._:_- sitivity of the experimental conversion vs. time,, -_._ results on temperature and concentration in
)" EELaJ_SPAR GEORGIAMARBLE

"_ • effective diffusivities were comparable to those
_)-, -_./m_ expected for Knudsen diffusion from the pore

• _...........e_°c structure data, we believe that the main rea-
"... .........m0.c son for the strong influence of concentration

and temperature on the effective diffusivity is
their effects on the structure of the product

_-' ' ' ' ' ' " ' laver
0.0 LO 2.0 ..%0 4.0 5-0 f.,.O 7.0 ,. "

_ (c_) .;o"

Figure 8. Effective diffusivity vs. depth FUTURE PLANS

in the product layer for reaction under In the coming 3'ear, we will concentrate
1500 mL/m a of SO_. on the completion of the stud)' of the direct re-

The results of Figure 8 and those ob- action of limestones with S0,2 and H2S under
tained for the variation of the effective diffusiv- simulated high pressure conditions. We will
ity for a bulk concentration of 6,000 mL/m a of also complete the investigation of the changes
S02 (Krishnan and Sotirchos, 1992b) showed that the mas_ transport resistance in the pore
that the value of effective diffusivity in the space of cMcined limestones mldergoes during
product layer for the limestone-SO2 reaction sulfidation and carbonation. Finall-y, we in-
falls by an order in magnitude for some cases tend to carry out some experiments on the re-
and by two to three times for all others from actions of supported CuO sorbents with H.2S
the external surface to the maximum depth and S02.
seen in the experiments. Despite this signif-



LITERATURE REFERENCES Chem. Eng., (in press, 1992a).

Bulewicz, E.M., Kandcfer, S., and C. Jurys, J. Krishnan, S.V., and S.V. Sotirchos, (submitted
Inst. Energy, 59, 188 (1986). for publication, 1992b).

Borgwardt, R.H., and R.D. Harvey, Environ. Murthy, K.S., Howes, J.E., Nack, H., and
Sci. Technol., 6, 350 (1972). R.C. Hoke, Environ. Sci. Technol., 13, 197

( 979).
Caillet, D.A., and D.P. Harrison, Chem. Eng.

Sci., 37, 625 (1982). Ra.nade, P.V., and D.P. Harrison, Chem. Eng.
Sci., 36, 1079 (1981).

Efthimiadis, E.A., and S.V. Sotirchos, Reactiv-
ity Evolution during Sulfidation of Porous Sa, L.N., Focht, G.D., Ranade, P.V., and D.P.
Zinc Oxide, AIChE Annum Meeting, San Harrison, Chem. Eng. Sci., 44, 215 (1989).
Francisco, 1989.

Sick, G., and K. Schwerdtfeger, Met. Transac-
Efthimiadis, E.A., and S.V. Sotirchos, Chem. tions B, 18, 603 (1987).

Eng. Sci., (in press, 1992a). Simons, G.A., and A.R. Garman, AIChE J.,
Efthimiadis, E.A., and S.V. Sotirchos, Ind. 32, 1491 (1986).

Eng. Chem. Res., 31, 2311 (1992b).
Snow, M.J.H., Longwell, J.P., and A.F.

Gibson, J.B., and D.P. Harrison, Ind. Eng. Sarofim, Ind. Eng. Chem. Res., 27, 268
Chem. Process Des. Dev., 19, 231 (1980). (1988).

Gullett, B.K., and K.R. Bruc(, /'_.TChE J., 33, Sotirchos, S.V., and S. Zarkanitis, AIChE J.,
1719 (1987). 38, 1536 (1992).

Hajaligol, M.R., Longwell, J.P., and A.F. Tamhankar, S.S., Garimella, S., and C.Y. Wen,
Saro,_n, Ind. Eng. Chem. Res., 27, 2203 Chem. Eng. Sci., 40, 1019 (1985).

(1988). Tamhankar, S.S., Hasatani, M., and C.Y. Wen,
Hartman, M., and tLW. Coughlin, Ind. Eng. Chem. Eng. Sci., 36, 1181 (1981).

Chem., Process Dec. Der., 13, 248 (1974).
Tullin, C., and E. Ljungstrom, Energy and Fu-

Hartman, M., and R.W. Coughlin, AIChE J., els, 3, 284 (1989).
22,490(1976).

Wen, C.Y., and M. Ishida, Environ. Sci. Tech-
Huang, J.M., and K.E. Daugherty, Ther- nol., 7, 703(1973).

mochim. Acta, 130, 173 (1988).
Yu, H.C., Ph.D. Thesis, University of

Jalan, V., Studies Involving High Temperature Rochester, 1987.
Desulfurization/Regeneration Reactions of
Metal Oxides for Fuel Cell Development, Fi- Yu, H.C., and S.V. Sotirchos, AIChE J., 33,
nal Report, DOE/MC/16021-1486, 1983. 382 (1987).

Krishnan, S.V., Ph.D. Thesis, University of Zarkanitis, S., Ph.D. Thesis, University of
Rochester (1992). Rochester, 1991.

Krishnan, S.V., and S.V. Sotirchos, Can. J. Zarkanitis, S., and S.V. Sotirchos, AIChE J.,
35, 821 (1989).



! J




