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The overlapping grain model was used to describe the sulfidation of zinc oxide
and zinc-titanium oxide powders at temperatures between 400-700°C in H,S-H,-N,
gas mixtures. Experimental data were collected under conditions free of mass-transfer
and pore diffusion limitations. Thus, the only resistances to reaction were due to
intrinsic sulfidation kinetics (surface reaction) and diffusion through the product
layer. The product layer diffusion coefficient was used as a fitting parameter in the
model. As the relative amount of titanium in the sorbent was increased, the product
layer diffusion coefficient decreased. Similar activation energies (26.6 kcal/mol)
were obtained for the product layer diffusion coefficient of ZnO and Zn-Ti-O
sulfidation. From the similarity in activation energies, it is proposed that for both
types of sorbents diffusion occurs primarily through ZnS.

Introduction

The gas-solid reaction of hydrogen sulfide with metal oxides
is of interest in connection with developing regenerable oxide
sorbents for hot coal gas desulfurization. Direct removal of
H,S from the hot fuel'gas can significantly improve the thermal
efficiency of emerging technologies using coal gasification such
as integrated gasification combined-cycle power generation and
gasifier-molten carbonate fuel cells (Marqueen et al., 1986).
Hot gas cleanup will also eliminate the costs of heat exchangers
to cool down the fuel gas, reheating equipment, and expensive
waste water cleanup processes, which put the commercial (low-
temperature) H,S removal processes at a disadvantage. Various
metal oxide sorbents have been considered for high-temper-
ature H,S removal (MERC, 1978). Among them, zinc oxide
is attractive because it combines good sulfidation equilibria,
fast kinetics and regenerability. Over the past decade, zinc
oxide neat or in combination with iron oxide has been studied
for hot gas cleanup applications (Grindley and Steinfeld, 1981;
Tamhankar et al., 1986; Focht et al., 1988). A major limitation
of ZnO-based sorbents for hot gas desulfurization is sorbent
loss due to the reduction of zinc oxide to volatile elemental
zinc. We have found that zinc-titanium-oxide solids are much
more resistive to reduction by H, than ZnO (Lew, 1990; Lew
et al., 1989; 1992a). The initial sulfidation rate of Zn-Ti-O
solids was approximately half that of ZnO (Lew, 1990; Lew
et al., 1992b). In this article, we examine the product layer
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diffusion in Zn-Ti-O sulfidation. Comparison with ZnO sul-
fidation will be made.

A reaction model is used to describe the influence of different
resistances (for example, mass transfer, pore diffusion, chem-
ical reaction and product layer diffusion resistances) on the
conversion-time profile. Gibson and Harrison (1980) and Ran-
ade and Harrison (1981) used the grain model to describe the
ZnO-H,S reaction system. In this model, the solid is described
as an assemblage of nonoverlapping grains reacting independ-
ently of each other. Each grain can be regarded as a shrinking
nonporous reactant core. Around each grain, reaction with
H,S produces a nonporous sulfide product layer.

Recently, as it became evident that the grain model inade-
quately describes many solid structures, modifications were
made. One weakness of the grain model lies in the assumption
that the solid is composed of nonoverlapping grains where the
individual grains grow independently with no overlapping of
the product layer. To provide a more realistic description of
the solid, Lindner and Simonsson (1981) represented the initial
solid structure as an aggregate of truncated spheres (that is,
overlapping spheres) in contact with each other in an initial
stage of sintering. Sotirchos and Yu (1988) further refined this
overlapping grain model by representing the solid as an as-
semblage of grains randomly placed in space with overlapping
of the grains possible.

The overlapping grain model is more flexible and powerful
than the grain model in that it can predict various behaviors
(for example, a maximum in the rate-conversion profile). The
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Table 1. Physical and Chemical Properties of Solids Used in
Sulfidation Experiments”
Surface Pore™”*
area Vol Crystalline
Sorbent (Zn/Ti)z0mic (m¥/g) (cm®/g) Phase (wt. %)
ZnO' -- 2.4 1.20 ZnO (100)
Z2T-a 2/1 4.1 0.73 Zn,TiO, (100)
22T-b 2/1 13.9 1.13 Zn,TiO, (100)
Z273 2/3 2.3 0.47 ZnTiO4(65),
Zn,Ti;Oq (16),
TiO, (19)

* Prepared from zinc acetate and titanium (IV) i-propoxide with 1:1 mole ratio
of metal ions to citric acid. Calcined at 720°C for 12 h.

** Particle size: 90-125 um.

" Calcined at 720°C for 4 h.

! Prepared with 1:2 mole ratio of metal ions to citric acid.

grain model predicts a monotonically decreasing reaction sur-
face area with conversion and the anomaly of a monotonically
increasing pore surface area even when the porosity reduces
to zero (Szekely et al., 1976). However, as with all models
which try to approximate realistic behavior closely, the com-
putational complexity of the random overlapping grain model
is greater than that of the grain model.

We have recently conducted an extensive experimental study
of the sulfidation kinetics of Zn-Ti-O and ZnO sorbents with
H,S-H,0-H,-N, gas mixtures in a thermogravimetric apparatus
(Lew, 1990; Lew et al., 1991; 1992b). The scanning electron
micrographs of these solids show a consistent picture of over-
lapping grains. At high sulfidation conversions overlapping of
the product layer was seen. Based on the SEM pictures, the
overlapping grain model of Sotirchos and Yu (1988) was used
to describe the solids. This model was used to determine the
effect of titanium content of the sorbents on the product layer
diffusion rate.

Experimental Methods

In the sulfidation experiments discussed in Lew (1990) and
Lew et al. (1991; 1992b), macroporous solid powders were
reacted with H,S. Bulk mixed oxide solids of zinc and titanium
were prepared for the suifidation experiments by a known
method for synthesizing highly dispersed mixed oxides from
amorphous citrate precursors (Marcilly et al., 1970; Courty et
al., 1973). Preparations are discussed in more detail in Lew
(1990) and Lew et al. (1990; 1991b).

The solids were characterized by several bulk and surface
analysis techniques. Table 1 lists the properties of the solids
discussed in this paper. The elemental composition (zinc and
titanium) of the solids was verified by atomic absorption spec-
troscopy (Perkin Elmer Spectrophotometer) of the solids dis-
solved in a hot HF-HCI-H,O solution (approximately 90°C).
X-ray diffraction (XRD) for identification of crystalline phases
in the mixed oxides was performed with a Rigaku RU300
instrument using Cu(Ka) radiation. Scanning electron mi-
croscopy (SEM) using a Cambridge Stereoscan 250 MK3 in-
strument was used to observe the surface morphology and
crystallite size of the solids. Surface areas were measured by
a Micromeritics Flow Sorb III 2300 BET apparatus using N,
gas while pore volumes and pore size distribution were meas-
ured by a Micromeritics Autopore 9200 mercury porosimeter.

Experiments of sulfidation kinetics of solids containing var-

1162 August 1992

ious Zn/Ti atomic ratios were performed in a Cahn System
113-X thermogravimetric analyzer (TGA) equipped with a Cahn
2000 electrobalance, a Micricon temperature controller, and a
Bascom Turner data acquisition system. The TGA measured
the weight gain as a function of the time required for Zn-Ti
oxides sulfidation to ZnS and TiO,. The solids were pretreated
in a vacuum oven at 90°C for 1 h to remove any adsorbed
H,O before they were reacted in the TGA.

To eliminate mass-transfer limitations, sample quantity was
decreased and gas flowrate was increased until variation in
either of these parameters showed no effect on the reaction
profile. Pore diffusion limitation was eliminated by decreasing
the particle size until no effect on the reaction profile was
observed. With the macroporous particles used here, particle
size of 90-125 um was found adequately small for all solids
except Z2T-a, for which 43-65 um size particles were used. A
thin layer of sample (typically 1-3 mg of 90-125 um size par-
ticles) was placed in a hemispherical quartz pan suspended by
a quartz hangdown wire. Thus, the measured rate was due
only to intrinsic sulfidation kinetics and product layer diffu-
sion.

The Overlapping Grain Model

The gas-solid sulfidation reaction can be represented by the
general stoichiometry:

A(g)+bB(s)—~cC(g)+dD(s) (1)

The porous solid is simulated as an assemblage of grains ran-
domly distributed in space. The centers of the grains are ran-
domly placed in space with overlapping of the grains permitted.
This is consistent with the observed solid structures of the
sorbents in this study. If the solid product occupies more vol-
ume than a stoichiometrically equal volume of reactant, as it
does in this study (for example, for ZnO sulfidation: molar
volume of product/molar volume of reactant, Z=1.64), then
overlapping of the product resulting in pore closure is possible.

In this model (Sotirchos and Yu, 1988), the porosity e and
surface area S of the reaction r and pore p surface at time ¢
are defined as:

€, = €Xp [ —f S - ’Jr:gna (ro)droj| 2
Y(t)
S=Ffe | o n s, @
Y(&)
¢, = exp [ —f S rgxna(ra)dro] @
S,=Ffe, \  rng(r)dr, ®

’D,mm

where F, is the grain shape factor (sphere=3; cylinder =2,
plate = 1); 7, is the initial radius; fis the grain geometric factor
(sphere =47/3; cylinder = 7L,,,; plate=2A4,,,), L., and A,
are the average grain length of the cylinder and the average
grain surface area of plate-like grain, respectively; n,(r,)dr,
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is the number of grains per unit volume with radius in the
initial size range [r,, 7o+ dr,]; 7, mn and 7, .., are the initial
lower and upper grain radius limit; Y(¢) is the lower active
reactant grain radius limit. The pore surface makes up the sum
of the solid reactant and the product. Thus, the pore surface
is equivalent to the reactant surface when the reaction time is
Zero.

The structural expressions (Egs. 2-5) can be incorporated
into a rate expression to yield:

—bkC,,
dr, Ps
a koo S"L_ ©
D) A

12

where k is the rate constant; D, is the product layer diffusion
coefficient; C,, is the concentration of A (that is, H,S) in the
bulk gas; p, is the molar concentration of solid B, e is the
porosity. At r,, e=¢, and at r,, e=¢,. The change in the pore
radius r, is related to reaction surface radius r, by

dr, dr, e rfe!
2= _ T (z-1
dt dt [ ( ) erp ! o

The porosity of the solid (product + reactant) is found by
€p=€,— (Z = D(e,— eo) (8)
The fractional conversion is calculated with

€ —€p

X=Z-ni-«

®

Equations 6-9 were used to evaluate the experimental results
obtained for sulfidation of ZnO and Zn-Ti-O sorbents. The
rate constant kK was obtained from initial rate measurements
(Lew, 1990; Lew et al., 1992b). The sulfidation profile pre-
dicted with the overlapping grain model was fitted to the ex-
perimental sulfidation profile by using the effective product
layer diffusion coefficient D, as a fitted parameter.

Figure 1. SEM micrograph of ZnO calcined at 720°C for
4 h showing overlapping spherical grains.
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Table 2. Parameter Values Used to Calculate the ZnO
Sulfidation Profiles

€, (Porosity) 0.59
r, (Grain Radius, cm) 1.6x107°
o, (Density, mmol/cm?®) 68.9

k (Rate Constant, cm/s)
Molar Gas Composition

1.3exp[— 10.3 kcal/mol/RT]
2% H,S-1% H,-97% N,

z 1.64
D, (cm?/s), 400°C 2.7x1071°
500°C 3.0x10°°
600°C 2.0x10°8
700°C 1.0x1077

Application to ZnO and Zn-Ti-O Sulfidation

For ZnO, based on SEM micrographs (for example, Figure
1), a uniform size of spherical grains was used in the overlap-
ping grain model. Table 2 lists the values of the physical prop-
erties of ZnO used in this model. The overall sulfidation reaction
is

H,S(g) + ZnO(s) —~ H,0(g) + ZnS(s) 19

The initial grain radius based on randomly overlapping
spherical grains is defined as:

ro=—%ln € 1)

Values for S, were obtained from BET measurement. ¢, values
were obtained from mercury porosimetry. The calculated in-
itial grain radius from Eq. 11 was 0.16 um for ZnO. This was
closer to the actual grain size seen in SEM micrographs (for
example, Figure 1) than the value predicted by the grain model
(0.22 pm). The grain size distribution shown in Figure 2 was
measured from SEM micrographs of ZnO. A comparison of
the predicted reaction profiles with the experimental reaction
profiles obtained with 2% H,S-1% H,-97% N, at temperatures
of 400-700°C is shown in Figure 3. The values of the effective
product layer diffusion coefficients used in the calculation are
listed in Table 2. As shown in Figure 3, the predicted and the

04 ] ZnoO
SA=2.4m2/g
03[ overlapping grain
S : grain model model
5 o
g o2r .
! a]
/2]
g o
= 01r = .
b O |m]
r s]
0.0 0 1 . 1 T !
0.0 0.1 0.2 0.3

Grain Radius (um)

Figure 2. Grain size distribution of ZnO calcined at
720°C for 4 h.
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Figure 3. Experimental sulfidation profiles of ZnO at
400-700°C (2% H,S-1% H,-97% N,) vs. cal-
culated profiles from overlapping grain model.

experimental profiles are in good agreement. There was also
good agreement between the predicted surface area and the
measured surface area at different extent of sulfidation as
shown in Figure 4. This figure also shows the predicted surface
area when using a nonoverlapping grain model.

The predicted sulfidation profiles using the value of D, cal-
culated from the experiments performed with 2% H,S-1% H,-
97% N, are consistent with the experimental profiles obtained
with various H,S concentrations as shown in Figure 5. Con-
sequently, the assumption in Eq. 6 that the H,S bulk concen-
tration is equal (or proportional) to the concentration of the
rate-limiting diffusing species in the product layer is correct.

The overlapping grain model was applied to the sulfidation
of Zn-Ti-O sorbents. The overall reaction is:

H,S(g) + 1/xZn,Ti,0, ., 5,(s) ~ H,O(g)

+ZnS(s) +y/xTiOx(s) (12)

28

-~ 26
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Figure 4. Surface area variation predicted by the random
overlapping grain model vs. the grain model
with experimental results (J) of ZnO sulfida-
tion at 650°C (2% H,S-1% H,-87% N,).
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Figure 5. Experimental sulfidation profiles of ZnO at
500°C reacted in 1, 2 and 3% H,S vs. calcu-
lated profiles from overlapping grain model.

Based on SEM micrographs of Zn-Ti-O solids, such as Figure
6 for sorbent Z2T-a (2Zn:1Ti), the solids typically consist of
grains of various sizes. For the modeling, the solid structure
was simplified by considering only two discrete grain sizes (that
is, a discrete bimodal grain size distribution). The sizes of these
grains were estimated using the SEM micrographs of the un-
reacted sorbents. The relative mass fraction of each type of
grains was estimated using the surface area, porosity, and pore-
size distribution information for the solids. The modeling of
sorbents Z27-a (2Zn:17i) and Z273-a (2Zn:3Ti) will be dis-
cussed. Three possible Zn-Ti-O phases are found in these sol-
ids, Zn,Ti;04, Zn,TiO; and ZnTiO;. From our sulfidation
kinetic experiments, they were found to have approximately
the same chemical sulfidation rate (Lew, 1990; Lew et al.,
19928). Modeling of other Zn-Ti-O sorbents used the same
method.

Sorbent Z2T-a consisted of two types of grains. One type

Figure 6. SEM micrograph of 22T-a calcined at 720°C
for 12 h showing nonuniform grain size dis-
tribution.
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Figure 7. SEM micrograph of 90% sulfided Z2T-a at
650°C in 2% H,S-1% H,97% N..
Interior: S/Zn = 1.0 and *‘skin”’:8/Zn=0.7.

was small spherical grains approximately 0.05 uym in radius.
The other was flat plate-like grains. These plate-like grains
measured approximately 0.2 um (half-thickness). A rough es-
timate of the relative mass percentage of the two grain types
finds approximately a 50%-50% distribution. For the mod-
eling, it was assumed that there was no interaction between
the two types of grains (that is, no overlapping of products
originating from two different grain types). Based on SEM
micrographs of Zn-Ti-O solids, this is a good assumption. For
plate-like grains, the initial grain radius (that is, half-thickness)
is

13)

eo
r,=——Ine,
o

These greatly different grain sizes result from the amorphous
citrate technique used in preparation of the Zn-Ti-O solids.
Zinc titanates prepared by the amorphous citrate technique
form a “‘skin’’ of low porosity. In comparison with this ‘‘skin’’,
the rest of the solid is composed of smaller spherical overlap-
ping grains. The Zn-Ti-O solids ‘‘skin’’ formation causes lower
solid reactivity in sulfidation. This is shown in Figure 7 for
Z2T-a which was approximately 90% sulfided. The ‘‘skin’’ of
the solid (left side of Figure 7) contained (S/Zn),omic ratio =
0.7 while the center portion of the figure contained
(S/Zn)atomic ratio = 1.0.

A comparison of the predicted profiles from the overlapping
grain model and the experimental sulfidation profiles for Z27-
a is shown in Figure 8. Figure 8a shows the experimental and
predicted reaction profiles at 500°C. The individual contri-
butions that the spherical grains and plate-shaped grains make
to the overall conversion profile are also shown in Figure 8a.
The overall predicted conversion profiles at various other tem-
peratures are shown in Figure 8b. The parameter values used
to calculate the profiles in Figure 8 are listed in Table 3. A
verification of the improvement obtained by using a discrete
bimodal grain size distribution for the modeling of Z27-a was
the agreement between the effective diffusion coefficient pre-
dicted from the reaction profiles of Z2T-a and Z27-b. These
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Figure 8. Experimental sulfidation profiles of Z2T-a vs.
calculated profiles from overlapping grain
model with a discrete bimodal grain-size dis-
tribution at (a) 500°C and (b) various other tem-
peratures.

two solids have the same chemical phases, but have different
physical properties (See Table 1). In contrast to Z27-a, a uni-
form grain structure was present in Z27-b. At 400°C, the
calculated effective diffusion coefficient for Z27-a was

Table 3. Parameter Values Used to Calculate the Z2T-q
Sulfidation Profiles

21.8
0.40exp[—9.3 kcal/mol/RT]
2% H,S-1% H,-97% N,

o, (Density, mmol/cm’)
k (Rate Constant, cm/s)
Molar Gas Composition

V4 1.45

b 0.5

D, (cm?/s), 400°C 1.8x107"°
500°C 2.2x107°
600°C 1.3x10°°
700°C 8.3x107%

Sphere Grains (50 wt. %)
¢, (Porosity) 0.42
r, (Grain Radius, cm) 5%107¢
Plate-Like Grains (50 wt. M)
¢, (Porosity)} 0.72
r, (Grain Radius, cm) 2%x1073
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Figure 9. Experimental sulfidation profiles of Z2T3-avs.
calculated profiles from the overlapping grain
model with a discrete bimodal grain size dis-
tribution at (a) 500°C and (b) various other tem-
peratures.

1.8x 107" cm?/s while for Z27-b, a value of 1.5x107"°
cm’/s was calculated. Similar agreement between the predicted
and experimental reaction profiles was obtained for sorbent
Z27T3-a using a bimodal grain size distribution in the overlap-
ping grain model as shown in Figure 9. The values used to
calculate the profiles in Figure 9 are listed in Table 4.

Table 4. Parameter Values Used to Calculate the Z273-a
Sulfidation Profiles

11.7
0.40exp[ - 9.3 kcal/mol/RT]
200 H,S-1% H,-97% N,

p, (Density, mmol/cm®)
k(Rate Constant, cm/s)
Molar Gas Composition

V4 1.22
b 0.5
D, (cm?/s), 400°C 3.5% 107"
500°C 4.2x1071
600°C 3,6%107°
Spherical Grains (50 wt. %)
€, (Porosity) 0.42
r, (Grain Radius, cm) 9% 107¢
Plate-Like Grains (50 wt. %)
€, (Porosity) 0.81
r, (Grain Radius, cm) 2x107?

10°°

De (cm2/s)

10-10

b

10-11 1 1
1.1 1.2 1.3

1T (K) *1000

Figure 10. Arrhenius plots of the product layer diffusion
coefficients for various sorbents.

1.4 1.5

Etfect of TiO, on the Product Layer Diffusion

The calculated effective diffusion coefficient using the over-
lapping grain model for the sulfidation of Zn-Ti-O sorbents
of various compositions indicated a dependence on the relative
amount of titanium in the sorbents. The diffusion coefficient
can be represented by the Arrhenius law as follows

D,=D, ,exp(— E/RT) (14)

where the preexponential factor (D, ,) and the activation energy
(E) are not temperature dependent. An Arrhenius plot of the
experimentally calculated diffusion coefficients for sorbents
Zn0O, Z2T-a, and Z2T3-a is shown in Figure 10. Table 5 lists
the calculated Arrhenius constants. The Arrhenius plot of the
diffusion coefficient is shown for temperatures up to 600°C.
At higher temperatures, the relative resistance of the chemical
reaction becomes more dominant compared to the diffusional
resistance because of the higher activation energy of the prod-
uct layer diffusion coefficient (26.6 kcal/mol) compared to
that of the chemical reaction rate constant (9-10 kcal/mol).
The relative importance of the product layer and chemical
reaction resistances is a function of the product layer diffusion
coefficient, chemical rate constant, temperature, and grain
size. For smaller grain sizes, the product layer diffusion re-
sistance decreases because of the smaller corresponding prod-
uct layer diffusion lengths involved.

Similar activation energies (26.6 +0.3 kcal/mol) were ob-
tained for ZnO and Zn-Ti oxides. The major difference is in
the pre-exponential factor. Sorbents with increasing relative

TableS. Arrhenius Constants for the Product Layer Diffusion
Coefficient (D)

Temp. Arrhenius Constants
Sorbent C) D,,, cm*/s E, kcal/mol
ZnO 400-600 0.098 26.4
Z2T-a 400-600 0.053 26.3
Z2T3-a 400-600 0.019 27.0
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Figure 11. Comparison of predicted and experimental
product layer diffusion coefficients for var-
ious Zn-Ti-O sorbents sulfided at 400°C.

concentration of titanium have correspondingly decreasing pre-
exponential factor. The high activation energy is consistent
with diffusion by a solid state mechanism. The similarity in
activation energies suggests that in a product layer containing
a mixture of Zn$S and TiO, diffusion occurs through ZnS and
not through TiQ,. Diffusion preferentially occurs through the
fastest pathway. The role of TiO, is to decrease the cross-
sectional area available for diffusion and increase the tortuosity
of the diffusion pathway. The change in the diffusion coef-
ficient can be mathematically expressed by adapting the equa-
tion for the ‘“‘random pore’’ model proposed by Wakao and
Smith (1962) for diffusion in a porous solid having a bimodal
pore-size distribution separated into macropores and micro-
pores:

2
D,=&D, o+ [i’—ﬁi—)} D, (15)

(1 - Em)

where €, and ¢, are the macroporosity and microporosity,
respectively. D, , and D, , are the diffusion coefficients. For
this system, a similar expression as Eq. 15 is used with the
porosities replaced by the volume fractions (») of ZnS and
TiO,:

Yo, (14 3vz:5)
D, 70 +Tio, = VusDe zns + Lo s D.ro, (16)
(1 = vz55)

The diffusion flux in the product layer is the sum of that
through ZnS, that through TiQ,, and that through ZnS and
TiO, in series. For D, 7,5 >> D, 1i0;, this reduces to:

an

2
D, s, TiOy = VzasDe, zas

Equation 17 is used to predict the product layer diffusion
coefficient for various Zn-Ti oxides sulfided at 400°C. The
value of D, 7,5 was obtained from ZnO sulfidation results. As
shown in Figure 11, the agreement between the experimental
and predicted values is good.

The measured product layer diffusion coefficient for ZnO
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sulfidation in this work is higher than values reported in earlier
literature. Ranade and Harrison (1980) reported an activation
energy of 22 kcal/mol and a preexponential factor of 4.9 x 10™*
cm?/s for the product layer diffusion coefficient in ZnO sul-
fidation. For ZnO, an activation energy of 26.4 kcal/mol and
a preexponential factor of 0.098 cm?/s were found in this study.
At 600°C, the diffusion coefficient measured in this study was
14 times higher than that measured by Ranade and Harrison.
The reason for this difference is not clear. However, the ZnO
solid used by Ranade and Harrison was only 94.5% pure. It
is not known how the unspecified impurity may have affected
the product layer diffusion.

The large value of the activation energy (26.6+0.3 kcal/
mol) of the diffusion coefficient implies ionic diffusion through
a solid nonporous product layer. The possible rate-limiting
diffusing species in the product layer are Zn and OH ions
diffusing out to the gas phase and S and H ions diffusing into
the unreacted core. In addition, there is the possibility of elec-
tron diffusion to maintain the charge balance. Diffusion of
H* is very fast. At the gas-solid interface, OH~ ions are con-
sumed by the reaction:

OH  +H*=H,0 (18)
The presence of H,0O in the gas increases the amount of OQH~
ions at the gas-solid interface, thus, decreasing the diffusion
rate of OH™ ions out of the solid. However, when H,O was
added to the gas stream, no change in the product layer dif-
fusion coefficient was observed.
The addition of H, will increase the Zn?* at the reactant-
product interface by the reaction:
ZnO+H*=Zn** + OH" (19)
Thus, this can change the diffusion rate of Zn cations. How-
ever, again no change in the product layer diffusion coefficient
was observed for various H, concentrations. Thus, the
probable diffusion limiting species is $~. The calculation
of D, was based on a gaseous concentration gradient
(Cu,s,0— Cujs,s). Since S%- ions are diffusing, an ionic concen-
tration gradient must be used. As shown in Figure 5, when the
H,S concentration is varied, it is not necessary also to vary the
product layer diffusion coefficient to fit the data. Based on
this observation and since the initial sulfidation reaction rate
is first-order, the chemisorption of H,S on the solid is a first-
order process with
Cs- o= Ki,sCrs.0 (20)
where Ky, is the adsorption equilibrium constant of H,S, and
Cus, s the bulk H,S concentration. Thus the rate expression
(Eq. 6) becomes

- bkK stcﬂzs,v
d
.L’;-____p_’,._ 1
i ks
D, "), S

With the limitation in scope of this study, it was not possible
to determine Ky,g, which was arbitrarily set equal to unity.
Thus, comparison with the diffusion coefficient from other
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Figure 12. SEM micrographs of solids sulfided at 600°C
with 2% H,S-1% H,-97% N,: (a) ZnO and (b)
22T-a.

studies must keep in mind that differences in values may be
attributed to the value used for the driving force of diffusion.
Secco (1958) measured the diffusion of Zn cations in ZnS
crystals by a radiotracer technique. An activation energy of
35 kcal/mol and preexponential factor of 3 x 10™* cm®/s were
reported. No values for S anion diffusion coefficient are avail-
able, but it is expected to be smaller since the ionic radius of
S?- is 2.45 times larger than Zn?* (Shannon and Prewitt, 1969).
In any case, this diffusion coefficient is much smaller than the
values obtained here for the sulfidation of ZnO. Differences
in the measured values of the diffusion coefficient can also be
attributed to different mechanisms. Secco (1958) measured
lattice diffusion while in this study diffusion via grain bound-
aries, which is characterized by faster diffusion rate and lower
activation energy for the diffusion coefficient (Kingery et al.,
1976), is believed to be dominant. Grain boundaries are ap-
parent in both sulfided ZnO and Z2T (Figure 12).

Summary

The overlapping grain model which allows for randomly
overlapping grains was used to predict the sulfidation profiles
of ZnO and Zn-Ti-O sorbents in the temperature range 400-
700°C where the resistances to reaction are due to diffusion
through the product layer and the surface reaction. This model
provided a more accurate description of the solids as seen in
SEM micrographs than a nonoverlapping model. For Zn-Ti-
O sorbents, a discrete bimodal grain size distribution was used

1168 August 1992

in the model while for ZnO, a single grain size was used.

The activation energies of the product layer diffusion coef-
ficient for ZnO and Zn-Ti-O sulfidation were similar, 26.6 + 0.3
kcal/mol. However, as the relative content of titanium in the
solids increased, the pre-exponential factor decreased.

From the similarity in activation energies, it was surmised
that during sulfidation of both ZnO and Zn-Ti-O, diffusion
in the product layer occurs primarily through ZnS. Accord-
ingly, diffusion through ZnS was faster than through TiO,.
TiO, in the product layer served to reduce the cross-sectional
diffusional area and increased the tortuosity of the diffusion
path. Thus, the product layer diffusion coefficient decreased
as the TiO, content in the product layer increased.
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Notation
A, = average surface area of plate
= stoichiometric factor [that 1is, A(g)+bB(s)
—cC(g) +dD(s)]
C,, = concentration of reactant A (H,S) in the bulk gas
D, = product layer diffusion coefficient
e, = initial porosity of solid
e = porosity of solid
f = grain geometric factor (4x/3 for a sphere, 7/L,,, for a
cylinder, and 24,,, for a plate)
F, = grain shape factor (3 for a sphere, 2 for a cylinder, and
1 for a plate)
k = rate constant
L., = average length of cylinder
n,(r,)dr, = number of grains per unit volume with size in the initial
size range [r,, r,+dr,]
p, = concentration of reactant solid
romax = upper limit of initial grain radius
Iomin = lower limit of initial grain radius
r = grain radius
R = ideal gas constant
S = surface area per unit volume of solid
T = absolute temperature, K
»; = volume fraction of component i in the product layer
Y(t) = lower limit of the size range of active grains at time ¢
X = fractional conversion
Z = stoichiometric volume ratio of solid product to solid
reactant
Subscripts
r = refers to values or properties at the reaction surface
p = refers to values or properties at the pore surface (solid

reactant + product)
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