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The catalytic oxidation of CO, C,H,, C,HB, C,H,, GH,, GH,-1, trans-CIHs-2 and 
I-C4Hs at 200-499°C have been studied using NiO microcrystals exposing predomi- 
nantly their (111) face as the catalyst. The composition of the gaseous phase was 
continuously analyzed using an on-line mass spectrometer. The specific reaction 
rate could be expressed by the empirical power law: 

rate of CO2 produced = kpo,yacm/pa,o: 

with 0 < 1, m, it < 1. The apparent activation energies of the reactions were 2P25 
kcal/mole for the alkenes and CO and 17 and 21 kcal/mole for C,Ha and C,H,, 
respectively. A change of AE to lower values at temperatures less than 270°C was 
also observed in a few cases. The rates of hydrocarbon (HC) converted to CO, 
per unit area increased only slightly with increasing chain length of the hydrocarbons. 
The reaction kinetic parameters over the (111) face were compared with those over 
randomly oriented polycrystalline powders and the geometrical effect was found 
to be small. 

The following aspects of the reactions have also been studied: (1) the adsorption 
of O?, C,H,, H,O and CO?, together or separately on the catalyst surface, (2) the 
competitive oxidation between pairs of coexisting hydrocarbons, (3) the kinetic 
isotopic effect for CDe/C,Hs, CD&H, and CD82HCH,/C,H,, (4) the rate of 
oxidation and the effect on hydrocarbon oxidation of several possible reaction inter- 
mediates, CHCHO, CH,COOH and ethylene oxide and (5) the effect of possible 
reaction poisons, SO, and HCl. Based on the results obtained, some information on 
the reaction mechanism was derived. 

INTRODUCTION 

The complete oxidation of hydrocarbons 
and CO to CO, and H,O is of prime impor- 
tance in automotive emission control. 
Heterogeneous catalytic oxidation using 
some metal oxide offers one of the promis- 
ing means to attain this goal. For these 
applications, the kinetic parameters of the 
reaction at ambient conditions approach- 
ing that prevailing in the automobile ex- 
haust and some information on the reac- 
tion mechanism are needed. However, such 
data are rather scarce in the literature. 
This may be attributed to the following 
causes: The reaction is highly exothermic 
and the kinetic data can only be obtained 
at well-controlled conditions. In most of 

the work reported (l-4), the catalysts used 
were either supported catalysts with un- 
known surface distribution of the active 
components or powders after varying de- 
grees of thermal activation. The reactions 
were often conducted at a limited set of 
initial ambient conditions and carried out 
to high conversion. Such conditions are 
unsuitable for evaluating the kinetic 
parameters. 

It was the purpose of this work to study 
the complete oxidation of a few simple 
hydrocarbons and CO over some well- 
defined metal oxide catalysts. This paper 
concerns the use of NiO crystals exposing 
predominantly their (111) face as the 
catalyst. The ambient conditions have been 
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varied over as wide a range as possible. 
The effects on the reaction rate produced 
by the nature of the reactants, the physical 
and chemical nature of the catalyst sur- 
face, the presence of externally added com- 
ponents and the competitive oxidation 
among hydrocarbons have also been 
examined. 

EXPERIMENTAL METHODS 

The Catalyst Preparation 

The NiO crystals used as the catalyst 
were prepared using a technique similar 
to that reported previously (5). Equal 
amounts of NiO powder (Johnson Matthey 
Co. Ltd., Specpure grade) and anhydrous 
Na,B,Oi (Matheson, Coleman R- Bell, rea- 
gent grade) were thoroughly mixed and 
heated in a gold crucible to 960°C for 2 
hr. The melt was quenched in air to room 
temperature and the flux was leached out 
with hot dilute HNO, and distilled H,O. 
The leaching and washing procedures were 
repeated at least 10 times. The crystals 
thus obtained are designated as NiO(I) 
and are all octahedrons as shown in the 

scanning electron micrograph (Fig. 1). 
Emission spectroscopic and X-ray fluores- 
cence analysis of these crystals showed that 
no Na or Au was present to the extent of 
the instrumental limits of 0.001%. 

The majority of the catalytic oxidation 
reactions reported in this communication 
were performed over these NiO(1) crystals 
unless stated otherwise. In the process of 
searching for a proper catalyst, a number 
of other NiO crystals have also been used 
in the exploratory work. Some interesting 
findings together with the catalyst prepa- 
rations are described separately in a later 
section. 

The surface areas of the catalysts were 
determined by Kr adsorption at -195°C 
and calculated using BET equation. The 
results are included in Table 1. The sur- 
face areas remained constant during a se- 
ries of 20-30 experiments including heating 
to 800” between successive runs. 

The Reactants 

Chemical pure or research grade cylinder 
gases of N,, He, 02, C,H,, C&H,, C4Hs-1, 
trans-C,H,-2, GC,H,, C,H,, C&H, and CO, 

FIG. 1. NiO(1) crystals 
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TABLE 1 
Surface Areas of NiO Catalysts 

Catalyst Descriptions 
Surface area 

W/g 1 

NiO(1) Octahedrons, prepared ill gold crucible 0.281 
NiO(I1) Powders, J. T. Baker Co. Reagent 1.65 
NiO(III) Powder, Johnson-Matthey Specpure 0.30 
NiO(IV) Octahedrons, prepared in Pt crucible 0.233 
NiO(IV-W) NiO(IV) washed with aqua regis 0.233 
NiO(IV-C)-1 NiO(IV-W) crushed, 550°C preheating 0.594 
NiO(IV-C)-4 NiO(IV-C)-1, 800°C additioual preheating 0.363 

were used without further purification. 
C?D, was purchased from Isomet Co. and 
the on-line determined isotopic purity was 
about 92%. CD,CHCH, and CzDF were 
purchased from Merck Co. with claimed 
isotopic purity of >95%. 

The Determination of the Oxidation Rates 

The catalyst was held in a cylindrical 
quartz reactor which was one leg of a U 
tube, the other leg served as a preheater 
for the reactants. The catalyst bed depth 
was 1 to 2 cm and there was very little 
pressure drop across the bed. The reactor 
was surrounded with a tube furnace the 
temperature of which was controlled and 
recorded to ?0.5”C through a thermo- 
couple placed in a well at a point near the 
center of the catalyst bed. The carrier gas, 
He or N,, and the reactants after being 
mixed in a mixing chamber were continu- 
ously led through the reactor or its bypass 
and then to a CEC 614 mass spectrometer 
for continuous on-stream analysis. The gas 
line was copper tubing with stainless steel 
valves with no organic material such as 
grease present. The gas composition could 
be changed at will by adjusting the meter- 
ing valve at each source of gas. The total 
gas flow rate was measured using a soap 
bubble flowmeter at the exit and the mini- 
mum required flow was limited by the 
inlet flow characteristics of the mass spec- 
trometer of 2.1 ml/min. The sensitivity of 
the system allowed an evolution of CO, of 
1 X lo-” ml/min to be detectable. To cor- 
rect for CO, and H,O formed on the fila- 
ment of the mass spectrometer, the back- 

variation in the inlet gas composition. For 
the rate function measurements, the per- 
centage of conversion and therefore the 
pressure differential across the catalyst bed 
at steady state was kept below 10% of 
the minor component. Whenever the con- 
version exceeded 5%, the mean values of 
the inlet and exit partial pressures instead 
of the exit values were taken as the partial 
pressures over the catalyst. For stoichi- 
ometric or material balance studies, con- 
versions as high as 30-40s were allowed 
to improve the accuracy of the results. The 
complete mass spectra between m/e of 12 
to 80 both through the reactor and at the 
bypass were taken to search for any prod- 
uct in addition to CO, and H,O present 
in the gas phase. 

Provisions were also made to inject vari- 
ous compounds such as acetic acid, SO?, 
etc., into the inlet gas. Water was intro- 
duced into the system either by injection 
or by passing the carrier gas through a 
cooled reservoir filled with fused Al,Os 
presoaked with water. 

Adsorption Measurements 

A conventional volumetric gas adsorp- 
tion apparatus with a Decker differential 
pressure gauge (O-5 mm Hg range) was 
used for the Kr, 0,, CO,, H,O and hydro- 
carbons adsorption measurements. The 
catalyst was usually outgassed at 500°C 
for 2-3 hr to 1 X 1O-6 mm Hg prior to each 
series of adsorption measurements. In a few 
cases, the gaseous phases were collected in 
a liquid nitrogen cooled side arm and ana- 

ground spectrum was recorded for each lyzed using a CEC 103 mass spectrometer. 
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RESULTS AND DISCUSSION 

The Stoichiometry of the Reactions 

The amounts of Or and hydrocarbon or 
CO consumed and that of CO, formed were 
determined from the flow rates and the 
changes in the mass speetrometric peak 
heights. The ratios are shown in Table 2. 
The H,O formed c.ould not be accurately 
measured due to the adsorption of mater 
on the walls of the copper tubings and the 
instrument. C,H,, C,H,, C,,H, and CO 
wcrc found to be completely converted to 
CO, and no extraneous compound was de- 
tected in the mass spectra. The slightly 
higher than theoretical consumption of 
oxygen found might hc attributed to the 
change in the mass spectrometer calibra- 
tion factor for 0, in the O-hydrocarbon 
mixture from that in the air. For C,,H,,, in 
addition to CO, some by-product with mass 
peaks of 45, 55 and 56 was detected. But 
the amount of this secondary product was 
so small that an id(lntifiration was not pos- 
sible. For the three butrne isomers, up to 
2Fi-40% of the butenes were not recovered 
as CO,. The spectra showed small increase 
in m/e of 55 and 43. This could be due to 
the fact that the ratios of p,,,/p,i,,s for the 
stoichiomctric determinations were in most 
cases less than the stoirhiometric value of 
6, as it was found that the reactions shifted 
toward complete oxidation with increasing 
Po.,/Pc,Fr, ratio. Prolonged oxidation (over 
4-5 hr) could also shift the ratios to near 
stoichiometric values (see the values in 

TABLE 2 
OXID.~TION OF HYDROC.WBOXS (HC) AKD CO 

ON NiO(1) 

Temp Or:HC:CO, 
range 

I(eactarlt (“Cl ISxperirneut.al Theowl ical 

C,H-T, 200-400 :1 2:1:2 3: I:, 
GHB 200~400 4 x:1:2.9 4.5:1::: 
GH,-1 :mb400 4 9:1:2.6 6:1:4 
iXJi$ 300~400 4 5:l:‘L 3 6:1:4 

(5 6:1:“.5) 
C,H, 1 Yk400 4:1:‘2 2 3 5 : I : ” 
GH, 1.50-400 S:l:XS 7: 1::; 
CO 1.50~300 I:“:? 1 : ” : ‘2 

parentheses in Table 2). Because of this 
complication and because our main interest 
is the complete oxidation, all the rates in 
this report arc expressed in terms of CO, 
produced per unit area rather than 0, or 
hydrocarbon consumed. 

To era1uat.e the possible contribution of 
surface reduction or participation of lattice 
oxygen t.o the overall CO, production, the 
catalyst was also exposed to the carrier gas 
containing only the hydrocarbon without 
0, at 300-400°C. It was found that under 
such conditions, the CO, produced was 
negligible and only a very small amount 
of hydrocarbon, less than 2-3s of a mono- 
layer, was taken up by t,he catalyst. Such 
adsorption is discussed further in a section 
below. 

The Kinetic Parameters of the Reactions 

In the absence of H,O added in the inlet 
gas or preexposure of the catalyst to water 
vapor, the rate of the reaction went through 
an initial maximum at about 2-4 min after 
admitting the reactants followed hy a 
sharp decrease amounting to 20-40s of 
the maximum and then a slow decrease in 
rate with time lasted 10-30 min. The height 
of the maximum was greater for the alkencs 
and C,,H, than for CO and negligible for 
C,H,;. It is also strongly dependent, on the 
catalyst pretreatment conditions, for in- 
stance, washing with dilute HNO,, and H,O 
followed by heating to 500°C or higher 
would give a very high maximum while 
traces of hydrocarbon in the gas phase dur- 
ing the heating treatment would surpress 
it. The activit’y lost during these initial 
decay processes, fast and slow, was irrr- 
versible at the reaction temperature. It 
could be regenerated only by heating in 
an inert gas stream or a few percent of 
oxygen to 500°C or higher. Once the sta- 
bilized condition had been reached for one, 
hydrocarbon, changing the ambient com- 
posit’ion with or without changing the hy- 
drocarbon RS reactant would give a ncry 
stabilized rate almost instantantxously. 
Therefore, the initial decrease of activity 
is due to some cause common to all the 
hydrocarbon studied. Since the initial fast 
decay of activity was transient in nature 
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and it was difficult to reproduce quantita- 
tively, it is not considered further in this 
work. 

The slow decrease in activity could be 
eliminated by carrying out the reaction 
with H,O added in the inlet gas or cxpos- 
ing the catalyst to H,O vapor (O.l-0.5%) 
prior to the admission of the reacting gas. 
As shown below, H,O could inhibit the 
oxidation and the inhibition was readily 
reversible at p,+o > 0.05% but more slowly 
at lower pH,O. Therefore, it is reasonable 
to assume that the slow decrease of activ- 
ity in the absence of added H,O was caused 
by H,O made in the reaction or a small 
amount of water in the inlet gas which 
was taken up by the catalyst slowly. 

The stabilized rate of reaction was gen- 
erally quite reproducible. However, spuri- 
ous values of severalfold higher or lower 
have also been obtained in a few runs. 
Unusually high activity could be brought 
on by washing with HNOa and H,O, or 
repeated evacuation to 1 X 10m6 mm Hg 
at 500°C or prolonged oxidation of iso- 
butene. However, such high activity would 
invariably decrease to the same stabilized 
value after several hours of a hydrocarbon 
oxidation run. The occasional low activity 

could be traced to some accidental poison- 
ing. To ensure that the results obtained for 
various reactant compositions and tem- 
peratures were on the same stabilized cata- 
lytic activity basis, the catalysts were 
heated at 800°C in a few percent of oxygen 
between successive runs to get rid of any 
oxidizable material left on the surface. The 
COY evolved during these heat treatments 
was found to be usually <0.02 ml/m2. The 
stabilized activity of the catalyst was 
checked with C?H, oxidation at a standard 
set of conditions for each set of experi- 
ments. The results reported in this paper 
for the most part were obtained under the 
condition of the same catalyst activity and 
in a few cases they were converted to the 
same activity using C&H, oxidation as 
standard. 

The dependence of the rate of reaction, 
measured by CO2 produced per unit area, 
on the partial pressure of O,, hydrocarbon, 
CO, and H,O at a particular temperature 
was determined by varying one partial 
pressure at a time and keeping the others 
constant to +-5%. Addition of CO, to the 
inlet gas had no effect on the reaction rate. 
For the other three components, linear rela- 
tions were obtained in the log-log plots of 

100 

NiO(I) 

I I111111 I 1 I Illl1~ 

1 IO 
PARTIAL PRESSURES- ( MOLE K) 

FIG. 2. Oxidat.ion of C?H, over NiO(I). Parameters held constant: (a) 317”C, C&H,, 2.4%; H,O, 0.16%; 
(0) 317”C, 02, 7%; H?O, 0.16%; (@) 317”C, Or, 5.5%; H,O, O.l5cj,; (0) 317”C, O,, 7%; C%H,, 4%; (9, 
33O”C, C&H,, I%, H?O, O-0.05% (+) 33O”C, O,, 5‘%, HzO, O-0.05% 
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rates versus partial pressure of each com- 
ponent. Typical results are shown in Figs. 
2 and 3. In Figs. 2-4, the temperatures 
and partial pressure listed are held con- 
stant. The unlisted parameter is varied as 
indicated by the absissa. The slopes are 
numbers on the curves. Thus, the oxidation 
reaction rate expression can bc empirically 
lvritten as: 

R = kp~?~pdIp~?~ l, (1) 

whcrc I? is the rate (ml STP) of CO,/m’- 
mm, and po,, p,,, and pH,,, are the partial 
pressures (mole 9~) of 0,, hydrocarbon 
and H,O, respectively. The total pressure 
was 1 atm with the balance the carrier gas, 
Nz or He. k is the apparent rate constant. 
1, t)~, II are obtained from the .slol~cs of the 
log-log plots. 

In the casts where no H,O was added 
to the inlet gas, that is, p,,,,, was not con- 
stant and was proportional to the CO, 
produced, the reaction rate was found to 
he dependent on the total flow rate to a 
positive fractional order as shown in Fig. 4. 
When the partial pressure of H,O was kept 
fairly constant, the specific rate (ml STP) 
of CO, produced/min-In’ of catalyst at 
csscntially constant pO,, pHV (low $ of 

\ I 
0.1 10 lb 

PARTIAL PRESSURES-t MOLE %) 

l:lo. 3. Oxidation of CIH6 over XX)(I). Pnram- 
eters held consta~~l: (0) 317”C, C,H,, O.S.5’; : H,O, 
0.4”;, (0) 317”C, 02, .5.1y;.; H?O, o.-c~,;; (X) 
:il’i”C, 0,, So/;; CaH,, O.%y&; (Q ) R:wC, CJI,, 
0.3’/;,; H,O, O-0.24/,; (+) 3:3O”C, Or, 5.5r;: HsO, 
o-OPJ. I. 

0 

10 20 30 40 50 607080901c0 
TOTAL FLOW RATE Imbmin.) 

!hc;. 4. l%fcc:t of flow r:lie on rate of 0xid:tlion 
over NiO(I). Parameters held consl~ant: (0) :i17”C, 
O.‘, 75; C&Ha, 49’; H,O, 0.16”0; (0) A30”C, 02, 
3 ( ;; C,H,, 0.285,i; H,O, 0-0.255j; (0) 33O”C, O?, 
4:;; CJI,, 1%; H,O, O-0.1%. 

conversion clmployed) and prr,,o became in- 
dependent of the flow rate. This absolute 
specific rate vs flow rate at constant am- 
bient condition relationship should be dis- 
tinguishcd from the dependence of perccnt- 
age of conversion on the space velocity 
frequently reported in other studies. Such 
rosulte indicate that the reaction was free 
of gas phase transport control in the range 
of the flow rate employed, 5-40 ml/min. 
Qualitatively, one can visualize that the 
flow rate effect obtained at no H,O in the 
inlet gas can result from the prr,,o effect as 
the partial pressure of H,O formed in the 
reaction is inversely related to the flow 
rate. One can also estimate that the partial 
rclaction orders of m’ and n’ obtained under 
such conditions should be smaller than the 
corresponding m and n values obtained at 
near constant p,.,o. Therefore, one should 
bear this in mind-in comparing the kinetic 
results obtained under different reaction 
conditions. 

The partial reaction orders 1, m, n ob- 
tained over NiO(1) are shown in Table 3. 
Each set of these values have been repro- 
duced at, least twice at each temperature 
and at least two temperatures more than 
50°C apart for each hydrocarbon or CO. 
With the exception of C,H,,, they were 
found to be independent of the tcmpcra- 
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TABLE 3 
KINETIC PAK.AMETERS FOR HYDROCARBON OXIDATION OVER NiO(I)’ 

AE (kcal/mole) 
Reactant 1 m n m - 

WL 0.33 0.47 0.33 25.4 (250-400) 
CaHs 0.27 0.53 0.23 25.0 (250-400) 
C4Hs-1 0.35 0.55 0.14 24.7 (300-350) 

tmns-C+Hs-2 0.33 0.46 0.20 -25 (300-350) 
i-&H& 0.35 0.58 0.10 -25 (300-350) 
G& 0.27 0.44 0.50 (350°C) 17.0(>270) 

0.07 0.95 (240°C) 6.8 (<270) 
CaHa 0.26 0.29 0.53 21.0(>230) 

-7 (<230) 
co 0.47 0.55 25.1(>220) 

15 (<220) 

D Temp, 250-400°C; rate of CO* produced = k(p~~)“pHc”/p~~O’. 

ture. In view of the low sensitivity in the 
log-log plots and the slight variation in 
the partial pressures which we attempted 
to hold constant (up to 5%), the uncer- 
tainty in the values of 1, m, n could be as 
large as & 10%. In general, the linearity 
in the log-log plots was found to be good 
within the range of the gas compositions 
used. The partial pressure ranges used 
were: O,, l-20%; C&H, and C,H,, 0.05 
3%; C,H, and C2H,, 0.1-5s; CO, l-50/, ; 
C&H,, 0.5-30/O; and H,O, O.l-1.5%. Com- 
binations of the gases were such that the 
hydrocarbon (or CO) to 0, ratio fell with- 
in the range of 0.01-2 with most of the 
experiments carried out in large excess of 
0,. The pHZo was such that the inlet p&O 
was much larger than that produced from 
the reaction to minimize the differential 
in pH+ across the catalyst bed. 

The 2, m, and n values for the various 
hydrocarbons over NiO (I) (Table 3) 
show that H,O inhibits the reactions to 
approximately the same degree for vari- 
ous hydrocarbons (2 = 0.25 to 0.35). The 
partial reaction order with respect to 0, 
is about, 0.5, with the exception of C,HF 
oxidation at <270” in which m ‘v 0. There 
is a slight increase in m with decreasing 
corresponding value of n. The partial reac- 
tion order with respect to hydrocarbon n 
decreases in the order: C&H, N C,H, > 
C&H, > C,H, > t~an~-GHs > C,Hs-1 > 
GC,H,. If the n values can be taken as a 

measure of the adsorption strength as that 
found by Moro-oka and Ozaki (6, 7), then 
the above results are in accordance with 
the prediction that alkenes are adsorbed 
stronger than the alkanes and that the 
larger molecules are adsorbed more strongly 
than the smaller ones in the homolog. The 
fractional orders with respect to the two 
reactants and the reversed trend in the 
change of m values versus that of the n 
values could be taken as an indication for 
the Langmiiir-Hinshelwood type mecha- 
nism, that is, OS and hydrocarbons are 
competing for the same sites and the reac- 
tions between adsorbed 0, and hydrocar- 
bon at neighboring sites are important. 
However, as shown below, not all of the 
evidence supports this contention. 

The apparent activation energies of the 
oxidation reaction on NiO(1) were ob- 
tained from the Arrhenius plots. Typical 
results are shown in Fig. 5 and Table 3. 
The activation energies were found to 
be independent of the gas composition. 
Changes in the slopes of the Arrhenius 
plots were observed for GH,, CO and 
C,H, over NiO(1) and for C&H, over an- 
other NiO catalyst to be reported later. A 
change of activation energy for CO oxida- 
tion on NiO powder at 250°C has been 
reported previously and was attributed to 
the change in the magnetic property of the 
NiO catalyst (Neel point) (8-10). In the 
present case, the temperatures at which the 



r\rio CRYSTALS 131 

Flc:. 5. Arrlmlius plots for osidntiotk over YiO[I): 
(0) C?Ill, ‘2.; 5; : 02) 6.2:; ; 5 Il,O, o..iq;>; 10) CrH,, 
0,s”; : 0.2 -, 3.5’;; : II?O, 0.4’; : (CB) C,H,, :i.‘Lc; : o,, 
7’; ; 1~20, 0.5?,; (0) C4Hs-1, l.S$; ; 01’, 5.3’; ; H.‘O> 
0.5“;,; ($y) CA, 0.4’;;: 0,, X6!,; H,O, (MC,;; (a) 
C:jHfl, 1.6~~; 02, 2.SC;; 11.~0, 0.23~; ; (A) CO, 
2.1 “in; 02, 2.79;; H,O, 0’;;. 

change of slopes occurred are different for 
different reactants. Therefore, the changes 
more likely result from a shift in the rate- 
determining step or reaction mechanism 
rather than any intrinsic property of the 
catalyst such as its magnetic property. It 
is of interest to note that the activation 
energies for the olcfins and CO oxidation 
are ipproximatcly the same at >27O”C 
and they are greater than that of the two 
alkanes. 

For the purpose of comparison, it is dc- 
sirablc to know the rate for each hydro- 
carbon/catalyst combination at some stan- 
dard set of reaction conditions. To do this, 
the average k values of Eq. (1) for each 
hydrocarbon or CO at several tempera- 
tures were computed using a large group 
of rate data obtained at various ambient, 
conditions and the 1, nz, n, values listed in 
Table 3. The rates for each hydrocarbon 
at 4% 0,, 1% hydrocarbon or CO and 
0.1% H,O were calculated from the Ic 

values. The results at 300 and 350°C are 
shown in Table 4. It is shown that the 
number of hydrocarbon molecules con- 
verted to CO, per unit time per unit area 
increases only slightly with increasing size 
of the molecule. In terms of the rate of 
CO, produced or 0, consumed, the increase 
is proportionally much larger with the size 
of the molecule. Therefore, it is unlikely 
that the availability of oxygen is rate con- 
trolling. The lack of large dependence for 
the activation energies and the specific 
rates on the chain length of the alkenes 
implies that the rate-limiting step is the 
same for the C-C., alkenes. The rates of 
oxidation for the alkanes arc about the 
same as the corresponding alkencs at 300- 
350°C. By virtue of the lower activation 
energies for the two alkanes, their rates 
would be higher than that of the alkenes 
at lower temperature; this is different from 
that obtained over the other metal oxide 
catalysts, such as Co,,O,, Cr,O,!, etc. (11). 
The rate of CO oxidation is greater than 
the li~drocarbons. 

The Kinetic Isotopic Elqect 

For the purpose of gaining some infor- 
mation about the rate-determining step 
and the adsorbed state of the hydrocarbons 
on the surface, the rate of oxidation of 
C,D,, C,D,, and CD,CHCH, were also 
determined. For such studies, the rates for 
the hydrogen and the deuterated com- 
pounds a-cre determined alternately to in- 
sure their comparability. The results arc 
shown in Table 5. 

The kinetic isotopic effect for C,H, oxi- 

TABLE 4 
1tATIc OF CO2 PRODUCED OVER NiO(I)c’ 

Reactant 350”c 300°C / 

C,H, 0 017 0 0030 
C,H,i 0 036 0.0062 
CJIa-I 0.052 0. 0090 

hWC~H*-2 0. 035 O.OOGl 
1-C,H 8 0.071 0.012 
C,H, 0.01s 0 0053 
GH, 0 038 O.OOP4 
co 0.137 0.0236 

LI ml STP/m2-mill (471 02, I%, HC, 0.1~~ H,O). 



132 YU YAO AND KUJII\IER 

TABLE 5 
KINETIC ISOTOPIC EFFECT 

1CIIIkH ("C) 

C&H, vs C#r 1 (300) 
CD,CHCH, vs CoHs 0.75 (300) 
C2I)c VY C&He 0.45 (300) 
Cgl>s vs C&H, 0.60 (400) 

dation is one and suggests that splitting 
of the C-H bond is not involved in the 
rate-determining step. The rate of adsorp- 
tion of ethylene or reaction between oxygen 
and the double bond of ethylene adsorbed 
on the surface may be the rate-determin- 
ing step with the C,H, molecules adsorbed 
on the surface through the T bond. There 
is ample evidence in the literature on such 
7 bond donor-acceptor type of adsorption 
for C,H, on transition metal ions (7). On 
the other hand, the kinetic isotopic effect 
for C&H, oxidation is 0.45-0.60. This indi- 
cates that the rate-determining step may 
be either the adsorption of ethane as C,H, 
radical with breaking of the C-H bond if 
the slow step is the chemisorption of the 
ethane molecules, or the interaction be- 
tween the adsorbed O., and either gas 
phase or physically adsorbed C,H, through 
attack at the C-H bond. In the case of 
CD,CHCH,, the kinetic isotopic effect was 
found to be 0.75. Several previous reports 
on the partial oxidation of propylene over 
metal oxide catalysts have found that ab- 
straction of the ally1 hydrogen followed 
by weakening the x bond through adsorp- 
tion to form a symmetrical r-ally1 com- 
plex on the surface as the most probable 
adsorbed species (1%). If the rate of for- 
mation of this species were the overall 
rate-determining step, one would expect 
an isotope effect. 

The Competitive Oxidation 

Moro-oka and Ozaki (8) have mea- 
sured the relative adsorption strength for 
various hydrocarbons over several sup- 
ported metal oxide catalysts using the 
competitive oxidation techniques. Hofer, 
Gucssey, and Anderson (1.9) reported that 
CO enhanced the oxidation of C,H, while 
C,H, inhibited the oxidation of CO over 

several metal oxide catalysts. The results 
obtained on several pairs of hydrocarbons 
which include C,H, as one component arc 
shown in Table 6. In all cases, mutual 
retardation was observed and the degree 
of retardation was found to be slightly de- 
pendent on the partial pressures, that is, 
increasing partial pressure of A with re- 
spect to that of B could enhance the re- 
tardation effect of A on B. The rctarda- 
tion effect was found to be completely 
reversible. 

The retardation effect among the hydro- 
carbons follows the trend that the larger 
the n values of Eq. (1) (weaker in adsorp- 
tion strength) and Table 3 the more it is 
susceptible to be retarded, this is the same 
trend as that established by Moro-oka and 
Ozaki (8). Whether the retardation was 
due to competition for available oxygen on 
the surface or for adsorption sites between 
the hydrocarbons is difficult to differen- 
tiate based on the present results alone. 
The similarity in the kinetic parameters 
among the various hydrocarbons, the com- 
mon cause for initial decrease of activity 
and the fact that the total amount of 0, 
consumed for mixed hydrocarbms was less 
than that which would be consumed by 
the component with higher rates if exist- 
ing alone at the same partial pressure 
favor the mechanism of hydrocarbons com- 
peting with each other and O2 for the ad- 
sorption sites on the surface. 

The Role of Some Oxygenated Compounds 
and Poisons 

Although no stable reaction intermediate 
was detected from the mass spectra of the 

TABLE 6 
COMPIGTITIVE OXIDATION OVER NiO(I)O 

Hydrocarbon 

A B PAIPH RA!(RA)” RB/(RR)’ 

C&Ha co 0.2 0.28 0. 75 
CzHh C.:H, -1 0.4 0.6 
C,HI i-C,TT, 0. 7 0.38 0.65 
C?Ha C,H, I.5 0.70 -0.67 

u (&)o, (R~)O, Rate of CO2 formation from A 
and B separately at t.he same part,ial pressures at 
which they exist in t,he mixture. 
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gas phase over the catalyst, it is thought’ 
that a study of the oxidation of some of 
the possible reaction intermediates and 
their efIect on the oxidation rate of C,H, 
might furnish some information towards 
the understanding of the reaction. The fol- 
lowing compounds were used : 

1. Acetic acid. When acetic acid was 
introduced to the catalyst in the absence 
of O., or hydrocarbon at’ lOO-3OO”C, an 
amount equivalent to a complete mono- 
layer was found to bc taken up with near 
zero equilibrium prcssurc. No detectable 
CO, was cvolred and suggests no appre- 
ciable reaction with the lattice oxygen. In 
the lnescncr of 0, in the gas phase, CO, 
formation was detected in the vicinity of 
IEiO”C and increased with increasing tcm- 
pcraturc. At 3OO”C, the rate of oxidation 
of acetic acid at near monolayer coreragc 
and zero partial pressure was about 20 
times that of C,H, at ~e:,~r, of about 0.5%. 
The rate decreased with time or the surface 
coverage of acetir acid. When there was 
excess acetic acid in the gas phase, the 
rate was even faster than that at full cov- 
erage and zero partial pressure. Injection 
of acetic acid into the reaction stream con- 
taining C,H, + 0, n-as found to tempo- 
rarily suppress the oxidation of C,H,, but 
the oxidat,ion of C,H, resumed its original 
rate upon completion of the acetic acid 
oxidation. The adsorption of acetic acid 
was found to precede its oxidation. 

2. Acetaldehyde. The oxidation of 
CH,,CHO was found to be quite similar to 
that of acetic acid in both its rate and 
adsorption behavior. Again it temporarily 
and reversibly supprcsscd the hydrocarbon 
oxidation with no permanent effect. 

3. Ethylene oxide. The oxidation of 
C,H,O to CO, was fomld to be s-7 times 
as fast as that, of C,H, at the same partial 
pressures of -1%. The oxidation rate was 
approximately first order with respect to 
both 0, and C,H,O. Adsorption of ethylene 
oxide at partial lnessurc of 17% was about 
10% of a monolayer, so it was not as ex- 
tcnsivc as that of CH,COOH or CH,CHO. 

On the basis of the fast oxidation rates 
of CH,CHO, CH,COOH and CO obtained, 
none of these compounds could be excluded 

the oxidation of C&H, to CO,. If any one 
of them were the intermediate, the rate- 
determining step of the complete oxidation 
of C,H, must be prior to the formation of 
such intermediates. In the case of ethylene 
oxide, at very low partial pressure of 
C,H,O, the rate of oxidation could be com- 
parable to that of t’hc C,H,. However, the 
absence of an induction period and the 
large differences in the partial reaction 
order with respect, to oxygen argues against 
the possibility of oxidation of C,H,O, if 
it were an intermediate, to be rate- 
determining. 

4. SO, and HCI. In addition to water, 
SO, and HCI which represented the usual 
types of catalyst poisons were injected into 
the reacting stream to test their effect on 
the C,H, oxidation. The rate of C&H, oxi- 
dation as a function of SO, added is shown 
in Fig. 6. All of the SO, injected was im- 
mediately taken up by the catalyst with 
no SO, left in the gas phase. The surface 
coverage given in the graph was calculated 
using a cross-sectional area of 26 ,;i’/SO,. 
The catalyst was poisoned not only for 
the hydrocarbon oxidation but also for 
CH,,COOH oxidation as well. As shown in 
Fig. 6, the poisoning effect was not com- 
plete even at a SO, coverage of 90% of 
a monolayer. Whether the large dose of 
SO, rcquircd for complete poisoning of the 
catalyst is due to progressive piston type 

SURFACE COVERAGE- 8 

as the possible reaction intermediate for LV,\,,L,. 
FIG. 6. Effect of 802 on oxidation of C,H, OV~I 
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nonselective adsorption of SO? on the cy- 
lindrically packed catalyst or represents 
actual adsorption in the order of surface 
heterogeneity with the catalytically active 
sites not preferentially adsorbed by SO2 
cannot be resolved from our data. Anhy- 
drous HCl gas injected into the reaction 
stream showed a similar poisoning effect 
as that caused by SO,. The adsorption and 
poisoning effect of SO, and HCl are com- 
pletely irreversible. Once the surface was 
poisoned, neither repeated hydrocarbon 
oxidation nor heating in a few percent of 
oxygen up to 800°C for as long as 2 days 
could restore its original activity. Washing 
with coned. HNO, and H,O could restore 
the activity. 

5. Others. CH,NH, was found to under- 
go a very complicated reaction over NiO 
catalyst to give N,O, NH, and other un- 
identified compounds. It also could tem- 
porarily and reversibly suppress the oxida- 
tion of C,H,. 

When H,Oz in the form of 30% solution 
in water was injected into the C,H, + 02 
reaction stream, the effect was the same as 
that produced by H,O alone, inhibition to 
give a small negative fractional order. 

The Effect of the Catalyst Surface 

Several NiO catalysts have been used 
for the C,H, oxidation studies in addition 
to the NiO(I) reported above. The desig- 
nation and preparation of the catalysts are 
as follows: 

NiO(II) was NiO powder of reagent 
grade purchased from J. T. Baker Com- 
pany. Emission spectroscopic analysis 
showed 0.2y0 Cr and 0.01% Fe with other 
impurities at the level of 0.001% or less. 

NiO(II1) was NiO powder, Specpure 
grade, of Johnson Mattey CO. Ltd. It was 
the starting material for NiO(1) as de- 
scribed in the previous section. 

NiO(IV) was NiO crystals prepared 
from NiO(II1) using the same procedures 
as that used for NiO(1) except Pt crucible 
and 1100°C were used instead of gold 
crucible at 960°C. Emission spectroscopic 
and X-ray fluorescence analyses showed no 
Pt present. The crystals are all octahed- 

rons exposing the (III) face the same as 
that for NiO(1). 

NiO (IV-W) was NiO (IV) crystal washed 
with hot aqua regia followed repeatedly 
with dil HNO, and distilled water. 

NiO(IV-C) was obtained by crushing 
NiO(IV-W) in an agate mortar and pestle, 
followed by washing with HF, HNO, and 
repeatedly with dil HNO, and distilled 
water. 

The surface areas of these catalysts are 
listed in Table 1. Prior to the oxidation 
runs, the samples were usually heated in 
a flow of N, with a few percent of 0, to 
800°C for several hours except NiO (IV-C) 
for which the first heating was only 550°C 
and subsequent heatings at 800°C. Since 
this phase of the work was done during 
the exploratory stage prior to the realiza- 
tion of how important the water inhibition 
effect can be, all the rate measurements 
were made with dry inlet gas at constant 
flow rate. In the log-log plots, the rate of 
CO, formed was again found to obey the 
empirical power law: 

The m’ and n’ values thus obtained are 
expected to be smaller than their corre- 
sponding m and n values obtained at con- 
stant partial pressure of H,O. The results 
are listed in Table 7. It is shown that the 
m’ and n’ values are temperature indepen- 
dent with the exception of NiO(IV) for 
which n’ decreases and m’ increases with 
decreasing temperature. At temperatures 
below 3OO”C, the reaction over NiO(IV) 
was negative fractional order with respect 
to PC&. Such negative coefficients for hy- 
drocarbon oxidation have also been found 
for C&H, oxidation over Pt and Pd cata- 
lysts (11, 14). Therefore, it. is suspected 
that a small amount of Pt from the crucible 
could have been incorporated into the cata- 
lyst although analytical results gave no 
indication of Pt present. The fact that this 
anomaly was removed in the results over 
NiO (IV-W) and NiO (IV-C) supports the 
contention of Pt contamination. These 
results are included in this report to illus- 
trate the high sensitivity of catalyst activ- 
ity towards certain catalytically active im- 
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TABLE 7 
KINETIC PARAMETIGRS FOR OXIDATION OF C,H, 

Ovw~ NiOa 

c&dyst 

NiO(1) 

NiO(I1) 

NiO(II1) 

NiO(IV) 

NiO(IV-C) 

NiO(IV-W) 

Temp 
(“C) m’ n’ 

245 0.41 0.23 
289 0.30 0.25 
::4<5 0.37 0.16 
382 0.37 0.22 
260 0.42 0.43 
:335 0.34 0.42 
3X8 0.37 0.42 
237 0.25 0 .38 
328 0.29 0.40 
263 0.63 -0.3i 
317 0.59 0.07 
:143 0.60 0.15 
390 0.43 0 23 
zio 0.35 0 .33 
268 0 .42 0.38 
327 0.38 0.39 
374 0.42 0.3s 
254 0.41 0.2s 
317 0.42 0. 2.5 
::45 0.36 0.34 
373 0.38 0.33 

0 ACO,/‘At = ~‘(P~?)“‘(T)c~HI)“‘, PHXO = PC%. 

1)uritics. This is not surprising, as the 
specific activity for C,H, oxidation over Pt 
is about 1 X lo4 times that for NiO under 
the same ambient conditions (11). On the 
other hand, NiO(I1) and NiO(II1) did not 
show much difference even though they 
were obtained from different sources and 
with more significant differences in the 
impurities present. The variations in the 
172 ’ and n’ values of the various NiO 
catalysts except NiO (IV) are relatively 
insignificant. 

The Arrhenius ljlots for C,H, oxidation 
over the various NiO catalysts are shown 
in Fig. 7. They are only slightly lower than 
that over NiO (I). This difference may be 
attributed to the fact that the pII+ effect 
lvas not rorrc,ctcd for the results in Fig. 7. 
The reason why there is a change of slope 
for NiO(II1) but not for the others is not 
1<110w11. 

The rate of C&H, oxidation at 300 and 
350°C under the conditions of 4% O,, 1% 
hytiro~arbon and O--0.05% H,O are listed 

0.1 
1.5 16 1.7 1.8 19 2.0 2.1 22 

+ x10' 

1:1(:. 7. Arrhenirls plots for C,H, osid:~iion: (0) 
NiO(II), 1.6 m*; 02, 4.55; ; GH,, 2.0”; ; (0) 
SiO(III), 2.1 1112. 02, 10.5’;(,; C,H,, 0X(‘;: (0) 
SiO(I\y-C)-l, 0.7.; mt; Or, 6.6(;;; C&114, 3.9’:; ; (0) 
?jiO(IV-C)-4, 1.2 mz; O,, 11X<,;.; C?IIa, 3.:ir;. 

in Table 8. The freshly ground NiO crystal 
after 550°C sintering once, NiO (IV-C) -1, 
gave the highest specific activity. This sam- 
ple after repeated sintering at 800°C de- 
creased its specific activity to a value 
approximately equal to those of the pow- 
ders [see NiO (IV-C) -5 vs NiO (II) 1. The 
differences in the rate of C,H, oxidation 
among the various catalysts are small; 
this is different from that observed over 
Cr,O:, catalysts (15). However, it is of 

TABLE S 
IRATE OF CO, PRODITCH) FROM C?H, OXIDATION" 

Catalyst 350°C / 300°C 

X0(1) 0.017 0 .0030 
XiO(I1) 0.02:; 0.0041 
NiO(II1) 0.0’20 0 0040 
NiO(IV) 0.016 O.OO”7 
NiO(IV-W) 0.016 0 .I)030 
NiO(IV-C)-I 0 053 0.012 
NiO(IV-C)-5 0. 0’23 0. 0030 

a ml STP/m2-min (4y, O,, 170 C,H,). 
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interest to note that the rates over the 
(111) face of NiO(1) and NiO(IV-WJ arc 
the same while those over the crushed- 
resintered crystals and powders with ran- 
dom distribution of crystalline faces ex- 
posed arc all slightly higher. Whether this 
is due to genuine geometric effect or for- 
tuitousness requires more detailed study. 

The Adsorption Studies 

Efforts to measure the adsorption of 0, 
and hydrocarbon in situ using the mass 
spectrometric method failed to detect any 
adsorption even though the sensitivity of 
the instrument was amply sufficient to de- 
tect 0.001 ml/min of gas uptake. This may 
be due to the inability of removing all 
oxygen and hydrocarbon adsorbed on the 
surface prior to the adsorption run by 
sweeping with N, or He at 800°C. There- 
fore, the indirect method of measuring 
adsorption using a conventional volumetric 
apparatus together with a CEC 103 mass 

spectrometer with batch inlet system was 
used. Prior to each series of runs (desig- 
nated by Roman numerals), the surface 
was outgassed at 45%500°C for several 
hours to 1 X 10eG mm Hg. Typical adsorp- 
tion results at 200-300” are shown in Fig. 
8 and Table 9. The sequences of the rmls 
in each series are designated by the Arabic 
numerals and the sample was outgassed at 
the adsorption temperature to 1 X lo-” mm 
Hg before proceeding to the next run. The 
amount adsorbed for both 0, and hydro- 
carbon are no greater than a few percent, 
of a monolayer in agreement with those 
reported in the literature (9, 16). Hydro- 
carbons adsorbed could only be removed 
from the surface by heating in a few Torr 
of 0, at a temperature higher than the 
reaction temperature. The initial fast ad- 
sorption of oxygen could only be regen- 
erated by outgassing at 450°C and above. 
The slow adsorption of 0, decreased with 
increasing number of 0, adsorption runs 

20 

18 

16 

6 

, I I I I III III I 
30 60 90 120 180 240 350 480 770 

LOG t (sec.l 

FIG. 8. Adsorption of 02 and C&H, on NiOU) ( see also Table 9 and text for pretreatment conditions): 
(I-1) 02, 200°C; (I-2) C,H,, 2OO”C;(II-1) GH,, 2OO”C, (11-2) 02, 200°C; (V-l) 02 + C3Hs (1.3:1), 200°C) 
~(1-1) 02, 300°C; (VI-2) &He, 200°C; (VII) 02, 150°C. 
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TABLIx; 0 
~~I’TIKI.: OF o2 .\N,) C&H, IN THE FIRST 

MINUTK ON NiO(I)~~ 

Surface 
cover- 

Vol uptake age 
Series- mm1 (moles 1 

1’1111 110. ( ;a.5 STP/m2 10 000 A?) 

I-l OL 2.8 7.4 
I-2 COH6 2.2 -5 h 
I-:; 0, 1.S 4.7 

II-I GH, 1.4 :3 7 
II-2 02 5.45 14.4 
II-:< C&H, 0.6 1.6 

III-1 H20 (-10) 26 
III-” 02 0.5 1 :3 
r\.-1 H,O (-10) 26 
L\.-2 GH, 0 .4 0. 1 
\‘-I 0, + C,H, (1 .:I: 1) 10.9 2! ) 

a 7’ = 200°C; po, - PQ~I~ - 1.1-1.5 Torr. Prior 
to each series of runs, the sample was outgassed at 
450°C. Between successive rm~+ in each series, the 
sample was orltgassed at 200°C. 

and prolonged heating in vacuum at 500°C 
was required to restore its original rate. 
The rates of adsorption were found to obey 
the Elovich type equation (Fig. 8) and 
thus imply the existence of a wide dis- 
tribution of adsorption site energies over 
the surface. In view of the fact that CO, 
was evolved immediately upon admit,ting 

the reactants in the flow reaction system, 
the slow adsorption process probably does 
not contribute significantly to the oxida- 
tion reaction. This limits the catalytically 
active sites to only those responsible for the 
initial fast adsorption, but not necessarily 
all of those sites. It would appear that the 
fraction of surface sites that are catalyti- 
cally active at any one time could be no 
more than 1%. These arc not necessarily 
fixed geometric sites. 

Enhanced adsorption of 0, on C,,H,, or 
C:;H, prcsorbed surface or the reversed 
case for C,,H,j on surface presorbed with 
0, was observed. The adsorption of C:,H,; 
on surface prcsorbed with 0, at 300°C is 
greater than that with 0, at 200°C. Part 
of the presorbed 0, was removed by the 
hydrocarbon and vice versa. However, mass 
spectrometric analysis of the gaseous phase 
showed no CO, or other product present. 
Thus, the reaction products in such cases 
are probably adsorbed on the surface and 
can only be removed by high temperature 
outgassing. 

I~pon admitting a mixture of 0, and 
hydrocarbon to the catalyst, the total prcs- 
sure of the static system decreased at a 
rate much greater than the sum of the 
amourlt taken up if the two componrnts 
ncre admitted separately with outgassing 
in between. Mass spectrometric analy- 

0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1.0 1.2 1.4 
PRESSURE (mm Hp I 

FIG. 9. Adsorption of Hz0 and CO* over NiO(1) at 200°C: (0 a) on 450°C ontgassed surface; (0 n ) 
rerlm after Q and 13, respectively, outgassed at 200°C. 
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sis showed significant amount of CO, meet the stringent conditions required to 
formation. obtain an adsorbate-free surface. 

The adsorption isotherms for CO, and 
II,0 at 200°C on the surface outgassed at 
450°C are shown in Fig. 9. For both cases, 
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