JOURNAL OF cATALYSIS 16, 303-315 (1970)

Sulfiding of Tungsten Oxide Supported on Silica~Alumina

F. E. MASSOTH a~np D. L. BIDLACK
Gulf Research & Development Company, Pittsburgh, Pennsylvania 15230

Received June 12, 1969; revised July 18, 1969

Tungsten trioxide supported on silica-alumina was sulfided with mixtures of
hydrogen sulfide and hydrogen at temperatures between 500 and 1100°F and hydro-
gen sulfide partial pressure of 01-5 atm. Kinetic data were correlated with a
logarithmic-type growth law, which accounts for the rather flat percentage sulfur
versus time profiles. Rates were proportional to the square root of the hydrogen
sulfide partial pressure. The apparent activation energy for sulfidation was 36
keal/mole of W. Studies of partially reacted samples showed the sulfided species
to be WS: and the unconverted oxide to be WiQOss, suggesting that partial reduc-
tion precedes sulfidation. Evidence 1s advanced to support a pore-blocking model
for the sulfidation. Differences in reactivity of bulk compared to supported tungsten

trioxide are discussed.

INTRODUCTION

Many catalysts employed in industry are
presulfided prior to use. The patent litera-
ture is prolific in the number and variety
of uses of catalysts employing sulfided
tungsten, either singly or in conjunction
with other metals. Yet, no systematic study
of the kinetics of sulfidation has been
reported. Indeed, a definitive study of the
sulfidation of even bulk tungsten trioxide
appears not to have been undertaken. A
recent study reported on the sulfidation of
tungsten metal in pure hydrogen sulfide
(1.

Since tungsten catalysts are usually sul-
fided in a hydrogen-rich atmosphere to
avoid deposition of sulfur from decomposi-
tion of hydrogen sulfide, complications
might arise between reduction of the oxide
phase and direct sulfidation. Hence, the
course of the reaction and the kinetics
could be affected by the relative rates of
reduction versus sulfidation which may
vary with reaction conditions. In fact,
direct reduction of tungsten trioxide has
been shown to proceed through several
intermediate, stable oxides (2, 3).

The objectives of the present study were
to establish the mechanism of the sulfida-
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tion of supported tungsten trioxide with
hydrogen sulfide-hydrogen mixtures and to
correlate the rate of sulfidation as a func-
tion of time, temperature, and pressure.
The study involved two approaches. In the
first, utilizing a flow, microbalance appa-
ratus, the chemical properties of bulk and
supported tungsten trioxide were charac-
terized, as well as the products of sulfida-
tion. In the second, using a fixed-bed
reactor, the kinetics of sulfidation of the
supported tungsten trioxide were deter-
mined.

THEORY

The overall reaction for the sulfidation of
tungsten trioxide by H,S/H, mixtures is
given by:

WO;(s) + 2H:S(g) + Ha(g) — WSi(s) + 3H.O0(g).
)

In gas—solid reactions of this type, the
following general steps must be considered:
initial reaction on the surface, adsorption
of the gases on the product formed, trans-
port of reactant gases to the unreacted
solid, chemical reaction at the interface,
and counter transport of product gas.

y
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Usually, mass transport or diffusion is the
rate-limiting step in the process.

For porous materials, Evans (4) dis-
cusses a number of kinetic rate expressions
based on transport through pores.* One of
the models assumes that the reaction prod-
ucts in a given pore set up compressional
stresses in the solid causing blockage of
neighboring pores. The number of pores
blocked is proportional to the density of
pores, so that

—dN = kN da, 2

and the rate of sulfidation is determined
by the number of pores still remaining
open,

da/di = kN, (3)

where « is the degree of sulfidation (con-
version) in going from WO, to WS., N is
the number of pores remaining open per
unit weight of oxide, ¢ is time and %, and
k. are constants. Solution of these two
equations with the boundary condition at
t= 0,a=0and N = N, where N, is the
initial number of pores per unit weight of
original oxide, yields the basic logarithmic
expression,

a = (1/k) In (1 + kokst), 4)
where
ka = klNo- (5)

Conversion may be expressed in terms
of weight percentage of sulfur in the sam-
ple, S, since,

S
=5 (6)

where 8; is the percentage sulfur equivalent
to complete sulfiding to WS, for the given
sample. Then the logarithmic equation
takes the form

S = (/K In (1 + Kek'st),  (7)
where k'z = kQ/Sf, (8)
's = ksSs. (9)

* The term pores used in this context refers to
crystalline defects in the solid oxide, whether sup-
ported or not, rather than the larger pores asso-
ciated with catalyst supports.
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The two fundamental constants indige-
nous to the logarithmic law are k,, a reac-
tion rate constant per pore, and k., a
proportionality constant between the num-
ber of pores and degree of conversion. The
latter constant depends only on the basic
pore structure and should be independent
of temperature and pressure. On the other
hand, the former constant, related to the
chemical process, should be influenced by
temperature and pressure. Since the ex-
perimentally derived rate constant k; is
equal to kN, and N, is related only to
material properties, k; should be a func-
tion of reaction conditions.

It should be mentioned that the loga-
rithmie equation is mathematically equiva-
lent to the Elovich equation, usually
employed in correlating adsorption rate
data (5). However, the theoretical basis is
entirely different: the Elovich law assumes
surface heterogeneity, with variation of
reaction activation energies with surface
coverage. Applied to gas—solid reactions,
this would require phase heterogeneity to
account for varying activation energies
with bulk conversion. We prefer the inter-
pretation of the logarithmic law on the
basis of a pore-blocking model as developed
below.

ExPERIMENTAL METHODS

Materials

Pure tungsten trioxide was obtained from
two sources: submicron microspheres (MS)
from Vitro Labs and pure powdered
tungstic acid (TA) from North Metal
Chemical. The latter material was con-
verted to the trioxide by heating in air at
1000°F for 16 hr (6). Both samples ana-
lyzed less than 0.1% metal impurities by
emission spectroscopy. Surface areas, de-
termined by the standard BET method,
were: MS, 185; and TA, 6.6 m*/g. Sup-
ported tungsten trioxide (S) was prepared
by impregnating American Cyanamid
Triple A silica—alumina (75% by weight
Si0.) (7) with a solution of ammonium
metatungstate and ammonium fluoride.*

* Fluoride was added as a promoter for later
catalytic testing (not included here).
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The insipient-wetted material was oven-
dried and caleined in air at 1000°F for
10 hr. The 10-20-mesh calcined catalyst
contained 19.0% W and 1.7% F by weight
and had a BET surface arca of 182 m?*/g.

Prepurified  cylinder hydrogen was
purged of oxygen by passing through a
Deoxo unit and dried by passing through
Type 5A moleeular sieves. Hydrogen sul-
fide was used divectly from cylinders with-
out further purification.

Apparatus and Procedure

Microbalance studies. The course of the
sulfiding reaction was studied in a flow,
quartz spring reactor, which has been pre-
viously described (7). The same apparatus
was used to follow the rates of reduction
of bulk WO, in hydrogen as well as the
cffects accompanying gaseous HCI treat-
ments. Spring sensitivity was 1.00 mg/mm.
Weight changes attending sulfidation at
various temperatures were followed using a
10-cm Gaertner cathetometer, which per-
mitted readings to be made to #0.02 mg
for sample weights in the order of 100 mg.
All runs in the microbalance reactor were
carried out in a flowing stream at atmos-
pheric pressure. Gas mixtures were pre-
pared by using calibrated rotameters. At
the end of a specified time period, reaction
was terminated by switching to nitrogen.
The samples were then analyzed for sulfur
content by a high-temperature, oxygen
combustion method. Several samples were
also analyzed by X-ray diffraction. By
knowing the final weight change and sulfur
content, the values of X and Y in the
empirical formula WS;Oy could be deter-
mined by the following material balances:

_ MwoS [AW
y = MuoS a0

_ Myo,(1 = 8) [AW _ 4_4]
= M, L, +1 | (11)

where: AW is the change in sample weight,
W, is the initial weight of WO,, 8 is the
weight fraction sulfur, and M represents
the molecular weights of the indicated
species. Since X-ray analysis indicated
W8, to be the only sulfided species present,

(10)

Y
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the oxygen-to-tungsten ratio, Z, in the
oxide residue can be calculated accord-
ing to

a— )'
T1-X)2

Measurements  of sample temperature
change during initial sulfidation were made
in separate runs by replacing the spring
assembly by an auxiliary microthermo-
couple, which was imbedded in the sample
contained in the quartz bucket. Tempera-
ture response was monitored using a milli-
volt recorder. At an initial temperature of
950°F, a gas flow rate of 400 ml/min, and
a 14, vol ratio mixture of H,S/H., the sup-
ported tungsten sample gave the following
response: (i) a very rapid temperature
rise, peaking at 90°F above initial tem-
perature in 0.5 min, (ii) an equally rapid
temperature drop to about 20°F above
initial temperature after 1 min, and (iii) a
gradual decrease in temperature over the
next 5 min with a final temperature line-
out about 10°F above initial temperature.
The rapid temperature peak may have
been due to a rapid surface sulfiding or
adsorption of H,S. In any event, essentially
constant temperature was achieved within
5 min, so that kinetic data could be treated
as isothermal except for the very earliest
stage of reaction.

Fixed-bed reactor studies. Sulfiding rate
studies on the supported tungsten trioxide
were carried out in a fixed-bed metal re-
actor at atmospheric and elevated pres-
sures. Sample batches of 5 or 25 em® of the
supported tungsten trioxide were placed in
the reactor and heated in a flow of nitrogen
to the temperature and pressure of the sul-
fiding run. Mixtures of H.S in H,, which
were premixed In separate high-pressure
eylinders and analyzed by mass spectros-
copy, were passed through the reactor di-
rectly at run pressure at a gas hourly space
velocity of about 15000. After the desired
reaction time, the reactor was cooled to
room temperature in nitrogen. Following
the run, the catalyst was analyzed for sul-
fur. No difference in sulfur content with
bed position was detected. Based on esti-
mated maximum initial sulfiding rates, the

A (12)
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Fic. 1. Reduction of WO; by hydrogen: conditions: sample MS, reduced in microbalance reactor at
950°F with H/N,, 1:1; O, reduced with dry gas; A, reduced with gas containing 0.39%, H,O.

rate of H,S supply was at least in twofold
excess at the very start of the run and
considerably higher for the rest of the run.
Intraparticle diffusion estimated by the
‘Weisz criterion (8) was negligible, except
at the very earliest stage of reaction (below
0.01 hr).

REesuwLts

Microbalance Studies

Reduction of tungsten trioxide. Tungsten
trioxide easily reduced in hydrogen at
950°F to tungsten metal. Figure 1 shows
the course of the reaction in terms of frac-
tion converted to tungsten metal versus
time, as determined by weight change
measurements, An initial rapid reduction to
approximately WO., occurs. This is fol-
lowed by an induction period, subsequent
accelatory region, and final decay region.
Except for the initial reduction plateau, the
sigmold-type curve is typical of many gas—
solid or solid decomposition reactions re-
-quiring a nucleation period. It is significant
that once substantial reduction begins, sus-
tained reduction at this temperature pro-
ceeds smoothly towards metallic tungsten

without any breaks in the curve corre-
sponding to other intermediate oxides.
Thus, if intermediate phases are formed,
they are rapidly reduced further to tung-
sten metal without formation of apprecia-
ble amounts of intermediates. Essentially
the same results were obtained by Barret
and Dufour (9).

Reduction in the presence of a small
amount of water vapor in the hydrogen
was radically different. After reaching the
reduction stage corresponding to WO.,,
further reaction ceased. Even after 20 hr
of reaction, reduction had proceeded to
only about WO., (W,0y). The sample
had a dark blue-purple color, which has
generally been aseribed to W,Oy,.

Reduction of the supported WO, was
much more difficult than bulk WO, In a
16-hr period, only about 20% reduction
(based on conversion to W) was obtained
compared to about 95% for the unsup-
ported WO,. Clearly, the silica~alumina
support retards the reduction of the WO,.
Nevertheless, an initial plateau region, cor-
responding to slightly reduced WO;, was
again observed before additional reduction
occurred.
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TABLE 1
SurrFipep ReacTioN PropucTs®
Results
Run conditions
WEx0y
Temp. Time S —_— WO ,e
Sample? (°F) (hr) (wt 9) X Y Z X-ray
MS 500 90 12.9 0.96 1.50 2.88 Poor pattern
950 2 7.7 0.57 2.00 2.80 —
950 2 10.5 0.77 1.67 2.72 WS,, WO
950 16 21.8 1.67 (.45 2.81 —
TA 950 2 2.7 0.20 240 2.67 WSs, WaOig
950 16 14 & 1.09 1.30 2.86 —
950 70 18.8 1.42 0.87 2.99 WS, WOx(?)
Av 2.8 +0.11
S 950 24 18.8/ 1.43 0.76 2.67 —
54 950 21 16.0/ 1.23 1.18 3.07 —

« Ho/HsS = 1:10, total press. = 1 atm.

® MS = commercial micropheres of WO;; TA = WO; obtained from heating tungstic acid; and § = WO,
supported on silica-alumina.

< Assumes only sulfided species is WS,.

¢ Results corrected for a small loss in fluorine.

¢ Estimated from sample weight change.

1 Sulfur values adjusted to WO; basis for direct comparison with values above.
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Fic. 2. Effect of time on sulfur level: conditions: sample 8, sulfided in fixed-bed reactor at 950°F under
H,S partial pressure of 0.55 atm; O, sulfided dry; [, sulfiding gas contained 0.29; H;O; —, Eq. 16.
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Fic. 3. Effect of H,S partial pressure on sulfur level: conditions: sample S, sulfided in fixed-bed reactor

for 4 hr; —, Eq. 16.

Reaction products of sulfidation. Several
partially sulfided runs on bulk WO; were
made to establish the overall course of the
sulfidation reaction. The results are tabu-
lated in Table 1. Total sulfiding to WS,
corresponds to a sulfur value of 25.8 wt %.
Values of X and Y corresponding to the
empirical formula WS;Oy and Z, the oxy-
gen-to-tungsten ratio in the oxide residue,
are given in Table 1.

A regular lowering in oxide content of
the sample attends in increasing sulfur con-
tent. If sulfiding proceeds directly to WS,
without prior reduction of the WO,, a value
of Z of 3.0 should be obtained. On the other
hand, if reduction to WO, preceeds sulfid-
ing, Z should be 2.0. It is obvious that
neither of these are the exclusive oxide
phase present in the sulfided samples.
The average value of Z of 2.82 could rep-
resent within experimental error either
of two known intermediate oxides (10):
W20Oss (WO‘J.!)‘O) or W50, (W02.72) .

The X-ray diffraction results on the par-
tially sulfided samples resolved this ques-
tion. The unreacted oxide pattern agreed
with that for beta-tungsten oxide, Wy,Oss
(10), .there being no lines attributable to

WO;, Wi504, WO,, or W. The WS, pattern
was good for the two lower sulfided sam-
ples. The higher sulfided sample displayed
some line shifts indicative of an expanded
WS, lattice and did not give a good oxide
pattern. It may be in this case that the
major structure is a deformed WS, struc-
ture containing sulfur atoms located be-
tween the sulfur layers in the normal layer
structure. In this respect, the X-ray pattern
for the low-temperature run was the least
well-defined, suggesting considerable dis-
orientation of the structure at low
temperature.

We conclude, therefore, that in the pres-
ence of H,S/H, mixtures, WO, undergoes
rapid reduction to WO.,, which then sul-
fides to WS, more slowly. This is in line
with the reduction results, where a very
rapid reduction of WO; to WO, , preceded
bulk reduction.

Results on the support were not as un-
equivocal. The tungsten phases are not ob-
served on silica~alumina by X-ray diffrac-
tion. However, the general agreement of
the microbalance results with the unsup-
ported samples as indicated in Table 1
leads us to assume that the course of the
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sulfidation reaction on the support is prob-
ably identical to that for pure WO, with
respect to intermediate oxide formation.

Reaction with gaseous HCl Gaseous
HCl at elevated temperature reacts with
tungsten trioxide quantitatively forming
volatile WO.Cl, (11) according to the
cquation,

WO,(s) + 2HCI(g) —» WO:.Cha(g) + H.O®). (13)

Results of tests carried out in a flowing
atmosphere of HCl at 1150°F are presented
in Table 2. Bulk tungsten trioxide was
subjected to various pretreatments to test
HCl reactivity with different states of
tungsten. After the specified pretreatment
conditions, the state of the tungsten was
determined from weight change measure-
ments. The pretreated samples were then
subjected to the HCI treatment n situ.
Bulk WO, itself reacted completely with
HCI, no residue remaining after several
hours. In contrast, W metal did not react
at all. A partially reduced sample of WOs,
empirically close to WO,, reacted incom-
pletely leaving only W metal. Weight
change calculations indicated that each
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mole of tungsten removed by volatilization
corresponded closely to the loss of 3 moles
of oxygen, according to Eq. (13), implying
that the reduced sample consisted of W and
WO,, in essential agreement with the re-
duetion results presented earlier.

A completely sulfided sample, obtained
via reduction to W prior to sulfiding to
insure no residual oxygen, was unreactive
towards HCl. However, a partly sulfided
sample, containing residual oxygen, did not
undergo complete removal of the oxygen
with HCI. In this case, only about one-half
of the oxygen was removed in a 15-hr
treatment. Also, the rate of removal of
tungsten was appreciably slower in this
case than for the previous treatments. We
feel that this result is highly significant,
indicating that the presence of sulfide seri-
ously hinders access of the HCI to the oxide
phase.

Fized-Bed Reactor Studies

The time variation in the degree of sul-
fiding of the supported tungsten oxide is
shown in Fig. 2 where the sulfur level is
plotted against time at a constant H,S par-

TOTAL PRESSURE
CJ 1AT™.
] 210 ATM.
Tl 11-20ATM.
SEE > 20 ATM.

10 |

H2S PARTIAL PRESSURE, ATM,
~
&
.

-

0.01 -

A/ / & by
A /o W

0.1 1.0 10.0

4
ke, %S/HR.

Fic. 4. Effect of total pressure and H.S partial pressure on k’;: conditions: sample S, sulfided in fixed-bed

reactor.
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Fie. 5. Effect of temperature on k’s: conditions: sample S, sulfided in fixed-bed reactor.

tial pressure and temperature. The rate of
reaction is comparatively rapid during the
early stage but then markedly drops off
with time. The presence of water vapor in
the sulfiding stream had no effect on the
sulfidation rate. Figure 3 shows the sulfur
levels obtained as a function of the H.S
partial pressure at constant reaction time
and temperature. A range of total pressures

from 1 to 50 atm was used. Low partial
pressures have a very pronounced effect on
the sulfur level; but as partial pressure is
increased, the sulfur level tends to flatten
out.

The time data of Fig. 2 were fitted by
the logarithmic expression given by Eq.
(7), with time in hours. This allowed cal-
culation of the constant k’,, which in turn

TABLE 2
Reacriviry oF TungsTEN SampLis wiTH GasEous HyprociN CHLORIDE®

Pretreatment conditions

HCI results

WO, Temp. Time
Sample Gas (°F) (Hr) State Lost Left
TA — — — WO, WO, —
TA H, 1150 22 W — W
TA H. 900 22 WO, WO, w
H, 1000 2
MS H. 1150 22 WS, — WS,
H,S/He 1150 22
TA? H,S/Hy* 950 22 WO,;.38:1 WO:(55%) WS, + W0:(45%)

s Conditions: 1150°F, 1 atm HCI, 400 ml/min; flow, 4-6 hr.

® HCI treatment time was 15 hr,
¢ HyS/H, ratios were 1:10.
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was used to calculate k’; for the other runs.
In order to evaluate the partial pressure
dependency of k’;, it was plotted against
the H.,S partial pressure, as shown in Fig.
4. The slopes of the log-log plots at the
various temperaturcs are reasonably iden-
tical and equal to approximately 2, signify-
ing the following relationship applies:

(14

where p is the H.S partial pressure (atm),
and k’, is a pressure-independent rate con-
stant. If an Arrhenius temperature depend-
ency applies, log %', should be a linear
function of reciprocal temperature. The
relationship 1s shown in Fig. 5. At the three
highest sulfiding temperatures, a straight
line prevails, which, however, does not fit
the lowest temperature value. The activa-
tion energy in the temperature range 725-
1100°F is 36 kcal/mole.

Since runs were made at pressures from
1 to 50 atm, the effect of pressure was
separately evaluated. Combining Eqgs. (7)
and (14) gives,

N N 2
k'y =k 4]3”),

exp (klgAg) — 1.
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The right-hand side of Eq. (15) should be
a constant at each temperature if total
pressure is not a variable. Application of
Eq. (15) to the data showed no systematic
trend with total pressure. Also, Fig. 4 il-
lustrates the independence of k’; on total
pressure by the randomness of the experi-
mental data scattered about the calculated
lines. Hence, it can be concluded that the
sulfidation rate is independent of total
pressure and consequently of hydrogen
partial pressure.

The overall equation which relates the
sulfur level to sulfidation time, tempera-
ture, and H,S partial pressure is,

.1
N = mhl
, 36000
A 13471/2 — =)
X [1 + 1.42 X 10%p exp< RT >]
(16)

The sulfur levels calculated according to
Eq. (16) are plotted on Figs. 2 and 3. As
can be seen, the caleulated values agree
well for all of the conditions except for the
500°F sulfiding temperature data, which

kok's = (15) . : ;
2 tp2 are considerably higher than predicted.
1.0
8 I
8 -
FRACTION /O/,do
SULFIDED, /
4
. S
/o
O
2 |
o]
0 1 A i 1 1
[} 4 8 12 16 20 24
TIME, HR.

Fic. 6. Sulfidation of supported and unsupported WO;: conditions: sulfided in microbalance reactor at
950°F with H.S/H,, 1:10; O, data for sample MS; —, Eq. 4;@ , datum for sample S; —, Eq. 16.
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The lack of fit of the 500°F data may be
due to a change in mechanism at lower
temperature. Changes of mechanism with
temperature are not uncommon in the lit-
erature (12); sufficient data at lower tem-
peratures, however, were not obtained to
verify this point.

Comparative Rates of Sulfidation of Bulk
Versus Supported WO,

Sinece our main objective was to study
the sulfiding of supported tungsten oxide,
only one run was made on bulk tungsten
oxide to establish if the basic sulfiding
mechanisms are identical. The rate of sul-
fidation was followed by weight change
measurements in the microbalance reactor.
Since we have demonstrated that only very
slight reduction of the trioxide to WO,
precedes sulfidation, correction of weight
changes due to this fact was neglected
(less than 10% error).

Figure 6 depicts data for sulfiding bulk
tungsten trioxide at 950°F. The data cor-
relate well with the logarithmic law as
expressed by Eq. (4). For comparison, an
equivalent curve calculated from Eq. (15)
for supported tungsten trioxide under the
same conditions as the microbalance run
is also shown in Fig. 6 (broken line). The
bulk sample reacts slower initially, but
proceeds faster in the later stages of reac-
tion compared to the supported sample.
This is reflected in the values of the con-
stants of the logarithmic equation: k. and
k. for bulk WO, are 6.6 and 1.63 hr? ver-
sus 12.5 and 33 hr? for supported WO,.
Recourse to the differential form of Eq.
(4),

12 o by exp (—kw)
where the rate of conversion, da/dt, repre-
sents the slopes of the curves in Fig. 6 at
any given time, shows that for the sup-
ported WO, the following must oceur: (i)
the initial rate will be higher because of the
larger k,, and (i1) the later rate will be
slower due to the larger k. in the exponen-
tial term. Thus the crossing of the curves
in Fig., 6 is consistent with a single-rate
law for hoth cases.

(17)
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In order to be sure that differences in
rates of sulfidation obtained in the micro-
balance reactor for bulk tungsten trioxide
and in the fixed-bed metal reactor for sup-
ported trioxide were not due to the reactor
used, a sulfiding run with supported tung-
sten was made in the microbalance reactor.
The conditions were identical to those used
for the bulk sulfiding run of Fig. 6. The
sulfur content at the end of the run is
shown in Fig. 6. Agreement with the curve
predicted from the metal reactor runs is
good, leading us to conclude that both re-
actors are equivalent for the purposes of
sulfiding rate studies.

In comparing rate constants for the two
cases, supported versus bulk oxide, one
must keep in mind that very basic differ-
ences may exist in the structure and state
of subdivision of the oxide phases. Aec-
tually, k. is only different by a factor of
two for the supported oxide, whereas k; is
20-fold larger. The former implies that
there is not a large difference in the physi-
cal structure of the oxide phases in the two
cases. The latter implies a larger number
of pores exposed per weight of oxide in the
case of the supported oxide if it is assumed
that the intrinsic reactivity per pore is
identical, i.e., the same k,, and the surface
pore density is the same. This seems rea-
sonable from the well-known fact that im-
pregnation results in a dispersion of the
oxide on the support (13) which leads to
smaller particles. Lack of a definitive
X-ray pattern for WO, on the supported
sample supports this view. On a unit weight
of oxide basis then, the supported WO, will
have a larger surface area, in turn exposing
more total pores, and hence should have a
higher value of k;. Our overall conclusion,
therefore, is that the mechanism for sulfi-
dation is essentially identical for supported
and bulk tungsten trioxide, implying that
the “pores” are indigenous to the tungsten
phase itself and not to the silica—alumina
phase.

The only example furnishing a compara-
tive study on the sulfiding of bulk versus
supported oxide concerns nickel oxide in
pure H,S (helium dilution used) at at-
mospheric pressure, where different mecha-
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nisms were claimed (14). Bulk NiO fol-
lowed a parabolic law whereas NiO on
silica—alumina obeyed a logarithmic law.

DiscussionN

Relevant to the problem of competitive
reduction versus sulfidation of WO, in the
presence of both H, and H.S, the question
of ease of reduction in hydrogen arises.
That reduction of oxide might be expected,
comes from the fact that trungsten itself
is reduced from the 4-6 valence state to the
+4 state in going from WO, to WS,. One
might suppose, therefore, that the sulfida-
tion of WO, would proceed through the
following two-step mechanism:

WO, + Hy —» W0, + H,0,
WO, + 2H,8 — WS, + 2H.0,

(18)
(19)

that is, a simple reduction followed by a
metathesis reaction. Such a sequence ap-
pears to be valid for bulk MoO,, where
only MoS, and MoQ, phases were detected
in incompletely sulfided samples (15, 16).

Our results on sulfiding WO, with
H.S/H. mixtures also indicate a two-step
mechanism; however, instead of reduction
to WO., only a partial reduction to beta-
tungsten oxide, W.,Oss, occurs. Beta-tung-
sten oxide has been described as a defective
structure containing random boundary
paths formed from shear of adjacent octa-
hedron blocks containing oxygen vacancies
(17). This defective structure serves then
as the precursor to the sulfiding which fol-
lows. Diffusion may be via dislocation
lines, eracks, boundary paths or the like,
which we encompass in the term “pores,”
but are actually crystalline defects. In view
of this, and the magnitude of the experi-
mental activation energy for sulfiding, we
arc probably not dealing with gaseous dif-
fusion, but rather with ionic diffusion via
defeet paths in the beta-tungsten oxide
phase. It seems reasonable, then, that con-
version to the sulfide could exert compres-
sional stress on neighboring pores as sup-
posed in the logarithmic-law derivation,
and thus, pore blockage could be explicable
in terms of the defective beta-tungsten
oxide structure. Possible support for the
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blockage of pores by WS,, hindering fur-
ther reaction with the unreacted oxide, may
be inferred from the runs with gaseous
HCI. These could explain the extreme slow-
ing down of the reaction rate with time
(conversion). If the sulfide formed at pore-
mouths results in effective closing-off of
pores, continued reaction must proceed via
diffusion through bulk sulfide, a very slow
process.

The one-half power dependence on H,S
concentration may be explained on the
basis of adsorption of H.S at the exterior
surface of the basic oxide particles and
pore diffusion into the interior. The rate of
diffusion will be proportional to the con-
centration gradient of H.S from the parti-
cle surface to the interior. Since diffusion
is controlling, the concentration in the cen-
ter of the particle is essentially zero. Thus,
the diffusional flux will be proportional to
the surface concentration. Moreover, the
surface concentration can be assumed to
be in equilibrium with the gas concentra-
tion and will be determined by the particu-
lar adsorption isotherm operating. Thus,
the one-half power could stem from a
Freundlich isotherm, i.e., surface coverage,
g, is related to H.S partial pressure, p,
according to,

8 = Ksp''”, (20)

where K; and n are constants and n takes
on the value of 2 in our case. This isotherm
has recently received theoretical justifica-
tion based on a varying heat of adsorption
with increasing surface coverage (18). On
the other hand, the one-half power could
also arise from a Langmuir isotherm with
dissociation (19),

B _(_KLP)”2
14 (Kip)”®

where K;, 1s an adsorption coefficient. If in
the range of our pressures, (K. p)¥? <1,
Eq. (21) reduces to Eq. (20). The Lang-
muir isotherm requires the H,S molecule
to dissociate into two entities, each one
occupying a separate surface site. A half-
order pressure dependence has been re-
ported for adsorption of H,S on a Ni/SiO,
catalyst (20). On the other hand, the effect

(21)
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of pressure on the sulfidation of nickel
powder was expressed by a simple first-
power Langmuir isotherm (271).

Our conclusion that the sulfiding mecha-
nism is essentially identical for supported
and bulk oxide appears to be at variance
with the results obtained for direct reduc-
tion. In the latter, the supported oxide was
only reduced to WO, , while the bulk oxide
was reduced completely to W. Evidently
the support exhibits a strong retarding in-
fluence on the reduction but not on the
sulfidation. Equilibrium limitations may
come into play here. Free energy changes
at 900°F for sulfidation and reduction of
bulk WO, are:

WO; + 2H,S + Hy, = WS, 4 3H.0;
AF® = —30.5 keal;

WO, + 3H: = W + 3H,0;
AF° = +6.5 keal.  (23)

(22)

It is apparent that sulfidation is quite fa-
vorable whereas reduction is not. Neverthe-
less, reduction is achieved in a flowing
stream of hydrogen because the water is
continuously removed, preventing equilib-
rium from becoming established. On the
other hand, following the argument of
Sontag et al. (22), who found a similar in-
complete reduction of WO, on alumina, the
hydrophilic character of the support may
retain the water initially formed in the
reduction at the surface, creating a stable
local atmosphere containing a high pH.0/
pH, ratio. Since the ratio is exposed to this
atmosphere, reduction is arrested, and
higher temperatures are needed to achieve
reduction by lowering the surface concen-
tration of water. Although a similar situa-
tion could pertain to the sulfiding reaction,
sufficiently high water concentrations can-
not be maintained in this case to reach
equilibrium limitation, and thus the sulfid-
ing reaction is not arrested. The reason-
ableness of this proposition may be ad-
duced from the following calculated
equilibrium ratios at 900°F: (pH.O/
pH.) ., = 0.24 for reduction, and (pH.O/
pH.8) . = 61000 for sulfidation with
pH.S/pH, = 1:10. It can be seen that
equilibrium might be reached for reduction
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in the presence of a highly hydrophilie
surface but 1s extremely improbable for
sulfiding. Further support for the thermo-
dynamic basis as the cause of nonreduc-
ibility of supported WO, derives from the
reduction of bulk WO, in the presence of
water (Fig. 1). Only 06.3% water in the
hydrogen stream inhibited reduction be-
yond WO.,.

CONCLUSIONS

The salient findings of this study are:
(i) Reduction of bulk WO, by hydrogen
proceeds rapidly to W,,05s and then more
slowly to W metal. (ii) Sulfidation of bulk
WO, by hydrogen sulfide~-hydrogen mix-
tures proceeds rapidly through formation
of W.,0;, followed by slower reaction to
WS.. (iii) Kineties of sulfidation of sup-
ported WO, obeys a logarithmic law, which
is interpreted in terms of a pore-blocking
model. (iv) The sulfidation rate follows a
one-half order dependency on H.S partial
pressure; zero order in H, partial pressure.
(v} The activation energy for sulfidation
is 36 kcal/mole in the temperature range
725-1100°F, which is ascribed to activated
diffusion. (vi) The mechanism of sulfida-
tion of bulk and supported WO, is similar.
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