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ABSTRACT 

The kinetics of the reaction between ozone and three identified 

components associated with onion dehydration odor were studied in a 

flow reactor. Temperatures in the range of 95-150°F were used in an 

attempt to estimate the temperature dependence of the reaction rate 

constant. However, this temperature range was not great enough to 

establish a meaningful relationship. 

A homogeneous gas phase model and a heterogeneous model were 

found to fit the experimental data reasonably well. Due to the math

ematical similarities between the two models, no real distinction 

could be made between them. Initial rate data indicated that the in

itial reaction was first order with respect to the odor components 

and of fractional order with respect to ozone. 
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CHAPTER I 

INTRODUCTION 

Odors represent that aspect of air pollution which in general is 

classified as a nuisance rather than a health hazard. Except in 

those cases where the onset of olfactory fatigue is extremely rapid, 

the odor provides an advanced warning that contamination is present. 

When this occurs the general public can usually be counted upon to 

apply sufficient pressures to force industry to find some type of 

solution. In the past, if the odor was in fact only a nuisance and 

not toxic, masking or dilution of the odor to below threshold limits 

was accepted practice. The present trend is towards complete abate

ment. This has proven somewhat difficult to accomplish on an indus

trial scale for many processes. The difficulty is due mainly to the 

fact that most odors are detectable in the parts per million (ppm) 

range. Often, virtually complete removal is necessary, and the prob

lems encountered in accomplishing this vary inversely with the odor-

ant concentration. 

Oxidation is one technique for dealing with odors. It has been 

observed that the oxidized products have either no odor or detect

able odor limits much higher than those of the parent compounds. In 

the extreme limit the odors are completely oxidized in an incinera

tion process. While this is a most effective method, it is not 

always economical due to the relatively high prices of the supple

mentary fuels often needed to sustain the combustion process. Odor 

control by catalytic oxidation has related economic disadvantages. 
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The range of operating temperatures for catalytic systems is signi

ficantly less than those for thermal oxidation with a corresponding 

reduction in operating cost. The economic restrictions are due to 

the fact that the catalyst can suffer severe deactivation from im

purities or poisons present in the waste gas stream. Odor control 

by wet scrubbing has also been attempted. If the odor emissions are 

produced in high enough concentrations, then scrubbing with various 

oxidants in the liquid phase can be effective (1). However, scrub

bers are known to be energy intensive and do not effectively remove 

all the odor molecules in the low concentration ranges. 

One of the most promising technologies for treating odor prob

lems by oxidation is that which uses ozone. As with the other ap

proaches, laboratory studies have been performed which support the 

validity of such an approach (2, 3). A few studies have attempted 

to define the chemical reaction mechanisms between ozone and the 

various sulfides, mercaptans, and amines which can cause the odors 

(4, 5, 6, 7). These studies indicate that oxidation with ozone can 

occur at reasonably rapid rates for a large number of odor molecules. 

They also indicate that sufficient ozone can be generated with air 

as the source of oxygen. While ozone itself is a toxic gas, the 

proponents of ozonation have emphasized that it breaks down rather 

quickly to molecular oxygen and that the presence of the ozone can 

be detected by human observers before toxic limits are reached. How

ever, the contribution of ozone to other air pollution problems ap

parently has not been studied even though the Environmental Protec

tion Agency (EPA) has established emission levels. 
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Thus, while ozonation of odors has been acknowledged as being tech

nically feasible for the reduction of some odors, few working appli

cations on an industrial scale have been developed. This is partly 

due to the fact that the feasibility of using ozone as a method of 

odor control must first be established for each individual applica

tion before ozonation is selected as the best method of odor control. 

Little effort has been made to actually define the kinetics and 

mechanisms of the reactions between different types of odor molecules 

and ozone. The kinetic data available have either been measured in 

terms of ozone disappearance or the appearance of some reaction pro

duct (7). Very little if any kinetic data are available in which 

the rate expression has been measured in terms of the disappearance 

of the odor molecule. Most experimentation seems to have stopped at 

the step which looks at the feasibility of the ozone-odor reduction. 

The basic intent of this research project was to establish the 

chemical kinetics encountered in the ozonation of three specific com

ponents which contribute to the odor from onion dehydration. Such 

compounds may be present in concentrations well above detectable 

limits in the stack gases of certain commercial food processing in

dustries involved in the dehydration of large quantities of onions. 

McGowan (8) investigated the feasibility of using ozone to de

stroy odors emitted during the dehydration of onion slices and garlic 

cloves. Based on the experimental data obtained, he concluded that 

ozonation was probably not a satisfactory approach for the control 

of these odors; at least for the concentration levels and temperature 

range used in his study. An extensive literature survey by McGowan 



revealed that ozone had been successfully used to manage odors from 

municipal sewage treatment, rendering plant exhaust, fermentation 

and pharmaceutical plants, Kraft pulping processes, etc. These ap

plications required ozone concentrations as high as 50 ppm and con

tact times in excess of 10 sec. By comparison, McGowan's study 

covered ozone concentrations up to only 20 ppm. Thirty sec. resi

dence times were the maximum he used. Even so, McGowan's data did 

show reduction of odor levels as indicated by chromatograms of gas 

samples before and after treatment. In some cases the reduction was 

substantial. 

Consequently, the information that could be supplied by an ap

proximate rate expression for the reaction between ozone and onion 

dehydration odors would be valuable in design operations. It could 

be used to answer the following questions: (1) What are the condi

tions of (a) temperature, (b) concentration, and (c) contact time 

which would result in the destruction of onion dehydration odors, 

and (2) Are these conditions applicable to industrial processes? 

Thus, the experimental program used in this research was directed at 

defining the chemical kinetic behavior between ozone and three odor

iferous sulfur-hydrocarbon compounds. 

Preliminary Work on Component Identification 

Before beginning the actual kinetic studies, the major compo

nents of the onion odor had to be identified. Once identified, ex

perimentation with the major components instead of the concentrated 

onion oil would be possible. The advantages of such an approach are 



threefold: (1) It simplifies the already complex kinetic study to 

a manageable number of variables; (2) those components which may be 

preferentially destroyed by ozone can be identified and classified 

with respect to the degree of conversion; (3) finally, the supply of 

onion oil was limited by availability and expense if it alone were 

used for the entire proposed study. In contrast, several pure com

ponents were available at reasonable prices from Phillips Petroleum. 

For these reasons a qualitative analysis of the onion oil was per

formed. 

A Tracor Model 550 dual column gas chromatograph with a Tracor 

Westronics Model LSI 1 IB recorder was utilized in this analysis. The 

column used for the component identification was a 1/4" column 

packed with 10 wt.% Carbowax 20 M (stationary phase) on 60/80 mesh 

Chromosorb W, Acid Washed, DMCS-treated. The helium carrier gas 

flow rate was 85 ml/min as measured at ambient conditions. The 

other gas flow rates, all measured at standard conditions, were: 

hydrogen, 155 ml/min.; air, 40 ml/min.; and oxygen, 20 ml/min. For 

optimum separation of peaks, linear temperature programming from 

80 to 220°C at a rate of 4°C/min. was used. The flame photometric 

and flame ionization detector, the inlet heater, and the effluent-

splitter temperatures were 220, 210, and 230°C respectively. 

PlastipalC^disposable 5 cc plastic syringes, #805 L/S, were used to 

inject headspace vapor samples of 1.5 ml. 

Retention times for the various peaks obtained from gas chro

matographic analysis of the distilled onion oil were compared with 

the retention times of eleven standard sulfur compounds that were 



available. By this method, identification of four of the twelve 

peaks was possible. In a similar study, Brodnitz and Pollock (9) 

were able to identify up to nine of the key components present in a 

distilled onion oil. Using their results for component relative re

tentions, identification of the remainder of the components present 

in our onion oil sample was possible (10). Table I summarizes the 

results that were obtained. 

For the purposes of the kinetic study, only n-propyl mercaptan, 

di-n-propyl sulfide, and di-1-propyl disulfide were chosen. These 

components were selected because they represented approximately 50% 

of the total peak area for the twelve peaks observed from the chro-

matogram of the distilled onion oil sample. They also represent 

three different types of sulfur-hydrocarbon compounds. In this case 

the peak area was approximated by the product of one-half the peak 

height and the peak width measured at half the peak height (10). 



TABLE I 

ONION OIL COMPONENT IDENTIFICATION 

Peak No. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Ident i ty 

— 

— 

n-propyl mercaptan 

di-n-propyl su l f ide 

methyl-1-propyl 
d isu l f ide 

3.4-dimethyl 
thiophene 

cis-methyl-1-propyl 
d isu l f ide 

di-1-propyl d isu l f ide 

cis-1-propyl-propenyl 
d isu l f ide 

trans-1-propyl-propenyl 
d isu l f ide 

methyl-1-propyl 
t r i su l f ide 

Avg 
T' 

. Retention 
ime (Min.) 

0.63 

1.05 

2.44 

4.17 

7.92 

8.85 

9.55 

12.44 

13.54 

14.25 

17.29 

Method of 
I den t i f i ca t i on 

— 

— 

standard 

standard 

r e l . retent ion 

r e l . retent ion 

r e l . retent ion 

standard 

r e l . retent ion 

r e l . retent ion 

r e l . retent ion 

12 di-1-propyl t r i s u l f i d e 21.69 standard 



CHAPTER II 

EXPERIMENTAL 

Experimental System 

Only a basic description of the experimental apparatus used will 

be given here. A more detailed account can be found in McGowan's 

thesis (8). 

The basic block diagram for the experimental apparatus is given 

in Figure I. As shown the equipment can be divided into the follow

ing three sections: an air preparation stage, a baffled mixing cham

ber, and a flow reactor. 

In the air preparation section, air was supplied by a single 

centrifugal blower. The air flow rate was controlled with two manu

ally operated, two inch gate valves. Volumetric flows were measured 

by a micro-differential water manometer. From the blower the air 

entered a well-sealed baffled plywood chamber which served to humi

dify the air as desired. Different humidities could be obtained by 

using an 80 psig steam source which was available at the experimental 

site. A copper, counter-current flow heat exchanger was used to heat 

the incoming air to any desired temperature from ambient to about 

160°F. The single-pass exchanger had 29, 3/4 in. outside diameter, 

2 
20 in. long tubes, equalling 9.49 ft of heat-exchange area. Steam 

supplied at 80 psig was used to heat the air. 

The purpose of the baffled mixing chamber was to mix the contam

inant with the air being supplied. A metal plate heated by steam 

served to flash the contaminant as it was being injected from glass 

syringes by a Sage model 335 syringe pump. 

8 



• o 
cu 
—̂ 

M-
«+-
fO 

CO 

A 

s o 
r— 
U -

(O 
O 4-> 

1— 0 0 

&. 
o 
4-> 
O 
<T3 
(U 

Q; 

*0 

&-
o 

u-
E 
fO 
0) 
+J 
oo 

O-

c 
^ 1 1 
+J 
nj 
fvl 

• r -

s. 
o 
Q . 
«T3 

(U 

O 
N CD 

c 
n3 
E 

• 1 — 

E 
(0 
4-i 
C 
o 
o 

c 
o 

•r— 

+-> 
o 
O) 

•o 
E 

H—( 

CK: 

< 

»—I C_) 

o 
UJ I 

o _J 

LU 
O. 
X 
UJ 

o 

+J 

•r— 

•̂ ^ E 
3 

^ 
<U 

E 
. E 
O 

E 
(U 

0 0 



10 

From the baffled mixing chamber, the contaminated air passed to 

the flow reactor which was also baffled to ensure mixing and had an 

internal volume of 3.67 ft . Five sample ports were located on the 

reactor so that with the air flow rate used in this research project 

(22.5 SCFM), gas samples at residence times of approximately 1 to 7 

seconds could be obtained. Ozone, generated by electrolysis of oxy

gen with a Welsbach T-816 Laboratory Ozonator, was introduced at the 

entrance to the reactor. From the reactor, the gas stream flowed 

through a galvanized duct which was connected to a 70 ft. stack lo

cated outside the building. 

Experimental Procedure 

Before the experimental data were taken, some preliminary work 

was required. An Alnor velometer, series 6000-P, with the low flow 

(30-300 ft/min.) probe, type 6050-P, was used to calibrate the micro-

differential manometer. Air flow measurements were made approxi

mately 8 ft. above the elbow in the duct. Due to the apparatus' con

struction, this was the maximum distance from the elbow that could 

be safely reached for flow measurements. A standard six point tra

verse was made with each point taken in triplicate. All glass sy

ringes used in the contaminant injection were individually calibrated, 

since precise injection rates were required for the low concentration 

levels. A 1/2 in. layer of Kaowoo'Mceramic fiber was used to in

sulate the reactor to reduce the temperature drop through the re

actor from 10 to 3°F. This was as close to isothermal conditions 

that could be experimentally obtained. 
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With the original four reactor ports and the air flow rate used 

(approximately 22.5 SCFM), gas samples at residence times of 2 to 7 

seconds could be taken. A residence time of seven seconds was long 

enough for the initial rate studies, but additional gas samples at 

some residence time less than 2 seconds were necessary. This could 

have been accomplished by changing the air flow rate through the re

actor. However, the air flow rate was held constant because the 

ozone generator settings would not have to be changed for a given 

ozone concentration, and the variability resulting from changing the 

air flow rate would not influence the experimental results. There

fore, an additional reactor port was installed halfway between the 

initial first reactor port and the entrance to the reactor. The re

actor was then saturated with ozone for several hours to allow re

action with any new exposed sites, which might otherwise result in 

a decrease in the ozone concentration due to some side reactions. 

Based on McGowan's experience it seemed reasonable to assume 

that concentrations would not vary throughout the reactor. For ver

ification, several tests were performed at 125°F. Gas samples of 

n-propyl mercaptan in the absence of ozone were taken from reactor 

ports 2 through 5 (these tests were performed before the new port 

was made). Statistical analysis at the 95% confidence level showed 

that there was no significant difference in the peak heights of the 

gas samples taken from the four reactor ports. Therefore, for each 

experimental run, one sample was taken from each of the five reactor 

ports to establish the average peak height which corresponded to the 

initial odorant concentration. 
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Ozone determinations, in the absence of any contaminant, were 

made in triplicate at reactor ports 2 and 5. Statistical analysis 

at the 95% confidence level showed that there was no significant 

amount of difference between them. All initial and residual ozone 

determinations were henceforth made at port 5 because of its conven

ient location. To determine if temperature had any influence on 

ozone concentration, an ozone determination was made at 100°F. Ex

amination of the data at the 95% confidence level showed that the 

ozone concentration determined at 100°F was essentially the same as 

the concentration at 125°F. Based on these tests, it was further 

assumed that the ozone concentration would not change at 150°F. 

The reactor gas analysis was performed with a gas chromato

graphic column packed with 5% OV-1 on 80/100 mesh Chromosorb W. 

The helium carrier gas flow rate was 42 ml/min. as measured at am

bient conditions. The other gas flow rates, all measured at standard 

conditions, were: hydrogen, 155 ml/min.; air, 40 ml/min.; and 

oxygen, 20 ml/min. The column, detector, inlet heater, and the ef

fluent-splitter temperatures were 100, 195, 215, and 256°C respec

tively. Both a flame photometric detector, FPD, and a flame ioniza

tion detector, FID, were used in this study. The flame photometric 

detector is specific for organic sulfides due to the use of a filter 

in the photomultiplier tube which transmits only the wavelength 

light emitted when sulfur is burned. Due to the increased sensi

tivity of the FPD over the FID, attenuation settings for the FPD 

3 3 
ranged from RIO x 32 to RIO x 128, depending on the concentration 

of the component in the reactor. For the most part, a FID 
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attenuation setting of Rl x 8 was used. A Hamilton Model 1002 gas-

tight syringe was used to inject 2 ml. gas samples. 

A Welsbach T-816 Laboratory Ozonator was used to generate the 

ozone. For the high ozone concentrations used, an oxygen flow rate 

of 6 SLPM and a setting of 120V were used on the generator. A Gomco 

model 791 dentist vacuum pump was used to pull a slip stream of re

actor air through two impingers in series. This arrangement provided 

enough absorbing solution to ensure accurate ozone determinations by 

the neutral-buffered potassium iodide method for total oxidants (11). 

A wet test meter was attached to the discharge of the dentist vacu

um pump to allow measurement of the air volume sampled. A Bausch 

and Lomb Model 340 Spectrophotometer was used to determine the ab-

sorbance of the exposed absorbing solution. 

It was necessary that all glassware used in the ozone determina

tion be kept scrupulously clean. Consequently, after each run, all 

glassware was submerged in chromic acid, thoroughly rinsed, and then 

stored in a sealed container. 

The following procedure was used for each experimental run: 

1) Place a new rubber septum in each reactor port and injec

tion port. 

2) Start the ozone generator and after allowing approximately 

15 minutes for equilibrium to be reached, determine the 

initial ozone concentration from reactor port 5. 

3) Turn the ozone generator off and begin injecting contami

nant. 
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4) After approximately 45 minutes, take samples from the re

actor ports to establish the average peak height associated 

with the initial concentration. Thirty minutes to one hour 

was needed for this step depending on the retention time 

of the component used and the difficulty of establishing 

the correct attenuation setting to give the largest peaks. 

5) Turn on the ozone generator with the same settings used 

in step 2. 

6) After approximately 15 minutes, take three gas samples from 

each reactor port to establish the peak height associated 

with any residual odor remaining after oxidation. The 

same attenuation settings are used as in step 4. 

7) While the contaminant and ozone are still in the reactor, 

determine the ozone concentration at port 5 to get the 

residual ozone concentration after reaction. 

Experimental Design 

For the initial rate data taken at 125°F, residence time and 

initial contaminant concentration were the variables for each com

ponent studied. The three initial concentrations and five residence 

times used for each component resulted in a 3 x 5 factorial design. 

For the three components studied, the method of initial rates re

quired a total of nine experiments. For a given experiment, five 

observations were made, one at each reactor port, to establish the 

initial contaminant concentration. At each residence time, three 

observations were made to determine the residual contaminant 
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concentration after oxidation. Statistical analysis could then be 

used to determine the effect of residence time and initial contami

nant concentration. 

For the data taken at different isotherms, residence time and 

temperature were the variables for each component studied. Only an 

additional six experiments were needed, each at the same initial con

centration, for the three components studied since data were already 

available at 125°F. The other two isotherms chosen were 95 and 

150°F. Statistical analysis would then reveal any effect of resi

dence time and temperature. 



CHAPTER III 

THEORETICAL DERIVATION OF MECHANISMS AND RATE EXPRESSIONS 

Due to a lack of information regarding the actual mechanism of 

the reaction between ozone and various hydrocarbon-sulfur compounds, 

many mechanisms may be proposed. Two such mechanisms are shown in 

Appendix I for the ozonolysis of sulfides. The following development 

is a semi-theoretical one where a simple mechanism and two models 

have been proposed which fit the experimental data. 

A Homogeneous Gas Phase Reaction Model 

In order to arrive at a rate expression which will describe what 

happens when ozone reacts with an odor molecule, let us first assume 

that the reaction is a homogeneous gas phase reaction. Furthermore, 

assume that the reaction proceeds by means of an intermediate com

plex. Based on these assumptions equations (1), (2), and (3) can be 

written in terms of the disappearance of the odor molecule. 

k k 
mA + nO-5 .——^> B* — ^ — > P (1) 

k 

-d[A]/dt = k^[Af [03]" - k2 [B*] (2) 

•d[A]/dt = k̂  [ [ A f [03]" - - t ^ , K = r ^̂ ^ 

16 
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A = odor molecule 

B = intermediate complex 

P = reaction product 

In equation (3), [B*] is an intermediate or activated complex with a 

finite life span. If, however, the life span of [B*] is extremely 

short, then its rate of formation and disappearance may be set equal 

to zero. Using this concept and the mechanism given in equation (1), 

then equation (4) may be written. 

-d[B*]/dt = 0 = -k^[Af[03]" + k2[B*] + k3[B*] ^̂ ^ 

A simplification of equation (4) leads to equation (5). 

k,[Af[03]" 

[B*] = \ ^ .̂  (5) 
K2 + K3 

Substitution of equation (5) back into equation (3) and upon simpli

fication results in equations (6) and (7). 

-d[A]/dt = kiCAfCOjl" [ ^ - K ( k ^ V l ^ (6) 

-d[A]/dt = k^CAfEOj]" (7) 

k. = ki l ^ - K d v ^ 

The validity of equation (3), which assumes that [B*] has a finite 

life span, and equation (7), which assumes that the life span of 
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[B*] is extremely short, can be checked by initial rate data. This 

approach allows m and n to be determined independently. For example, 

if the ozone is used in such a high concentration that it essentially 

remains constant during the course of the reaction, then equations 

(3) and (7) may be rewritten to give equations (8) and (9). 

-d[A]/dt = k^'LAf k2[B*] (8) 

k^' = k^[03f 

im 
-d[A]/dt = k^'CA]'" (9) 

Thus the exponent of the [A] term can be found from equation (9) . 

Using the i n i t i a l rate data, a p lot of £n(-d[A] /d t ) vs. InW would 

resu l t in a slope equal to m, with a y- in tercept equal to In k/. 

Therefore, i f the reaction proceeds as predicted by equation (9 ) , 

then a p lo t of concentration versus time should resu l t in the type 

of curve that would be predicted by a f i r s t order i r revers ib le re 

act ion as given by equation (10). 

-k • t 
S '- ho' (10) 

However, if the gas phase reaction is reversible, then equation (8) 

predicts that a plot of -d[A]/dt vs. [A]'" would result in a slope 

equal to k^' and a negative y-intercept equal to k2[B*]. Hence, if 
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the reaction is reversible a plot of the experimental concentration 

versus time of reaction would result in a curve whose slope gradually 

changes as A is destroyed, but eventually becomes zero when equili

brium is obtained. 

A Heterogeneous Model 

Now let us assume that perhaps the reaction between the odor 

molecule and the ozone can be explained in terms of a surface re

action phenomenon. This would imply that the odor molecule and the 

ozone must be adsorbed at active sites before reaction occurs. Thus 

equations (1) through (7) remain the same except that [A] must be 

replaced by the concentration of A that is adsorbed upon the reactor 

surface instead of the gas phase concentration. If [A'] and [O3'] 

denote the concentration of odor and ozone molecules adsorbed on the 

surface, then equation (7) can be rewritten as equation (11). 

-d[A]/dt = k5[A'f[03*]" (11) 

For dilute concentrations, there should be a linear relationship 

between the partial pressure and the total mass adsorbed on a surface 

The adsorbed concentrations can be written in terms of the gas phase 

concentrations. 

[A'] = K̂  [A] (12) 

[O3'] = K2 [O3] (13) 
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Here the prime superscript denotes the concentration of molecules 

adsorbed upon the surface while those without superscripts represent 

the concentration of molecules in the gas phase. If the reaction 

occurs in an excess of ozone, then after substitution of equations 

(12) and (13), equation (11) can be written in the following form. 

-d[A]/dt = kg[Af (14) 

kg = k5K^%2"[03^" 

If the reaction at the surface is a reversible reaction, then an 

added term must be included in equation (14) to give the following 

expression (12). 

-d[A]/dt = kg ([Af - [Alg'") (15) 

[A] = equilibrium gas phase concentration of A 

As can be seen, equations (14) and (15) are identical to equations 

(9) and (8) respectively in terms of their mathematical form. Hence, 

they are impossible to separate with only initial rate data. Addi

tional well planned experiments in which the area to volume ratio 

is varied in an isothermal reactor would be needed to differentiate 

between the two models. 

An extension of the surface controlled reaction model can be 

obtained based on the assumption that the adsorbed odor molecule re

acts with an adsorbed ozone molecule. 
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Adsorption 
A ^ A * ^ Desorption 
< y < >̂ B*,: >̂ P 

0 3 < 

According to this mechanism, once all the sites are saturated, an in

crease in the odor concentration [A] simply swamps the surface with 

A. If A displaces O3, then O3 is crowded out and the rate of reaction 

decreases. Hence, assume that the initial rate experiments are per

formed by varying the ozone concentration but using the same initial 

excess of odor concentration. Then if adsorption controls, one 

would expect to see a decrease in the rate of disappearance of the 

odor as the ozone concentration decreases. In any event, experiments 

in which the surface to volume ratio is varied are needed to check 

the heterogeneous model. 

Chemistry 

The known chemistry of the reactions between organic sulfur com

pounds and ozone reveals very little evidence to support one pro

posed model and rate expression over another. Most odor molecules 

have centers of high electron density. Ozone most often reacts 

chemically as if it were an electron-deficient molecule. As a re

sult, there is a mutual attraction between the ozone and the odor 

molecule. 

Mercaptans which react with ozone may ultimately result in the 

formation of their corresponding sulfonic acid. As one example, 

consider methyl mercaptan. 
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CH3 - SH + O3 >̂ CH3 - SO3 H 

Oxidation of mercaptans can also produce disulfides. Sulfides react 

with ozone to give sulfones [RS(0)2R] or sulfoxides [RSOR] depending 

on the reaction conditions. 

0^ 0^ 
CH3 - S - CH3 —^^—> CH3 S(0) CH3 —^^—> CH3 S(0)2 CH3 

Most disulfides undergo somewhat more complex reactions in the pre

sence of ozone to yield thiosulfonates [RS(0)2SR], disulfones 

[RS(0)2S(0)2R], and sulfonic anhydrides [RS(0)20 S(0)2R]. The re

action of methyl disulfide with ozone to form the anhydride proceeds 

through a transition intermediate. However, it is not known if this 

reaction is reversible or not. 

°3 ++ = 
CH3 SS CH3 >̂ [(CH3)2 S2] O3 

20-, 
— ' ^ >̂ CH3S(0)2 05(0)2 CH3 

The most important observation is that the end products are essen

tially odorless when compared to the parent compounds (3, 13). 

Hence, ozonation can lead to odor abatement. Moreover, the 

oxidation chemistry of the disulfide appears to be much more complex 

than the mercaptans or sulfides (13). 



CHAPTER IV 

EXPERIMENTAL RESULTS 

Since many odor problems occur in the low ppm range, this work 

centered on defining the kinetics for the reaction between ozone and 

odors in the 2 to 10 ppm range. For the initial rate tests, an iso

therm of 125°F was chosen. Additional isotherms of 95°F, and 150°F 

were used in tests designed to determine the temperature dependence 

of the reaction rate constant. These isotherms were chosen primarily 

because of limitations in the experimental apparatus. Ozone concen

trations in the 130 to 150 ppm range were used. At this concentra

tion level the ozone was in sufficient excess that it essentially 

remained constant throughout the length of the experiment. 

Tests 1-3 were preliminary tests to define the ozone generator 

settings necessary to achieve a constant ozone concentration for an 

experimental run. The most significant result was that air as an 

oxygen source for the generator could not produce the high ozone 

concentration needed. Therefore, oxygen was used in the remainder 

of the experiments. 

Ozone Results 

The results for all ozone concentration measurements are given 

in Table II. The results for tests 1-3 are not listed because these 

tests were only preliminary runs, and their results were not used 

elsewhere. Ozone measurements for tests 4 and 5 were made using 

40 ml. of absorbing solution. However, this small volume of 

23 
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TABLE II 

OZONE MEASUREMENTS 

Test Initial Ozone, ppm 

6 

7 

9 

10 

11 

12 

13 

16 

17 

18 

19 

20 

21 

131.4 

138.9 

139.2 

149.2 

146.5 

145.6 

142.2 

147.6 

146.2 

145.5 

140.6 

132.5 

142.6 

± 6.9 

± 11.7 

± 11.4 

± 5.4 

± 4.0 

± 5.7 

± 11.4 

± 18.2 

± 9.2 

± 15.7 

± 9.1 

± 18.8 

± 18.0 

*Ozone After Reaction, ppm 

130.4 ± 19.3 

136.3 ± 10.1 

144.1 ± 22.6 

148.3 ± 10.3 

144.7 ± 11.8 

145.0 ± 7.9 

141.1 ± 15.3 

149.4 ± 20.3 

144.1 ± 24.3 

143.9 ± 11.4 

122.4 ± 5.7 

146.1 ± 13.2 

141.5 ± 19.6 

•Measurements made at reactor port #5, 



25 

absorbing solution resulted in readings on the spectrophotometer in 

the 5% transmittance range after very short sampling times. Measure

ments in the 20% transmittance range and up should be more accurate. 

As a result, the remainder of the ozone measurements made at high 

ozone concentrations were performed using 115 ml. of absorbing solu

tion. This resulted in measurements on the spectrophotometer in the 

20 to 30% transmittance range and longer sampling times. 

All of the reported ozone values in Table II were based upon 

three successive observations made at reactor port #5. The error 

limits were calculated at the 95% confidence level. For all runs 

except for test 19, it was statistically shown that at the 95% con

fidence level there was no significant difference in the mean ozone 

concentration as measured before and after reaction. Statistical 

analysis revealed that there was a significant change in the ozone 

concentration for test 19. This was attributed to fluctuations in 

the line voltage to which the ozone generator was attached. Never

theless, the decrease in the ozone concentration for test 19 was 

only 13%; therefore, since the ozone was used in excess, the ozone 

for test 19 was still considered to be essentially constant. 

Initial Rate Data 

Figures II, III, and IV show the average results obtained from 

the initial reaction between n-propyl mercaptan, di-n-propyl sulfide, 

di-1-propyl disulfide, and ozone. All nine experimental runs were 

conducted at 125°F. The reported average observed errors were based 

upon all six data points for each run. Error limits for each data 
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point were calculated at the 95% confidence level and based upon 

three observations. For all experimental runs except tests 7 and 9, 

statistical analysis showed that for a given initial contaminant 

level there was no significant difference between the mean odorant 

concentrations for residence times of 1-7 seconds at the 95% con

fidence level. Analysis of variance at the 95% confidence level also 

revealed that for each component, initial concentration had a sig

nificant effect on the amount of residual contaminant that was de

tected. The results of these calculations are given in Appendix II. 

For tests 7 and 9, the mean concentration at a residence time of 

1 second (port 1) was shown statistically to be significantly dif

ferent from the mean odorant concentrations at residence times of 

2-7 seconds (ports 2-5). The reason for this was the difference in 

variability of the measured concentrations at each sampling port. 

From these experimental results, two aspects of the ozone re

action are evident. First, the reaction between an odor molecule 

and the ozone is rapid and apparently occurs upon initial contact. 

Secondly, there is no significant change in the conversion of the 

odor molecules to oxidized products following the early initial de

struction. Hence, in industrial processes where large volumes of 

air need to be treated with ozone, increasing the residence time by 

building a large contact chamber will still not produce total abate

ment. Thus with ozone injected only at the entrance, even an in

finitely large flow reactor would not provide the additional conver

sion of the odor molecules to nonodoriferous products necessary for 
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total abatement. For a one shot injection of ozone, a small reactor 

would accomplish the same result as a large one. 



CHAPTER V 

KINETIC INTERPRETATION OF RESULTS 

Prediction of 1st Order Irreversible Reaction 

Equations (9) and (14) have the same mathematical form. If the 

ozone-odor reaction proceeds by the simple mechanisms on which these 

equations are based, then the experimental data can be treated in an 

analytical manner. 

-d[A]/dt = k^'LAf (9) 

-d[A]/dt = kg[Af (14) 

Therefore, a plot of the initial slope vs. initial odorant concentra

tion, £n(-d[A]/dt)Q vs. C^^, for each of the three odor components 

should result in a line with slope m and y-intercept equal to either 

k^' or kg. The results of this graphical analysis are shown in 

Table III. Since all of the values of m were relatively close to 1, 

the initial reaction rate appeared to be first order with respect to 

the odor concentrations. Subsequently, for all calculations requir

ing m, a value of 1 was used. Regression analysis was used to obtain 

the best straight line through the three data points for each com

pound. 

If equation (9) or equation (14) represent the initial reaction 

between an odor molecule and ozone, then the curve predicted by the 

integrated form of those equations, such as equation (10), should 

fit the experimental data. 

31 
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TABLE III 

REGRESSION ANALYSIS OF INITIAL RATE DATA BASED 

ON A IRREVERSIBLE REACTION MODEL 

*y- in tercept 
Component slope = m = k / o r k̂  

4 5 

^k^' [= ] l / s e c , kg [=] 1/sec. 

n-propyl mercaptan 1.03 0.687 

Di-n-propyl su l f ide 1.01 0.797 

Di-1-propyl d isu l f ide 0.94 0.56 
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^ - V"'"'* (1°) 

The curve predicted by equation (10) was generated by a finite dif

ference calculation using the k values from Table III. The results 

are shown in Figures V through XIII along with the experimental data 

points. As can be seen, the exponential decay curve predicted by 

equation (10) fits the data only during the initial stages of the 

reaction. However, the general trend of the data is an indication 

that equations (9) and (14) do not represent the correct rate ex

pression for the overall reaction. They predict that for long times 

the odor concentration will be reduced to zero. This was not ob

served. 

Comparison Between Homogeneous Reversible Gas Phase Reaction Model 
and Heterogeneous Reversible Model 

Equations (8) and (15) are similar in terms of their mathe

matical form. 

-d[A]/dt = k^'[Af - k2[B*] (8) 

-d[A]/dt = kg([Af- [A]^"^) (15) 

Taking into account the pr io r analysis that the i n i t i a l rate data 

resulted in a value of m = 1 , equations (16) and (17) may be wr i t ten , 

-d [A ] /d t = k^ ' [A] - k2[B*] (16) 

-d [A ] /d t = kg[A] - kg[A]g (17) 
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Equations (16) and (17) suggest that if a smooth curve were drawn 

through the experimental data points for a given experimental run, 

and the slope of the curve determined for various discrete values of 

[A], that a plot of -d[A]/dt vs. [A] would give a slope equal to 

either k^' or kg. Also, a negative y-intercept equal to either 

k2[B*] or kgCA] would be obtained. The results of this approach are 

shown in Table IV. The slopes and y-intercepts were obtained from a 

least squares regression of the data. Three data points were used 

for each initial concentration to obtain the k values. 

The k values from Table IV were used in a finite difference cal

culation to generate the theoretical curve that would be predicted by 

either the homogeneous reversible gas phase model or the heterogen

eous reversible model. These curves are also shown in Figures V 

through XIII. Comparison with the experimental data reveals that 

both of these two models fit the data better than either the first 

order irreversible gas phase reaction model, or the irreversible-

heterogeneous model (Figures V - XIII). Nevertheless, as stated be

fore, it is impossible to distinguish between the reversible homogen

eous gas phase model and the heterogeneous reversible model with only 

the initial rate data. 

Temperature Dependence of the Reaction Rate Constant 

Tests 16-21 were designed to elucidate the temperature depend

ence of the reaction rate constant for the three components used. 

The results for these runs are given in Figures XIV through XVI. 
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TABLE IV 

EVALUATION OF CONSTANTS FOR THE HOMOGENEOUS REVERSIBLE GAS 

PHASE MODEL AND THE HETEROGENEOUS REVERSIBLE MODEL 

"̂̂ ^̂ *̂ ^ *k •=k *k rR*l=k fAl 
Component Concentration, ppm Jj 26 2^ -* 6'-''-'( 

n-propyl mercaptan 2.0 1.49 1.2 

5.0 1.55 3.19 

10.0 1.69 4.29 

Dinormal propyl 
sulfide 

Dinormal propyl 
disulfide 

2.0 

5.0 

10.0 

2.0 

5.0 

10.0 

1.43 

1.50 

1.36 

1.49 

1.78 

1-43 

0.47 

0.6 

1.71 

1.2 

4.12 

8.13 

•units = 1/see. 
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Analysis of variance (AOV) at the 95% significance level (AOV 

tables in Appendix II) of the temperature runs for each component 

studied indicated that temperature had a statistically significant 

effect on the extent of rate of reaction for n-propyl mercaptan and 

di-1-propyl disulfide. However, temperatures in the range of 95-

150°F did not have a significant effect on the extent or rate of re

action for di-n-propyl sulfide. 

Figure XIV indicates that the amount of conversion for n-propyl 

mercaptan increases with an increase in temperature. This result is 

consistent with the homogeneous reversible gas phase model if the 

formation of the intermediate complex, B*, is endothermic. For re

versible endothermic reactions, conversion increases with an increase 

in temperature. 

Figure XVI indicates an interesting trend between conversion and 

the temperature at which ozonation takes place for di-1-propyl 

disulfide. The amount of conversion actually tends to increase with 

decreasing temperature. For example, at a residence time of one 

second, the residual odorant concentrations at the 150 and the 95°F 

isotherms were 2.5 and 1.3 ppm respectively, for an initial contami

nant concentration of 5 ppm. 

This observation supports both the heterogeneous reversible 

model and the homogeneous reversible gas phase model. As the tem

perature decreases, the partial pressure of the odor molecules in 

the bulk gas stream would decrease. Hence, more molecules would be 

adsorbed on the reactor surface. With more of the active sites on 

the reactor wall occupied by odor molecules, the opportunity for 
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reaction with an adsorbed ozone molecule is greater. Therefore, the 

adsorption model predicts that conversion would increase with a de

crease in temperature. Also, for an exothermic, reversible reaction, 

a decrease in the temperature at which the reaction takes place after 

equilibrium has been reached, results in a greater conversion. Since 

oxidation is an exothermic process, the homogeneous reversible gas 

phase reaction model also predicts that the conversion increases with 

a decrease in temperature. 

Nevertheless, the data available at the different isotherms in

dicate that there is no general trend of temperature upon the ozona

tion of the three components studied in the temperature range of 95-

150°F. Indeed, the trend is different for each of the three compo

nents. Based upon available data, the net effect of temperature upon 

the ozonation kinetics for n-propyl mercaptan, di-n-propyl sulfide, 

and di-1-propyl disulfide is still indeterminate. 

Initial Rate Studies for Ozone 

Preliminary studies with only ozone in the air entering the re

actor indicated that the ozone concentration remained essentially 

constant. There was no appreciable reaction between the ozone and 

the wall or the ozone and itself. Thus it was assumed the ozone in 

the presence of the onion odors reacted only with the odor or initial 

reaction products. Since the exponent on the [A] term for all three 

components was approximately 1, it was assumed that the exponent on 

the [O3] term would be approximately the same for all three compo

nents. Therefore, because it could be easily analyzed, n-propyl 
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mercaptan was used to experimentally establish the exponent on the 

[O3] term for the previously described mechanisms. 

The decrease in ozone concentration for test 15 was measured at 

reactor port 1 for an initial n-propyl mercaptan concentration of 

25 ppm. This concentration level represented the highest level that 

could be used and still allow detection of the ozone. Initial ozone 

concentrations of 16 ppm, 9.6 ppm, and 4.8 ppm were used. Analysis 

of these data by the same method used to analyze the initial rate 

data for the odor molecules resulted in a value for the exponent of 

0.63. Even though the odor concentration did not remain constant, 

the value of 0.63 is still a good approximation of the exponent for 

[O3] for the initial reaction. 

Based on the experimental evidence that the exponent on the 

[0^] term is 0.63, equations (8) and (17) were rewritten so as to in

clude this new information. 

-d[A]/dt = k^[03]°-^^[A] - k2[B*] (18) 

k ' 1 k - ' 
1 ^ 3 0 . 6 3 

•d[A]/dt = \^jl0^f'^\l\] - k^l0^f'^hl^\ (19) 

k. = k. K . \ " - ^^ 7 — 5 1̂ ̂ 2 - ^0 ,0.63 

Thus values of k^', kg, and [0^] for each experimental run permit 
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the determination of k̂  and k^. The results for these calculations 

are shown in Table V. 

Depending upon which model best describes the reaction between 

the odor molecule and ozone, equations (18) and (19), along with the 

above values for k^' or k^, could be useful in the initial design 

stages of an ozone contact chamber. Figure XVII represents the re

sults obtained from test 15 in terms of the decrease in concentration 

of n-propyl mercaptan. If the heterogeneous model accurately de

scribes the reaction between odor molecules and ozone, then one would 

expect an increase in the rate of reaction as the ozone concentration 

increases on the reactor surface. However, this occurred only up to 

a certain concentration, above which there was not a significant in

crease in the rate of reaction. This would also be expected accord

ing to the heterogeneous model, since there are only a finite number 

of sites available for the ozone molecules. Above a certain concen

tration, no ozone molecules can be adsorbed on the reactor surface. 

The results of test 15, therefore, may or may not be indicative of 

a reversible homogeneous gas phase model. It is to be expected that 

an increase in the ozone concentration in the gas phase would also 

increase the probability of collision between the ozone and the odor 

molecule. However, one would not expect the rate to reach a maximum 

initial magnitude beyond which increases in ozone concentration no 

longer produce an increase in the rate. However the limited amount 

of data is not sufficient to establish the actual mechanism of re

action. Indeed the data seem to indicate and support the idea that 

the mechanism varies somewhat depending on the type of sulfur 
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TABLE V 

EVALUATION OF CONSTANTS FOR THE HOMOGENEOUS REVERSIBLE GAS 

PHASE MODEL AND THE HETEROGENEOUS REVERSIBLE MODEL 

Component Concentration, ppm "̂1 "'̂ 6 ^rh 

N-propyl mercaptan 2.0 I.49 0.O66 

5.0 1.55 0.069 

10.0 1.69 0.078 

Di-n-propyl su l f ide 2.0 1.43 0.064 

5.0 1.5 0.067 

10.0 1.36 0.058 

Di-1-propyl 2.0 1.49 0.064 
d i su l f i de 

5.0 1.78 0.077 

10.0 1.43 0.063 

*uni ts = — 
(ppm) sec. 
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compound being oxidized. This conclusion is drawn from the compari

son of Figures II-IV. The initial rate data indicate that the amount 

of conversion obtainable depends on the component being used. Cer

tainly one would expect that the final oxidized product would re

quire more than the 0.63 molar stoichiometry suggested by the initial 

rate data. 



CHAPTER VI 

REACTOR MODELING BASED ON McGOWAN'S WORK (8) 

Even though it seems apparent that the reactor used in this 

study could probably best be described as an ideal plug flow reactor 

(IPFR) instead of a constant flow stirred tank reactor (CFSTR), with

out any tracer data an IPFR could only be assumed. 

In order to obtain some potentially useful information concern

ing the type of reactor used, we assumed that any nonideality in the 

reactor could be accounted for in terms of the dispersion model as 

presented by Levenspiel (14). Thus for this experimental study, the 

Reynold's number. Re, was approximately 3000. From Levenspiel, the 

intensity of dispersion can be obtained from a correlation for the 

dispersion of gases and liquids flowing in pipes. If the assumption 

is made that this correlation approximates that which occurs in the 

reactor used in this project, then the upper limit on the value of 

the intensity of dispersion would be 20. Based on this value, the 

reactor dispersion number,-—, is calculated and found to be equi

valent to 1.237. According to Levenspiel, this value represents a 

large amount of dispersion. For an IPFR, ^ s h o u l d be equal to zero 

In McGowan's survey of the literature (8), he found the follow

ing expression for the reaction between H2S and ozone. 

-^0 " "^^0 /̂ ^ " 1̂ -̂̂  ^ ^Q^exp (-8300/RT)] CQ ^'^ (20) 

.. x̂  u moles 
r = ozone disappearance rate, o_ • 
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Cp, = concentration of ozone p moles/liter 
^3 

R = gas constant = 1.98 cal/g mole -°K 

T = temperature, °K 

t = time, minutes 

If the reaction took place at a temperature of 130°F, then the ex

pression reduces to the following form. 

-dC^ /dt = 1.293 C^ '̂̂  y moles/£-min (21) 
^3 ^3 

Now, assuming that the same type of reaction took place in the ozona

tion reactor, then it can be modeled analytically to help establish 

the characteristics of the reactor. 

In order to proceed with this modeling approach, the following 

assumptions were made: 

(1) the reaction is written as A + B >̂ P where A and B 

represent the odor and the ozone molecule and P represents the re

action product, 

(2) B decreases only through reaction with A (therefore wall 

effects can be neglected) or 

S " ^BO " ̂ A ̂ AO* ^̂ ^̂  

With these assumptions, then the rate expression may be written as 

equation (23). 

-^03 - -^A = 1-293 ( C B O - X ^ ^ ) ^ - ^ (23) 
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Equation (23) then gives an analytical prediction for conversion. 

For example, if the time for reaction is 5 seconds, initial concen

trations of 2 ppm for the H2S and 20 ppm for the ozone are used, then 

a conversion of 87.4% is predicted for an IPFR model. Levenspiel (14) 

gives the following equation for an nth order reaction which takes 

dispersion into account. 

^ = 1 + n {•^){k C "" T)ln ^ (24) 
CAP " L ' - -Ao --' c^p 

C« = actual concentration 

Crtp = concentration predicted by IPFR 

n = order of reaction 

T = residence time 

-y- = reactor dispersion number 

k = reaction rate constant 

Conversion in terms of concentration may be obtained from equations 

(25) and (26). 

CA = c,o(i - X,) (25) 

CAP = c,o(i - X,p) (26) 

If equations (25) and (26) are substituted into equation (24), then 

the conversion predicted by the dispersion model is X» = 86%. By 

comparison, the conversion predicted by a CFSTR is only 81.7%. 
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Therefore, even though the dispersion number predicts that the re

actor used in this research is somewhat nonideal, the conversion cal

culated based upon the plug flow reactor model and the conversion 

calculated based upon the dispersion model are very close. This is 

a result of the relatively short residence time that was used, the 

small value for the reaction rate constant k, and the dilute concen

trations of reactants. Hence, if the k values for the reactions be

tween the onion components and ozone are of the same order of magni

tude, if the reactants used are in relatively low concentrations, 

and if short residence times are used, the probability is high that 

the ozonation reactor can be considered an IPFR even though the 

dispersion number would predict otherwise. 



CHAPTER VII 

CONCLUSIONS 

The following conclusions were drawn based upon the experimental 

data obtained. 

(1) In the experimental flow reactor used, isothermal ozona

tion of the onion oil components studied did not result in total de

struction for residence times up to seven seconds and ozone concen

trations which were fifteen times that of the odor concentrations. 

(2) There is no general trend of temperature upon the ozona

tion of the three components studied in the temperature range of 

95-150°F. Based upon available data, the net effect of temperature 

is still indeterminate. However, the hypothesis of reversible re

actions suggests that a temperature programed reactor should be con

sidered for complete destruction. 
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CHAPTER VIII 

RECOMMENDATIONS 

The following recommendations are made based on the experimental 

findings of this research. 

(1) Additional experimentation should be designed to differ

entiate between the heterogeneous reversible model and the homogen

eous reversible gas phase model. This could be done by varying the 

surface to volume ratio of the reactor isothermally. Some type of 

packing, resistant to ozone attack, could be used in the reactor. 

Increased destruction of the odor components with increased surface 

to volume ratios would be indicative that the heterogeneous model 

more precisely describes the kinetics. 

(2) There should be an expanded study made of the temperature 

dependence of the reaction rate constant by using a much broader 

temperature range. This could best be accomplished by using bench 

scale apparatus since the temperature range that could be generated 

in the experimental system used in this research study was wery 

narrow. 

(3) The kinetics of the reaction between ozone and some of the 

trisulfides identified in the onion oil and shown in Table I should 

be investigated. Trisulfides were not used in this study because 

they are expensive and not conveniently available. However, the 

chemistry could conceivably be different from that of the other 

odor molecules. The experimental approach would not be changed, 

rather new components would be studied to expand the data base. 

60 
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(4) An attempt should be made to identify the reaction products 

between ozone and the sulfur compounds. In this manner one would be 

certain that the reactions do go to completion as predicted by the 

chemistry. NMR and IR could be used as analytical tools to identify 

the reaction products. 

(5) In the final analysis of ozonation as a method of odor con

trol, on-site experimentation should be performed at a location which 

has an odor problem similar to that simulated in this research pro

ject. In this case, an organoleptic test panel should also be used 

in order to determine what level of conversion must be achieved be

fore no odor can be detected by human observers. 

(6) The kinetics of the reaction between the onion odor com

ponents and other energetic oxygen species created in a microwave 

discharge chamber should be explored. Such discharges have been 

shown to have higher oxidation potentials than ozone alone (15), and 

they supposedly do not create any undesirable residual oxygen species, 

such as ozone, which might have an adverse affect on the environmental 

quality- Again, the nature of the experiment need not change. Only 

the source of the oxidizing species would be changed. 
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APPENDIX I 

PROPOSED MECHANISMS FOR OZONOLYSIS OF SULFIDES 

I- Q3 < l^ > 0 2 ^ + 0 
k2 

M + 0 ^ >̂ MO M = sulfide 

M + 02^ — ^ — ^ > m, 

Overall: 2M + O3 >̂ MO + MO 
2 

k, . 
II. O3 + O3 ^ ' > 2O2 + 20 

^2 

Q " Q3 < - 7 — > 202^ 
•̂ 4 

4M + 402^ ^ >̂ 4MO2 

M + 0 = ^ >̂ MO 

Overall: 3O3 + 5M — >̂ 4M0 + MO 
2 
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APPENDIX II 

ANALYSIS OF VARIANCE TABLES 

Source 

Mean 

AOV Table I 

n-propyl Mercaptan, Tests 4, 5, 6 

d.f. 
Sum of 
Squares 

78.91 

Mean 
Square 

Between 
Columns 

31.88 15.94 58.39* 

Within 
Columns 
(error) 

42 11.45 0.273 

Total 45 122.24 

^2, 42, 95% " ^-^^ 

•Significant 
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AOV Table I I 

Di-n-propyl Sulfide, Tests: 7, 9, 10 

Source A ^ ^^^ °^ ^^3" 
^^"'̂ ^^ d-f- Squares Square 

Mean 17.15 

Between 2 7.89 
Columns 

3.95 21.94* 

Within 42 7.61 0.18 
Columns 
(error) 

Total 45 32.65 

^ 2 , 4 2 , 9 5 % •^•^^ 

•Significant 
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AOV Table I I I 

Di-1-propyl Disulfide, Tests: 11, 12, 13 

Sum of Mean 
Source d.f. Squares Square 

Mean 1 373 

Between 2 195.06 97.53 487.65* 
Columns 

Within 42 8.44 0.2 
Columns 
(error) 

Total 45 576.5 

^2, 42, 95% ^'^^ 

*Significant 
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AOV Table IV 

n-propyl Mercaptan, Tests: 5, 18, 21 

Sum of Mean 
Source d.f. Squares Square 

Mean 1 n.32 

Between 2 4.97 2.49 83* 
Columns 

Within 42 1.32 0.03 
Columns 
(error) 

Total 45 17.61 

^2, 4 2 , 95% ^'^^ 

*Significant 
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AOV Table V 

Di-1-propyl Sulfide, Tests: 9, 17, 20 

Sum of Mean 
Source d.f. Squares Square 

Mean 1 4.724 

Between 2 0.001 0.001 0.028 
Columns 

Within 42 1.48 0.035 
Columns 
(error) 

Total 45 6.21 

''2, 42, 95% -̂̂ "̂  
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AOV Table VI 

Di-n-propyl Disulfide, Tests: 12, 16, 19 

Sum of Mean 
^Q^'^ce d.f. Squares Square 

Mean 1 i62 

Between 2 11.61 5.805 32.79* 
Columns 

Within 42 7.43 0.177 
Columns 
(error) 

Total 45 181.04 

^2, 42, 95% ^'^^ 

*Significant 


