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( ) (Sulfidation reaction of CaO at high pressure up to 2 MPa and high temperature up
)to 9008C to remo®e H S in a coal-fired gasifier was studied in a high-pressure and2

temperature differential-bed flow-through reactor. Experimental conditions selected are
typical for pressurized gasifiers. Effects of total pressure, H S partial pressure, reaction2
temperature, fuel gas composition, and CaO surface area on the extent of sulfur capture
and sorbent con®ersions were determined. The gasifier pressure affected the in-situ calci-
nation of calcium carbonate particles through reduction in a®ailable surface area and
pore ®olume of CaO formed, thus limiting the sulfidation con®ersion. Time-resol®ed
con®ersion data of CaO sulfidation were analyzed using a modified grain model. The
model incorporates external and internal diffusion, surface reaction, product layer diffu-
sion, and the structural changes of the sulfiding CaO particle. The acti®ation energy for
the reaction was 37 kcalrmol. The estimated product layer diffusi®ity was 8=10 y 15

m2rs at 8008C with an associated acti®ation energy of 38.4 kcalrmol } typical of solid
state diffusion of ionic species through the product layer. The extent of con®ersion in-
creased with increasing initial surface area and porosity of CaO particles. The high-
pressure sulfidation reaction data for CaO will be useful in understanding and optimiz-
ing the in-gasifier H S capture using calcium-based sorbents.2

Introduction
Coal finds its principal use in electrical power generation.

More than half of the electricity in the U.S. is generated from
coal. Plentiful supplies of coal reserves distributed all over
the globe should suffice for the next few centuries. In the
light of rapidly diminishing fossil fuels other than coal, con-
tinued and increased use of coal certainly seems an economi-
cally attractive option. However, the environmental issues re-
lated to coal-fired power-generating plants could potentially

Ž .limit its use and effectiveness U.S. Dept. of Energy, 1992 .
New clean coal technologies, such as Integrated Gasifica-

Ž .tion Combined Cycle IGCC , are projected to greatly im-
prove efficiency while reducing air pollution. Commercial
success of these advanced coal-based power-generating sys-
tems is greatly dependent on the accompanying air-pollution
control systems. The IGCC technology with a projected effi-
ciency of 52% is considered to be one of the potential tech-
nologies that would meet the energy and environmental de-

Ž .mands of the future U.S. Dept. of Energy, 1994a,b .

Correspondence concerning this article should be addressed to L.-S. Fan.

Under the reducing conditions encountered in the ad-
vanced integrated gasification systems, sulfur in the coal
transforms into H S as the primary gas-phase sulfur species2

Ž . Ž .with COS carbonyl sulfide and CS carbon disulfide form-2
ing the secondary sulfur species. Recent advances in high-

Ž . Žefficiency power generating units PFBrIGCC Frey and
.Rubin, 1992 require that gasifiers should be operated under

Ž . Ž .higher pressures 1]2 MPa and temperatures 800]9508C .
In such processes, the fuel gases should be cleaned prior to
sending them through the gas turbine. The gas cleanup is
necessary not only for the protection of the gas turbine hard-
ware, but also to comply with the stringent environmental
regulations. It is also necessary to clean fuel gases at high
temperatures and pressures in order to maintain the overall
high efficiency of these processes. Coal gas desulfurization to
sufficiently low levels at temperatures greater than 6008C and
at gasifier pressures of 1]2 MPa is now recognized as a cru-
cial step in realizing efficient and economical coal utilization
in IGCC systems. One of the strategies to achieve this goal is
to remove the majority of the fuel-bound sulfur in-gasifier by
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using calcium-based sorbents. Post-gasifier desulfurization is
undertaken to polish the product gas to reduce the remaining

ŽH S concentration to less than 50 ppm Mojtahedi et al.,2
. Ž .1994 . Expensive novel sorbents usually metal oxides are

used in the polishing units to reduce H S to desired levels.2
According to thermodynamic calculations, it is possible to re-

Žduce 98% of H S from 4,000 ppmv to levels as low as 802
. Ž .ppmv Fenouil et al., 1994 from fuel gases by using Ca-based

sorbents and thereby reducing the load on expensive post-
gasifier polishing units. However, there is a lack of relevant
high-pressure sulfidation kinetic data to support this claim.

The high-pressure and high-temperature ‘‘in-gasifier’’ H S2
removal using calcium-based sorbents represents an attrac-
tive option from economic and reactivity aspects. The exist-
ing technologies developed for SO removal from coal-fired2

Ž Ž .combustors involving Ca-based sorbents Ca OH and2
.CaCO can also be applied to H S removal with suitable3 2

Ž .modifications Borgwardt, 1984; Borgwardt et al., 1984 . Sul-
fur capture in reducing conditions using Ca-based sorbents
results in the formation of a higher molar volume product
Ž .CaS , however, theoretical calculations and experimental
data have shown that complete sorbent utilization and higher
levels of sulfur removal can be attained under these condi-

Ž .tions Efthimiadis and Sotirchos, 1992; Lindgren et al., 1992 .
In a pressurized gasifier there exists a spatial distribution

of temperature and gas-phase composition. At any location
depending on the temperature, the CO partial pressure may2
be higher or lower than the equilibrium partial pressure for

Ž .limestone calcination. Thus, both calcined limestone CaO
Ž .and uncalcined limestone CaCO can react with H S ac-3 2

cording to reactions

CaOqH SlCaSqH O oxide sulfidation 1Ž . Ž .2 2

CaCO qH SlCaSqH OqCO carbonate sulfidationŽ .3 2 2 2

2Ž .

These reactions are well researched and a number of re-
searchers have reported kinetic data pertaining to the reac-
tion between CaO and H S at ambient and high pressures2
using gravimetric techniques in the temperature range of

Ž650]1,0508C Pell, 1971; Squires et al., 1971; Camp, 1979;
Westmooreland et al., 1977; Borgwardt et al., 1984; Heesink
and van Swaaij, 1995; Yrjas et al., 1996; Zevenhoven et al.,

.1998 . However, there is no consensus regarding the magni-
tudes of basic kinetic parameters for this reaction, such as
the order of reaction and activation energy. Squires et al.
Ž .1971 reported the ambient pressure sulfidation reaction of
CaO to have an activation energy of 23 kcalrmol and the
reaction to be first-order with respect to H S partial pres-2

Ž .sure. Attar and Dupuis 1979 reported an activation energy
Ž .of 37 kcalrmol. Simons and Rawlins 1980 using the atmo-

spheric pressure sulfidation data obtained by Kearins et al.
Ž .1973 reported the activation energy to be only 10 kcalrmol.

Ž .Freund 1984 , after taking pore-diffusion into account, de-
termined the apparent activation energy to be 45.5 kcalrmol
for 115 mm CaO particle in the temperature range of

Ž .1,125]1,4258C. Heesink and van Swaaij 1995 reported a
value of 38 kcalrmol. The order of CaO sulfidation reaction
with respect to H S partial pressure has been determined by2

Žvarious researchers to be in the range of 0.5 to 1 Squires et

al., 1971; Pell, 1971; Westmooreland et al., 1977; Camp, 1979;
.Heesink and van Swaaij, 1995 .

Sulfidation reaction of CaO is relatively fast and conver-
Žsions up to 100% can be obtained O’Neil et al., 1972; Attar

.and Dupuis, 1979; Efthimiadis and Sotirchos, 1992 . Sulfida-
tion of CaO is thermodynamically favorable and is strongly
dependent on equilibrium partial pressure of H S at all tem-2

Ž . Ž .peratures of interest 650]1,3008C Lindgren et al., 1992 .
Researchers have reported that in the temperature range of
550]1,0158C the sulfidation reaction of calcium-based sor-
bents is governed by thermodynamic variables, such as tem-
perature, pressure, and gas-phase composition. Sintering ki-
netics of CaO andror CaS also determined the rate of sulfi-

Ž .dation of Ca-based sorbents. Efthimiadis and Sotirchos 1992
reported that the sulfidation of CaO is more efficient than
sulfation and attributed that behavior to a lower molar vol-

Ž 3 . Ž 3 .ume of CaS 29 cm rmol than that of CaSO 46 cm rmol .4
Ž .Fenouil and Lynn 1995a,b,c conducted extensive research

to compare the reaction kinetics and the completeness of the
sulfidation of CaO and CaCO in three different types of3
Ca-based sorbents: limestone, dolomite, and dolomitic lime-
stone. They concluded that, at atmospheric pressure and for
temperatures slightly above the calcination temperature of
CaCO , all three sorbents showed complete CaO utilization.3

Ž .Fenouil et al. 1994 have also reported that the sintering
mechanism of the CaS product layer plays a significant role
in determining the reaction rate and sorbent utilization.

Ž .Efthimiadis and Sotirchos 1992 reported a strong depen-
dence of sulfidation reaction rate on the particle size of the
sorbent and its internal pore structure for atmospheric pres-
sure CaO sulfidation in the temperature range of 750]8508C.

Ž .Yrjas et al. 1996 reported the kinetic data for calcined and
uncalcined limestone sulfidation at elevated pressure of 2
MPa in the temperature range of 750]9508C. Their experi-
ments were conducted in pressurized thermobalance equip-
ment. They concluded that under identical conditions cal-
cined limestone reacted with H S to a much greater extent2
than the uncalcined limestone.

Mechanism of CaO-H S reaction has been examined by2
various researchers and two different reaction mechanisms

Žare proposed Borgwardt et al., 1984; Nguyen and Watkin-
son, 1993; Heesink and Van Swaaij, 1995; Agnihotri et al.,

. Ž .1999 . Borgwardt et al. 1984 and Nguyen and Watkinson
Ž .1993 concluded that the initial rate of sulfidation reaction is
determined by the reaction at the surface and the diffusion
through the product layer becomes the rate-determining step
at later stages of the reaction. From the activation energy
values, it was concluded that the product layer diffusion may
involve solid state diffusion with migration of S2y ions

Ž .through the CaS layer Borgwardt et al., 1984 . Contrary to
the solid-state product layer diffusion mechanism, Heesink

Ž .and van Swaaij 1995 proposed the sulfidation mechanism to
involve pore diffusion though the porous CaS product layer.
They proposed that during the initial stage of the reaction
the entire CaO surface takes part in the reaction. However,
as the reaction proceeds the CaO core becomes partly cov-
ered with CaS, which remains porous. These two proposed
reaction mechanisms for atmospheric pressure sulfidation of
CaO are derived from fitting the data to different models
and are not experimentally verified in prior studies. In a re-

Ž .cent study by Agnihotri et al. 1999 , inert platinum marker
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experiments were conducted to obtain direct physical evi-
dence for the CaO sulfidation reaction mechanism, which re-
vealed that the reaction of CaO with H S is limited by trans-2
port and mobility of S2y and O2y ions through the CaS
product layer.

It is well established that various species in reactant gas
mixture interact in the gas phase, and the STP composition
of the reactant gas mixture may not be representative of the
composition under the actual reaction conditions. Water-

Ž .gas-shift WGS reaction, CO-assisted H S decomposition,2
and thermal decomposition of H S are considered to be the2
main composition altering reactions in the pressure and tem-

Ž .perature range of interest Fenouil et al., 1994 . These reac-
tions can be represented as

COqH OlCO qH Water-Gas-Shift reaction 3Ž . Ž .2 2 2

COqH SlCOSqH CO-assisted H S decompositionŽ .2 2 2

4Ž .

H SlH q0.5 S H S thermal decomposition 5Ž .Ž .2 2 2 2

They concluded that the equilibrium composition of the re-
acting gas could drastically change due to these reactions,
and the effect of these reactions need to be taken into con-
sideration, while studying the sulfidation characteristics of
sorbents.

The objective of this study is to determine the kinetic pa-
rameters of high-pressure sulfidation of CaO. In this work,

high-pressure and high-temperature sulfidation of CaO sor-
bent is studied in a flow-through differential-bed reactor. The
reaction between CaO and H S is carried out under typical2
pressurized gasification conditions. Effects of various param-
eters, such as operating pressure, reaction temperature, H S2
partial pressure, gas-phase composition, and initial sorbent
structural properties on sulfidation characteristics of fine CaO
particles, are investigated.

Experimental Studies
Apparatus

For investigating the sulfidation kinetics at the gasifier
conditions of higher pressures and temperatures, a novel re-
actor system is designed. This reactor has the flexibility of

Ž .operating under fixed bed differential , as well as fluidized
bed mode, and can be used as an entrained flow reactor with
minor modifications. The overall reactor assembly is shown
in Figure 1. The high-pressure and temperature reactor
Ž .HPTR vessel is shown in Figure 2. The pressure vessel is
designed to operate at pressures of up to 5 MPa and temper-
atures of up to 1,0008C. The reactor involves a dual shell
design concept with an internal diffusion furnace. The 30 in.
Ž . Ž .760 mm tall internal diffusion furnace Thremcraft is a ver-
tical three-zone heater. The use of an internal diffusion fur-
nace is necessary because of the high gas flow rates required
under elevated pressures. The pressure vessel is made of alo-
nized SS 316 and has internal insulation to avoid contact with
the heater.

( )Figure 1. High-pressure and high temperature reactor HPTR assembly for studying CaO sulfidation.
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Figure 2. Details of the high-pressure and high temper-
( )ature reactor HPTR .

Ž .The main reactor consists of a 2 in. 51 mm OD Inconel-
600 tube housed in the pressure vessel. Inconel-600 is chosen
due to its corrosion resistance against H S at the tempera-2
tures and pressures of interest here. In the dual-shell type of
arrangement the reactor walls need not be thick due to the
pressure balance. Furthermore, this type of reactor arrange-
ment reduces the use of expensive materials of construction.
The annular space between the Inconel tube and the inner
core of internal diffusion furnace provides the preheating
zone for the bulk of the reactant gases, and also provides
enough time for all the gas-phase reactions, particularly the
water-gas-shift reaction, to equilibrate. At the bottom of the

Ž .reactor, the 2 in. 51 mm OD Inconel tube slides inside a
Ž .2.25 in. 57 mm ID Inconel tube, which allows the entry of

Ž .the heated bulk gas into the 2 in. 51 mm tube and also
allows for the thermal expansion of the Inconel tubes. The 2

Ž . Žin. OD tube is 45 in. 1.1 m long, whereas the 2.25 in. 57
. Ž .mm ID tube is 3 in. 76 mm long. These two tubes are welded

to the top and bottom flanges and sufficient clearance is left
from the flanges to allow for thermal expansion. The flange
plates at the top and bottom and the sidewalls of the pres-
sure vessel have openings to accommodate thermocouples for
close monitoring of gas temperatures both above and below

Ž .the sorbent bed. The reactant gases CO, CO and N are2 2
introduced in the outer shell of the pressure vessel, whereas
H and H S are introduced via a specially designed move-2 2
able lance, thus ensuring the alonized steel pressure vessel
walls against coming in contact with H S.2

A specially designed sorbent bed holder made from thick
Ž .walled 0.5 in. 13 mm OD quartz tube mounted on a kovar

seal is inserted into the 2 in. tube from bottom and is held in

position by a compression fitting welded to the lower flange.
The quartz sorbent bed holder is designed to support the sor-
bent particles over a fritted ceramic disc, which can also act
as a gas distributor for the fluidized-bed mode of operation.
The total gas-flow rate through the sorbent bed at any given
pressure and temperature condition is maintained at approxi-
mately 5 Lrm.

The combination of individual gases is chosen such that
the partial pressure of H S resulting from equilibrium gas-2

Ž .phase interactions reactions 3, 4 and 5 would be at the de-
sired value. The reactant gas selected in this study consists of

Ž .1]3 kPa H S, 2]5% CO, 1]3% CO calcining conditions ,2 2
2]10% H , and balance N . The presence of CO is essential2 2
to prevent oxidation of CaS to CaSO by CO , whereas, H S4 2 2
thermal decomposition is reduced by the presence of H .2
Mass-flow controllers are used to deliver the precise amount
of gases against the reactor pressure to give a predetermined
reactant gas composition. In order to eliminate pressure fluc-
tuations a line regulator is added downstream of the mass-
flow controllers. The reactant gas mixture is introduced into
the pressure vessel and is heated via direct contact with the
internal diffusion furnace. Provision is made to determine the
gas composition by the on-line gas chromatograph just prior
to sending into the reactor and immediately after the gases
exit the reactor. The exiting reactant gases from the reactor
are quenched in a coiled condenser and condensed water is
removed in the water knockout pot. A back-pressure regula-
tor is used to maintain the reactor assembly at a predeter-
mined pressure setting.

Procedure
High-pressure sulfidation of CaO is carried out in the dif-

ferential-bed flow-through reactor at pressures in the range
of 0.1 to 2 MPa and temperatures varying from 650 to 9008C.
Differential conditions with respect to H S are maintained2
by using a high reactant gas-flow rate of 5 Lpm through the
sorbent bed at the existing temperature and pressure. Prior
to sulfidation, a small amount of calcium carbonate sorbent
Ž .20]25 mg is dispersed finely on quartz wool and placed in
the sorbent bed holder. The parent calcium carbonate sor-
bent is calcined in-situ by subjecting it to the reaction tem-
perature and pressure under an inert nitrogen flow rate of 5
Lrm for 10 min. The calcination step is analyzed for com-
pleteness using thermogravimetric analyzer. The calcined

Ž .sorbent CaO 10]15 mg is then subjected to the reactant
gas. The extent of sulfidation is determined by wet chemistry
methods after subjecting the CaO sorbent to the reactant gas
stream for a specified time. Pre-weighted samples of partially
sulfided CaO particles are dissolved in a standardized
buffered iodine solution, and the resulting solution is titrated
against a standardized arsenite solution to determine the
amount of iodine unconsumed by reaction with CaS as per
the reaction

CaSqI lCa2qq2IyqS 6Ž .2

From the amount of iodine remaining in the standard solu-
tion, the amount of sulfide and, hence, the CaO sorbent con-
version is calculated.
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Table 1. Chemical Composition and Initial Structural
Properties of CaO Samples

U † ‡CaO-1 CaO-2 CaO-3
Ž .Composition wt. %

CaO 97.0 97.0 99.0
SiO 0.8 0.8 0.22

Al O 0.5 0.5 0.22 3
MgO 1.0 1.0 0.4

Fe O 0.5 0.5 0.12 3
Trace Elements 0.2 0.2 0.1

Median Particle Size 7.8 7.7 6.3
Ž .d , mm50

BET Surface Area 48.6 29.7 6.2
2Ž .m rg

Pore Volume 0.18 0.12 0.042
3Ž .cm rg

U ŽObtained by calcination of High Reactivity Carbonate Mahuli et al.,
.1997 .

† ŽObtained by calcination of Linwood Carbonate Linwood Mineral and
.Mining Co., Davenport, Iowa .

‡Aldrich Chemicals, Inc.

Sorbent materials
Sulfidation is conducted with three types of CaO sorbents,

two prepared by an in-situ calcination of calcium carbonates
and the other obtained from Aldrich Chemicals. Two differ-
ent parent calcium carbonates are used: one is a commer-

Ž .cially available Linwood Carbonate LC and the other is an
Ž .in-house synthesized High Reactivity Carbonate HRC . The

sorbent structural properties, such as surface area, pore vol-
ume, pore-size distribution, and their alterations during con-
version, greatly influence the sorbent conversion. Hence, the

Žthree CaO sorbents of varying structural properties surface
.area and porosity are used to study the effect of initial sor-

bent surface area on their sulfidation characteristics. The
chemical compositions and structural properties of these CaO
sorbents are presented in Table 1. Pore properties of the
pre-calcined and commercial sorbents are determined by
measuring the low-temperature nitrogen adsorption using the

Ž .BET technique Quantachrome NOVA 2000 . The particle-
Žsize distribution is measured by Sedigraph 5100 Micro-

. Ž .meritics . The X-ray diffractograms XRD are used to iden-
tify the chemical species in partially sulfided CaO sorbents.
The physical characteristics such as grain structure, surface
morphology of CaO, and partially sulfided CaO are investi-

Ž .gated using Scanning Electron Microscopy SEM .

Calcium Oxide Sulfidation Model
The sulfidation reaction of CaO is analyzed based on a

Ž .grain model Szekely et al., 1976 , and it is modified to ac-
count for the change in particle surface area and porosity.
The overall concept of the model is illustrated in Figure 3. A
single CaO particle is assumed to be composed of identical,

Ž .spherical, nonoverlapping and nonporous grains Figure 3a .
The grains are considered to undergo sulfidation to varying
extents depending on the local concentration of H S, which2
diffuses inward through the intergrain voids of the particle.

Ž .Based on the findings of Agnihotri et al. 1999 , the diffusion
2y Ž .of S ions from H S inwards through the nonporous2

product layer of CaS with eventual reaction at the CaOrCaS

Figure 3. Sulfidation model.
Ž . Ž .a Single partially sulfided CaO particle; b partially sul-
fided CaO grain.

2y Ž .interface and counterdiffusion of O ions from CaO out-
ward to the CaSrH S interface are incorporated in the de-2
velopment of the model. CaS has a higher molar volume than
CaO, which results in increased grain size and lowered sur-
face area and porosity of the sulfiding particle. Thus, the par-
tially sulfided CaO grains offer increased resistance to the
transport of both H O and H S. At any given time, depend-2 2
ing on the radial location of the grain, the grain size varies.

This model assumes that there are no intraparticle heat-
transfer limitations. For small particles less than 10 mm in
size, heatup and quenching have been shown to be extremely

Ž .fast Gullett et al., 1988; Alvfors and Svedberg, 1992 . The
model accounts for external mass-transfer resistance of H S2
from the bulk gas phase to the surface of the particle.

Model de©elopment
Ž .For irreversible reaction reaction 1 and diffusion of H S2

in the CaO particle, assuming pseudo steady-state condition,
the mass balance for H S can be written as2

­ C1 ­ H S22R D y r s0 7Ž .se H S2 2ž /­ R ­ RR

where

3k r 2
s c

r s 1ye C 8Ž .Ž .H S s ion32 rg

C represents the concentration of S2y ions at the reactionion
interface. The local rate of reaction is assumed to be first-
order with respect to ion concentration at the reaction inter-
face. The boundary conditions are

­ CH S2D s k C yC 9Ž .Ž .se m bulk H S2Rs R­ R p

­ CH S2 s0 10Ž .
­ R Rs 0
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Both Knudsen and molecular diffusivities are considered to
calculate D , the effective diffusivity of H S through these 2

Ž 2 .particle m rs . The external mass-transfer coefficient km
Ž . Žmrs is calculated using the Frossling correlation Fogler,

.1992 . The local porosity following sulfidation is given as

e se y zy1 1ye x 11Ž . Ž .Ž .s 0 0 s

The reaction between S2y and Ca2q takes place at the
interface of CaOrCaS. S2y and O2y ions counter-migrate in
a coupled manner through the CaS layer to maintain the
electrical neutrality of the product layer. The pseudo-steady-

Ž .state condition can be applied Bischoff, 1963; Bowen, 1965
and the radial concentration profile of the ions in the CaS
layer is given by

­ ­ Cion2r s0 12Ž .ž /­ r ­ r

with the following boundary conditions

<C sC 13Ž .rsrion H Sg 2

­ Cion
D s k C 14Ž .ion s ion­ r r s rc

where r and r represent the grain and the unreacted coreg c
Ž .radius m , respectively.

The extent of sulfidation for a given grain can be deter-
mined by performing a solid reactant balance.

dr k Cc s ion
y s 15Ž .

dt rCaO

The local conversion for a grain at a specific radial location
inside the particle is given by

3rc
x s1y 16Ž .s ž /rgo

The change in overall grain size is then obtained by taking
into account the volume expansion due to sulfidation

r 3s r 3q zx r 3 17Ž .g c s go

The overall conversion for the entire particle is calculated by
integrating the local conversion over all the layers of grains

R p 23 x R dRH s
0X s 18Ž .s 3Rp

The numerical simulation is carried out stepwise with time
using the finite difference method. The equations for H S2
continuity and the solids conversion are coupled, and the im-
plicit Crank-Nicolson technique is used to solve the initial

Figure 4. Effect of total pressure on CaO sulfidation.
Reaction temperature: 8008C; H S partial pressure: 2,0002
Pa.

value partial differential equations. The sulfidation model has
two specific rate parameters k and D , which are obtaineds ion
from the best fit of experimental data and follow Arrhenius-
type dependence with temperature.

Results and Discussion
Effect of total pressure

To study the effect of total pressure, the CaO sorbents are
generated in-situ by calcining Linwood carbonate at the reac-
tion pressure in the range of 0.1 to 2 MPa and temperature
of 8008C under 5 Lrm of N flow. The in-situ generated sor-2
bents are then exposed to the reactant gas mixture compris-
ing of CO , CO, H , H S, and N . All the experiments are2 2 2 2
conducted under a constant H S partial pressure of 2 kPa.2
Figure 4 shows the effect of pressure on sulfidation conver-
sion. As can be seen from the figure, increasing pressure had
a negative effect on the combined calcination and sulfidation
steps. Analyses of CaO generated by in-situ calcination at
different total pressures revealed that total operating pres-
sure had an adverse effect on its structural properties. Fig-
ures 5a, 5b, and 5c show the pressure induced morphological
alterations of the CaO sorbents. The surface area decreased
from 31.8 to 27.5 m2rg, while the pore volume reduced drasti-
cally from 0.1 cm3rg to 0.043 cm3rg when the pressure in-
creased from 0.1 to 2 MPa.

The loss in the surface area and porosity may be linked to
the phenomenon of enhanced CaO sintering in the presence
of CO . Calcination of calcium carbonate produces CO at2 2
the CaCO rCaO interface, which diffuses out to the bulk3
through the CaO layer. The diffusivity of CO is inversely2
proportional to pressure, which causes the CO molecules to2
diffuse out relatively slowly at elevated pressures. It is well

June 2000 Vol. 46, No. 6 AIChE Journal1162



Figure 5. Scanning electron micrographs of CaO sorbents generated by in-situ calcination at 8008C showing the
pressure induced morphological alterations.
Ž . 2 3 Ž . 2a Pressure: 0.1 MPa; surface area: 31.8 m rg; pore volume: 0.1 cm rg. b Pressure: 1 MPa; surface area: 29.7 m rg; pore volume: 0.068

3 Ž . 2 3cm rg. c Pressure: 2 MPa; surface area: 27.5 m rg; pore volume: 0.043 cm rg.

established that presence of CO enhances the rate of sinter-2
ing resulting in a loss of available surface area and porosity
Ž .Borgwardt, 1989 . Thus, at elevated pressures, CO2
molecules stay in the CaO layer for a relatively longer time
causing reduction in the surface area and porosity due to in-
creased sintering.

To discount the effect of pressure on CaO structural prop-
erties, high-pressure sulfidation experiments are conducted

Ž .with precalcined and presintered CaO sorbents CaO-2 .
These results indicated a negligible effect of total pressure
Ž .results not shown . However, in a pressurized gasifier, the
calcium-based sorbents are introduced into the gasifier in the

Ž .form of carbonate CaCO , which calcines in-situ as calcina-3
tion and sulfidation proceed simultaneously. Hence, it is im-
portant to study high-pressure sulfidation of CaO with vary-
ing initial structural properties.

Effect of sorbent surface area
Sorbent physical characteristics, such as surface area and

pore volume also play a crucial part in determining the over-

all sorbent utilization and the rate of sulfidation reaction. In
order to understand the effect of CaO surface area, sorbents

Ž 2with different surface areas ranging from 6.2 m rg to 48.6
2 .m rg are used for sulfidation studies. All the CaO sorbents

Ž .tested in this study CaO-1, CaO-2, and CaO-3 have a mass
Ž .median diameter d in the range of 6.3 to 7.8 mm to elimi-50

nate the effect of particle size on sulfidation characteristics
of CaO. The effect of initial CaO surface area on the extent
of sulfidation is shown in Figure 6. In each case the reaction
is carried out at pressure of 1 MPa, temperature of 8008C,
and a fixed H S partial pressure of 3 kPa. Figure 6 shows2
that the initial reaction rate and the extent of calcium oxide
conversion at later stages of the reaction increase drastically
with increasing initial sorbent surface area.

Sorbent particles with higher initial surface area and
porosity offer higher reaction interface and lower diffusional
resistance. This results in significantly higher overall sorbent
conversions and higher initial reaction rates. A similar effect
of initial sorbent surface area on sulfidation extent has also
been reported by other researchers for calcined and uncal-

Ž .cined limestone sulfidation Zevenhoven et al., 1998 .
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Figure 6. Effect of initial CaO specific surface area on
sulfidation characteristics.
Total pressure: 1 MPa; reaction temperature: 8008C; H S2
partial pressure: 3,000 Pa.

Effect of H S partial pressure2

Experiments are performed to determine the effect of H S2
partial pressure on the extent of CaO conversion. The overall
pressure is maintained at a representative value of 1 MPa.
Figure 7 shows the effect of H S partial pressure on sorbent2
conversion. The H S partial pressure is varied from 1 kPa2
Ž . Žtypical for low sulfur coal to 3 kPa typical for high sulfur

.coal . Experiments are conducted with pre-calcined CaO par-
ticles with initial specific surface area of 48.6 m2rg and pore

3 Ž .volume of 0.18 cm rg CaO-1 . As can be seen from the fig-
ure, the sulfidation of CaO increases with increasing H S2
partial pressure. From the initial rate of reaction, the order
of reaction with respect to H S partial pressure is deter-2
mined to be approximately 1, which compares favorably with
the range of values reported in literature for ambient pres-

Žsure sulfidation Squires et al., 1971; Pell, 1971; Westmoore-
land et al., 1977; Camp, 1979; Borgwardt et al., 1984; Heesink

.and van Swaaij, 1995 .

Effect of H and CO partial pressure2

Since H is a major constituent of the coal gas, its effect2
on sulfidation of calcium oxide forms an integral part of this
kinetic study. Figure 8 shows the effect of partial pressure of

Ž .H in the form of H rH S ratio on sorbent sulfidation con-2 2 2
version at 8008C and H S partial pressure of 3 kPa. Calcium2
oxide of initial surface area of 29.7 m2rg and pore volume of

3 Ž .0.12 cm rg CaO-2 is used. The total pressure is kept con-
stant at 1 MPa. It can be seen from the figure that initially
with increasing H partial pressure the rate of sulfidation of2
CaO increases. The sulfidation conversion passes through a
maximum at H rH S molar ratio of about 5 and then re-2 2
duces as the partial pressure of H is further increased. Ini-2

Figure 7. Effect of H S partial pressure on CaO sulfida-2
tion.
Total pressure: 1 MPa; reaction temperature: 8008C; CaO
surface area: 48.6 m2rg; pore volume: 0.18 cm3rg.

tially, increasing the H partial pressure retards the thermal2
Ž .decomposition of H S reaction 5 and, thus, CaO particles2

are exposed to a higher partial pressure of H S.2
As can be seen from Figure 8, CaO sulfidation is retarded

Ž .at higher H partial pressures. Attar 1982 concluded that2

Figure 8. Effect of partial pressure of hydrogen on CaO
sulfidation.
Total pressure: 1 MPa; reaction temperature: 8008C; CaO
surface area: 29.7 m2rg, H S partial pressure: 3,000 Pa.2
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the inhibitive effect of H is due to the reversal of dissocia-2
tion of the adsorbed surface complex to form H S rather than2

Ž .the desired product CaS. Borgwardt 1984 proposed an al-
ternative to Attar’s hypothesis by concluding that the perme-
ability of CaS product formed in presence of H is lower2
than that formed in absence of H . This hypothesis is based2
on the strong interaction between hydrogen inhibition and
increased product layer diffusional resistance. Borgwardt et

Ž .al. 1984 observed that the sulfidation reaction was product
layer diffusion limited and, with increasing partial pressure of
H , the sulfidation conversion was drastically reduced indi-2
cating that the pressure of H was increasing the diffusional2
resistance through CaS product layer.

To study the effect of partial pressure of CO on CaO sulfi-
dation, experiments are conducted with a pre-calcined and

Ž .pre-sintered CaO CaO-2 at 8008C and CO partial pressures
ranging from 10 kPa to 100 kPa at a total pressure of 1 MPa
and H S partial pressure of 3 kPa. It is found that CO partial2
pressure has a negligible effect on CaO sulfidation for the

Ž .temperature and pressure ranges of study results not shown .

Effect of temperature
To determine the effect of temperature on the reaction

rate, pre-calcined and pre-sintered CaO sorbent particles of
initial specific surface area of 29.7 m2rg and pore volume of

3 Ž .0.12 cm rg CaO-2 are exposed to 3 kPa of H S at a total2
pressure of 1 MPa and temperatures in the range of
650]9008C for varying reaction times. Figure 9 shows the
conversion vs. time profiles for 7.8 mm CaO particles. It can
be seen from the figure that sulfidation conversion is very
sensitive to reaction temperature. It can also be noted that
the rate of sulfidation during initial stages is significantly
higher at higher temperatures. Sulfidation conversions in ex-
cess of 45% of the ultimate conversion are obtained within

Figure 9. Effect of temperature on CaO sulfidation.
Total pressure: 1 MPa; H S partial pressure: 3,000 Pa; CaO2
surface area: 29.7 m2rg; CaO pore volume: 0.12 cm3rg.

the first minute of reaction at 9008C. The rate of reaction
tapers off as the conversion increases suggesting a change in
the controlling mechanism. At higher temperature, the taper-
ing off of the overall reaction rate is more drastic than at
lower temperatures.

Initially, the product layer buildup is limited and the sur-
face reaction can be assumed to control the overall rate of
CaO sulfidation. The rate of surface reaction increases expo-
nentially with temperature, and this is evident from initial
conversion data shown in Figure 9. After the first minute of
exposure, sorbent conversion is nearly 45% at 9008C as com-
pared to only about 5% at 6508C. As the reaction proceeds,
the nonporous CaS product layer builds up resulting in de-
creased porosity of the partially sulfided particle, which in
turn increases the diffusion resistance and shifts the overall
rate controlling step from surface reaction to product layer
diffusion. At higher temperatures, faster buildup of the prod-
uct layer leads to an earlier transition to diffusion control
regime.

Determination of kinetic parameters
Effects of various operating variables on sulfidation char-

acteristics of calcium oxide are studied experimentally and
the kinetic parameters of the reaction are obtained by fitting

Ž .the time-resolved data at various temperatures Figure 9 to
the modified grain model. The proposed two-parameter
model has k and D as the fitting parameters. The esti-s ion
mated values of these parameters at different temperatures
are used to calculate the activation energies using the Arrhe-
nius-type equation, as shown in Figure 10.

The value of activation energy for the surface reaction rate
Ž .constant k mrs is calculated to be 37 kcalrmol, which com-s

pares favorably with the values reported in literature. Attar
Ž .and Dupuis 1979 reported CaO sulfidation activation en-

Ž .ergy to be 37 kcalrmol and Heesink and van Swaaij 1995
Ž .reported this value to be 38 kcalrmol. Borgwardt et al. 1984

reported the activation energy for CaO sulfidation to be 31.1

Figure 10. Arrhenius plot for the reaction rate constant
k and product layer diffusivity D .s ion
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kcalrmol, which is slightly lower than the estimated value in
Ž .this study. Abbasian et al. 1991 reported the activation en-

ergy value for this reaction to be 40.2 kcalrmol.
The product layer diffusivity D is estimated to be in theion

range of 6=10y16 to 5=10y14 for the temperature range of
650]9008C, and the corresponding activation energy value is
determined to be 38.4 kcalrmol. This value is significantly
higher than those typically encountered for diffusion of
gaseous species through the crackedrporous CaS product

Ž .layer. The high activation energy 38.4 kcalrmol and low
Ž y15 2 .product layer diffusivity value 8=10 m rs at 8008C sug-

gest that the sulfidation reaction involves solid-state ionic dif-
Žfusion and is consistent with the previous findings Borg-

wardt et al., 1984; Nguyen and Watkinson, 1993; Agnihotri et
.al., 1999 , which show that product layer diffusion in atmo-

spheric pressure CaO sulfidation involves solid-state diffu-
sion of S2y and O2y ions.

Conclusions
ŽExperimental data for high-pressure sulfidation up to 2

.MPa of calcined limestone is obtained in the temperature
range of 650]9008C. The effects of total pressure, H S par-2
tial pressure, reaction temperature, fuel gas composition, and
CaO initial surface area on the extent of sulfur capture and
conversions of sorbent are studied. The sulfidation conver-
sion is adversely affected by increasing pressure due to CaO
sorbent morphological alterations, such as reduction in sur-
face area and pore volume. The rate of formation of CaS is
found to increase linearly with gas-phase H S partial pres-2
sure. Higher initial surface area and pore volume of CaO
lead to higher levels of sulfidation conversion. The rate of
sulfidation, as well as the extent of CaO conversion, increase
with initial increase in the H partial pressure, but reduce at2
high H partial pressures. The sulfidation conversion is unaf-2
fected by varying CO partial pressure. The activation energy
of high-pressure CaO reaction with H S is obtained to be 372
kcalrmol and product layer diffusivity value is obtained to be
approximately 8=10y15 m2rs at 8008C. The product layer
diffusivity values measured for the temperature range of
650]9008C suggests that the sulfidation reaction involves
solid-state diffusion. The modified grain model predicts the
experimental data for the sulfidation reaction reasonably well.
The high-pressure sulfidation kinetic data obtained in this
study will be useful in understanding the sulfidation charac-
teristics of calcium oxide particles under gasifier conditions.
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Notation
C sconcentration of H S in the bulk gas phase, molrm3

bulk 2
C sconcentration of H S inside the CaO particle, molrm3

H S 22
C sconcentration of sulfur ions at the reaction interface, molrm3

ion
D sdiffusivity of sulfur ions, m2rsion

r sradial distance in the grain, m
r sinitial grain radius, mgo

r smass rate of reaction of H S, molrm2 ? sH S 22
Rsradial distance in the CaO particle, m

R soverall particle radius, mp

tstime, s
x slocal extent of sulfidations
X soverall conversion of CaO to CaSs

zsmolar volume ratio of CaS to CaO
e slocal product layer porosity following sulfidations
e sinitial porosity of CaOo

r sdensity of CaO, molrm3
CaO
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