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Tungsten carbide is formed during the carbon monoxide activation of tungsten oxide on silica gel
disproportionation catalysts. A study of the catalyst activation in H,, H, + H,0, CO, and CO +

CO, has shown that the catalyst can be selectively

reduced to the substoichiometric oxides WO, g4

and WO, 5, WO,, and WC. Reduction in CO only or H, followed by CO did not produce a uniform
reduction along the length of the catalyst bed due to the inhibiting effect of CO, on the reduction.
The pure binary oxide forms were not highly active for the disproportionation reaction. Minor
amounts of tungsten carbide in a matrix of WO, ;, or pure tungsten carbide on silica gel are highly

active for the disproportionation reaction.

INTRODUCTION

Several authors have reported the exis-
tence of long induction or ‘‘break-in’’ peri-
ods during the catalytic disproportionation
of olefins over tungsten oxide supported on
silica gel (/-6). During this break-in period
the color of the catalyst changes from yel-
low, characteristic of WO, to blue, the
color ascribed to the various substoi-
chiometric oxides of tungsten. The blue
form can also be produced by prior activa-
tion of the catalyst in hydrogen; however,
this did not eliminate the induction period
(3, 5). Another reported feature of the cata-
lyst was the unexpected mass transfer limi-
tations, which has been explained as being
due to a small number of very active sites
widely separated on the catalyst surface
).

The catalytic disproportionation of
stilbene with ethylene (6~7)

C6H5—CH=CH—C6H5 + C2H4 =
2 C6H5—CH=CH2

is an equilibrium controlled reaction, with
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an equilibrium constant of ca. 3.6 at 500°C.
The selectivity of the reaction is greater
than 99% for styrene at temperatures up to
about 480°C. The tungsten oxide catalyst
used for studying this reaction exhibited the
same long break-in periods as reported with
other olefin systems, with equilibrium con-
version being approached after 4-6 hr on
stream at 450-500°C if the catalyst had
been activated in air or reduced in hydro-
gen for varied periods of time at tempera-
tures up to 600°C. Immediate equilibrium
conversions were achieved at contact times
as low as 0.25 sec if the catalyst was acti-
vated in CO at 550°C and higher. A detailed
study of the catalyst activation in H,, H, +
H,0, CO, CO + CO, blends, and series
combinations of these gases has shown that
(a) the catalyst can be uniformly and selec-
tively reduced to WO, g4, WO, 7,, or WO,,
none of which is the most highly active
form for disproportionation, (b) activation
of the catalyst in CO only or in CO after
reducing in H, does not give uniform reduc-
tion of the catalyst along the length of the
catalyst bed due to the inhibiting effect of
CO; on the CO reduction, and (c) the ulti-
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mate product from the exhaustive reduc-
tion in CO is tungsten carbide supported on
silica gel.

EXPERIMENTAL

Samples of the tungsten oxide on silica
catalysts were reduced in H;, CO, or CO-
CO, blends at different temperatures. The
reactor effluent during CO reduction was
analyzed at regular intervals for CO,.
Graphical or computer integration of the
CO,—time curve was used to determine the
millimoles of CO, produced during the re-
duction. The reduced samples were titrated
with O, using dilute (2—-4 mole%) blends of
O, in helium. The effiuent from the reactor
was sampled at regular intervals and ana-
lyzed by gas chromatography (GC) to de-
termine millimoles of O, reacted. For those
samples reduced in CO, CO, was evolved
during the reoxidation. The periodic sam-
pling and analysis of the effluent permitted
the determination of the millimoles of CO,
produced and the millimoles of O, reacted
during the reoxidation. The millimoles of
0O, and CO, could be related to the reactions
occurring during the oxidation step.

A. Catalyst Preparation

The catalyst samples were prepared by
impregnation of Davison Grade 59 silica gel
(previously calcined at 600°C in air) with
aqueous ammoniacal solutions of ammo-
nium metatungstate (Sylvania) using the
minimum solution technique. After air dry-
ing the impregnated gel was calcined in air
at 600°C to convert the salt to WO; (8). Po-
tassium salts (0.1-0.2% as K,0) were
added to some of the samples to neutralize
the acidic sites on the support. The weight
percent loading on the catalyst was calcu-
lated from the weights of support, ammo-
nium metatungstate, and calcined catalyst.

The tungsten oxide level used for the
work reported here was 20%. Although this
level was higher than was ultimately found
necessary for optimum performance of the
catalyst, the catalyst pellets were com-
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pletely and uniformly coated (see below),
with no evidence of uncoated surface area.
Catalyst loadings from 7.5 to 30% WO,
gave the same results, as did samples con-
taining no added potassium salts. Other sil-
ica gels and macroporous silica beads pro-
duced the same results. The surface area of
the catalysts after calcination was ca. 200
m?¥g and did not change significantly with
the various reduction and oxidation cycles.

Portions of each preparation were re-
duced in hydrogen at 500-550°C to the blue
form in order to observe the distribution of
WO; on the support. The reduced catalyst
particies were uniformly colored, both on
the surface and the interior of the particles.

The catalysts were tested for dispropor-
tionation activity in a type 309 stainless
steel reactor; details of these studies will be
reported separately.

B. Apparatus

A schematic flow diagram of the appa-
ratus used is shown in Fig. 1. The gas con-
trol system provided regulated supplies of
helium, air, CO, and various blends used in
the catalyst reduction and oxygen titration/
carbon burnoff steps. Flow rates were in
the range 90-160 scc/min. Brooks flowme-
ters with R-2-15-AA tubes and glass and
stainless steel floats were found suitable in
the flow ranges used. Four-port rotary
valves (Whitey 43Y series) provided the
ability to direct the feed gases to the reactor
or vent. Lines connecting the gas control
system to the reactor were 1/16 in. o.d. X
0.03 in. i.d.

Figure 2 is a drawing of the three-zone
quartz reactor used for the catalyst reduc-
tion studies and for the determination of the
carbon content and oxygen consumption of
the samples. The feed gas was preheated to
reaction temperature in the first zone filled
with quartz chips. When the reactor was
used for the reduction studies, the catalyst
was placed in the third zone and the center
zone was filled with quartz beads to reduce
the void space. When used for carbon/oxy-
gen analyses, the catalyst was placed in the
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FiG. 1. Flow diagram of experimental apparatus.

GAS 1
GAS 2

center zone and the third (right) zone was
filled with wire-form copper oxide.

Both standard taper and ball and socket
joints were used for the seals on zones 2
and 3. The extended plugs on the joints ter-
minated just above the connecting tubes
and were only slightly smaller than the in-
ternal diameter of the zones so as to mini-
mize diffusion of the gases into the space
above the ends of the plugs.

The reactor was mounted in a radiantly
heated low mass furnace made from 1-in.-
thick Marinite insulation with batts of Fi-
berfrax on the inside of the furnace. The
heater coils were wound from Nichrome
wire. The temperature of the reactor was
regulated by a power-proportioning con-
troller of local design. The tops of zones 2
and 3 extended through the upper surface
of the furnace so that the joints were at am-
bient temperature.
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Samples of the catalyst were removed
from the reaction zones using the vacuum
sample receiver shown in Fig. 3. By apply-
ing vacuum to the bottom fitting, all or frac-
tional portions of the catalyst were re-
moved from the reaction tubes even at
elevated temperatures, if desired. Use of a
polymeric sleeve on the standard taper joint
rather than lubricant permitted quantitative
recovery of the catalyst.

The effluent from the reactor was sam-
pled at regular intervals and analyzed on a
6-ft X 1/8-in. Porapak Q column operated at
60°C with a helium flow of 30 ml per min-
ute. The chromatograph was an F and M
Model 720. The thermal conductivity detec-
tor was operated at a bridge current of 250
mA and the detector response displayed on
a 1-mV Honeywell Model 16 recorder, 1-
sec full scale response. A Carle Instru-
ments Company Model 2014 eight-port gas
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FIG. 2. Three-zone quartz reactor.

sampling valve was used. The valve had
two sample loops, a gas sample being taken
each time the valve was actuated. The sam-
ple loop size was nominally 250 ul. The vol-
umes of the loops were matched to less
than 1.0% by inserting lengths of fine wire
into the loop initially giving the greater re-
sponse. The valve was pneumatically oper-
ated using a Carle Model 2050 actuator con-
trolled by a Flexopulse variable interval
timer. When used only for the detection of
0, for oxygen titrations after reduction in
H,, a sampling interval of 15 sec was used.
For CO reductions or oxygen titrations in
which CO, was evolved, a 30-sec interval
(minimum) was possible. The sampling in-
tervals were determined only by the width
of the peak(s), not by the overall retention
time.

To provide a relatively constant flow of
the effluent to the gas sampling valve at var-
ied reactor flows, a tee arrangement in the
effluent line directed only a portion of the
effluent to the valve, the balance going to
vent. This arrangement also reduced the
back-pressure on the reactor caused by the
sampling valve. The outlet flow was ad-
justed to give the same flow to the sampling
valve, as indicated by the outlet flowmeter,
regardless of the total flow through the sys-
tem.

Blends of the components were prepared
on a high vacuum gas blending apparatus,
using instrument or C. P. grade gases from
Matheson for all blends.

Cylinder carbon monoxide used for the
reduction studies was found to contain vari-
able levels of iron and nickel carbonyls (9).
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FiG. 3. Vacuum receiver for sample removal.

At a reaction temperature of 500°C and
higher, the metal carbonyls decomposed in
the inlet tube and the preheater section with
the production of low levels of CO and CO,
and the deposition of metallic residues. The
metal carbonyls were removed by passing
the CO through a column of activated char-
coal. The amount of CO, produced by the
disproportionation of CO in the flow and
temperature ranges of this study was negli-
gible after removal of the metal carbonyls.
At 700°C less than 0.02 mol% CO, was de-
tected in the effluent from an empty reac-
tor.

C. Procedures

(a) Reduction in hydrogen. A weighed
amount (2—-10 g) of the calcined catalyst
was placed in reactor zone 3 with the reac-
tor at a temperature below which any reac-
tion might occur. The reactor and catalyst
were purged with helium and heated to the
desired operating temperature. While purg-
ing the reactor with helium, the hydrogen
flow was set to the desired value. After the
temperature stabilized, valve RV-2 was ro-
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tated to feed hydrogen to the reactor. After
the desired reduction period, the reactor
was flushed with helium. The flow of the
oxidizing blend (2 or 4 mole% oxygen in
helium) was adjusted and fed to RV-2
through RV-1. The timer on the sampling
valve actuator was set for a 15-sec interval
and the timer started. With only helium
flowing through the system and the outlet
flow control valve adjusted to give the
proper flow of sample through the gas sam-
pling valve, no response was obtained for
samples taken during this period. At the
same time that a gas sample was taken,
valve RV-2 was rotated to feed the oxidiz-
ing blend to the reactor and the start time
was marked on the recorder by momentar-
ily blocking one of the exit ports of the de-
tector. The oxidation was continued until
the oxygen reached a steady-state level
(constant GC peak height). Without chang-
ing any flows, valve RV-2 was rotated back
to feed helium to the reactor with the sam-
pling timer left on. After the system was
cleared of oxygen (no GC response for sam-
ples), the oxidation step was repeated with
the fully oxidized catalyst to obtain the
blank value for oxygen breakthrough. Since
the times were read directly from the re-
corder chart measured at the oxygen peak,
the blank value takes into account both the
dead volume of the reactor system and the
retention time of the oxygen peak. Typi-
cally the oxygen peak height was over 90%
of the steady-state value for the sample
taken at 30 sec for a fully oxidized catalyst.
Blank values were generally in the range
0.5-0.7 min. The oxygen titration times for
reduced samples were typically greater
than 10 min. The millimoles of oxygen con-
sumed were then calculated from the net
time (sample-blank), the oxidizer blend
concentration and flow rate. After cooling,
the catalyst was removed with the vacuum
receiver and reweighed to determine the
millimoles of WO;.

(b) Reduction in CO or CO-CQO, blends.
Reduction of the catalyst with CO or gas
blends followed basically the same proce-
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dure as used for hydrogen reduction
(above), except that the reactor effluent
was sampled at 30-sec intervals during the
reduction period to determine the number
of millimoles of CO, produced.

Reoxidation of the catalyst after CO re-
duction was found to produce a mixture of
CO and CO, in a variable ratio before O,
breakthrough. Analysis of the mixture for
the three components could not be done
with sufficient frequency and accuracy to
obtain reliable data for calculation of the
millimoles of O, consumed and CO + CO,
evolved. In addition it was also desirable to
divide the reduced catalyst into several por-
tions due to the nonuniformity of reduction,
as will be discussed later. The reduced cat-
alyst was cooled under helium flow and re-
moved in several weighed fractions.

The third zone was then loaded with
wire-form copper oxide, the reactor heated
to 550°C and burned off in air. The reactor
was then flushed with helium, cooled, and
the second zone loaded with all or a portion
of the catalyst fractions removed. After
flushing for several minutes with helium,
the reactor was heated to 550°C during
which time the flow rate of the oxidizer
blend was adjusted to the desired value.
The reoxidation was carried out as given
before except that the effluent was sampled
every 30 sec. The oxidation was continued
several minutes past oxygen breakthrough.
During the initial portion of the oxidation,
the chromatographic samples show only a
series of CO, peaks of nearly constant peak
height. As the oxidation neared comple-
tion, the CO, concentration decreased as
the O, concentration increased to a steady-
state level. The pattern of peaks is shown in
bar-graph form in Fig. 4.

The blank value and millimoles of O,
were determined as given above. The milli-
moles of CO, were determined by graphical
or computer integration of the area under
the CO,~time curve. The CO,-blank time
was determined by adding the difference in
retention times for O, and CO, to the O,—
blank value. In many cases the concentra-
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tion of CO, in the effluent was constant,
within experimental measurement, for most
of the titration and then decreased rapidly
and essentially linearly to zero. The inte-
gration in this case was based on the times
N(CO,) and T"(CO,) shown on the figure.

No corrections to the flows were neces-
sary based on the reactions found to be oc-
curring. At the O, concentrations used in
the oxidizer blends (2-4 mole%), the
change in flow during oxidation was small
and the inlet and outlet flows were the same
at the O, titration endpoint. The change in
flow rate during reduction was within the
experimental error of setting the flow as the
concentration of the CQO, in the effluent was
less than 5 mole% and the amount of the
CO reacting to WC relative to the total
amount reacting was less than 0.25: for ex-
ample, for the reaction

WO, 5, + 4.72 CO = WC + 3.72 CO,

mmole CO to WC/mmole CO reacted = 1/
4.72 = 0.21.

RESULTS AND DISCUSSION
A. Reduction in Hydrogen

Tungsten oxide supported on silica was
rapidly reduced in hydrogen to WO, at
temperatures below 575°C (Fig. 5). After
the initial rapid reduction, the value of x in
WOx decreased slowly at longer reduction
times. According to the thermogravimetric
studies of Ogata er al. (10), WO, 1, is not
formed by hydrogen reduction in this tem-
perature range. An apparent value of x =
2.80 would be composed of a mixture of
95% WO, ¢4 and 5% WO, . The reduction in
hydrogen only was not studied extensively
as it was determined early, consistent with
other reports, that hydrogen reduction was
not effective in reducing the induction or
break-in period. The data did, however, in-
dicate that WO, 5, could be reproducibly
formed within 10 min at 550°C under the
experimental conditions used.
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F1G. 5. Apparent composition of WO, vs time for WO, reduction with H: O reduction at 550°C; V

reduction at 575°C.

The WO, 4, form was also produced by
CO, oxidation of samples which had first
been reduced in hydrogen. After reducing
catalyst samples for varied periods of time
in hydrogen at 550°C to compositions corre-
sponding to average values of x less than

'2.84, treatment of the catalyst with CO, in
helium produced CO. After treatment with
CO, to the extinction of CO, oxygen titra-
tion of the samples consistently gave aver-

MOLE PER CENT CO2 IN OFF GAS
~
i

age compositions of WO,4 55 through
the length of the catalyst bed.

Complete reduction of WQO; to the brown
oxide WO, was achieved by reduction at
700° in hydrogen saturated with water (11,
12). Duplicate reduction—-oxygen titration
cycles gave values of WO, o; and WO, 4 af-
ter 1.5 to 2 hr reduction in H~H,0. The
observed weight loss was in exact agree-
ment with the theoretical value for com-

TIME IN HOURS

F1G. 6. Mole percent CO, in reactor effluent vs time for CO. Reduction without initial hydrogen

reduction. Temperature: 600°C; 2-sec contact time.
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plete reduction to WQO,. In the absence of
water, reduction at 700°C resulted in at
least partial reduction to W metal. Reduc-
tion to WO, did not eliminate the break-in
period for the disproportionation reaction,
a result consistent with other studies (3).

B. Reduction in Carbon Monoxide

Figure 6 is a plot of the mole per cent CO,
in the reactor effluent during the CO reduc-
tion of supported WO; at 600°C. The reduc-
tion apparently occurred in three distinct
stages as indicated by the initially high but
declining CO, concentration (0-10 min), a
plateau region with evolution of about 1%
CO, (10-40 min), and finally after about 45
min the CO, production increased and re-
mained at about the 2% level for the re-
mainder of the experiment. The three steps
appear to correspond to the initial reduc-
tion to w02'9, then WO2.34 and/or W02.72,
and finally to WC and oxidation states
lower than WO, 1,. As will be shown in the
next section, CO, production at the final

MOLE PER CENT C02 IN OFF-GAS
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(ca. 2%) level may continue for many hours
at this temperature as the catalyst was ulti-
mately completely reduced to WC.

C. Reduction in Hydrogen followed by
Carbon Monoxide

Reduction of the catalyst with hydrogen
to the WO, 5, form before reduction with
CO shifted the region of increasing and pla-
teau formation of CO, to significantly
shorter times than observed in Fig. 6. Fig-
ure 7 is a similar plot for CO reduction at
575 and 600°C after initially reducing in hy-
drogen at 550°C for 10 min. Before intro-
duction of the CO, the reactor was flushed
with helium. Within the first 5 min the sam-
ple was reduced from WO,z to WO, 4,
with the increase in CO, production occur-
ring after 5-6 min. Evolution of CO,
reached a maximum at 45-60 min then de-
creased slowly for the duration of the ex-
periment.

When catalyst reduced in this manner

o REDUCTION AT 575°

v REDUCTION AT 600°

T T |
1 2

REDUCTION TIME

| 1 T
3

IN HOURS

=

FI1G. 7. Mole percent CO, in reactor effluent vs time for CO. Reduction after initial hydrogen
reduction: O CO reduction at 575°C; V CO reduction at 600°C.
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were titrated with oxygen, it was observed
that the blue-yellow interface between the
reduced and oxidized forms moved slowly
through the inlet portion of the catalyst
then rapidly through the remainder of the
bed. This observation was in contrast to the
samples which had been reduced only in
hydrogen, in which case the interface
moved uniformly through the length of the
catalyst bed. Low levels of C and CO, were
produced during the reoxidation.
Following a reduction similar to that il-
lustrated in Fig. 7, the catalyst was purged
with helium, cooled, and then removed in
several weighed fractions. Carbon analyses
on each portion produced the results shown
-in Fig. 8. The percent carbon and the CO,/
W ratio both decreased linearly from inlet
to exit of the reactor. The percent carbon
and the CO,/W ratio suggested the possible
formation of WC, while the decrease in
these values through the bed suggested that
the formation of WC was inhibited by the

1.2

~
o
1

o
%
L

PERCENT C OR MOLAR c02/w03 RATIO
(=] o
= o
1 1

©
~
A
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CO, formed in the reduction process. Both
of these possibilities were verified by subse-
quent experiments.

Complete reduction to supported WC
was achieved at 650-~700°C within 4—6 hr
(Fig. 9). Carbon analyses on samples which
had been exhaustively reduced in CO were
in excellent agreement with theory:

% C (theory) = 1.069 (for initial 20% WO,)
% C (found) = 1.078.

Oxygen titration of the samples also con-
firmed the reduction to WC:

mmole O, (0, — CO,) mmole

mmol W mmol W
Theory* 2.50 1.50
Found 2.53 1.53

* For the reaction WC + 2.5 0, = WO, + CO,.

XRD examination of the samples demon-
strated that WC was the primary crystalline

O PERCENT C -~ 575°
0 PERCENT ¢ -- 600°

o
¥ MOLAR CO, /WO, -- 575
O MoLAR Co, /w0, -- 600°

0.0 T T
20 40

1 1 T
60 80 100

PERCENT OF CATALYST BED

FiG. 8. Percent carbon and molar CO,/W ratio through catalyst bed. Samples taken after reduction

as shown in Fig. 7.



354

IN OFF-GAS
[

2

4

2

MOLE PER CENT CO

I

DONALD E. WILLIS

T

2

=1

3

4

wn -
o -

REDUCTION TIME IN HOURS

F1G. 9. Mole percent CO, in reactor effluent vs time for exhaustive reduction in CO at 700°C. Initial

reduction in H, at 550°C.

phase, having a crystallite size of about 50

The amount of carbon on the reduced
catalyst did not increase on continued re-
duction as expected, since there was no
corresponding production of CO,.

Carbon monoxide reduction of catalysts
which had first been reduced to WO, in H,—
H,0 did not produce the pattern of CO,
evolution shown in Figs. 7 and 9. The level
of CO, started at an initially constant level,
then decreased continuously for the dura-
tion of the reduction.

D. Reduction in Carbon
Monoxide—Carbon Dioxide Blends

Selective reduction to WO, 1, and virtual
elimination of the formation of WC was
achieved by reduction in CO containing 5
mole% CO, (Fig. 10). After reduction in hy-
drogen to WO, 54, reduction in the CO-CO,
blend resulted in the gradual decrease in the
CO; evolution to the level found in the ab-

sence of the catalyst. The metal carbonyls
in the CO--CQ, blend could not be removed
by use of the activated charcoal column as
CO, would also be removed. There was no
increase in the CO, level even after 2.5 hr.
The net millimoles of CO, after 100-min re-
duction gave a C/W ratio of 0.12, consistent
with the reduction to WO, ;,. The catalyst
was cooled and removed in four portions.
The inlet portion gave a C/W ratio of 0.079,
indicating some reduction to WC. The aver-
age C/W ratio for the other three portions
was 0.008, corresponding to only 0.8% re-
duction to WC. The average (O, — CO,)/W
ratio was 0.145, consistent with reduction
to WO, 7. Reduction in pure CO after re-
ducing in the 5% CO,~CO mixture resulted
in the expected increase in CO, evolution.

Reduction in CO with 2.5% CO, was not
as effective in preventing the formation of
WC. An increase in CO, was observed after
about 60 min. The level of carbon in the
samples was higher than found in the reduc-
tion with 5% CO, in CO.
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Fi1G. 10. Mole percent CO, in reactor effluent vs time for reduction with 5% CO, in CO. Initial
reduction in H; at 550°C. Temperature: 600°C. Percent CO, is net over 5% in the blend.

E. Effect of Reduction Procedure on
Disproportionation Activity

Catalyst samples were tested for dispro-
portionation ' activity after reduction to
WO,4 (with hydrogen or hydrogen fol-
lowed by CO,), to WO, 7, (H, followed by
CO, in CO), and to WO, (H,-H,0). None
of the ‘‘pure oxide” forms gave immediate
high activity. Only when the catalyst had
been activated in CO was the catalyst im-
mediately highly active. The most stable
performance was achieved when the cata-
lyst was first reduced in H; followed by CO
for 1 hr or longer at 575°C and higher. Short
periods of CO treatment gave initial high
activity, but the catalyst did not remain ac-
tive, possibly due to minor amounts of oxy-
genated impurities in the feed or those
formed by oxidation of the feed olefin(s) by
the unreduced catalyst. The most active
form appeared to be minor amounts of WC
dispersed in a matrix of WO, ;. Supported
WC on silica gel (produced by exhaustive
reduction in CQ) was also found to give im-
mediate equilibrium conversion.

Testing of the disproportionation activity

of catalysts reduced in H, then CO indi-
cated that equilibrium conversions could be
achieved at contact times as low as 0.25 sec
(equivalent to a total flow of 540 scc/min
over 6.7 g of catalyst at 490°C). Recogniz-
ing that the reduction process does not give
a uniform composition along the length of
the catalyst bed and that at least part of the
catalyst still existed in a less active oxide
form, the minor amounts of WC formed in
the first (inlet) part of the catalyst bed must
be extremely active for disproportionation.

F. Other Observations

One attempt was made to activate the
catalyst in syn gas (H,~CO). Extensive
deposition of carbon without the produc-
tion of significant amounts of CO, with or
without the catalyst present in the quartz
reactor indicated that the reverse water gas
reaction was occurring.

This paper was intended to present the
experimental observations from the reduc-
tive activation of the tungsten oxide on sil-
ica catalyst and was not intended to explore
any mechanistic implications of WC as the
active catalytic form. Tungsten carbide as a
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highly active disproportionation site is con-
sistent with other studies where it was pos-
tulated that disproportionation takes place
on active centers containing tungsten with
an unusually low degree of oxidation (I13)
and that activity is promoted by the forma-
tion of vacant coordination sites on tung-
sten (4).

The reactor system and techniques de-
scribed in the experimental section were
originally designed for the rapid determina-
tion of coke deposits on used catalyst sam-
ples. Table 1 shows that the results ob-
tained by this method of analysis are
comparable to those obtained by conven-
tional methods of carbon analysis at low
levels. When the used catalyst samples
were found to contain carbon at levels
greater than that possible for WC forma-
tion, the millimoles of O, consumed could
not be related to the catalyst composition
due to the presence of coke in the form of
CHx (x less than 1).

Treatment of catalysts with hydrogen at
500°C and higher following reduction in car-

TABLE 1

Comparison of Coke Analyses by Technique
Described and Microgravimetric Method

Sample Weight percent C
number
Combustion Gravimetric

730-73-1 1.40 1.38

-3 1.86 1.38

-5 2.70 2.73
756-82-1 1.23 1.18

-2 4.07 = 0.12 4.46 = 0.08

-3 4.06 + 0.23 4.23 = 0.08

-4 4.94 = (.08 4.64 = 0.10

-5 6.81 = 0.03 6.10 = 0.03
770-49-1 0.60 0.50

2 0.56 0.54

-3 0.62 0.59

-4 0.607 0.605

-5 0.72 0.67
770-45-1 0.610 0.625

-2 0.598 0.575

-3 0.656 0.585

-4 0.692 0.73
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bon monoxide resulted in the formation of
methane. Decarburization of WC in hydro-
gen has been reported (/4), but at signifi-
cantly higher temperatures than used in this
study. The higher dispersion of WC in the
present study is presumed to be responsible
for methane formation at the lower temper-
atures.

All of the results reported here were ob-
tained in the quartz reactor. Except for the
minor amounts of carbon oxides formed
from the decomposition of the metal car-
bonyl impurities in the carbon monoxide
when the activated charcoal pretreatment
was not used, very little disproportionation
of CO was observed at any temperature
studied. This may not be the case if the
reduction is carried out in metal (stainless
steel) reactors (6).

G. Summary of Reductions to the Various
Tungsten Forms

(a) WO, 3, was produced by reduction in
hydrogen at 550-575°C. Continued reduc-
tion at these temperatures produced a mix-
ture of several oxide forms. Treatment of
the reduced catalyst with CO, after hydro-
gen reduction resulted in the uniform for-
mation of WO, 4.

(b) WO, ,, was produced by reduction in
CO containing 5% or greater CO; after an
initial reduction in H,.

(c) WO, was produced by reduction at
700°C in hydrogen saturated with water
(11, 12).

(d) WC was produced by reduction in CO
only or CO after H, reduction. Several
hours reduction was necessary to com-
pletely reduce all the tungsten to WC.

CONCLUSIONS

Tungsten oxide on silica gel dispropor-
tionation catalysts were selectively reduced
to the various stoichiometric and substoi-
chiometric oxides by reaction with H,, H,
+ H,0, CO, or CO blended with CO,. Re-
duction with CO, particularly after an initial
reduction for a short period of time in H,,
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produced a nonuniform reduction along the
length of the catalyst bed due to the inhibit-
ing (oxidizing) effect of CO, produced by
reduction of the inlet portion of the catalyst
bed. Reduction of fractional amounts of the
tungsten to tungsten carbide occurs early in
the reduction cycle. All of the tungsten can
be reduced to the carbide form by exhaus-
tive treatment at 650°C and higher. Tung-
sten carbide is a highly active species for
olefin disproportionation.
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