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Ethanol oxidation in the vapor phase was studied in an isothermal flow reactor using thorium 
molybdate catalyst in the temperature range 220-280°C. Under these conditions the catalyst 
was highly selective to acetaldehyde formation. The rate data were well represented by a 
steady state two-stage redox model given by the equation : 

-r = k,kzpEpo,0.5 
kzpoz0.6 + NhpE 

The parameters of the above model were estimated by linear and nonlinear least squares 
methods. In the case of nonlinear estimation the sum of the squares of residuals decreased. 
The activation energies and preexponential factors for the reduction and oxidation steps of 
the model, estimated by nonlinear least squares technique are: 9.47 kcal/mole, 9.31 g mole/ 
(set) (g cat) (atm) and 9.85 kcal/mole, 0.17 g mole/(sec) (g cat) (atrn)O.s, respectively. Oxida- 
tions of ethanol and methanol over t,horium molybdate catalyst were compared under similar 
conditions. 

INTROI>UCTION 

Acetaldehyde, the main product of etha- 
nol oxidation, finds use as an intermediate 
in the manufacture of acetic acid, acetic 
anhydride, n-butanol, pentaerythritol, etc. 
Commercially it is manufactured either by 
catalytic vapor phase oxidation or dehydro- 
genation of ethanol. Silver and copper 
based catalysts are generally used for oxida- 
tion and dehydrogenation routes, respec- 
tively. Ethanol oxidation has been studied 
by several workers with a view to compar- 
ing the performance of various catalysts 
for their activity and specificity. Although 
there are several studies reported in the 
literature on this reaction the kinetic data 
are sparse. Recently, Choudhuri et al. (1) 
reported the kinetic data over silver cata- 
lyst in the temperature range of 470-570°C 
and in the high concentration region (23- 
4570 in air) of alcohol. Silver is an cxpcn- 

sive material and the temperature involved 
using silver as catalyst is quite high. It is 
reported (2-4) that in the cast of methanol 
oxidation mixed oxide catalysts, viz, ferric 
molybdatc, vanadium molybdate, manga- 
ncsc molybdate, thorium molybdatc, etc., 
arc highly selective to formaldehyde forma- 
tion and have good activity at relatively 
lower temperatures (250-350°C). In the 
present work, in view of the good perform- 
ance of mixed oxide catalysts for methanol 
oxidation, thorium molybdate catalyst was 
explored for ethanol oxidation. 

A 
E 
k 
K 
m 

NOMENCLATURE 

Prccxponential factor. 
Activation energy. 
Reaction velocity constant. 
Adsorption equilibrium constant. 
Order of reaction with respect to 
et’hanol. 
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h’ Moles of oxygen required to oxidize 
1 mole of ethanol. 

n Order of reaction with respect to 
oxygen. 

P Partial pressure, atm. 

PLZ Logarithmic mean partial pressure 
= (pi - pf>lln pilpf, atm. 

PC, Half order mean partial pressure 
= (P~O,~ + pf03/2, atm. 

Pi Initial partial pressure, atm. 
Pf Final partial pressure, atm. 
R’ Gas law constant, Cal/ (mole) (OK). 
r Rate of reaction, mole/(sec) (g cat). 
T Temperature, “K. 
x Nonintrinsic parameter defined by 

Eq. (4). 

Subscripts 

E Ethanol. 
(I, L Order fixing subscripts 
0 Oxygen 
i ith species. 

EXPERIMENTAL METHODS 

Apparatus, Materials and Methods 

An all glass apparatus consisting, mainly, 
of alcohol vaporizer, air preheater, alcohol- 
air mixture preheater, reactor and product 
collect’ion unit (a series of bubblers con- 

taining chilled water) was used. A sche- 
mat,ic diagram of the apparatus used is 
shown in Fig. 1. The temperatures at vari- 
ous points in the setup were controlled by 
autotransformers. 

Distilled ethyl alcohol, usually contain- 
ing 7 mole% water, and air from a constant 
pressure source were used as starting ma- 
terials. The air was purified and dried by 
passing it through a series of towers con- 
taining potassium hydroxide, fused calcium 
chloride, anhydrous calcium sulfate and 
glass wool. Nitrogen from a high pressure 
cylinder and of purity over 99% was used, 
when necessary, after drying. 

Thorium molybdate catalyst used in the 
present investigation was prepared from 
Analar grade reagents of thorium nitrate 
[ThWOd~.H~Ol and ammonium para- 
molybdate (NH&Io~O~~.~H~O). The bulk 
density of the catalyst thus prepared was 
0.63 g/ml and the average catalyst particle 
diameter was 0.25 mm with a specific area 
of 17.6 m2/g and a pore volume of 0.439 
ml/g. 

Acetaldehyde was estimated by the ex- 
cess iodine method recommended by Park- 
inson and Wagner (5). Acetic acid was esti- 
mated by titration with standard alkali. 
Gaseous products were analyzed by the 

Absorption train 

Jdlrlvei {- 

Alcohol from 
pressurised still 

FIG. 1. Schematic diagram of the experimental setup : (1) Nitrogen cylinder; (2 and 5) purify- 
ing towers (fused CaC12); (3) capillary fl owmeter for nitrogen; (4) purifying towers (KOH 
pellets) ; (6) purifying towers (Dryal) ; (7) glass wool filter ; (8) rotameter for air; (9) capillary 
flowmeter for air; (10) capillary flowmeter for alcohol; (11) preheater for air; (12) alcohol 
vaporizer; (13) preheater for alcohol air mixture; (14) reactor; (2’~) thermometers. 
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absorptiomctric method using the convcn- Schmidt no. (S(s) 1.21 
tional Orsat apparatus. 

Before carrying out preliminary studies, 
a thermodynamic analysis of the reaction, 

C,H,OH + $0, + CH,CHO + HzO, (1) 

revealed the irreversible nature of the rcac- 
tion as at 300°C the equilibrium constant 
is 1.6 X lo’*. Higher pressures as expected 
and as rcport’ed (6’) do not favor the 
reaction. 

As the reaction is exothcrmic the experi- 
ments were planned in the low concentra- 
tion region of ethanol to facilitate easier 
temperature control. The catalyst was 
found to be highly selective to acetaldehyde 
in t.he temperat.ure range 220-280°C. In 
this temperature range the only major 
product formed was acctaldehyde with 
acetic acid in negligible amounts. Beyond 
a temperature of 2SO”C, acetic acid forma- 
t,ion increased and also the format,ion of 
carbon dioxide was observed. The lower 
flammable limit of ethanol in air is 4.3 
voly,. The maximum concentration of 
ethanol used in the present work was 2.6 
Volt& 

Rate no. (El) X.96 X 1O-7 

where the resistance due to external diffu- 
sion is more likely to affect the rate. The 
rat’io of partial pressure difference of re- 
actant between bulk phase and catalyst 
surface to the partial pressure in the bulk 
phase was found to be 0.00093 indicating 
the absence of an external diffusion effect. 
The intraparticle diffusional effect was 
checked by Weisz and Hicks’ method (8). 
For the particle size used the effectiveness 
factor was found to be close to unity show- 
ing the insignificant nature of intraparticlc 
diffusion. 

RESULTS AND DISCUSSION 

Recent literature on vapor phase oxida- 
tions, using t’ransition metal oxides as cata- 
lysts, lends considerable support to the 
reduction-oxidation mechanism. According 
to this mechanism the oxidation proceeds 
by simult’aneous reduction of the catalyst 
surface by the reactant and reoxidation by 
oxygen in the bulk phase. The mechanism 
can be represented as 

Diffusion Efects reactant + K,, -% product,s + Kred, 

Experiments were conducted to find the 
regions in which resistance due to physical 
transport phenomena (interphase and intra- 
phase mass diffusion) do not influence the 
reaction rate. It was found that above a 
feed flow rate of 240 liters/hr the effect of 
interphase diffusion on reaction rate is in- 
significant and that below a particle size of 
0.5 mm intraphase diffusion does not in- 
fluence the reaction rate. For kinetic runs 
feed flow rates of the order of 400 liters/hr 
and catalyst particle size of 0.25 mm were 
used. Theoretical calculations were also 
made to check the diffusional effects. The 
influence of interphase diffusion was tested 
by the method of Yoshida et al. (Y), cor- 
responding to the values of the following 
variables at 280°C : 

Kred + 02 -2 Ko,. 

K,, and Kred in the above equations repre- 
sent oxygen ions and vacancies, respec- 
tively. The rate equation based on the 
above mechanism adapted to the present 
system is : 

Such a mechanism was used (g-12) for the 
oxidation of a variety of compounds. 
Kulandaivelu (4) interpreted his results of 
methanol oxidation over thorium molyb- 
date catalyst in terms of a steady state 
two-stage redox model. In view of the con- 
siderable support and general applicability 
of this mechanism, experiments in the 
present work were planned to test the 
redox model. The experiments were con- Modified Reynolds no. (Re) 6.35 
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TABLE 1 

Effect of Partial Pressure of Ethanol on Rate, at Constant Oxygen Partial Pressurea 

Temp 
(“Cl 

220 

240 

260 

280 

Mean ethanol Ethanol feed 
partial pressure, rate, FE x lo4 

PErn btm) (mole/set) 

0.0030 0.151 
0.0061 0.302 
0.0092 0.453 

0.0028 0.151 
0.0063 0.277 
0.0081 0.422 
0.0117 0.602 
0.0149 0.755 

0.0026 0.151 
0.0060 0.277 
0.0083 0.453 
0.0107 0.573 
0.0143 0.755 

0.0025 0.151 
0.0052 0.302 
0.0078 0.452 
0.0106 0.604 
0.0131 0.724 

Conversion 

(%I 

18.3 
15.9 
13.3 

29.1 
25.2 
23.9 
20.5 
17.0 

39.9 
34.3 
30.5 
27.4 
24.7 

48.0 
42.2 
40.0 
37.5 
31.9 

Rate, r X lo5 
[mole/ (set) 

k cat)1 

0.0553 
0.0961 
0.1207 

0.0879 
0.1674 
0.2018 
0.2425 
0.2565 

0.1205 
0.2279 
0.2761 
0.3143 
0.3726 

0.1447 
0.2550 
0.3620 
0.4520 
0.4630 

0 Catalyst: thorium molybdate; oxygen partial pressure : 0.19 atm; catalyst wt: 5 g ; air flow rate: 400 
liters/hr. 

ducted in a steady state isothermal flow 
reactor. The effect of variables, ethanol 
partial pressure, oxygen partial pressure 
and bed temperature were studied. The fol- 
lowing are the ranges of variables covered: 

Partial pressure of ethanol 
0.0033-0.016 atm 

Partial pressure of oxygen 
0.018-0.055 atm 

Bed temperature 220-280 “C 

In the ranges of the variables covered, 
the reaction rate was found to increase 
with ethanol partial pressure, oxygen par- 
tial pressure and bed temperature. Tables 
1 and 2 show typical data along with cal- 
culated rates. Plots of mean reaction rate 
against mean partial pressures of ethanol 
and oxygen with temperature as parameter 
are shown in Figs. 2 and 3. The two-stage 
redox equation was integrated for various 
order combinations and the integrated rate 

equations can be written as 

1 1 N 
--= + (3) 

r hpEm(L, G) kzpo”G G)’ 

In Eq. (3), either L or G can be combined 
with E or 0 to obtain the four integrated 
equations. With L the exponent becomes 
unity and with G it is 0.5. 

The data of runs with varying ethanol 
partial pressure and also that with varying 
oxygen partial pressure were fitted to inte- 
grated redox equations and the constants 
were estimated by least squares multiple 
linear regression technique. All the com- 
putations were made using an IBM 360/44 
computer. Among the four order combina- 
tions tried the order combination (1, 0.5) 
gave the best fit with f4Y0 deviation. Cor- 
responding to this order combination plots 
were made of podr vs poG/p~ for the 
runs with varying partial pressure of etha- 
nol and of p&r vs P&POC for the runs 
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with varying oxygen partial prcssurc (Figs. 
4 and 5). The plots arc linoar indicating 
the validity of the redox model with order 
combination (1, 0.5). The values of the rate 
constants estimated for order combination 
(1, 0.5) are given in Table 3. 

Although tho rcdox model givrs a good 
representation of the data, some other 
models were also tested for their validity 
for the present system. They arc listed in 
Table 4, and were chosen bccausc of their 
rcportcd (15, 14) validity in certain oxida- 
tion reactions. Initial rate data were used 
for testing thcsc models. The parameters, 
were estimated from the linearized equa- 
tions of the models using the method of 
Icast squares. The paramctrrs of the models 
thus estimated arc given in Table 5. 

TABLE 2 

Effect of Partial Pressure of Oxygen on Rate at. 
Constant Ethanol Partial Pressurea 

Temp 
(“Cl 

Mean Conversion Rate, r X lo6 
partial (5%) [mole/ (set) 

pressure k cat) 1 
of oxygen 

mm btm) 

220 0.0180 9.4 0.0569 
0.0271 10.6 0.0638 
0.0361 11.1 0.0672 
0.0452 12.3 0.0741 

240 0.0179 16.6 0.0997 
0.0269 18.8 0.1138 
0.0360 20.6 0.1241 
0.0450 21.7 0.1313 
0.0541 22.8 0.1379 

260 0.0178 23.1 0.1396 
0.0266 24.8 0.1499 
0.0359 27.1 0.1637 
0.0449 30.0 0.1811 
0.0540 30.8 0.1862 

280 0.0267 31.4 0.1897 
0.0358 32.3 0.1948 
0.0448 34.3 0.2069 
0.0539 35.5 0.2138 
0.0630 37.1 0.2241 

n Catalyst : thorium molyhdate ; partial pressure 
of ethanol: 0.0066 atm; catalyst wt : 5 g; ethanol 

o.5r---- -.- 

Mean partial pressure of ethanol, q,,atm. 

FIG. 2. Rate vs partial pressure of ethanol: (A) 
220%; (A) 24O’C; (0) 260°C; (0) 280%. Cat- 
alyst,: thorium molybdat,e; po, = 0.19 atm (const.). 

Mean partial pressure of oxygen, porn. atm 

FIG. 3. Rate vs partial pressure of oxygen: (A) 
220°C; (A) 240%; (0) 260°C; (0) 280°C. Cat- . . . . 
alyst, : tzhormm molybdate; ~8: = 0.026 atm. feed rate: 0.302 X IO-’ mole/see. 
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I 
100 

pOG/P~~ 

FIG. 4. Plot of POG/T vs ~OG/~EL: (0) 22O’C; 
(0) 24O’C; (A) 26O’C; (A) 280°C. Catalyst: 
thorium molybdate. 

For discriminating among different 
models use is made of the following criteria : 

1. Since all constants represent some 
chemical process they should have positive 
values to satisfy physical reality. 

2. All constants should exhibit tempera- 
ture sensitivity and be capable of being 
fitted by an Arrhenius type equation from 
which activation energies of reaction, ad- 
sorption, etc., can be evaluated. 

3. A given model should give a good fit 
to the experimental data. 

The summary of the mode1 discrimina- 
tion can be written as l(llO), 2(111), 
3(100), 4(110), 5(100), 6(000), 7(001), 
S(OOO), 9(100), lO(lOO), ll(llO), and 
l2(110). In this arrangement the number 
preceding the parentheses represents the 
model as given in Table 4 and the numbers 
inside the parentheses show whether the 
above three criteria are satisfied (indicated 
by unity), or not satisfied (indicated by 
zero). 

The constants in the different relations 
as shown in Table 5 were evaluated and the 
criteria applied. From these it was found 
that the two-stage redox mechanism gives 
the best representation. Therefore, all the 
other models are rejected in favor of the 
two-stage redox model with order combina- 
tion of (1, 0.5). 

Model discrimination was also made 
using the statistical method suggested by 
Mezaki and Iiittrel (15). This method is 
based on the estimation of the nonintrinsic 
parameter X defined by the equation : 

2 = A(?“2 - ?+I). (4) 

The quantities r1 and r2 represent rates 
calculated by Models 1 and 2, respectively. 
2 is a function of experimentally observed 
rate, r and is given by the equation : 

2 = r - i(rl + rz). (5) 

According to this method for Model 1 to 
be adequate the confidence interval of X 
should include -0.5 and if Model 2 is 
adequate, the confidence interval of X 
should include +0.5. 

Designating the redox model with order 
combination (1, 0.5) as Model 1 for dis- 
criminating purposes, all the other models 
were discriminated. The nonintrinsic pa- 
rameter of each model was estimated using 
the linear least squares t’cchnique and con- 

PEL/P~~ 

FIG. 5. Plot of PEL/T vs ~EZ,/~OG: (0) 22O’C; 
(0) 24O’C; (A) 260%; (A) 280%. Catalyst: 
thorium molybdate. 
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TABLE 3 

The Magnitudes of Rate Co&ants, Estimated by Least Squares Linear and Nonlinear 
Regression, of the Redox Model with Order Combination (1, 0.5)” 

Temp kl x 104 kz x 105 Sum of squares of 

(“C) [mole/ (set) [mole/ (set) residuals 

(g cat)btm)l (g cat) (atm)“.5 (Xl(P) 

a b a b a b 

220 2.25 2.25 0.36 0.3ri 0.002 0.002 
240 3.72 4.11 0.72 0.57 0.118 0.086 
260 5.47 5.49 0.94 0.85 0.174 0.088 
280 6.97 7.23 1.13 1.12 0.163 0.137 

u a = linear regression; b = nonlinear regression. 

fidcnce intervals wcrc calculated. Bawd on this method. However, the other models 
the confidence intervals, Models 7, 10, 11 were rejected based on classical criteria in 
and 12 were rejected and no decision could favor of two-stage redox model with order 
bc taken regarding the other models using combination (1, 0.5). 

TBBLE 4 

Models, Other than Two-Stage Redox Model, Tested for Ethanol Oxidation 

No.~ Model Model equation Order 
combination 

(9 n) 

5 Three-stage redox model 

6 St,eady state adsorption model 
with additional assumption 
that the oxygen desorption 
rate is not negligible 

7 

8 

9 

10 

11 

12 

Steady state adsorption model 
with additional assumpt’ion 
that the oxygen desorption 
rate is not negligible 

Rideal model 

Hideal model 

Langmuir-Hinshelwood model 

Empirical model -r = kpEmpo,” 

Empirical model -r = kpgmpo,n 

k,PE” 
-’ = 1 + (kdkz)pEm + N(klpd”/kspo,“) 

-’ = kd + kzpoen + lVk,pd” 

-’ = kd + kzp,,qn + Nklpd” 

kKopognpc 

-’ = 1 + Kopoqn 

-r zz kKopotnw 

1 + Kopozn 

kKopo2”pc 

-r = (1 + KOPO,” + KEPEmY 

(1, 1) 

(1, 1) 

(1, 0.5) 

(1, 1) 

(1, 0.5) 

(1, 1) 

(1, 0.5) 

(1, 1) 

u The first four models are those given by Eq. (3). 
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TABLE 5 

Constants of Models Estimated by the 
Least Squares Method 

Model Temp 
no. 

Magnitude of constants AV 
absolute 

deviation 
(Yo) 

1 

2 

3 

4 

5 

6 

220 
240 
260 
280 

220 
240 
260 
280 

220 
240 
260 
280 

220 
240 
260 
280 

220 
240 
260 
280 

220 
240 
260 

280 

220 

240 
260 
280 

220 
240 
260 
280 

220 
240 
260 
280 

k, X 104 kz X 106 

1.83 2.82 
3.09 5.72 

4.49 7.52 

5.93 7.27 

2.25 0.36 

3.72 0.72 
5.47 0.94 

6.97 1.13 

0.12 4.14 

0.20 8.33 
0.28 11.31 

0.35 10.85 

0.13 0.51 
0.22 1.16 

0.31 1.54 

0.38 1.90 

k, X 106 kz X 10’ ka X 106 

2.95 2.48 3.21 

7.57 3.78 5.72 
9.92 5.57 7.33 

22.99 6.60 6.26 

k, X 104 kn x 106 kd X 10’ 

1.60 6.22 

2.85 14.73 

4.08 19.21 

5.56 30.72 

2.22 2.88 

3.94 6.76 

6.00 8.90 
9.42 14.30 

k X 106 Ko x 10 

9.22 -4.21 

16.99 -4.66 

22.96 -4.26 

28.24 -4.05 

2.87 3.16 

4.54 3.83 

7.05 3.13 

11.43 1.92 

-4.20 4.4 
-6.91 3.3 
-9.81 4.7 
-9.23 6.1 

- 1.26 3.1 
0.96 1.9 
2.34 1.6 

25.84 4.0 

k X 108 Ko x 102 iYE x 102 

220 
240 
260 
280 

7.68 
18.82 
26.99 
50.73 

k X 10” 

0.19 1.82 78.6 
0.14 0.98 84.0 
0.14 0.95 81.7 
0.08 0.53 90.9 

220 6.66 50.0 

240 11.27 48.6 

260 16.24 46.9 

280 22.45 41.0 

220 2.98 34.0 

240 5.02 34.4 

260 7.21 31.9 

280 9.82 24.5 

6.8 
8.0 
9.6 
7.2 

1.3 
3.7 
3.5 
2.5 

6.6 
8.6 
8.8 

12.1 

8.6 
12.2 
12.3 
15.1 

4.4 
3.3 
4.7 
6.1 

16.8 
17.4 
17.7 
11.8 

14.7 
13.5 
14.9 
12.3 

Having found the two-stage redox model 
with order combination (1,0.5) to represent 
the data adequately, the parameters of the 
rate equation corresponding to this model 
were estimated by the nonlinear least 
squares estimation technique. The param- 
eters thus estimated arc given in Table 3. 
It is seen from the table that use of the 
nonlinear least squares technique has re- 
sulted in a decrease of sum of squares of 
residuals. 

Temperature Dependence of Rate Constants 

The rate constants when plotted showed 
that they followed the Arrhenius law. The 
activation energy and preexponential factor 
were estimated both by the linear and non- 
linear least squares techniques. In the non- 
linear estimation the reparamcterized tem- 
perature was used, as suggested by Peterson 
(16). The Arrhenius equation is modified 
as: 

k = A’.exp(-E/R’T’), (6) 

where 

1 1 1 
T’=T-p7 

and 

1 1 a: 1 

F- 1 * -,t:$.; 

nt in the above equation represents the 
number of temperature levels. The activa- 
tion energy and preexponential factor esti- 
mated by the linear and nonlinear methods 
are presented in Table 6. It is seen that in 
this case also the sum of squares of residuals 
has decreased in the case of the nonlinear 
estimation method. 

Comparison of Ethanol and Methanol Oxida- 
tions over Thorium Molybdate Catalyst 

Data on methanol oxidation were also 
collected. The rate data on methanol oxida- 
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TABLE 6 

Activation Energy and Precxponential Factor Estimated by Linear and Nonlinear Regression 

A1 
[mole/ (set) 

(g cat) (atm)] 

9.30 

El Sum of squares A2 E2 Sum of squares 
(kcal/mole) of residuals [mole/ (set) (kcal/mole) of residuals 

(X108) (g cat) (atm)“.“] (X 1012) 

Linear regression 

10.34 0.41 0.17 10.05 0.42 

9.47 0.31 

Nonlinear regression 

0.27 0.17 9.85 0.29 

tion over thorium molybdatc catalyst wcrc 
well rcpresentcd by the two-stage rcdox 
model with m = 1 and n = 0.5. The rate 
constant and activation energy data for 
othanol and methanol oxidations under the 
same conditions arc prcscnted in Table 7. 
The activation energies obtained by Ku- 
landaivelu (4) in the case of methanol oxi- 
dation over thorium molybdatc catalyst 
arc also given in Table 7 and our values 
compare well with t’hem. Ethanol oxidizes 
more rapidly than methanol since the rate 
constant 1~1 for ethanol oxidation is higher 
than t’hat for methanol oxidation and the 
activation energy for et’hanol oxidation 
(9.3 kcal/molr) is less than that for mctha- 
no1 oxidation (15.5 kcal/mole). 

In alcohol oxidation the reaction takes 
place tither by the disruption of the RO-H 
bond or the RC(OH)-H bond. The energy 
of disruption involved in the disruption of 
the RO-H bond in different alcohols is re- 
ported (I?‘) to bc the same. But the energy 
required for disrupting the RC(OH)-H 
bond in ethanol (about S8 kcal/mole) is 
reported (18) to be smaller than that re- 
quired for the methanol molecule (about 
92 kcal/mole). This may be the reason for 
t’hc higher reactivity and lower activation 
energy for ethanol oxidation in comparison 
with methanol oxidation. A similar observa- 
t’ion was made by Evmcnenko and Gorok- 
hovatskii (19) in comparing the oxida- 
tions of ethanol and methanol on fcrro- 
molybdenum catalyst. 

TABLE 7 

Comparison of Rate Constants and Activation Energies of Methanol and Ethanol 
Oxidations on Thorium Molybdate Catalyst 

System Temp 
PC) 

kl x 104 kz x 105 
[mole/ (set) [mole/(sec) (kca$nole) (kcalT&le) 

(g cat) (atm)] (g cat) (atrn)O,“] 

Methanol oxidation 260 3.01 2.44 15.5 22.3 
2x0 5.!1rj 4.05 15.7a 20.5a 

Ethanol oxidation 260 
280 

” Values reported by Kulandaivelu (1). 

5.4!j 0.85 9.3 9.8 
7.23 1.12 
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