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ABSTRACT 

THE OXIDATION OF CARBON MONOXIDE 

ON ZINC OXIDE 

by Charles Joseph Stone 

A study was made of the kinetics of the oxidation of 

carbon monoxide to form carbon dioxide. The catalyst was 

high purity zinc oxide. A liquid nitrogen trap was used to 

remove the product carbon dioxide, thereby virtually elimi¬ 

nating any poisoning effect of CO2 on the reaction. A nat¬ 

ural convection loop provided the means for circulating 

gases past the catalyst and the nitrogen trap in the batch 

system. 

Pressure change due to reaction was the criterion 

used to determine the kinetics. The reactions were studied 

between 250°C and 310°C, with initial total pressure of 

approximately 35 torr. The overall order dependency was 

found to be approximately 1.1, with individual orders of 

approximately 0.9 and 0.2 for carbon monoxide and oxygen, 

respectively. The apparent activation energy for the re¬ 

action was found to be 15.1 Kcal/mole. 
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I. INTRODUCTION 

A. Remarks 

Research on zinc oxide, an n-type semiconductor, has 

been carried out at an increasing rate in recent years. One 

interesting aspect of zinc oxide work is the study of the 

effect of ultraviolet irradiation on chemisorption and on 

reaction rate. Before irradiation effects could be examined, 

the kinetics of the reactions used in the study must be deter¬ 

mined. Activation energies provide a good basis for compari¬ 

son of reactions. Once the activation energy of a chemical 

reaction is known for the reactants in a reference state 

(dark, unlrradiated conditions in this work), effects such as 

ultraviolet irradiation can easily be compared. For example, 

a reaction in the dark will have one rate constant at a given 

temperature. If the catalyst is irradiated, the reaction may 

proceed at a different rate. Application of the proper kinetic 

equation will give a rate constant for the irradiated reaction 

which can then be compared to the unirradiated reaction. The 

reaction used for this project was the oxidation of carbon 

monoxide t . 

CO + ^02 C02 I 

Several studies have been made of the kinetic characteristics 

of this reaction. However, complete agreement among researchers 

has not been reached. The experimental conditions seem to vary 

as much as the results. Therefore, if further work is to be 

performed on the ultraviolet aspect, as well as proposed work 

on electronic characteristics of zinc oxide, the kinetics of 

the reaction had to be determined for a set of experimental 
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conditions that would be amenable to the future studies. For 

best results both the overall order and individual orders 

should be determined. The order dependencies can be found 

using the following equations* 

or 

-dP 1 CO n v* 

= K.R„ R, - K.R. dT CO ' o2 2 CO. 

-2dPf 

dT 

O »T\ Vi 2 = K P P 
«'co ro2 K2PCO. 

2 

3 

There are numerous techniques which can be employed to get 

both the overall and individual orders.9 The techniques used 

are discussed in sections II and IV. 

B. Summary 

The data were taken in a temperature range of 250° to 

310°C and at initial pressures of approximately 35 torr. The 

kinetics were determined to be as follows* 

0 ve ral 1 order  1,1 

Carbon monoxide order...... 0.9 

Oxygen order  0.2 

The activation energy for the dark reaction was 15.1 Kcal per 

mole of carbon monoxide. All results were analyzed on the 

Burroughs 5500 computer on the Rice campus. A least squares 

analysis was employed. 
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II. THEORY 

A. Metals, Semiconductors, and Insulators 

An electron in an isolated atom can have only certain 

energy levels. The electron energies in an atom or a crystal 

can be pictured as follows: 

Ec 
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Ev 
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Ev 

Ez 
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E, 

FIGURE I 
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In a crystal lattice, the electron levels are split as a 

result of atomic interaction. Particular bands of energies 

will correspond to each level, i.e., to E*]_, E2 to E*2» 

etc. The levels within each band are so close that they may 

be considered as a continuous band. The regions between bands 

are called forbidden energy bands and the corresponding energy 

is called the band gap. The valence band consists of all 

energy levels which have all possible electron states filled 

with electrons, and the conduction band contains unfilled 

states and is able to accept electrons. Now consider the 

upper limit of the valence band, E’v, and the lower limit of 

the conduction band, Ec. The distinction between metals, 

semiconductors and insulators is explained pictorlally in 

Figure 2. Summarily, in metals the bands overlap, with Ec 

at a lower level than E'v* In insulators, Ec is much higher 

than E*v and no electrons can bridge the gap between the two 

levels. In semiconductors, the gap is smaller (on the order 

of a few electron volts) and some electrons, in excited states 

may cross the gap. 

B. n- and p-type Semiconductors 

Addition of foreign atoms to the crystal, or occurrence 

of lattice defects, causes appearance of additional energy 

levels within the energy spectrum of the crystal. Figures 

3a and 3b, show possible positions of the additional level, 

E^. In Figure 3a the level, E^» is close to the lower edge 

of the conduction band, Ec. When thermal excitation occurs, 

electrons will move from the E^ level to the Ec level. A 

semiconductor in which this occurs is called an n-type 

4 



METAL 

vWWWWWWWWWV 

V/////////////////7,Ev' 
INSULATOR 

FIGURE 2 

5 



z 
A. N-TYPE SEMICONDUCTOR 

FIGURE 3 



semiconductor. In Figure 3b the electrons move from the Ev 

level to the level, causing p-type characteristics. 

C. Kinetics 

For the oxidation reaction 

CO + -~U2 —> C02 
we can express the rate equation, in terms of carbon monoxide, 

as: 

TiR, lu 
—= K P P 

with 
r> /L. 

P = — TT 'cc 3 

R = 4. rr 
3 

where TT is total pressure, and the reactants are used in 

stoichiometric proportions. Equation 4 is valid only when 

the product carbon dioxide has no effect. This was accom¬ 

plished by trapping out carbon dioxide with a liquid nitrogen 

trap. Now we can proceed, accepting equations 5 and 6 as 

valid at all times during a reaction. Substituting equations 

5 and 6 into equation 4, we arrive ats 

or 

2 (ITT 
3 cjT ~ 

in 

TT l 
\ 

\ 
! 
/ 

/ 

7 

_d]T 

dT 

Equation 8 can be solved 

to give: 

K 
,lr\ -1 

,m + n -1 

tn + n 
TT 

generally, when m + n is not unity, 

8 
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n 
M v m 

i - n - m 
TTc 

\ - n -»n 

o 
i-n-m 

— = -K , rr*-%rv-i T 9 

or 

i-n-tn 
TX-. TT 

»-n- rn 
(i-n - m) 

m- i 

m -* r\ - t KT 

Wow the overall order, m + n, can be determined by plotting 

vs. t for various m + n values. The best order 

approximation will follow a straight line when plotted. 

When m + n is unity, equation 8 can be solved to give: 

10 

m-i 

Lh TT - LnTTc = -2 KT 

In this case, InTT vs. time will be a straight line. 

To determine individual orders, we can look at equation 

4 again. When the gases are mixed so that there is a large 

excess of one reactant, the concentration of the gas in 

excess will change only a small amount in comparison with 

that of the other gas. If for example, oxygen is in large 

excess, we can assume that the partial pressure of oxygen will 

be constant. Wow equation 4 becomes: 

dT 
/ m 12 

where 

K' - KP" = CONSTANT 
u2 

In similar manner, when carbon monoxide is in large excess, 

we arrive at: 

dP; 
2 

dT 

13 

14 

8 



where KM is given by: 
II 

K _L L< p*" 
2 K Vco 15 

and. the factor, is introduced because of the 2:1 proportion 

in the stoichiometric equation. Equations 12 and 14 can be 

integrated to give: 

i-m / 
f?C = ( 

h- £ 

\ -m 
(Pco) 16 

and 

i-n 
PD 

= 

°2 
(n-i)K"T 

1- w 
-1- 

(P°7 
17 

for m, n^l. And if m or n are unity: 

^ Pco - Lnl& + K'T lb 

Ln P02 - L«P0; 
+ K"T 19 

The individual orders obtained by this method of analysis 

can be combined to give an overall order and compared with 

the results of the analysis using equation 10 or 11. 
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III. APPARATUS, MATERIALS, AND PROCEDURES 

A. Apparatus 

1. Vacuum System 

This work was performed in a glass vacuum system, 

shown in Figure 4. The roughing pump, a Welch Duo-Seal 

model 1402, was capable of vacuums in the 10“3 to 10"** torr 

range. Oil from the roughing pump was excluded by means of 

a trap cooled with liquid nitrogen. The pressure in the 

roughing manifold was monitored by a thermocouple gauge. 

Pressures on the order of 10“7 to 10“8 torr were obtained in 

the vac-ion manifold by a Varian Vac-Ion pump. Pressures in 

the vac-ion manifold could be measured by the metering cir¬ 

cuit of the Vac-Ion pump or by a Veeco Ionization gauge 

having a range of 10“3 to 10“9 torr. A flexible heating 

tape was wrapped around the vac-ion manifold, and maintained 

at a temperature of 200°C for a continuous bake-out of the 

manifold. Apiezon "N" grease was used in the stopcocks, 

and "W" wax was used at all joints. 

2. Reactor Assembly 

The reactor was designed to take advantage of the 

occurrence of natural convection. The reactor assembly is 

shown in Figure 5* A self-contained nitrogen trap, insulated 

by the low pressure used at reaction conditions, provided a 

temperature gradient for the natural convection. The heating 

tape employed to maintain high reaction temperatures, pro¬ 

vided a further temperature gradient. The natural convection 

provided a means of sweeping reactant gases past the catalyst 

10 



KEY TO FIGURE 4 

A - Atmosphere 

B - Mixing-Storage Bottle 

C - Gas Cylinder 

E - Exhaust 

F - Fritted Glass Flame Arrestor 

I - Ionization Gauge 

NT- Liquid Nitrogen Cold Trap 

PG- Fused Quartz Pressure Gauge 

R - Reactor Assembly 

RP- Roughing Pump 

TC- Thermocouple Gauge 

VI- Vac-Ion Pump 

X - Stopcock 
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in the batch system. The catalyst was supported on a quartz 

disc, 0.25 Inch thick. This disc was used in order that 

further studies, involving ultraviolet irradiation, could be 

performed. Carbon dioxide was collected on the nitrogen 

trap, with natural convection providing a very efficient 

means of sweeping the product gases past the trap. The out¬ 

side walls of the trap portion of the reactor were insulated 

with both asbestos tape and 3/16" asbestos cord. The initial 

attempts at measuring reaction rates resulted in failure be¬ 

cause of thermal problems in the reactor. Addition of liquid 

nitrogen to the trap started a cooling process that proceeded 

for approximately one hour until thermal equilibrium was 

attained. The cooling effect caused a considerable pressure 

drop. This pressure drop could not be accounted for because, 

as nitrogen evaporated from the trap and had to be replaced, 

the pressure oscillated unpredictably. The problem was elimi¬ 

nated by inserting an insulated receptacle into the top of the 

trap and maintaining the nitrogen level above the trap at all 

times. The effect of this was that the level in the trap was 

always constant from the standpoint of the gases in the re¬ 

actor. The equilibrium effect was overcome by adding the 

nitrogen an hour before reaction while the reactor contained 

100 torr of oxygen (refer to catalyst pretreatment). After 

the hour pretreatment, the reactor was evacuated and reactants 

admitted within two minutes to minimize any possible drift 

from the established thermal equilibrium. A thermocouple well 

was blown into the reactor so that the temperature of the 

catalyst could be measured and used as the reaction temperature. 

14 



The reactor was heated by means of a flexible heating tape. 

Reaction temperatures were in the 250° to 310°C range. The 

temperature was controlled by a Wheelco Capacltrol unit. The 

Wheelco control unit used iron/constantan thermocouples to 

measure temperature, and the I/C thermocouple was placed 

between the heating tape and the reactor. Aluminum foil was 

wrapped around the reactor to eliminate any incident light 

which would have caused an inestimable ultraviolet effect. 

The pressure drop during reaction was monitored with a Texas 

Instruments Precision Pressure Gage. The gauge employed a 

quartz Bourdon tube, maintained at a constant temperature by 

proportionally controlled heaters. The deflection of the 

Bourdon tube resulted when the pressure being measured differed 

from a reference pressure (10“3 to 10**^ torr for this work). 

The calibration chart for this gauge is located in the appendix 

The glass line between the reactor and the pressure gauge was 

made of 2 mm. capillary tubing to minimize dead volume in the 

system. The volume of the capillary was 0.l6fi of the total 

reactor volume of 0.45 liter. The ball joints were sealed 

with "W" wax. Because of the high temperatures used, the ball 

joints were continuously cooled by two small electric fans. 

B. Materials 

1. Catalyst 

The ZnO powder used was "Super Purity" ZnO-500 

supplied by the New Jersey Zinc Company. A representative 

analysis is given in Table I. The amount of catalyst was 

1.090 grams. The catalyst had a specific area of about 

15 



2.2 meters^/gram.^5 

3O3 (Total S As) 

TABLE I 

0.004$ CdO 0.0005$ 

Fe 0.0001$ . A1 < 0.001$ 

Cu < 0.0001$ Ca < 0.001$ 

Mu 0.0001$ Na 0.0003$ 

PbO 0.0008$ Si < 0.0003$ 

AS2O3 0.00001$ Mg < 0.0004$ 

2. Gases 

The oxygen and carbon monoxide were obtained from 

Liquid Carbonic Corporation. The carbon monoxide had a 

minimum purity of 99>5%> A typical analysis is given in 

Table II. 
TABLE II 

C02 5.6 ppm 

N2 0.07$ 

02 < 5 PPm 

H2 < 48 ppm 

c% < 98 ppm 

The oxygen was 99*99% pure (minimum) and a typical analysis 

is listed in Table III. 

TABLE III 

N2 < 5 PPm AT - none detected 

H2 
< 2 ppm C02 - none detected 

H2O < 3 ppm CO - none detected 

C. Procedures 

1. Gas Mixing and Admission 

The gases were further purified before mixing by 

16 



passage through anhydrous magnesium perchlorate to remove 

moisture. The first mixing procedure used was that described 

by Schwartz^. Another procedure involved filling one mixing 

bottle to a precalculated pressure with one component and 

repeating the process with another bottle and the second 

component. The gas manifold was evacuated and both bottles 

were opened to the manifold and the gases were allowed to mix. 

The T. I. Pressure Gage was connected to the gas manifold, as 

well as the reactor, and was used in the mixing procedure. 

Both mixing procedures proved inadequate when analysis of the 

mixtures was performed on the mass spectrometer. Gas mixtures 

were always found to be richer in the component that was 

originally contained in the particular mixing bottle. For 

example, a stoichiometric mixture (2si, C0:02) was to be mixed 

by filling a mixing bottle to 400 torr with CO and adding 

oxygen until a total pressure of 600 torr was attained. This 

mixture, when analyzed on the mass spectrometer, was found to 

be 20% O2 instead of the expected 33$ 0£. The mixing process 

used for this work, after determining the Inadequacy of other 

procedures for quick mixing, was to mix gases and analyze the 

mixture on the mass spectrometer. Gases were added as needed 

until the desired proportions were attained. The calibration 

of the mass spectrometer and mixture analyses can be found in 

the appendix. Gases were admitted into the reactor through 

the pressure gauge lines. A small liquid nitrogen trap con¬ 

taining glass beads was placed between the gas manifold and 

the pressure gauge capillary line to insure exclusion of water 

vapor or other catalyst poisoning gases. 

17 



2. Pretreatment of Catalyst 

3efore initial use, the catalyst was activated by 

following the procedure used by Schwartz^-3. The procedure 

consisted of a vacuum-oxygen-vacuum sequence with at least 

twelve hours of treatment at each sequence. The vac-ion 

pump was used to attain a high vacuum, and the catalyst 

temperature was maintained at 200°C for each sequence. The 

vacuum in the initial sequence was usually between 10-3 to 

10-6 torr due to outgassing, while the vacuum in the third 

sequence got as low as 5 X 10”® torr. Before each run, the 

catalyst was subjected to high vacuum, usually 10-6 to 10-8 

torr for a period of at least six hours and at a temperature 

of 350°C. Immediately preceding each run, the catalyst was 

treated with oxygen at 100 torr and the reaction temperature 

for that particular run. The nitrogen trap was filled when 

oxygen had been admitted. The use of liquid nitrogen an 

hour before starting the reaction was for reasons of thermal 

stability and was explained in section III.A.2, Early 

experiments demonstrated good catalyst repeatability. 

3. Pressure and Temperature Measurements 

The progress of the reaction was measured by moni¬ 

toring pressure drop in the reactor, due to a net decrease 

in number of moles. The previously mentioned Texas Instruments 

Pressure Gage was used for these measurements. The gauge was 

designed to read pressure to accuracies of one one-thousandth 

of a torr. Reaction temperatures were measured with a Leeds 

and Northrup millivolt potentiometer, using chrome1/alumel 

thermocouples with an ice bath at the reference junction. 

18 



The Wheelco control unit had a self contained monitoring 

system consisting of iron/constantan thermocouples and room 

temperature reference junction. 

4. Safety 

Because of the toxicity of carbon monoxide and the 

explosiveness of the gas mixture, careful attention was given 

to safety precautions. The level of carbon monoxide in the 

lab was measured qualitatively by periodic observation of a 

parakeet kept in the lab. The exhaust from the roughing pump 

was piped directly into a fume hood. The laboratory fume hood 

was capable of exhausting a volume of gas equivalent to that 

of the lab, every five minutes. The air conditioning return 

ducts had been blocked to prevent dispersion of toxic gas 

throughout the building in case of a major leak. A small 

electric fan was positioned to blow air across the regulators 

of the two gas cylinders. This was done to prevent build up 

of an appreciable amount of any explosive mixture that may have 

formed because of a regulator leak. A Y-valve was placed in 

the carbon monoxide feed line between the regulator and the 

glass system. The line was extended into the fume hood and 

whenever the carbon monoxide regulator was in use, the Y-valve 

was open so that a portion of the gas bubbled through a beaker 

of water in the hood. This was done to prevent carbon monoxide 

leak in the lab in the event of any sudden pressure increase 

in the feed line. Because of the explosive nature of the 

mixture, the gas mixing-storage bottles were completely en¬ 

closed with 1/8” aluminum sheet. The reaction temperature 

was always kept below the minimum explosive temperature for 

19 



a stoichiometric mixture of the gases. The explosive limits 

are shown in Figure 6. A flame arrestor had been placed in 

the gas manifold between the mixing-storage bottles and the 

pressure tap used for adding gas to the reactor. Both the 

Vac-Ion pump and the ionization gauge were equipped with 

automatic cut-offs at certain elevated pressures. The Vac-Ion 

pump shut off at pressures greater than approximately 10” 3 

torr. The ionization gauge shut off when the indicator needle 

went off scale, the scale being a selected range such at 10-5 

to 10-6 torr or 10~7 to 10“^ torr. All electrical connections 

were securely grounded, either through the ground provided by 

the electrical circuits, or by direct grounding to the building. 

20 
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IV. DISCUSSION 

A. Review of Past Work 

The oxidation of carbon monoxide on zinc oxide has been 

the subject of much research in recent years. Despite the 

amount of work that has been done, there has been little 

agreement on the kinetics of the reaction. 

Activation energies have varied from 14 Kcal/mole re¬ 

ported by Chizhikdva and Keier^ to 28 Kcal/mole reported by 

Schwab and Block^. Matsuura, Kubokawa, and Toyama^ reported 

16-18 Kcal/mole and Schwab, Steinbeck, et al.,^ reported 

24 Kcal/mole. Gilliland^ reported an activation energy of 

23+ 3 Kcal/mole. 

Gilliland concluded that the reaction was first order 

in carbon monoxide and either zero or half order in oxygen. 

A constant volume reactor, immersed in a temperature bath, 

was used. All runs were made at one atmosphere initial pres¬ 

sure with temperatures ranging from 210° to 240°C. The catalyst 

in Gilliland's work was pretreated at 500°C. 

Matsuura, Kubokawa and Toyama performed their work in 

both batch and flow reactors, but found the batch reactor 

unsatisfactory. Neither Gilliland nor Matsuura, et al., used 

.liquid nitrogen traps in their batch systems. Matsuura*s 

group examined the reaction between 0.1 and ?60 torr and in 

temperature ranges of 200° to 500°C. The orders were found 

to be half with respect to 02 and zero in carbon monoxide at 

temperatures over 350°C. No results were mentioned for temper¬ 

atures under 350°. 

Romero-Rossi and Stone used a batch reactor and ran the 

22 



reaction in the dark and with ultraviolet irradiation. They 

could measure no reaction under 250°C and decided upon the 

conditions of 400°C and 50 torr. The results of the dark 

reaction were zero order in oxygen and first order in carbon 

monoxide. 

Schwab and Block used 200 torr as the initial pressure 

in a recirculation type reactor. No reaction was measured 

below 450OC. Schwab, Steinbeck, et al., used one atmosphere 

as the initial pressure in a flow reactor. They measured 

reaction rates between 300° and 450°C, and found no reaction 

under 300°C. The results of their research indicated first 

order in carbon monoxide and zero order in oxygen. 

To recapitulate, the individual orders vary from zero to 

half for oxygen and from zero to unity for carbon monoxide. 

The results do, Indeed, seem to be dependent upon the exper¬ 

imental conditions. Certainly the catalyst pretreatment must 

have the most effect on the progress of the reactions. Another 

factor is carbon dioxide inhibition. Unless a nitrogen trap, 

or other method of CO2 removal, is employed, there will be 

various degrees of inhibition due to CO2 adsorption on the 

catalyst. Molinari and Parravano11, in their CO oxidation 

work, report no reaction at lower temperatures due to vigorous 

adsorption of carbon dioxide in the form of surface carbonate 

ion. Kokes and Glemza? also reported adsorption of carbonate 

ions on the catalyst surface, most likely in the form of: 

0, ,0" 
V 

I 
S 
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where S is a surface site. Tanaka^ demonstrated the effect 

of using liquid nitrogen traps. Without the trap, no reaction 

was observed. When the trap was used, COg poisoning was 

eliminated completely. So it is easily seen that the kinetics 

might be effected by the efficiency of CO2 removal, or by the 

rate at which CO2 is formed and adsorbed on the catalyst where 

no removal technique is employed. 

B. Results 

1. System Efficiency 

The system used in this work was very efficient in 

trapping out product CO2. Injections of CO2 into the reactor 

during a reaction had no effect on reaction rate. The COg was 

immediately collected on the trap walls. Indeed, this work 

may have eliminated COg poisoning better than any past work. 

The driving forces of 250° to 300°C and -197°C were quite 

large and promoted a good flow through natural convection. 

Further proof of the effectiveness of the trap was obtained 

when a run was started without nitrogen in the trap. No re¬ 

action was observed. Nitrogen was added and data recorded 

after thermal equilibrium was established. The data showed 

the reaction to be proceeding with absolute rate constant 

greater than any found in the literature. Another reason for 

confidence in the results was the use of high purity ZnO. 

2. Activation Energy 

The activation energy plot of ln(k) versus 1/T is 

illustrated in Figure 7. The data for activation energy 

analysis were taken on three different days for a comparison 

of day to day consistency. As can be seen in Figure 7, the 

24 
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data from one day will give a similar slope as the data from 

another day hut with a slight change in intercept. The inter¬ 

cept is a measure of the pre-exponential factor. A change in 

pre-exponential factor may indicate a change in the number of 

available surface sites, which can be explained by a differ¬ 

ence in the length of high vacuum overnight pretreatment. 

The determination of activation energy was made by 
, i 

a least squares anjalysis which is discussed in Appendix C. 

The rate constants were based on an overall order of unity, 

since it was determined that this activation energy was 

relatively insensitive to a variation in overall order from 

unity to 1.5* 

The activation energy of 15.1 Kcal/mole might seem 

low in relation to the other values reported in the literature. 

However, all the values reported in the literature, including 

the value found in this work are observed activation energies. 

Laidler® has related the observed activation energies to the 

true activation energies and the heats of adsorption of the 

gas molecules. To summarize Laidler’s treatment, when Langmuir- 

Hinshelwood kinetics apply, two limiting possibilities exist. 

The first is when the catalyst surface is sparsely covered so 

there is no competition between the two reactant gases for 

adsorption sites. The observed activation energy is then given 

by 

E0 = E - X - X 19 
/ 

where E is the true activation energy and, A and A are the 

heats of adsorption of reactants A and B, respectively. The 

second possibility occurs when one reactant, say reactant B, 

26 



is strongly adsorbed, relative to the other. Then the observed 

activation energy is: 

Ec = E ~ A + "X 2'~ 

With the Rideal mechanism, when only one gas is adsorbed, 

there are also two possibilities. The first is when the gas 

is only weakly adsorbed and is: 

Ec " E - X 21 

The second is when the gas is strongly adsorbed and is: 

E = E 22 
*-0 L- 

The last possibility is when adsorption of the product gas 

inhibits the reaction. The observed activation energy is 

then given by: 

E0 = E ~ A - A + N A p 23 

where XP is the heat of adsorption of the product gas and 

N depends on the number of atoms in the molecule and the manner 

by which the molecule is adsorbed (i.e., monatomically, diatom- 

ically, etc.). Equation 23 is descriptive of strong adsorption 

of the inhibitor. By observing equation 23, it can be seen 

that the experimental condition, mainly whether or not product 

carbon dioxide is being trapped and the efficiency of the trap, 

will have a direct effect on the observed activation energy. 

This explains the discrepancies among experimentors* results, 

and confirms the fact that if work is proposed in the area of 

electronic factors of the catalyst or irradiatlve effects on 

the catalyst, the kinetics must first be obtained for the system 

on which the further studies will be made. 

3. Order Dependencies 

The mixture desired for determination of overall 
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kinetics was a stoichiometric proportion of 33# oxygen and 

67% carbon monoxide. The actual proportions were 31*8# and 

68.2% respectively. These values were close enough so as not 

to invalidate the use of equation 10, which isi 2m-i 
II0 - TT - (i - n- mj KT \c 

w 

The reaction for this order determination went to of 

completion in fourteen hours. The standard deviation versus 

order plot, determined by least squares analysis is given in 

Figure 8. The smallest standard deviation occurs at n-1.1. 

The order for CO was 0.9 (see Figure 9)* The mixture 

was 9*0% carbon monoxide. The reaction went to completion in 

2? hours. 

The excess carbon monoxide runs were made with a 

mixture of 5*1# oxygen, and resulted in a 0.2 order dependency. 

The run of 11/21/70 (Figure 10) gave a sharp curve on the plot 

of standard deviation versus order, with a minimum at n=0.2. 

4. Comparison of Methods of Analysis 

The least squares method of analysis was applied to 

the integral of equation 24 

dT KPAPB 
24 

In the limiting case when component B is present in large 

enough excess for its pressure to be considered constant, 

equation 24 can be integrated to gives 

1 - rn t-m 
P = P 
\A rAo 

+ K>)P>T 25 
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where 

R = CONSTANT 
» 

2 b 

In this case, a vs time plot will give a straight line. 

For the least squares analysis, it was assumed that the data 

fit a straight line, and the standard deviation 

r f 
L •- p ' ' 0 STD DEV - 

1-2 

27 

was calculated over a range of m values. The value of m which 

gave the smallest standard deviation was taken to be the best 

order approximation. Table IV gives the results of the least 

squares analysis for both CO and 0£ in limiting cases described 

by equation 25 and for the overall reaction with approximately 

stoichiometric mixtures described by equation 28. 

i-n-m 
TT 

Order 

Overall 

CO 

= TT, 
i-n-m 
o (tn + n-i) 

TABLE IV 

m - i 

, m 4-n - rKT 28 

Minimum Standard Deviation 

0.225 

2.0 - 4.0 

14.62 

From these results, it is seen that the CO order dependence at 

low CO concentrations is fairly inaccurate, relative to the 

other two dependencies. Despite the relatively large standard 

deviation, the value of 0.9 for CO order obtained by the least 

squares method agrees with the difference of the overall order 

and 0g order (1.1 and 0.2 respectively). The accuracies of 

the overall and O2 order were quite good. The standard 
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deviation for the overall order is better than the estimated 

experimental error, and better than Gilliland's results which 

were based on Langmuir-Hinshelwood kinetics. 

The other method of analysis involved starting with 

the rate equation fbr a component, say CO 

^ f?o Po, 29 dT ... ~2 

and using an excess of the other component (O2 in this example), 

so that: 

KRh = CONSTANT 30 
v2 

Taking natural logarithms gives: 

Ln(:W?) ° LnKFo2 
+ mLri ’co 31 

and a plot of In vs ln(?Co) will have a slope of m. 

This method is more sensitive than the least squares method 

because it plots as a straight line only if the order is con¬ 

stant, rather than assuming a straight line. When analyzed in 

this manner, the data for CO order determination plotted with 

appreciable curvature instead of straight (see Figure 11). One 

explanation might be that the concentration of O2 changed 

during the reaction. However, the maximum change over the 

concentrations considered was only about so this effect can 

be neglected. This curvature agrees with the fact that the 

closest least squares approximation had the large composite 

standard deviation of 14.62. The most probable explanation 

for the curved line is that the CO order dependency is variable, 

increasing as the partial pressure of CO decreases below that 

of the stoichiometric mixtures used in the overall fit. 

The standard deviation results indicate that the 
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order dependencies are relatively constant over a composition 

range from 0.0# O2 to 33# O2 (°r 100# co to 66# CO) but as 

the CO initial composition moves from 66# to 0.0#, the CO 

order dependency begins to vary. The standard deviation 

results also indicate that in the region of 66# - 100# CO, 

the power law form can be applied to describe the reaction at 

the pressures studied. This result will be useful in the 

proposed ultraviolet irradiation work. 

C. Suggestions 

Since it has been shown that the kinetics of this re¬ 

action can be related to the reaction conditions, it is 

suggested that any research on electronic factors and other 

properties of ZnO be preceded by kinetic studies with the 

system and conditions that will be used for those studies. 

For the future studies to be made on the equipment used in 

this research it is suggested that stoichiometric mixtures 

be used because of the non-Integral kinetics. Because of the 

variation of the pre-exponential factor from day to day, it 

is best to use rate constants when reaction rate changes are 

being studied. It is also advisable to make irradiated and 

unirradiated runs on the same day when comparison between the 

two is to be made. 
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APPENDIX A 

Temperature Correction Factors 

In the early stages of this research, before it was 

determined that the thermal effect of the trap was solely due 

to glass cooling, liquid nitrogen was added to the trap only 

ten minutes before the reaction was started. In order to 

correct for the drop in pressure due to cooling, nitrogen was 

added to the trap and, after ten minutes, oxygen was added to 

the reactor instead of the reaction mixture. Using this method, 

the pressure was plotted as a function of time and compared to 

the stable pressure, which was usually obtained after a period 

of 40 minutes. The ratio of the stable pressure to the pressure 

at a given time was plotted against time to arrive at Figure 12. 

No pressure drop was recorded when oxygen was added to the 

reactor without nitrogen (i.e., the trap at room temperature) 

showing that the pressure drop experienced in previous runs 

was solely due to cooling effects of the glass reactor and/or 

reaction gases. 

To determine the actual cause of the pressure drop, 

nitrogen was added to the trap a full hour before gases were 

to be admitted. Oxygen was then admitted and the pressure was 

monitored as before. The results showed that the effect was 

solely due to glass cooling and could be eliminated by filling 

the trap an hour before the run was to begin. Figure 13 is 

the basis for this conclusion. 
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APPENDIX B 

Mass Spectrometer Calibration and Analysis 

A Consolidated Electrodynamics Corporation mass spec¬ 

trometer was available for the gas analysis. To calibrate 

pure oxygen and pure carbon monoxide were analyzed. The 

calibrations, illustrated in Figure 14 showed that the mass 

spectrometer peak height was directly proportional to the 

pressure of the sample. From the figure, the ratios are: 

This means that the ratio of the peak height of pure CO to 

the peak height of the same amount of O2 is 1.275* Thus, to 

determine the ratio of CO to O2 in a mixture, the peak height 

due to CO is compared to 1.275 times the peak height of O2. 

For example, if the peak height from CO is 500 and the peak 

height from 0£ is 600, the mole per cent of CO is: 

the mass spectrometer for oxygen-carbon monoxide mixtures, 

11.58 

9.08 

/ (~f) _     /0c, - \VJ 500 + (1.275X600) 
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APPENDIX C 

Development of Least Squares Analysis 

The initial attempt at applying a least squares analysis 

to this data started with the equations 

dP 
dT 

K P 32 

where P may be either total pressure or partial pressure of 

a given component. This was then solved generally to give: 

P''n = pc‘
_n + (n-i)KT 33 

Equation 33 was then linearized by taking natural logs of both 

sides so analysis could be simplified: 

(I - n) Ln P Ln 
\-o 

-(i-n)KT 

Since the object of the analysis was to find the best order, 

n, the logarithm on the right side of equation 34 must be 

expanded. Applying the expansion: 

Ln(^+>) •■= Lm + 2^ X‘ 

+ x 3(2a v xy 5 (2a 4 XV 

34 

35 

the right side of equation 34 becomes: 

(\-n)LnPc + \ z_ m 

(l - Pi) KT 

2? 
i-n 

+- (i - n)KT 

The least squares analysis would only work if the equation 

was in the form: 

Y = B(l) + B(2)x f B(3)X2 + 

36 

37 

Equation 36 could be simplified to equation 37 only if the 

term (l-n)kt was negligible in the denominators of the 

expanded logarithm terms. However, this assumption is not 
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valid and the analysis could not be applied to the desired 

equation, which would have given the value for the best n 

in each of the B(i) coefficients of equation 37. 

The technique employed was to assume a value of n and 

substitute that value into equation 33* A least squares anal¬ 

ysis for that n value was performed to fit the best straight 

line for a particular set of data. Upon calculating the best 

straight line, a statistical analysis was made which compared 

the actual pressure at a given time to the pressure on the 

best line. The composite standard deviation was used as the 

criterion for selecting the optimum order. The standard 

deviation is defined ass 

where i is the number of data pairs. The data were analyzed 

for a number of values of n and a plot was made of standard 

deviation versus order, n. The value of n which gave the min¬ 

imum standard deviation was taken to be the best order. These 

plots are Figures 8-10 and can be found in the discussion 

section. The program used is listed on the following pages. 

STD DEV 38 
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MAIN and STATISTICAL SEGMENT 

DIMENSION B(25),X(50),Y(50),YC(50),BT(25),F(50),SIG(25), 
1Z(50),FT(50),PAR(50,25),PCT(50) 
DIMENSION PR(50)fTH(50),PRL0G(50) 
COMMON B,SIG,F,PAR,NUM 

8 READ 4,ND,NUM 
4 FORMAT(12,12) 

DO 7 1=1,NUM 
7 READ 5,(Y(I),X(I)) 
5 FORMAT(2F6.3) 

EN=-0,32 
10 EN=EN+0.02 

EF=0.32 
IF(EN.EQ.EF)GO TO 15 

41 PRINT 47,EN 
47 FORMAT (3X,"N = ",F5.2) 

DO 2 1=1,NUM 
Y(I)=(Y(I))**(1.0-EN) 
F(I )=Y(I) 
PAR(I,1)=1,0 
PAR(I,2)=X(I) 

2 CONTINUE 
DO 34 1=1,ND 

34 B(I)=0.0 
CALL LSTSQS(ND) 
EI=1,0/(1.O-EN) 
DO 26 1=1,13 
Z(I)=B(1)+B(2)*X(I) 
Z(I)=(Z(I))**E(I) 
Y(I)=(Y(I))**E(I) 
FT(I)=Y(I)-Z(I) 
PCT(I)=(FT(I)/Y(I))*100, 

26 CONTINUE 
79 CONTINUE 

S=NUM 
SS=ND 
SUM2=0.0 
DO 14 1=1,NUM 

14 SUM2=SUM2+FT(I)**2 
12 VAR=SUM2/(S-SS) 

STDERR=SQRT(VAR) 
D076 K=1,ND 

76 SIG(K)=SIG(K)*STDERR 
PRINT 114 

114 FORMAT(23X,"B(1)",14X,"B(2)") 
PRINT 18,(B(1),B(2)) 
PRINT 115 

115 FORMAT (22X, "SIG (1)'', 12X, "SIG (2) " ) 
PRINT 18,(SIG(1),SIG(2)) 

18 F0RMAT(l8X,El4.8,3X,E14.8) 
PRINT 116 

116 FORMAT(12X,"F(CALC)",6X,wP(EXP)",6X,"T(EXP)",6X,"PCT DEV") 
DO 16 1=1,NUM 
PRINT 17,Z(I),Y(I),X(I),PCT(I) 

17 F0RMAT(8X,3(1X,E11.4)AX,F7.2) 
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16 CONTINUE 
DEV=0.0 
SMPCT=0.0 
DO 111 1=1,NUM 

111 SMPCT=SMPCT+ABS(PCT(I)) 
AVGPCT=SMPCT/S 
DO 113 1=1,NUM 

113 DEV=DEV+PCT(I)**2 
STDDEV=SQRT(DEV/(S-SS)) 
PRINT 11?»AVGPCT,STDDEV 

117 FORMAT(12X,"ABS AVG ERR=",F7.3,8X,"STD DEV=",F7.3) 
GO TO 10 

15 STOP 
END 

LEAST SQUARES SUBROUTINE 

SUBROUTINE LSTSQS(ND) 
DIMENSION B(25),SIG(25),F(50),PAR(50,25) 
DOUBLE PRECISION S(25,25),C(25,2) 
COMMON B,SIG,F,PAR,NUM 
DO 2 1=1,NUM 
C(I,1)=0.0 
DO 2 J=1,ND 

2 S(I,J)=0.0 
DO 4 1=1,ND 
DO 3 J=1,I 
DO 3 11=1,NUM 

3 S(I,J)=S(I,J)+PAR(II,I)#PAR(II,J) 
DO 5 1=1,ND 
DO 5 J=1,I 

5 S(J,I)=S(I,J) 
Ml=l 
CALL MATINV(S,ND,C,Ml,DETERM,ID) 
DO 6 K=1,ND 
B(K)=B(K)+C(K.l) 
S(K,K)=DABS(S(K,K)) 
SIG(K)=DSQRT(S(K,K)) 

6 CONTINUE 
RETURN 
END 
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10 
15 
20 
30 
40 
45 

60 

80 
85 
90 

100 
105 

260 
270 
130 
140 
150 
l6o 
170 
200 

210 
220 
230 
250 
310 

330 
340 
350 
355 
360 
370 
380 
390 
400 
420 
430 
450 
455 
460 
500 
550 
600 
610 

MATRIX INVERSION SUBROUTINE 

SUBROUTINE MATINV(A,N1,B,M1,DETERM,ID) 
DOUBLE PRECISION A(25,25),B(25,2),AMAX,SWAP,T,PIVOT 
DIMENSION INDEX(10,3) 
EQUIVALENCE (IROW,JROW),(ICOLUM,JCOLUM),(AMAX,T,SWAP) 
M=M1 
N=N1 
DETERM=1.0 
DO 20 J=1,N 
IIMDEX(J,3)=0 
DO 550 1=1,N 
AMAX=0.0 
DO 105 J=1,N 
IF(INDEX(J,3)“1) 60,105,60 
DO 100 K=1,N 
IF(INDEX(K,3)-l) 80,100,715 
IF(AMAX-DABS(A(J,K))) 85,100,100 
IROW=J 
ICOLUM=K 
AMAX=DABS(A(J,K)) 
CONTINUE 
CONTINUE 
INDEX(ICOLUM,3)=INDEX(ICOLUM,3 M 
INDEX(I,1)=IROW 
INDEX(I,2)=IC0LUM 
IF(IROW-ICOLUM) 140,310,140 
DETERM=-DETERM 
DO 200 L=1,N 
SWAP=A(IROW,L) 
A(IROW,L)=A(ICOLUM,L) 
A(ICOLUM,L)=SWAP 
IF(M) 310,310,210 
DO 250 L=1,M 
SWAP=B(IROW,L) 
B(IROW,L)=B(ICOLUM,L) 
B(ICOLUM,L)=SWAP 
PIVOT=A(ICOLUM,ICOLUM) 
DETERM=DETERM*PIVOT 
A(ICOLUM,ICOLUM)=1.0 
DO 350 L=1,N 
A (ICOLUM,L)=A(ICOLUM,L)/PIVOT 
IF(M) 380,380,360 
DO 370 L=1,M 
B(ICOLUM,L)=B(ICOLUM,L)/PIVOT 
DO 550 L1=1,N 
IF(LI-ICOLUM) 400,550,400 
T=A(LI,ICOLUM) 
A(LI,ICOLUM)=0.0 
DO 450 L=1,N 
A(LI,L)=A(L1,L)-A(ICOLUM,L)*T 
IF(M) 550,550,460 
DO 500 L=1,M 
B(L1,L)=B(L1,L)-B(ICOLUM)*T 
CONTINUE 
DO 710 1=1,N 
L=N+1-I 
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620 IF(INDEX(L,1)-INDEX(L,2)) 630,710,630 
630 JR0W=INDEX(L,1) 
640 J C0LUM=INDEX(L,2) 
65O DO 705 K=1,N 
660 SWAP=A(K,JCOLUH) 
670 A(K,JROW)=A(K,JCOLUM) 
700 A(K,JCOLUM)=SWAP 
705 CONTINUE 
710 CONTINUE 

DO 730 K=1,N 
IF(INDEX(K,3)“1) 715.720,715 

715 ID=2 
GO TO 740 

720 CONTINUE 
730 CONTINUE 

ID=1 
740 RETURN 

END 
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APPENDIX D 

Calibration Chart for Pressure Gage 

47 



APPENDIX D 

Calibration Chart for Pressure 

True 
Corrected 
Pressure 

mm. Hg. 

TI 
Pressure 

Gage 
Reading 

00.0000 0.000 

51.6323 5.195 

103.2645 10.378 

154.8968 15.564 

206.5342 20.748 

258.1665 25.934 

309.7987 31.106 

361.4310 36.278 

413.0632 41.457 

464.6955 46.631 

516.3277 51.793 

567.9600 56.958 

619.5974 62.120 

671.2297 67.281 

722.8619 72.438 

774.4942 77.586 

826.1264 82.734 

877.5880 87.863 

929.2099 93.006 

980.8370 98.143 

1032.4589 103.275 

Gage 

Tube 
Constant 

mm. Hg. 

9.93885 

9.95033 

9.95225 

9.95441 

9.95475 

9.95945 

9.96281 

9.96365 

9.96538 

9.96906 

9.97156 

9.97420 

9.97651 

9.97904 

9.98240 

9.98533 

9.98814 

9.99086 

9.99396 

9.99718 
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APPENDIX E 

Sample Data 
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APPENDIX E 

Stoichiometric Mixture - 11-22-70 

Time Overall Pressure 
(Minutes) (Torr) 

20 34.289 
40 33.563 
60 32.947 
80 32.192 

100 31.556 
120 30.950 
140 30.304 
160 29.747 
180 29.180 
200 
220 27.968 
240 27.481 
260 27.004 
280 26.477 
300 26.010 
320 25.553 
340 25.066 
360 24.579 
380 24.132 
400 23.654 
420 23.217 
440 22.810 
460 22.392 
480 21.955 
500 21.577 
520 21.170 
540 20.762 
560 20.375 
580 20.037 
600 19.669 
620 19.311 
640 18.963 
660 18.625 
680 18.287 
700 17.910 
720 17.592 
740 17.304 
760 17.015 
780 16.697 
800 16.240 
820 16.091 
840 15.793 
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Excess Oxygen - 11-16-70 

Time 
iinutes) 

Overall 
Pressure 

(Torr) 
CO Pressure 

(Torr) 

0 36.774 4.541 
60 34.214 2.907 

100 33.862 2.599 
150 33.5^4 2.387 
200 33.335 2.24 7 
250 32.937 1.982 
300 32.729 1.843 
350 32.351 1.591 
400 32.132 1.445 
450 31.864 1.266 
500 31.685 1.147 
550 31.437 0.981 
600 31.238 0.867 
650 31.079 0.742 
700 30.920 0.636 
750 30.800 0.556 
800 30.701 0.735 
850 30.661 0.464 
900 30.537 0.381 
950 30.423 0.305 

1000 30.333 0.245 
1050 30.363 0.265 
1100 30.289 0.215 
1150 30.214 0.165 
1200 30.204 0.159 
1250 30.184 0.145 
1300 30.115 0.099 
1350 30.005 0.026 
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Excess Carbon Monoxide - 11-21-70 

Time 
(Minutes) 

Overall 
Pressure 

(Torr) 
O2 Pressure 

(Torr) 

20 33.931 1.608 
30 33.643 1.512 
40 33.325 1.407 
50 32.947 1.281 
60 32.599 I.I65 
70 32.271 1.056 
80 31.914 0.937 
90 31.576 0.824 

100 31.287 0.728 
no 30.9^0 0.612 
120 30.572 0.490 
130 30.244 0.381 
140 29.926 0.275 
150 29.667 0.188 
160 29.389 0.096 
170 29.180 0.026 
180 29.101 0.000 
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