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Tungsten carbide powders with WC and fl-W2C structures catalyze alkane hydrogenolysis 
reactions. Alkanes adsorb on fresh carbide surfaces strongly, leading to rapid deactivation by 
carbon fragments and to high selectivity to hydrogenolysis products, n-Hexane isomerization 
or dehydrocyclization products were not observed on fresh carbides. Chemisorbed oxygen 
lowers the binding energy of adsorbed intermediates and decreases both hydrogenolysis and 
deactivation rates. Oxygen-exposed carbides catalyze n-hexane and n-heptane isomerization 
with high selectivity (74-99%). Isomerization involves methyl-shift pathways that require alkene 
intermediates. These results and the well-known acid properties of WO x surface species suggest 
that oxygen-exposed tungsten carbides catalyze bifunctional (dehydrogenation/carbenium-ion) 
alkane isomerization pathways. © 1991 Academic Press, Inc. 

1. INTRODUCTION 

Emerging needs for isomeric fuels have 
led to increased emphasis on heterogeneous 
alkane isomerization and alkylation cataly- 
sis. Strong solid acids and bifunctional noble 
metal catalysts are typically required for this 
conversion chemistry, but frequently ex- 
hibit poor selectivity and stability. Here, we 
describe high-surface-area tungsten car- 
bides (30-120 m 2 g-1), modified by strongly 
chemisorbed oxygen species, which cata- 
lyze dehydrogenation and methyl-shift 
isomerization reactions of n-alkanes. 

Previous reports described the unique ef- 
fect of chemisorbed oxygen on the catalytic 
behavior of tungsten carbides (1). Fresh car- 
bides catalyze neopentane hydrogenolysis 
with turnover rates similar to those on Ru, 
one of the most active metals in hydrogeno- 
lysis reactions. Chemisorbed oxygen de- 
creased hydrogenolysis turnover rates by a 
factor of about 100 and led to the detection 
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of isopentane among reaction products. 
Isomerization of alkanes and cycloalkanes 
that can dehydrogenate to alkenes (e.g., 
3,3-dimethylpentane, methylcyclohexane) 
involves methyl-shift reactions of unsatu- 
rated intermediates (1). These results sug- 
gest that oxygen-exposed tungsten carbides 
contain acid sites capable of catalyzing carb- 
enium-ion rearrangements of alkene and 
cycloalkene intermediates. 

Here, we describe the reaction chemistry 
of n-alkanes, molecules that can convert to 
alkenes by dehydrogenation, on fresh and 
oxygen-exposed tungsten carbides. The re- 
suits of this study confirm and extend our 
previous findings and conclusions (1). 

2. METHODS 

Synthesis procedures, chemisorption and 
physisorption measurements, and methods 
for temperature-programmed reduction 
(TPR) and catalytic evaluation of carbides 
were previously described (1, 2). All experi- 
ments were performed in a quartz apparatus 
that allows carbide synthesis and adsorp- 
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tion, TPR, and catalytic measurements 
without exposing samples to air. 

Two tungsten carbide phases (WC and 
fl-W2C) were used in this study. They were 
prepared using WO3 (99.9994%; John- 
son-Mathey, Puratronic Grade) as the start- 
ing material [1,2]. fl-W2C samples were pre- 
pared by nitriding WO3 with NH3. The 
result ing fl-WzN was converted to fl-WzC 
by treating it with a CH4/H 2 mixture at 
700-1150 K. WC samples were prepared by 
heating in He to 1100 K and exposing them 
to flowing CH4/H z mixtures at this tempera- 
ture for 6 h. Polymeric carbon was removed 
by a hydrogen treatment at 973 K for 0.8 h. 

The effect of chemisorbed oxygen on cat- 
alytic and chemisorptive properties was ex- 
amined by exposing fresh carbide samples 
to O2 at 300-800 K and then treating them 
in H 2 at 673 K for 2 h. Fresh carbide samples 
were exposed to oxygen at RT by leaking 
O2 into the cell slowly (0.1 /zmol s l g-l ,  
0.1-0.3 g sample, 70-cm 3 cell volume) to 
prevent exotherms and bulk conversion to 
WO 3. Oxygen uptakes were about one 
monolayer at RT. These samples were then 
heated to 573-800 K for about 0.25 h in 02 
(20 kPa) to increase oxygen uptakes (to four 
to five monolayers) and residual oxygen 
coverages after H 2 treatment (~>0.5 mono- 
layer). Samples exposed to 02 are identified 
by the exposure temperature (e.g., WC/ 
0-700 K). A small fraction (0.5%) of the 
chemisorbed oxygen reacted with carbidic 
carbon to give CO2 and CO during the oxy- 
gen treatment; these products were detected 
by condensing them into a cold trap (77 K), 
evacuating the 02, warming the trap, and 
measuring the residual pressure. 

Two Pt/SiO2 catalysts (Catalyst A: 
0.5 wt% Pt, 0.61 dispersion; Catalyst B: 0.78 
wt% Pt, 0.80 dispersion) were also studied. 
The preparation of Catalyst A is described 
elsewhere (3); it was activated by oxygen 
(573 K, 30 s) and hydrogen (673 K, 2 h) 
treatments. Catalyst B was prepared by in- 
cipient wetness impregnation of SiO2 (Davi- 
son 62, W. R. Grace Co.) with a solution of 
tetraminnenitrate Pt(II) (Engelhard); it was 

then dried (373 K, 12 h), calcined (air, 573 
K, 0.5 h), and reduced (H2, 0.1 K s -1, 773 
K, 4 h). Pt dispersion was determined by 
hydrogen titration of chemisorbed oxygen 
at RT (7). 

n-Hexane conversion rate and selectivity 
were measured in a single-pass gradientless 
flow reactor. Dihydrogen (40/~mol s-  1) was 
saturated with n-hexane by contact with the 
liquid hydrocarbon at 273 K in an evapora- 
tor-condenser system. The resulting mix- 
ture contained 6 tool% n-hexane, n-Hexane 
(Protex, UV Grade, Baker) was purified by 
contacting it with a mixture of concentrated 
H2SO 4 and HNO3, drying over CaCI 2, dis- 
tilling, and passing it through activated 
A1203 (4). This procedure removes olefinic 
and aromatic impurities as well as any het- 
eroatom (N, S, C1, Br) compounds (5). Puri- 
fied n-hexane contained traces of 2-methyl- 
pentane (0.1%) and 3-methylpentane (1%); 
these impurities were subtracted from prod- 
uct analyses in our calculations of reactant 
conversion rate and selectivity. Hydrocar- 
bon concentrations were measured by gas 
chromatography (30% DC-200 on 60/80- 
mesh Chromosorb P-AW, 3m × 3mm, All- 
tech Associates) using flame ionization de- 
tection. 

n-Heptane (Fluka, >99%) reactions were 
studied in a gradientless recirculating quartz 
reactor (400-cm 3 total volume) (1, 6) at 623 
K and 4.4-kPa hydrocarbon and 96-kPa di- 
hydrogen pressures on WC/O-800 K and on 
Pt/SiO 2 (Catalyst B). Products were ana- 
lyzed by capillary chromatography using 
flame ionization and mass spectrometric de- 
tection (crosslinked methyl-silicone col- 
umn; Hewlett-Packard 5880 GC, 5993A 
GC/MS). 

Reactant conversion rates are reported 
here as turnover rates (v), defined as the 
number of reactant molecules converted per 
surface site in the catalyst charge (i.e., the 
number of turnovers) per second. Site densi- 
ties are determined by chemisorption mea- 
surements, as previously described. Prod- 
uct formation rates are reported as site-time 
yields, defined as the number of reactant 
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molecules converted to a given product per 
surface site per second. Turnover rates re- 
flect single-surface sojourn events whereas 
site-time yields simply reflect the combined 
effects of primary and secondary reaction 
events on the measured rate of appearance 
of individual reaction products. Selectivity 
is reported either as molar selectivity or as 
the percentage of converted reactant mole- 
cules that appears as a given product (car- 
bon selectivity). 

Chemisorption uptakes (CO, H2, RT) and 
BET surface areas (Nz, 77 K) were mea- 
sured before n-hexane catalytic tests using 
procedures described previously (1). Then, 
n-hexane reaction rates and selectivities 
were measured until they reached steady- 
state values ( -4  h) and the reaction temper- 
ature was varied to obtain activation ener- 
gies. The catalyst was then flushed with H2 
for 0.6 ks at reaction temperature, evacu- 
ated (-10 -s Pa), and heated to 800 K in 
vacuo; at this point, chemisorption uptakes 
and BET surface areas were again mea- 
sured. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of  Fresh Tungsten 
Carbides 

Tungsten carbide powders prepared by 
carburization of W O  3 (WC) or  f l -WzN 
(/3-W2C) precursors did not chemisorb CO 
or hydrogen at RT, suggesting extensive 
contamination by polymeric carbon. The 
carbon contaminant was removed as meth- 
ane during a subsequent hydrogen treatment 
at 973 K for 0.8 h (1, 2). Carbon removal 
increases irreversible CO and hydrogen che- 
misorption uptakes and BET surface areas 
and leads to the values reported in Table 1 
(1, 2). These carbide surfaces are free of 
excess polymeric carbon and adsorb be- 
tween 0.2 and 0.4 monolayer of CO and H 
(2-4 x 10 TM cm -2 surface density). CO and 
H surface densities are very similar on a 
given sample, suggesting that strongly ad- 
sorbed forms of both titrants measure tung- 
sten carbide surface sites (1, 2); these sur- 
face densities are used throughout this study 

in calculating reaction turnover rates. On 
both catalysts, CO and H coverages are well 
below one monolayer. The bulk structure of 
these carbide materials was established by 
X-ray diffraction; it corresponds to WC and 
fl-WzC (8). The surface of these carbide 
samples is not carbon deficient; the detailed 
surface characterization of these materials 
is described elsewhere (1, 2). 

3.2. n-Hexane Hydrogenolysis on Fresh 
Tungsten Carbides 

Initial n-hexane hydrogenolysis turnover 
rates are similar on fresh WC and fl-WzC 
powders (4 x 10 .3 and 6 x 10 -3 s -1, at430 
K; Table 1); no isomerization products were 
detected. Hydrogenolysis activation ener- 
gies are also similar on the two carbide 
structures, n-Hexane conversion rates de- 
creased with time at all reaction tempera- 
tures (Fig. 1, Table 1). 

Steady-state turnover rates were calcu- 
lated using conversion rates after 70-120 
turnovers and surface site densities were 
measured after reaction by hydrogen chemi- 
sorption; they were about 20 times lower 
than initial turnover rates (Table 1). 

The specific surface area was unaffected 
by n-hexane reactions but the site density 
for irreversible hydrogen chemisorption 
was slightly lower after reaction on both WC 
(2.3 vs 4.0 x 1014 c m  -2) and fl-W2C (1.6 vs 
2.0 x 1014 cm-2), suggesting that active sites 
are blocked by carbonaceous deposits dur- 
ing catalysis (Table 1). These carbonaceous 
deposits strongly inhibit hydrogenolysis 
turnover rates even at low carbon coverages 
because alkane hydrogenolysis is a struc- 
ture-sensitive reaction; it proceeds prefer- 
entially on surface sites that bind reaction 
intermediates strongly (1, 9, 10). Such 
strong binding sites are selectively deacti- 
vated during reaction on nonuniform car- 
bide surfaces. Thus, turnover rates decrease 
sharply as deactivation proceeds (Fig. 1). 

Strong adsorption sites on carbon-defi- 
cient carbides can lead to the formation of 
deposits that selectively destroy the most 
reactive sites for n-hexane hydrogenolysis. 
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Physisorpt ion,  Chemisorpt ion,  and Turnover  Rate Data  on Fresh Tungs ten  Carbides a 
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Sample Initial state Steady state E (kJ mol - t )  

Sg (m z g-I) n H (1014 cm -2) v (10 -4 s -I) Sg (m 2 g- l )  n H (1014 cm -2) v (10 -4 s i) 

WC 31 4.0 40 32 2.3 2 91 
/3-W2C 86 2.0 60 75 1.6 3 97 

" Conditions:  430 K, 6.1 kPa n-hexane ,  94.9 kPa H2. Sg = specific surface area (from N 2 physisorpt ion at 77 
K), n H = surface number  densi ty  of  irreversibly chemisorbed  hydrogen at RT (calculated from hydrogen uptake 
and Sg), v = turnover  rate based on the number  of  sites measured  by irreversible H2 chemisorpt ion at RT as suming  
a s toichiometry o f  one hydrogen atom per site, E = apparent  activation energy.  

Thus, we also measured turnover and deac- 
tivation rates on fresh WC samples pre- 
treated in He (after removal of excess car- 
bon) at 1100 K for 0.5 h (WC-He) or in a 
mixture of 21 mol% CH 4 in H2 at 1000 K 
for 0.5 h (WC-CH4/H2). These procedures 
replenish surface carbon by diffusion from 
the bulk or by deposition from the carburiz- 
ing mixture; thus, they titrate any carbon- 
deficient carbide surface sites before re- 
action. 

Deactivation rates were unaffected by 
these carburization treatments; they were 
similar to those measured on fresh carbides 
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F1G. 1. S i te - t ime  yield (STY) versus  time plots for 
n-hexane  react ions on WC at 470 K. The sites were 
counted by irreversible H 2 chemisorpt ion  at RT after 
reaction (6.1 kPa n-hexane ,  95 kPa H2). 

(Table 2). Both treatments decreased spe- 
cific surface areas slightly. Carburization in 
CH4/H 2 at 1000 K, without subsequent re- 
moval of excess carbon by H 2 at 973 K, 
leads to significant blockage of chemisorp- 
tion sites (nil = 1.2 X l014 cm -2 vs 4.0 × 
1014 cm -2) by excess polymeric carbon and 
to very low turnover rates. The equilibration 
between surface and bulk phases in fresh 
samples (He treatment) increases turnover 
rates slightly but does not inhibit deactiva- 
tion rates. We conclude that fresh carbide 
surfaces prepared by our procedure are stoi- 
chiometric and in equilibrium with the bulk, 
as we proposed in previous reports (2); 
therefore, the initial turnover rates and de- 
activation rates shown in Table 1 are intrin- 
sic properties of stoichiometric tungsten 
carbide surfaces. 

Initial hydrogenolysis product distribu- 
tions on WC and/3-W2C are similar (Table 
3). CI-C 5 n-alkanes were the only products 
of n-hexane reactions; no isohexanes were 
detected in the reactor effluent. The extent 
of multiple hydrogenolysis can be estimated 
from the average carbon number (n) of prod- 
uct molecules, 

5 

Ei'Si 
n = i = 1  

5 

si 
i=1 

(1) 

where Si is the molar selectivity to hydro- 
carbons with i carbon atoms. The aver- 
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T A B L E  2 

Physisorpt ion,  Chemisorpt ion,  and Turnover  Rate Data on Fresh  and Recarbur ized Tungs t en  Carbides  a 

Sample Initial state Steady state E (kJ mo l - l )  

Sg (m 2 g- l )  nH (1014 cm -2) v (10 -4 s -I) Sg (m 2 g- l )  nH (10 TM cm -2) v (10 -4 s - l)  

WC (fresh) 31 4.0 40 32 2.3 2 91 
W C - H e  23 4.4 100 17 2.2 3 86 
W C - C H 4 / H  2 23 1.2 8 22 1.0 0.4 86 

Conditions:  430 K, 6.1 kPa n-hexane,  94.9 kPa H2. Sg = specific surface area (from N2 physisorpt ion  at 77 
K), nH = surface number  densi ty  of  irreversibly chemisorbed  H at RT (calculated from hydrogen  uptakes  and 
Sg), v = turnover  rate based on the number  of  sites measured  by irreversible H2 chemisorpt ion  at RT as suming  
a s toichiometry of one hydrogen atom per site, E = apparent  activation energy. 

age number of C-C bonds cleaved per 
converted n-hexane molecule (X) is 
given by 

.~ 6 - n; (2) 
n 

it is near unity on both WC (1.04) and/3- 
WzC (1.01), suggesting that hydrogeno- 
lysis products desorb readily from carbide 
surfaces before subsequent hydrogeno- 
lysis events and that they do not readsorb 
and undergo secondary hydrogenolysis re- 
actions after desorption. In contrast, neo- 
pentane hydrogenolysis on WC leads to 
multiple C-C fissions (I), because strong 

binding sites that favor extensive dehydro- 
genation and hydrogenolysis are less se- 
verely deactivated by neopentane than by 
n-hexane. Moreover, the initial adsorbed 
product of neopentane hydrogenolysis 
(isobutane) reacts faster than neopentane 
while the opposite is true in n-hexane hy- 
drogenolysis; hydrogenolysis rates of lin- 
ear alkanes actually increase with molecu- 
lar size. 

The fraction of single scission hydro- 
genolysis events that cleave terminal C-C 
bonds in n-hexane is also similar on WC 
(0.47) and/3-W2C (0.46) (Table 3). These 
terminal hydrogenolysis probabilities are 

T A B L E  3 

Initial (I) and Steady-State (s.s.) Product  Distr ibutions for n -Hexane  React ions on Tungs ten  Carbides a 

Sample Selectivity .~ ~ Terminal  Convers ion  e React ion 
(mol% of  product) b hydrogenolys is  (%) tempera ture  

CI C2 C3 n-C4 n-C5 selectivityd (K) 

WC (I) 27 17 15 18 23 1.04 0.47 3.6 428 
(s.s) 28 17 14 16 24 1.08 0.51 1.4 470 

/3-W2C (I) 23 18 18 18 23 1.01 0.46 3.5 425 
(s.s) 28 19 15 17 22 1.08 0.47 2.5 472 

WC-CH4/H2 (I) 25 17 17 17 24 1.01 0.48 2.3 470 
(s.s) 20 18 18 18 27 0.90 0.50 0.7 519 

a Conditions:  430 K,  6.1 kPa n-hexane,  94.9 kPa H 2. 
b C1 = methane ,  C2 = ethane,  C a = propane,  n-C 4 = n-butane,  n-C5 = n-pentane.  
c Average  number  of  C - C  bonds  broken per reacted n-hexane  molecule [Eqs. (1) and (2)]. 
d Fract ion of  single-scission hydrogenolys is  events  that involve terminal C - C  bond (statistical value = 0.4 for 

n-hexane).  
e (n_C 6 reacted/n_C6 initial) × 100; n-C 6 = n-hexane.  
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slightly higher than those expected from 
random cleavage of C-C bonds in n-hex- 
ane (0.40). 

Product distributions were unaffected 
by the presence of carbonaceous deposits 
that form during n-hexane reactions and 
that lead to the observed 20-fold decrease 
in hydrogenolysis turnover rates as the 
catalyst deactivates (Table 3). Initial and 
steady-state product distributions, the ex- 
tent of multiple hydrogenolysis, and the 
terminal hydrogenolysis selectivity were 
similar on fresh and deactivated tungsten 
carbides; the carburized WC sample 
(WC-CH4/H2) , with 75% of its chemisorp- 
tion sites blocked by carbon deposits, also 
converts n-hexane with similar selectivity. 
Therefore, hydrogenolysis product distri- 
butions appear insensitive to the binding 
energy of reactive intermediates and to re- 
active ensemble size, both of which de- 
crease as deactivation proceeds. 

We previously reported that chemi- 
sorbed oxygen inhibits neopentane hydro- 
genolysis on WC and/3-W2C and leads to 
the formation of isopentane, an isomeriza- 
tion reaction product (1). We proposed 
that chemisorbed oxygen introduces new 
catalytic sites, such as surface WOx spe- 
cies, that isomerize neopentane via cat- 
ionic or metallacyclobutane intermedi- 
ates. Clean carbide surfaces did not 
catalyze neopentane isomerization. How- 
ever, we could not rule out that chemi- 
sorbed oxygen merely decreased the bind- 
ing energy of isopentane intermediates, 
thus allowing their desorption and exit 
from the reactor before any subsequent 
hydrogenolysis occurs. Then, because iso- 
pentane is much more reactive than neo- 
pentane, its concentration would be well 
below our experimental detection limit. 

Our n-hexane results conclusively show 
that fresh tungsten carbides indeed lack 
alkane isomerization sites. Methylpen- 
tanes were not observed among reaction 
products; yet hydrogenolysis rates of 
methyl isomers are not significantly higher 
than those of n-alkanes on group VIII met- 
als (1l). Therefore, secondary hydrogeno- 
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FIG. 2. (a) Temperature-programmed reduction of 
WC/O-RT in 33% H2/He after reduction in H 2 at 673 
K for 2 h. The amounts of CO, H20, and CH4 were 300, 
70, and 80/zmol g-l,  respectively. (b) Temperature- 
programmed reduction (TPR) of WC/O-RT in 33% H2/ 
He after n-hexane reaction at 630 K. The sample was 
reduced in H2 for 2 h at 673 K before reaction. The 
amounts of CO, H20, and CH4 were 245, 50, and 355 
tzmol g-~, respectively. 

lysis cannot account for their absence 
among products. We must conclude that 
isomers are not formed during n-hexane 
reactions on fresh WC and/3-W2C. More- 
over, any carbide sites that bind hydrocar- 
bons strongly and would be selectively ti- 
trated by chemisorbed oxygen would also 
be blocked by carbonaceous deposits 
formed by strongly interacting n-hexane. 
Yet, no isomerization products were de- 
tected on deactivated (WC,/3-W2C) or on 
overcarburized (WC-CH4/H2) tungsten 
carbides. We conclude that chemisorbed 
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TABLE 4 

Specific Surface Area (Sg) and Site Density for Irreversible CO (nco) and 02 (no) Chemisorption at RT before 
and after n-Hexane Reactions at 630 K on Oxygen-Exposed Tungsten Carbides 

Sample Before reaction After reaction 

Sg (m 2 g - l )  nco (10 I5 cm -2) Sg (m 2 g- l )  nco (1015 cm -2) no (10 -15 cm -2) 

WC 31 0.39 (0.40") 32 0.23" 1.39 
W C / O - R T  30 0.11 26 0.11 1.0 
WC/O-573  K 29 - -  24 0.040 1.2 
W C / O - 7 0 0  K 26 - -  22 0.091 1.0 
fl-W2C 86 0.24 (0.20 ~) 75 0.16" 1.03 
/3-W2C/O-RT 87 0.09 85 0.078 0.7 
/3-W2C/O-700 K 65 - -  57 0.017 0.5 

From hydrogen chemisorption. 

oxygen  in t roduces  neopen t ane  and n-hex-  
ane i somer iza t ion  sites on tungs ten  car-  
bide sur faces ;  its role is not to b lock  ac t ive  
hydrogeno lys i s  sites and thus p reven t  the 
scavenging  of  i sopen tane  or i sohexane  
p roduc t s  in s e c o n d a r y  hydrogeno lys i s  re- 
act ions .  Clear ly ,  f resh  tungs ten  carb ides  
lack an i somer iza t ion  surface  funct ion.  

3.3. Characterization of Oxygen-Exposed 
Tungsten Carbides 

Fresh carbide samples (after surface 
cleaning by H 2 at 973 K) were exposed  to 
02 at RT (WC/O-RT) ,  573 K, 700 K, or 800 
K,  and then reduced in H 2 at 673 K for 2 h. 
The resulting carbide surface area and site 
density and the reactivity of  chemisorbed 
oxygen species were  determined by adsorp- 
tion and TPR measurements .  The results are 
shown in Table 4. 

The density of  CO and hydrogen chemi- 
sorption sites is much lower on oxygen-ex-  
posed WC and/3-W2C than on the corre- 
sponding fresh carbide samples (Table 4). 
The surface density and reactivity of  
strongly chemisorbed oxygen ( removed by 
TPR as CO and H20 above  1000 K) on WC/ 
O - R T  before (Fig. 2a) and after n-hexane 
reactions (Fig. 2b) were  similar, suggesting 
that oxygen-exposed  carbides maintain che- 
misorbed oxygen coverages  during n-hex- 
ane reactions.  The corresponding oxygen 

surface density was 0.5-0.7 x 1015 cm -2 
( - 0 . 5  monolayer) .  A hydrogen t rea tment  at 
673 K for 2 h removes  the react ive oxygen 
that desorbs as water  at lower tempera ture  
(<700 K) during TPR (Fig. 2a). The strongly 
chemisorbed oxygen that desorbs  as CO 
above  1000 K is not r emoved  by this hydro-  
gen t rea tment  (673 K) or by react ions of  n- 
hexane (630 K) on W C / O - R T .  

Larger amounts of  residual oxygen were 
detected after exposure to 02 at higher tem- 
perature. On WC/O-700 K (Fig. 3), for exam- 
ple, residual oxygen coverages were 2.0 x 
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FIG. 3. Temperature-programmed reduction (TPR) 
of WC/O-700 K in 33% Hz/He after n-hexane reaction 
at 520 K. The sample was reduced in H2 for 2 h at 673 
K before reaction; the amounts of CO, H20, and CH 4 
were 360, 695, and 35 #mol g-% respectively. 
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FIG. 4. Site-time yield (STY) versus time plots for 
n-Hexane Reactions on WC/O-RT at 535 K. The sites 
were counted by irreversible CO chemisorption after 
reaction (6.1 kPa n-hexane, 95 kPa H2; II, hydrogeno- 
lysis site-time yield; 0 ,  isomerization site-time yield; 
A, isomerization selectivity). 

1015 c m  -2 ( -2  monolayers) after a H 2 treat- 
ment at 673 K for 2 h. A large fraction of 
this chemisorbed oxygen was removed by H2, 

predominantly as H20, at temperatures 
(750-950 K) well below those required to re- 
move it, predominantly as CO, from WC/ 
O-RT (>1050 K). The less reactive chemi- 
sorbed oxygen species that account for the 
evolution of CO at high temperature are also 
present on WC/O-700 K and account for a 
surface density of 0.75 x 1015 cm-2, a cover- 
age that is slightly higher than that of unreac- 
tive oxygen species on carbides exposed to 
oxygen at lower temperatures (WC/O-RT, 
0.5 × 1015 c m - 2 ) .  Thus, it appears that oxygen 
titrates strong adsorption sites at all exposure 
temperatures; more reactive and possibly 
subsurface oxygen species remain after hy- 
drogen pretreatment at 673 K and during cata- 
lytic n-hexane reactions. 

The high concentrations of residual oxygen 
present after 573 and 700 K oxygen exposures 
(and H2 treatment at 673 K), however, do not 
block CO and hydrogen chemisorption sites 
completely (Table 4), suggesting that much of 
the excess oxygen lies in subsurface regions 
or in weakly binding surface sites that do not 
chemisorb CO or H. Moreover, oxygen che- 
misorption uptakes on these samples at RT 
(1.0-1.2 x 1015 cm 2 for WC/O-573 K and 
WC/O-700 K) are very similar to those mea- 
sured on fresh WC (1.4 x 1015 cm 2) and on 

WC/O-RT (1.0 × 1015 cm -2, Table 4). This 
suggests that sites capable of binding oxygen 
at RT remain on surfaces treated in oxygen 
and subsequently exposed to H 2 at 673 K. 
Oxygen-exposed WC powders clearly have 
submonolayer coverages of chemisorbed ox- 
ygen; these coverages increase slightly with 
increasing oxygen exposure temperature. 
Yet, much of the higher oxygen content de- 
tected at higher exposure temperatures resides 
below the tungsten carbide surface or in weak 
binding sites that do not chemisorb CO or hy- 
drogen strongly at RT. 

Oxygen chemisorption uptakes at RT are 
rather insensitive to surface structure (WC 
or /3-W2C) or to residual oxygen content 
(0.07-2.0 x 1015 cm -2) and correspond to 
about one monolayer (Table 4). In contrast, 
CO and hydrogen surface densities are well 
below one monolayer and very sensitive to 
surface structure and to modifications by 
chemisorbed oxygen. CO uptakes on WC/ 
O-RT are three to four times smaller than 
on fresh WC and decrease further and mark- 
edly as the oxygen treatment temperature 
increases (Table 4). Clearly, the fraction of 
total available sites (those titrated by oxy- 
gen at RT) that chemisorbs CO decreases 
markedly in the presence of the additional 
surface oxygen that remains as exposure 
temperature increases. At higher tempera- 
tures, a large fraction of the total oxygen 
content lies below the reactive carbide sur- 
face, but the surface concentration of WOx 
species still increases slightly with increas- 
ing oxygen treatment temperature. 

3.4. n-Hexane Reactions on Oxygen- 
Exposed Tungsten Carbides 

Hydrogenolysis and isomerization reac- 
tions of n-hexane occur concurrently on ox- 
ygen-exposed WC and/3-W2C (Tables 5 and 
6). Hydrogenolysis site-time yields on WC/ 
O-RT are about 200 times lower than on 
fresh WC (Table 5, 520 K). This inhibiting 
effect of chemisorbed oxygen resembles one 
reported previously in neopentane hydro- 
genolysis reactions (1). The isomerization 
selectivity on WC/O-RT was 86% at 520 K 
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T A B L E  5 

Steady-State n -Hexane  Turnover  Rates  (vt) and Product  S i t e -T ime  Yields (STYs) 
for n -Hexane  Reactions at 520 K a 

Sample STY (10 -3 s - t )  b 1)t b rl b SI  b x b 

H 2-MP 3-MP (10-3 S-l) (1012 cm-2  S-l) (%) (%) 

WC c 340 0 0 340 0 0 - -  
W C / O - R T  1.7 7.2 3.2 12 1.1 86 3 
W C / O - 7 0 0  K 0.9 67 35 103 2.05 99 10 

Conditions: 520 K, 6.1 kPa n-hexane ,  94.9 kPa H 2. 
b Turnover  rates and s i t e - t ime  yields are based on the number  of  sites measured  by irreversible CO chemisorp-  

tion at RT after reaction. H = total rate of  hydrogenolysis ;  2- and 3-MP = rate of  isomerizat ion to 2- and 3- 
methylpentane;  total = total turnover  rate of  n-hexane consumpt ion ,  rE = areal isomerizat ion rate; SI = 
isomerizat ion selectivity (n-C 6 isomers/n-C6 reacted) × 100, n-C6 = n-hexane;  x = total convers ion  = (n-C 6 
reacted/n-C6 initial) × 100. 

c Rates  extrapolated to 520 K from Table 1 data using measured  activation energy (91 kJ mol- I ) .  

and increases further (to 99%) as the oxygen 
treatment temperature increases. The re- 
sulting blockage of additional exposed car- 
bide sites leads to a decrease in CO and 
hydrogen chemisorption uptakes and to a 
further decrease in hydrogenolysis 
site-time yields. In contrast, isomerization 
site-time yields increase by about a factor 
of 10 and areal rates by a factor of 2 as 
the oxygen exposure temperature (and the 
surface oxygen coverage) increases from 
RT to 700 K (Table 5). The twofold increase 
in areal isomerization rate suggests that 
higher oxygen exposure temperatures actu- 
ally increase the density of active WOx sites. 
We conclude that chemisorbed oxygen spe- 
cies at carbide surfaces are directly respon- 
sible for isomerization reactions, possibly 
by generating WOx surface species capable 
of forming cationic intermediates required 
in acid-catalyzed isomerization reactions. 
Indeed, alkane isomerization also occurs 
with high selectivity on WO2.84 (12) and 
WOJAI203 (13, 14) catalysts. WC/O-700 K 
catalysts are very active (vt = 0.1 s-1) and 
selective (S~ = 99%) n-hexane isomerization 
catalysts at 520 K (Table 5). 

Isomerization selectivity decreases with 
increasing reaction temperature on all cata- 
lysts (Tables 5 and 6); again, it is similar on 

oxygen-exposed WC and fl-W2C carbides at 
630 K. Isomerization site-time yields, areal 
rates, and selectivity increase markedly 
with increasing oxygen treatment tempera- 
ture (Table 6). Hydrogenolysis site-time 
yields, however, are remarkably indepen- 
dent of exposure temperature (16-25 × 
10 -3 s-l), suggesting that residual active 
WCx sites (titrated by chemisorbed CO at 
RT) are solely responsible for the formation 
of hydrogenolysis products (Fig. 6). 

Hydrogenolysis rates decrease with time 
on oxygen-exposed tungsten carbides at 
rates similar to those observed on fresh car- 
bide catalysts (WC/O-RT, Figs. 4 and 5). 
At 535 K (Fig. 4) and 630 K (Fig. 5), both 
hydrogenolysis and isomerization site-time 
yields decrease with time. Deactivation is 
more severe at 630 K than at 535 K and leads 
to steady-state n-hexane turnover rates that 
are similar at the two reaction temperatures. 
At 535 K, isomerization and hydrogenolysis 
sites deactivate at similar rates, leading to 
a nearly constant isomerization selectivity 
(Fig. 4). In contrast, isomerization reactions 
are selectively inhibited during deactivation 
at 630 K (Fig. 5). Hydrogenolysis rates on 
WC/O-RT are less affected and, therefore, 
isomerization selectivity decreases with in- 
creasing time on stream. Deactivation ap- 
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TABLE 6 

Steady-State n-Hexane Turnover Rates (vt) and Site-Time Yields (STYs) 
for n-Hexane Reactions at 630 K a 

507 

Sample STY (10 -3 s-I)b vt b ri~, SI b xb 

H 2-MP 3-MP (10 3 S-I) (1012 cm-2 s-l) (%) (%) 
(total) 

W C / O - R T  16 5.1 2 .2  23 0 .8  32 7 

W C / O - 5 7 3  K 17 56 320 100 3.5 88 12 

W C / O - 7 0 0  K 25 160 84 280 4 .7  89 15 

/ 3 - W 2 C / O - R T  18 3.3 2 .6  24 0 .46  25 7 

/ 3 - W , C / O - 7 0 0  K 18 83 42 140 2.1 87 5 

" Conditions: 6.1 kPa n-hexane, 94.9 kPa H 2. 
" Turnover rates and site-time yields are based on the number of sites measured by irreversible CO chemisorp- 

tion at RT after reaction. H = total rate of hydrogenolysis; 2- and 3-MP = rate of isomerization to 2- and 3- 
methylpentane; total = total turnover rate of n-hexane consumption, r I = areal isomerization rate; S~ = 
isomerization selectivity = (n-C6 isomers/n-C6 reacted) × 100, rt-C 6 = n-hexane; x = total conversion = (n-C6 
reacted/n-C6 initial) × 100. 

" Rates extrapolated to 520 K from Table 1 data using measured activation energy (91 kJ mol-~). 

parent ly occurs  by carbon deposit ion and 
not by loss of  surface oxygen because  a hy- 
drogen t rea tment  at reaction tempera ture  
restores  initial catalytic rates and selectiv- 
ity. Also, TPR in Hz/He mixtures before and 
after n-hexane reactions at 630 K showed 
that no oxygen loss occurs  during reaction. 
After  react ions at 630 K, however ,  a low- 
tempera ture  CH4 peak appeared  ( - 7 0 0  K, 
Fig. 2); it was not present  after n-hexane 
reactions at 535 K on W C / O - R T ,  suggesting 
that carbonaceous  deposits  form readily 
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FIG. 5. S i te - t ime  yield (STY) ve rsus  t ime plots for 
n-hexane  react ions on W C / O - R T  at 630 K.  The sites 
were counted by irreversible CO chemisorpt ion after 
reaction (6.1 kPa n-hexane ,  95 kPa H2; II, hydrogeno-  
lysis s i t e - t ime  yield; Q, isomerizat ion s i t e - t ime  yield; 
&, isomerizat ion selectivity). 

during catalysis at these higher tempera-  
tures. The C H  4 peak above  900 K arises 
f rom removal  of  carbidic carbon;  it occurs  
on both fresh and used carbide samples.  

Steady-sta te  n-hexane turnover  rates and 
selectivity on monofunct ional  (nonacidic) 
Pt/SiO2 (Catalyst  A) were also measured  
and compared  with those obtained on /3- 
W2C/O-700 K (Table 7). Turnover  rates and 
selectivities on Pt/SiO 2 were similar to those 
reported on Pt(111) single crystals  ( 1 5 ) ,  sug- 
gesting that we observe  kinetic rates of  Pt- 
catalyzed reactions,  unaffected by residual 
acid sites on the SiO2 support .  Turnover  
rates on Pt/SiO2 (0.075 s-1) were  somewhat  
lower than those measured on WC/O-700  
K (0.28 s -  1) and fl-W2C/O-700 K (0.11 s l). 
Isomerizat ion selectivities were also lower 
on Pt/SiOz because  of  compet ing (1,5) and 
(1,6) ring closure reactions (to methylcyclo-  
pentane and benzene products ,  respec-  
tively). Ring closure reactions do not occur  
on WC/O-700  K or fl-W2C/O-700 K at 
these tempera tures  ( - 6 2 0  K). The ratio of  
isomerizat ion rate to hydrogenolysis  rate is 
very similar on Pt/SiO 2 (7.2) and on fl-W2C/ 
0 - 7 0 0  K (6.7). 

Alkane isomerizat ion occurs  predomi-  
nantly by  hydrogenolysis  of  Cs-ring interme- 
diates on well-dispersed platinum catalysts 
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TABLE 7 

Steady-State Product Selectivity and Site-Time Yields (STYs) for n-Hexane Reactions on fl-W2C/O-700 K and 
0.5% Pt/SiO2 (Catalyst A) (6.1 kPa n-hexane, 95 kPa H2) 

Product Catalyst 

fl-W2C/O-700 K 
(T = 614 K) 

0.5% Pt/SiO2, Catalyst A 
(T = 622 K) 

Selectivity (mol%) 1.1 1.2 
Methane 3.5 2.5 
Ethane 6.3 4.9 
Propane 2.2 - -  
Isobutane 1.7 2.4 
n-butane 1.0 - -  
Isopentane 0.8 1.8 
n-pentane 1.4 - -  
Dimethylbutane 55.2 34.0 
2-methylpentane 26.8 13.5 
3-methylpentane - -  33.1 
Methylcyclopentane - -  6.5 
Benzene 

Total n-hexane 5.4 6.8 
conversion (%) 

v t (10 -3 S-I )  a 107.0 70 
Hydrogenolysis selectivity (%)b 13 7.0 
Isomerization selectivity (%)b 87 50.6 
Isomerization/hydrogenolysis ratio 6.7 7.2 
Terminal hydrogenolysis selectivity c 0.24 0.27 
X d 0.96 1.13 

The sites were counted after reaction by irreversible CO chemisorption at RT for the carbide and by H2-O2 
titration for the Pt sample. 

b Fraction of converted n-hexane appearing as isohexanes (isomerization) or Ct-C5 products (hydrogenolysis). 
c Fraction of hydrogenolysis events involving terminal C-C bond (statistical value = 0.4). 
d Average number of C-C bonds broken per reacted n-hexane molecule [Eqs. (1) and (2)]. 

(16). The absence of methylcyclopentane in- 
termediates during n-hexane conversion on 
oxygen-exposed tungsten carbides suggests 
that isomerization pathways do not involve 
cyclic intermediates and that, in contrast 
with Pt, these materials lack a catalytic cy- 
clization functionality. 

On Pt, isomerization occurs directly on 
metal sites; thus isomerization site-time 
yields provide an accurate measure of site 
reactivity on Pt. On tungsten carbides, how- 
ever, isomerization is bifunctional and re- 
quires both dehydrogenation and isomeriza- 
tion sites. Site-time yield calculations thus 
require that we determine the density of 
those sites (WCx or WOx) required for the 
rate-limiting step in the bifunctional se- 
quence, n-Heptane data, discussed in the 
next section, suggest that alkane dehydroge- 

nation on WCx sites is a quasi-equilibrated 
step and that isomerization rates are limited 
by subsequent WO~-catalyzed rearrange- 
ments of alkene intermediates. Thus, true 
isomerization site-time yields can be ob- 
tained only by measuring the density of 
WOx; such measurements are presently un- 
available, making turnover rate compari- 
sons with Pt/SiO z difficult. 

We report areal rates of n-hexane isomer- 
ization and hydrogenolysis on WC as a func- 
tion of oxygen treatment temperature and 
chemisorption site density (nco) in Fig. 6. 
The hydrogenolysis areal rate increases lin- 
early with increasing nco, while that for 
isomerization actually decreases. It de- 
creases because higher oxygen exposure 
temperatures increase the density of WO~ 
species required in the rate-limiting step, 
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FIG. 6. Areal rates for n-hexane reactions and CO 
surface densities on oxygen-exposed carbides (630 K, 
6.1 kPa n-hexane, 95 kPa H2). 

without decreasing the density of WCx sites 
below the number required to maintain al- 
kane dehydrogenation steps at equilibrium. 
Hydrogenolysis apparently requires only 
WCx sites that are accurately counted by 
strongly adsorbed CO and hydrogen at RT; 
thus, areal hydrogenolysis increases lin- 
early with increasing WC~ site density. 

3.5. n-Heptane Reactions on 
WC/O-800 K 

The predicted products of n-hexane isom- 
erization are the same in bond shift and Cs- 
ring hydrogenolysis schemes. Both mecha- 
nisms predict statistical and thermodynamic 
equilibrium ratios of 2-methylpentane to 3- 
methylpentane (2:1). Indeed, such ratios 
are typically observed during n-hexane 
isomerization on oxygen-exposed tungsten 
carbides. However, n-heptane isomeriza- 
tion product distributions depend on the rel- 
ative contributions of methyl-shift, 

(3) 

ethyl-shift, 

and Cs-ring hydrogenolysis pathways (16), 

- - ~ , , .  

(5) /,,r,-,,/ 

v 

Methyl-shift isomerization produces pre- 
dominantly 2-methylhexane as the first 
product and equal amounts of 2-methylhex- 
ane and 3-methylhexane as rapid bond-shift 
equilibration proceeds; in contrast, Cs-ring 
hydrogenolysis pathways lead predomi- 
nantly to 3-methylhexane and 2,3-dimethyl- 
pentane products. 

Steady-state n-heptane turnover rate 
(v t = 0.117 s 1) and isomerization selectiv- 
ity (74.3%) on WC/O-800 K (Table 8) are 
similar to those obtained for n-hexane reac- 
tions on WC/O-700 K (0.107 s- 1, 87%) (Ta- 
ble 7) and somewhat lower than those for 
3,3-dimethylpentane reactions on WC/ 
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FIG. 7. Isoheptane site yields and 2-methylhexane to 
3-methylhexane isomer ratios on WC/O-800 K and Pt/ 
SiO 2 (623 K, 4.4 kPa n-heptane, 96 kPa H2). 
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TABLE 8 

Steady-State Product Selectivity and Site-Time Yields (STYs) for n-Heptane reactions on WC/O-700 K and 
0.78% Pt/SiO2 (Catalyst B) (623 K, 4.4 kPa n-heptane, 96 kPa H2) 

Catalyst 

WC/O-700 K 0.78% Pt/SiO2 
(Catalyst B) 

Carbon selectivity (%)a 2.9 0.78 
Methane 2.3 1.1 
Ethane 2.8 3.2 
Propane 0.27 0.65 
Isobutane 2.9 3.6 
n-Butane 0.37 0 
Isopentane 3.8 3.5 
n-Pentane 0.8 0.4 
Isohexanes 5.2 2.0 
n-Hexane 0 1.1 
Benzene 33.3 0.75 
2-Methylhexane 35.2 6.5 
3-Methylhexane 0.1 3.3 
2,3-Dimethylpentanes 2.4 0.45 
Dimethylpentanes 3.0 2.2 
Ethylpentane 0.3 19.2 
Ethylcyciopentane 0.2 23.7 
1,2-Dimethylcyclopentane 0.5 0.8 
Methylcyclohexane 0.37 23.7 
Toluene 3.7 3.8 
Heptenes 

n-Heptane conversion (%) 8.8 10.5 
v t (10 -3 s -I) 117 134 
Hydrogenolysis selectivity (%)a 21.8 14.7 
Isomerization selectivity (%)a 74.3 14.1 
I_somerization to hydrogenolysis ratio 3.4 0.96 
X b 1.21 1.02 
Terminal hydrogenolysis selectivity c 0.30 0.25 

a Percentage of converted n-heptane appearing as a given product. 
b Average number of C-C bonds broken per reacted n-heptane molecule [Eqs. (1) and (2)]. 
c Fraction of hydrogenolysis events involving terminal C-C bond (statistical value = 0.333). 

0-800 K (0.275 s -1, 89%) (1). Hydrogeno- 
lysis and isomerization are the predominant 
n-heptane reactions; toluene selectivities 
are only about 0.37% and other cyclization 
products (alkylcyclopentanes, methylcyclo- 
hexane) account for less than 1% of the con- 
verted n-heptane. Turnover-contact time 
plots for isoheptane formation in a recircu- 
lating batch reactor suggest that 2-meth- 
ylhexane and 3-methylhexane isomers are 
produced at similar rates on WC/O-800 K 
(Fig. 7). Therefore, n-heptane isomerization 
does not occur via Cs-ring hydrogenolysis, 
because such reaction pathways are unable 
to form 2-methylhexane isomers as initial 

products. The 2-methylhexane to 3-meth- 
ylhexane ratio equals 0.92-0.94 and is inde- 
pendent of contact time (i.e., conversion) 
(Fig. 7); thus, it reflects primary isomeriza- 
tion events that produce methyl isomers in 
statistical and thermodynamic distributions. 
All heptenes (1-heptene, cis- and trans-2- 
heptenes and 3-heptenes) quickly reach 
steady-state concentrations, suggesting 
their potential role as reactive intermediates 
in n-heptane isomerization. Steady-state 
heptene to heptane ratios equal their ther- 
modynamic equilibrium values at our reac- 
tion conditions (623 K, 96 kPa H2). Thus, it 
appears that hydrocarbon dehydrogena- 
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tion-hydrogenation reactions are fast and 
do not limit overall reaction rates in the bi- 
functional dehydrogenation/isomerization 
sequence. 

As in n-hexane reactions, turnover rates 
for n-heptane reactions on oxygen-exposed 
tungsten carbides (WC/O-800 K, 0.177 s-  1) 
and Pt/SiO2 (Catalyst B, 0.134 s-1) are simi- 
lar (Table 8). On Pt/SiO2, however, isomer- 
ization selectivities (14.1%) are much lower 
than on WC/O-800 K (74.3%). On Pt/SiO2 
3-methylhexane is the most abundant iso- 
heptane product (Fig. 7), suggesting a sig- 
nificant contribution of Cs-ring hydro- 
genolysis pathways to the observed isomer- 
ization products; 2,3-dimethylpentane is the 
most abundant dimethylpentane isomer, as 
expected from Cs-ring hydrogenolysis path- 
ways. The high selectivity to alkylcyclopen- 
tanes (42.9%) and toluene (23.7%) products 
suggests that Pt/SiO2 catalysts provide cy- 
clization pathways that do not occur on WC/ 
0-800 K. The much lower cyclization and 
hydrogenolysis rates on WC/O-800 K 
prevent contributions of Cs-ring hydro- 
genolysis to n-heptane isomerization path- 
ways. 

These results suggest that, in contrast 
with Pt, oxygen-exposed tungsten carbides 
isomerize alkanes by methyl-shift re- 
arrangements of alkene intermediates. This 
proposal is consistent with our previous 
studies of 3,3-dimethylpentane isomeriza- 
tion on WC/O-800 K (1) and with related 
isotopic tracer studies of competitive n-hep- 
tane/heptene reactions (17). The initial 3,3- 
dimethylpentane isomerization products are 
predominantly 2,3- and 2,4-dimethylpen- 
tane, the expected products of methyl-shift 
reactions, rather than the 2,2-dimethylpen- 
tane isomer expected from Cs-ring hydro- 
genolysis pathways (1). Moreover, isomer- 
ization apparently proceeds through 3,3- 
dimethylpentene intermediates. The ex- 
pected products of 3,3-dimethylpentane 
isomerization via metallacyclobutane inter- 
mediates are not observed. Thus, it is un- 
likely that metallacyclobutanes contribute 
significantly to the observed isomer prod- 

ucts of n-hexane or n-heptane reactions on 
oxygen-exposed tungsten carbides. 

Bifunctional Reaction Pathways 

Oxygen surface adducts actively partici- 
pate in alkane and alkene isomerization re- 
actions; hydrogenolysis, however, occurs 
primarily on carbidic surface sites that che- 
misorb CO and hydrogen strongly at RT. 
Parallel hydrogenolysis and isomerization 
pathways are consistent with the selective 
deactivation of isomerization pathways at 
630 K (Fig. 5) and with the observation that 
hydrogenolysis site-time yields are inde- 
pendent of chemisorbed oxygen coverages 
while isomerization rates actually increase 
as oxygen exposure temperature and oxy- 
gen coverage increase (Fig. 6). 

Our findings can be described by a bifunc- 
tional isomerization mechanism that re- 
quires alkane dehydrogenation on carbidic 
surface sites and acid-catalyzed methyl- 
shift reactions of intermediate heptenes on 
WOx surface species. Heptenes are in equi- 
librium with n-heptane during reaction, sug- 
gesting that the heptene isomerization step 
limits the overall bifunctional reaction rate. 
Thus, the introduction of additional WOx 
sites by oxygen exposure at higher tempera- 
ture, at the expense of strongly binding car- 
bidic sites, increases the overall alkane 
isomerization rate; in effect, the fewer dehy- 
drogenation sites after oxygen treatment are 
sufficient to maintain equilibrium alkene 
concentrations. The presence of acid sites 
on oxygen-exposed tungsten carbides is 
consistent with temperature-programmed 
desorption of preadsorbed NH 3 and with 
methylcyclohexane isomerization studies 
on these materials (1). 

Acid sites can be of BrCnsted or Lewis 
type, depending on whether interacting mol- 
ecules (bases) acquire a proton (BrCnsted) 
or lose electrons (Lewis) during a surface 
sojourn. Our measurements do not establish 
the nature of the surface acidity on oxygen- 
modified tungsten carbides. Large WO3 
crystallites behave as weak acids (14, 20). 
The acidity arises from abstractable protons 
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in hydroxyl  groups (BrCnsted) and from un- 
paired electrons in W atoms (Lewis) (20). 
Bulk WO3 contains only octahedral sites; 
however,  WOx species dispersed on A120 3 
at coverages below one monolayer  are tetra- 
hedral and introduce strong BrCnsted sites 
onto A120 3 surfaces that normally contain 
only Lewis sites (14). Thus, isolated WOx 
species provide BrCnsted acid sites; the in- 
termediate role of alkenes in the isomeriza- 
tion catalysis and the nondissociative NH3 
chemisorption that occurs at room tempera- 
ture suggest that isolated WO~ species on W 
carbide surfaces, like those on AI20 3, lead 
to BrCnsted acid sites. 

Similar carbenium-ion mechanisms are 
likely to cont r ibute  to obse rved  isomer  
produc ts  of  alkane and alkene react ions  on 
molybdenum and tungsten  oxides  (12-14 ,  
18, 19). H y d r o c a r b o n  react ions  are likely 
to partially carbur ize  these metal  oxides  
and thus in t roduce  dehydrogena t ion  sites 
that permit  bifunct ional  i somerizat ion 
pa thways  to occur .  In fact ,  MoO3/AI20 3 
(18) and WO3/A120 3 (13) have been used in 
catalyt ic  naphtha  reforming;  the produc t  
distr ibutions are not  significantly different  
f rom those obta ined using modern  bifunc- 
tional reforming catalysts  consist ing of  Pt 
or Pt alloys on acidic (halogen-modified) 
AI203 supports .  

4. CONCLUSIONS 

Tungsten carbide surfaces with WC and 
fl-WEC structures and free of polymeric car- 
bon and residual surface oxygen catalyze n- 
hexane hydrogenolysis with high selectiv- 
ity; isohexanes are not detected among the 
reaction products,  suggesting that fresh car- 
bides lack an isomerization surface func- 
tionality. 

Chemisorbed  oxygen  blocks carbide 
surface sites that bind CO and hydrogen  
strongly at RT; oxygen  surface coverages  
increase with increasing 02 exposure  tem- 
pera ture .  Chemisorbed  oxygen  in t roduces  
an isomeriza t ion funct ional i ty  onto  car- 
bide surfaces.  I somer iza t ion  s i t e - t ime  
yields and areal rates  increase  markedly  as 

oxygen  surface coverage  increases ,  sug- 
gesting that WOx sites are requi red  in rate-  
limiting steps. Hydrogeno lys i s  areal  ra tes ,  
however ,  are severe ly  inhibited by titra- 
t ion of  carbidic sites with chemiso rbed  ox- 
ygen. n -Hexane  hydrogenolys i s  t u rnove r  
rates (per remaining CO or  hydrogen  bind- 
ing site) are independent  of  oxygen  cover-  
age, suggesting that this reac t ion  occurs  
on remaining strong binding sites present  
in the carbide surface.  

We propose  that oxygen  surface species  
par t ic ipate  direct ly  in methyl-shif t  re- 
a r rangements  of  a lkene in termedia tes .  
Thus ,  oxygen-exposed  tungsten  carbides  
appear  to ca ta lyze  both  alkane dehydroge-  
nat ion and carbenium-ion rea r rangement  
react ions  character is t ic  of  bifunct ional  re- 
forming catalysts .  They  do not,  however ,  
ca ta lyze  ring closure react ions  that  typi- 
cally occur  on Pt catalysts .  
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