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ABSTRACT

An alternative method to desulfurize fossil fuel is proposed.
There are two steps in the method: 1) Selective oxidation of the
sulfur compound to the corresponding sulfoxide (I) and sulfone (II),

(0] el
> SO -~ 502

I IT

2) Pyrolysis of the product to a hydrocarbon and sulfur dioxide,

A
SO2 -+ Hydrocarbon + SO2

The critical step is the selective oxidation of the sulfur com-
pound to I and II. This oxidation was carried out by peroxides that
were formed in situ when a hydrocarbon solution of the sulfide was
oxidized with molecular oxygen in the presence of a catalyst like HBr,
at 140-160°C. Butyl sulfide was used as a model sulfur compound and
toluene and Tetralin in bromobenzene were used to simulate the organic
medium. The most important results are:

1. In the absence of HBr the oxidation proceeds to the sulfoxide only,
but when HBr 1is present also sulfone is found.

2. HBr increases the rate of oxidation of the hydrocarbon and the
reactivity of free radicals. The butyl radical is attacked about 14
times more rapidly in the presence of HBr.

3. Denote:

SUM = [sulfoxide] + [sulfone]

S
= UM
wMPR " Z(oxidation products of sulfides # sulfoxide, sulfone)
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Let the subscript o indicate the absence of catalyst and 1 the

presence of catalyst. Then

5

prRo > wMPR] when Sym < 10 “mole/Titer

II wMPRO decreases when SUM increases.

l'UMPR] increases when SUM increases.

II1 For a given [HBr], conditions can be found for which Uwpp =
0

wMPR] and SUM = SUM] , €.9., when [HBr] = 6.4 - 10'4mo1e/1iter
0

- - . S : _ _ .
SUMO = SUM] = 1.8+10 “mole/1iter, and wMPRO = wMPR] = 15.5 1is
achieved after 65 min. (When [HBr] = 0, 300 min are required

to reach the same conditions.)

4. Denote D(R-H) the smallest bond energy from all hydrogens in the
system. Then a) the oxidation of the sulfur compounds is less selec-
tive the larger D(R-H) is, more products are found and intense oxida-
tion of the butyl radical is observed; b) the oxidation potential of
the medium is larger when D(R—H) is Targer; c) more hydrocarbon is

oxidized when D(R-H) 1is smaller.

5. When protic solvent is added, e.g., 1-octanol, the selectivity to
sulfoxide increases and fewer products of free radical oxidation of
the sulfide are found. However, no sulfone was detected when 1-octanol
was present. The octanol stabilizes the sulfoxide by hydrogen bonding

with an estimated energy of -1.55 kcal/mole.
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Chapter 1
INTRODUCTION

Desulfurization of fossil fuels has become a major issue in the
world's economics and politics. It is not surprising, therefore, that
many investigators are currently examining the technology and science
of desulfurization.

One of the major contributors to the problem known as the "energy
crisis" is the lack of desulfurization technology. Because of air pol-
lTution regulations and the lack in the United States of low-sulfur fuel,
the huge U.S. energy market Tooked for other sources of fuel abroad.
However, high sulfur fuel in the form of coal does exist in the United
States and it would be possible to use it, if it could be desulfurized
first.

The function of science and technology is to provide a process which
will convert high-sulfur fuel into a clean energy source.

The task of desulfurizing fuel is different in many ways from the
classic problems the chemical industry has faced, for example, the
scale of the problem and of its solution. No desulfurization process
should be considered before the impact of its nationwide use on the steel
and transportation industries is studied. The energy-efficiency of a
process, i.e., how much of the input energy will be Tost in order to
achieve desulfurization, is important, as is the disposal of the refuse.
The above-mentioned technological questions are still without solutions.

One way to approach desulfurization is presented here, as well as

exploratory experiments on one special system.
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1.1 Desulfurization by Selective Oxidation*

Current desulfurization processes can be classified into two
categories: 1) processes for the desulfurization of gaseous combustion
products; and 2) processes for the desulfurization of dense fuel
prior to combustion.

Many processes have been proposed for desulfurization of gaseous
combustion products; however, in the mind of the author, gas-phase
desulfurization cannot be more than a temporary solution. The concen-
tration of S0, in the combustion products is small, and the resistance to
SO2 mass transfer is in the gas phase. The particular solution or |
solid used to scrub it is of secondary importance only. The penalty
for gas-phase desulfurization is paid in the form of large capital in-
vestments in huge processing units and in large operation costs. The
only method practiced commercially to desulfurize 1iquid fuel prior
to combustion is hydrodesulfurization.

Hydrodesulfurization of fuels is widely practiced and much
literature is available on the process (H-10, S-5, S-7, M-5).

Work is currently done on hydrodesulfurization by many research groups.
However, the basic facts about hydrqdesu]furization have remained un-

changed in the last forty years:

Fbiffer‘ent aspects of desulfurization were reviewed by the author in
previous reports and therefore will not be detailed here. The indus-
trial processes for hydrodesulfurization of oil were reviewed in 1972(A-1).
A comparison of desulfurization by hydrogenation and by selective oxi-
dation was made in 1973 (A-2, A-6). The area of organic sulfur com-
pounds in coal was reviewed in 1976 (A-3).
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1. Hydrodesulfurization is a process which needs hydrogen. The
only large-scale comme;éia1 process to obtain H2 is from fossil
fuels, and its cost is continuously on the rise.

2. Hydrodesulfurization needs high pressures and temperatures, and
therefore ties up large amounts of capital in huge processing
equipment.

3. Many peripheral processes are required which add to the cost of
hydrodesulfurization and reduce its energy efficiency.

4. The selectivity of hydrodesulfurization is poor when thiophenes
are desulfurized. High pressures and temperatures are required

and considerable amount of H2 is used to saturate aromatics.

In Figure 1.1 the scheme of a general hydrodesulfurization process is

demonstrated.
0

% e i

[__ H,+C0 H.
2 772 . e
| Reactor Separaton Claus
Process
High ' ‘
Su]fur: * # '
Fuel . Y ,
: - Reactor p=—®™=Separator
I |

Tow sulf
' sulfur  fuel At
Figure 1.1. Schematic Description of a Hydrodesulfurization Process



-4-

Many high-pressure and high-temperature processing stages are used
between the feed and the final product; however, this staging increases

the capital investment and the cost of operation.

The next question that may be asked is whether the same end
products can be obtained in a more efficient way. Hydrogen was re-
quired as an intermediate because it can selectively attack the
sulfur-to-carbon bond, C—S,which is very similar to the carbon-to-
carbon bond, C—. The C-S bond can, however, be cleaved thermally
if the sulfur is oxidized first to the corresponding sulfoxide (I)

and sulfone (II)

0 0
S [+] SO [+] 502 (1.1)
I I1
502 & hydrocarbon + 502 (1.2)

A second scheme for desulfurization based on reactions 1.1 and 1.2 is

given in Figure 2: 0

I 2 50,
[~ ) ’ ) - ) I
High
Sulfur Selective Lo
B )y ida- - Pyrolys igm————gp» Sulfur
Fuel Eron Fuel

Figure 1.2. Schematic Description of a Process for Desulfurization

by Selective Oxidation.
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Several differences are noted between Figures 1 and 2:

1. The sulfur outlet of hydrodesulfurization is elementary sulfur,
while a gaseous SO2 is produced when selective oxidation is used.

2. Fewer steps are required in scheme 2 (although the method to
accomplish selective oxidation was not specified.)

3. CO2 and HZO are produced in scheme 1. No such products are
recognized in scheme 2, provided that the oxidation is truly selective.
Hydroxyl and carbonyl groups, as well as olefinic groups will be formed

in the desulfurized fuel as a result of poor selectivity.

The comparison of the two schemes shows that if a sufficiently
selective oxidation process can be devised, desu]furizatioﬁ of fossil
fuels might be done in a much cheaper and more efficient way than by
hydrogenation. |

The goal of this present work was to probe how selective oxida-

tion of sulfur compounds can be achieved.

1.2 The Proposed Method to Achieve Selective Oxidation of Sulfur
Compounds

Selective oxidation of sulfur compounds to the corresponding sul-
foxides and sulfones can be achieved by hydroperoxides and by other per-
oxy species. (A detailed literature review is given in.Chaptef 3.)
Hydroperoxides and other peroxy compounds are intermediates in the oxida-
tion of hydrocarbons. . (A detailed literature review is given in Chapter 2.)
If these two facts are coupled, the following scheme for selective

oxidation of sulfur compounds emerges: 1) oxidize the hydrocarbon medium
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to the extent that a sufficiently large concentration of peroxides is
formed; 2) the peroxides that are formed in the medium will selectively

oxidize the sulfur compounds to the sulfoxides and sulfones.

The next question islhow to effect selective oxidation of the
hydrocarbon to maximize the concentration of the intermediate peroxides.
The concentration of the peroxides in an organic solvent is controlled
for each hydrocarbon by the relative rates of formation and of anni-

hilation of the peroxide. The general scheme of oxidation in excess of

oxygen is:
Ko
Initiation: 2RH + O2 + 2R + H202 (1.3)
&
R- + 0, ~ RO, fast (1.4)
Propagation: K
R02- + RH 2 ROZH + R- rate limiting (1.5)
kg
Termination: 2R0,- > ROH + R'C=0 + 0, (1.6)

The hydroperoxide R02H decomposes and provides additional means
of branching:
k3

R02H + RO- + -OH (1.7)

The radicals RO- and -OH abstract hydrogens and enhance the conversion:

k

RO- + RH - ROH + R (1.8)
kg
‘OH + RH > H,0 + R (1.9)

R+ is an unspecified organic radical.



The concentration of the hydroperoxide in the system is
determined essentially by the rate of the decomposition reaction (1.7)
and the rate of reaction (1.5) which controls the rate of conversion
of the hydrocarbon. When excess hydrocarbon and oxygen are present,
the temperature determines . the relative rates of reactions (1.5)
and (1.7), and thus the concentration of the hydroperoxide .is con-
trolled by the temperature.

If the rate of reactions (1.5) and (1.7) is expressed in tHe
Arrhenius form, then:

—EZ/RT

kp = kg € (1.10)

—E3/RT
k3 = k30 g (1.11)

where ki is the rate constant, kio and E1 are the frequency factor

and the activation energy, respectively, R is the gas constant, and
T is the absolute temperature.
The sensitivity of the rate constant to the temperature is given
by:
9 In k E

= (1.12)
oT RT2

-

Equation (1.12) shows that the sensitivity of the rate constant to the
temperature is determined at each temperature, by the value of the ac-
tivation energy. Values of the Arrhenius parameters of reactions

(1.5) and (1.7) are given in Table 1.1.
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Table 1.1 Arrhenius Parameters for the Abstraction of Hydrogen by
a Peroxy Radical and for the Decomposition of Hydroperoxides

Hydrogen Methyl Primary  Second. Tert. Tetralyl Ref.
D(R-H) 102.5 96.9 93.2 90.0 ~83.5" k-4
1og Ky 8.8 8.7 8.2 8.2 5.755  K-4

E 10.3 7.5 5.1 4.7 8.3 k-4
Tog ks 13.40 152> 13,76 K-5
gas a b c
E, 13.7 40.0 37.8 K-5
Tog kg 10.0f7  12.09 11.1¢
liquid £ d
E, 26.9 31.79 29.0

%alues for ethyl radicals

bVa]ues for i-propyl radicals

“Values for t-butyl radicals

dref. (T-1) .

CRef. (H-6)

fyalues for octyl radicals in white oil, Ref. (T-1)
9values for isodecyl radicals in white oil, Ref. (T-2)
hEstimated in this work, see Section 7.10.

The data of Table 1.1 show that the rate of decomposition of the
hydroperoxides has much larger activation energy than the rate of hydro-
gen abstraction, and is therefore much more sensitive to the temperature.
Therefore, if the oxidation is carried out at lower temperatures, the
half 1ife of the hydroperoxides will be significantly increased.  How-

ever, the rate determining step, reaction (1-5), will be even slower.
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The natural deduction from the previous discussion is the follow-
ing: If the oxidation is carried out at a sufficiently low temperature
and the rate of the hydrogen abstraction stage is catalyzed, it
will be possible to obtain relatively Targe concentrations of hydroper-
oxides, and thus to oxidize selectively the sulfur compounds that are
present.

HBr was reported in the Titerature to be a good catalyst for the
hydrogen abstraction step, even at low temperatures (150-230°C) (R-1).
Full discussion of the role of HBr is given in Section 2.5. The mech-

anism of the enhancement of the hydrogen abstraction by HBr is

k10
R02~ + HBr - ROZH + Br- (1.13)
K11
Br. + RH - HBr + R- (1.14)
)
R- +0, > RO, (1.4)

The result of the sequence of reactions (1.13) and (1.14) is the same as
that of (1.5); however, the rate of propagation is much larger.

The previous discussion leads to the following conclusion: in
order to oxidize the sulfur compound selectively, oxidize in a hydrocar-
bon at Tow temperature and in the presence of a catalyst for the hydrogen
abstraction step. In this work this concept was probed as a potential

method for the selective oxidation of sulfur compounds.

1.3 The Goals of the Work

The main goals were: 1) verify experimentally if selective oxidation
of sulfur compounds can be accomplished by low temperature oxidation in

the presence of a catalyst to the hydrogen abstraction step..
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2) Derive kinetic data on the oxidation for selected systems and use
it to study 1) the mechanism of the reaction; ii) the effect of the
catalyst; iii) the variation of the kinetics with the hydrocarbon

medium; iv) the effect of the solvents on the oxidation.

1.4 Scope of the Work

Nine experiments are described. The details of these experiments
and their results are given in Chapter 6. Discussion of results is
given in Chapter 7. In Table 1.2 the most important parameters of the

initial conditions of the experiments are summarized.

1.5 Main Results

Detailed discussion of the results is given in Chapter 7, so only

a brief summary of the most important conclusions is given here.

1.5.1 The Effect of the Catalyst

Tables 7.3 and 7.4 show the rate data of the elementary steps of
the catalyzed oxidation of Tetralin and of the uncatalyzed oxidation
of butyl sulfide in Tetralin. The data indicate that v , the ratio
of the propagation step in the presence of a catalyst and in ifs absence
184

v * K IRATIRD, T 10

The increased rate of oxidation as measured by the rate of formation of

ketone is first order with the concentration of the HBr.
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1.5.2 The Results of the Use of HBr

The main results of the use of HBr are:
1. Increased rate of oxidation. The rate constant of ketone

formation is about 5.3 times larger when the oxidation is catalyzed by

HBr.

2. Formation in the solution of compounds with larger oxidation
potential than the compounds produced when HBr is absent. The oxida-
tion potential that is required to oxidize sulfoxides to sulfones is
1argef than that required to oxidize the sulfides to the sulfoxides.
Sulfones are found when HBr is present, but are not found when HBr is
absent.

3. The activity of free radicals is increased about 100 times
by 1.3 -10_3 mole/1liter HBr. The increased activity of the radicals
shows as an increase in the side chain reactions of the sulfide, e.g.,
the formation of about 100 times more of a-keto butyl sulfoxide (COSO)
than the amount that is formed when HBr is absent. The ratio of the
concentrations of COSO remained ébout constant for the first two hours.
The addition of only 0.64 . 10_3 mole/liter HBr doubled the activity of
the free radicals, and hence increased the concentration of species
like COSO by a factor of 2-3 only. This shows that the dominant mech-
anism of the oxidation of the sulfide is @ complex = function of the
concentration of HBr.

4. Change in the selectivity of the reaction. Define:

[S] — [sulfoxide] + [sulfone] (1.15)

p

and
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[s]

per
[S]oxidized - [S]per

YMpR = (1.16)

where [S]per is the molar concentration of sulfur compounds that were
produced by a reaction with at least one peroxide molecule, [S]oxidized
is the total number of moles of sulfide that were oxidized, wMPR is
the "mechanistic selectivity" which defines the ratio of moles of sul-
fur which were oxidized by a homolytic reaction with the peroxides and
that reacted by a free radical reaction.

A plot of [S]per VS Uyop for the uncatalyzed oxidation defines
a region in which, by the use of HBr, better selectivity and larger con-
version to sulfoxides and sulfones can be obtained. Whether such con-
ditions will be realized depends on the concentration of HBr and on
the residence time in the reactor. When [HBr] = 6.4 107" mole/1iter,
better wMPR and larger [S]per were obtained after 65 min. (Comparable
UMpR and [S]per conditions were obtained in the uncatalyzed reaction
after about 310 min.) When (HBr] = 1.34 . 1073 mole/1iter the equiva-
lence point was not reached in five and a half hours.

5. Sulfoxides oxidize HBr to Br2 and water. This process takes
place in ionic mechanisms and is considerably accelerated when water
separates as a suspension in the solution.

A list of estimated rate constants for the reactions of Br con-

taining species is given in Table 7.3.

1.5.3 The Effect of the Hydrocarbon Medium

The hydrocarbon medium serves both as a solvent and as the
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source of radical R+ . The oxidation potential of the solution and
the reactivity of the radicals depends on the structure of R- . The
tolyl radical is very unstable and therefore less selective than the
tetralyl radical. Many more products of free radical side chain re-
actions are found when toluene is used instead of Tetralin. Moreover,
less stable R- forms less stable ROZ' radicals and oxidizers with a
Targer oxidation potential. Therefore, in toluene, the sulfoxide and
the sulfone are oxidized to more advanced oxidation products than when
the hydrocarbon medium is Tetralin. The reactivity of R. is measured
by the energy of the bond R—H. The rate of hydrogen abstraction of
all the common aromatic hydrocarbons is between that of toluene and
Tetra1in.* Therefore, one may infer that when a mixed medium is used
the rates and selectivities which can be expected are between those
found for Tetralin and those for toluene. The initial rate of forma-
tion of COSO in toluene is 7.5 times that in Tetralin. However, the
initial rates of formation of sulfoxides is approximately the same, so
when small conversions are considered one may expect the same yield of
sulfoxides in any aryl hydrocarbon, but different concentrations of

products of free radicals attack on the side chain.

1.5.4 The Effect of the Solvent Proticity

Protic solvents stabilize the sulfoxides by formation of the
complex[—S—0-H0—R]Jand solvate the free radical R02- . Therefore, large

concentrations of sulfoxides and fewer products of reactions of free

*The difference in energy of the R—H bond between tetralin and toluene
was estimated in this work to be about 1.5 kcal/mole.
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radicals are found when the hydrocarbon is modified by a protic solvent,
e.g., octyl alcohol. The energy of solvation of butyl sulfoxide by
octyl alcohol was estimated to be -1.55 kcal/mole, which is smaller than
the energy of solvation of dimethyl sulfoxide by phenol (-6.5 kcal/mole)
but Targer than the "heat of mixing" of water and dimethyl sulfoxide

(at 0.1 M), -0.36 kcal/mole.

1.5.5 Loss of Heating Value Due to the Oxidation

Experimental measurements have indicated trat the loss of heating
value due to the oxidation was less than the experimental error in the
calorimetric measurement that was used (1-1.5%). Estimates of the loss
of heating value, based on the computer simulation of the reaction, have
shown that a loss of about 1-2 cal/gram (or 1-2 kcal/liter) occurred.
The results are encouraging, since a loss of such a small magnitude for

25% conversion of the sulfide was not anticipated.



-
Chapter 2
INTRODUCTION TO THE AUTOCATALYTIC OXIDATION OF HYDROCARBONS WITH
MOLECULAR OXYGEN

A considerable amount of literature is available on the liquid
phase oxidation of hydrocarbons, therefore the discussion will be
limited to the homogeneous, 1iquid-phase oxidation of hydrocarbons by
molecular oxygen in the absence of salts of transition metals. Further-
more, only the reactions that take place at low temperatures (below
200°C) and with oxygen pressure of one atmosphere or less will be
described.

The material was collected from several books and review articles
(E-1, $-3, I-1, I-2, G-3). Many other papers were used which will not be
referenced specifically. The reactions of peroxides, hydroperoxideé and
the properties of peroxy compounds have recently been described in a
three-volume manuscript edited by Swern (S-4).

Oxidation of hydrocarbons by molecular oxygen proceeds via a free
radical mechanism (FRM). 1In a FRM there are three types of reactions:
(1) reactions in which more FR are produced than with the initial reac-
tants; such reactions are termed "initiation" or "branching" reactions;
(2) reactions in which the number of free radicals is the same in the
reactants and in the products; such reactions are termed "propagation"
or "transfer" reactions; (3) reactions in which the number of FR de-

decreases; such reactions are termed "termination" reactions.

2.1 Initiation Reactions

Two kinds of initiation reactions can be distinguished: (1) decom-

position of unstable compounds ("initiators"), and (2) hydrogen abstraction
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by molecular oxygen. Typical unstable initiators are azo and peroxy com-
pounds. Typical initiation reactions are:

)5 iﬁN ===N—iTCH + 2(CH,) i:- | (2.7)

(CH 307 2

3

Two radicals are obtained from each azoisobutyronitrile molecule. Initia-
tion via peroxides can be by a first or by a .second order reaction, or by
both. First order decompositions of hydrogen peroxide yields two-OH

radicals:

HZOZ -+ 2HO- {2.2)

Second order decomposition of t-butyl hydroperoxide (I) yields an alkoxy

and a peroxy radical, and a water molecule is eliminated:

2(CH )3 COOH -~ (CH3)3C0- + (CH,),C0,+ + H,0 ({2.3)

3 3)3 2 s

The first order decomposition yields an alkoxy and a hydroxy radical:

(CH 3 COOH - (CH3) CO- + -OH (2.4)

3) 3

Several generalizations can be made on the decomposition reactions of
peroxide:

1. Peroxide decomposition reactions have a large activation energy (28-
45 kcal/mole), and therefore the rate of initiation changes very rapidly
with temperature. Values of typical activation energies for initiators

are given in Table 2.1.
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Table 2.1 Activation Energies for the Dissociation of Initiators
Activation
Name Structure Energy
kcal/mole
Hydrogen peroxide HO-—-OH 48
t-Butyl hydroperoxide t-Bu0—-0—-H 42
t-Butyl peroxide t-Bu0-0-Bu—t 37
0
I
t-Butyl perbenzoate t-Bu0-0C ph 34
0 0
oo
Benzoyl peroxide ph C0-OC ph 30
0 0
[N
Acetyl peroxide CH3 CO—OCCH3 30-32

2. The structure of the organic ligand strongly influences the rate of

decomposition of the peroxide and its activation energy. Electron repel-

1ing groups and resonance with m bonds stabilize the products of the de-

composition of the peroxides. The peroxides of this group are relatively

more stable.

Peroxides are intermediates in oxidation reactions with molecular

oxygen (M0).

radical (I) and a FR (II) (reaction (2.5)).

MO can abstract a hydrogen atom and form a hydroperoxy

The hydroperoxy radical re-

acts with a second molecule of hydrocarbon producing hydrogen peroxide

and another FR (reaction 2.6).

RH + 02

HO,- + RH - H,0, + R.

2

272

II

(2.5)
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At temperatures below 90°C the H202 is stable; however, it may decompose
at higher temperatures and cause further branching.

The rate of initiation with molecular oxygen is strongly depen-
dent on the bond energy of the hydrogens. Larger rates of initiation

are observed when smaller bond energies exist. Bond energies for

classes of hydrogens are given in Table 2.2:

Table 2.2 R-H Bond Dissociation Energies

Bond Energy Bond Energy
Structure kcal/mole Structure keal /mole
CH3~H 103 Ph CHZ—H 85
%O
n—C3H7—H 99 RC\H 86
1—C3H7—H : 94 CH3S—H 88
t-C4H9—H 90 CH3pH—H 85
CHZ=CH—H 105 phO—+H 88
C6H5—H 103 phNH—H 80
CH§=CH—£H2—H 85 ROO—H 90

Larger rates of production of peroxide are observed when the FR
that is formed is more stable. = bonds or n electrons in o position
to the abstracted hydrogen enhance the rate of hydrogen abstraction with

MO.
The general form of the initiation reactions with peroxide

R—O0—-0-R' are:

R—-0-0—R' -+ RO- + R'O: (2.7)
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RO- + R"H > ROH + R". (2.8)

Initiation with molecular oxygen can be written as:

2RH + 0, » 2R- + H,0 (2.9)

2 22

2.2 Propagation Reactions

Propagation is a chain reaction, with at least two steps. The FR
that is formed in the initiation step reacts very rapidly with molecular

oxygen producing a peroxy radical:
R- + O2 > ROZ- fast (2.10)

The peroxy radical abstracts a hydrogen and forms a new FR and a hydro-

peroxide molecule:

RO,- + RH > ROH + R- (2.11)

2

The chain is completed by the last step, because R-: can react with MO
(2.10), thus the chain propagates; the result of the chain is the produc-
tion of a hydroperoxide molecule from a hydrocarbon and an oxygen mole-
cule. Since (2.11) is considerably slower than (4.10), the rate of
oxidation is determined by the rate of hydrogen abstraction by the peroxy
radicals.

Several generalizations may be made:

1. Larger rates of hydrogen abstractions (HA) are obtained when
the heat of reaction of the HA is Targer. Thus, larger rates of oxidation
are obtained for hydrocarbons with hydrogens with smaller carbon to
hydrogen bond dissociation energy. The relative rates of the HA reac-

tions for primary, secondary, and tertiary hydrogens is approximately
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1:30:300. Allylic, benzylic, thiotic and aminic radicals react more
rapidly.

‘2. Hydrogens or carbons which are connected to oxygen, e.g., in
alcohols, ethers or aldehydes, can be easily abstracted because the free
radical that is produced can resonate with the n electrons of the oxygen.
Therefore, partia11y oxidized hydrocarbon continues to oxidize much more
rapidly than the parent hydrocarbon.

3. The bond energy of the hydrogens of hydroperoxides is smaller
than that of alcohol, so hydrogen abstraction by ROZ- is more selective
than HA by RO- .

The free radicals can isomerize either before or after reacting
with oxygen. A full discussion of such reactions is beyond the scope of
this thesis, and the reader is referred to Vol. I of reference (S-5). A
short discussion of the secondary oxidation reactions is given in Section

2.4.2. Typical rate constants for the HA reaction are given in Table 2.3.

Table 2.3 Rate Constants for the Hydrogen Abstraction Reactions

Hydrocarbon Peroxy Radical ! ngp. ]§i530$2722é
RH ROZ-
Tetralin cumyl 30 1:65
Tetralin tetralyl 30 6.4
cyclohexene cyclohexenyl 40 ' 3.7
ethylbenzene 1-phenethyl 30 1.8
isopropylbenzene a-cumyl ’ 30 0.18
octene-1 octenyl 25 0.03
benzaldehyde benzoyl 5 1900
decanol hydroxy-decyl 5 720
phenol polyperoxyntyryl 65 5-103
2,6-Di-t-butylphenol polyperoxyntyryl 65 5-103
3

diphenylamine polyperoxystyryl 65 20-10
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2.3 Termination Reactions

Termination can occur by the recombination of two FR. Usually the
most important termination reaction is that between the two most abun-
dant FRs. If the partial pressure of 02 is greater than 100 torr, ROZ-
will be the most abundant radical because reaction(2.10) is very fast.

Thus, the dominant termination reaction will be the recombination of two

R02~ radicals. Such a reaction can produce a peroxide molecule:

2R02- » ROZR + 02 (2.12)

or other non-radical products, like an alcohol and a ketone molecule:

2R02' +~ ROH + R'C=0 + 02 (2.13)

The particular products will depend on the structure of the organic radi-
cal.

Typically, termination reactions will have zero or negligible acti-
vation energy, and a ]arge frequency factor. So, the rate of termination
has a weak temperature dependence. However, large changes in the temper-
ature affect the rate of HA reactions by the peroxy radicals and the
rates of their isomerization and decomposition.

Selected average values of the rate of termination reactions by re-

combination of peroxy radicals are given in Table 2.4.
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Table 2.4 Rate Constants for the Recombination of Peroxy Radicals

Alkylperoxy radicals 2k (¢/mole/sec) at 30°C

primary, RCH,0,- 2.4 - 108

secondary, R2CH02' 20-40 - 106 benzylic
1-10 - 10%  atytic
6-8 - 10°  cyclic

tertiary R,C0,- 0.1-60 - 10%

. 19
HO, 1.2 + 10

2.4 The Effect of Oxidation Products on the Reaction

Primary oxidation products influence both the rate and the selec-
tivity of the oxidation. The oxidation potential of oxidation products
is ]argér than that of molecular oxygen, so the hydrogen abstraction
becomes less selective to the most labile hydrogens. In the presence
of oxidation products, all the hydrogens become prone to abstraction.
Furthermore, the overall rate of oxidation increases, since the decom-

position of the primary products is in most cases a branching reaction.

2.4.1 Elementary Reactions of Hydroperoxides and Peroxy Radicals

Peroxy radicals can react in two important ways: 1) abstract a
hydrogen from another molecule and form a hydroperoxide; this reaction |
is important at temperatures below 200°C and when hydrogens with a small
bond energy are present. 2) decompose with a rupture of a C—C bond. An

aldehyde or ketone (I) molecule is produced plus an alkoxy radical (II):
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+ €+ (2.14)
|
I

When I is an aldehyde, it branches according to:

) 0 ]
R cfiH +0, > R'CO: + HO,: (2.15)
11

The alkoxy radical, II, abstracts a hydrogen from a hydrocarbon mole-

cule much more readily than does the peroxy radical. Decomposition of
the radical to an olefin and a hydroperoxy radical becomes important
at higher temperatures (450-500°C). In the presence of olefins, the
peroxy radicals can add to the double bond.
RO, + =€ > ROLC-C (2.16)
I1I

The addition reaction is reversible. The peroxide radical III can either
absorb 02 or add to another olefin molecule; polyperoxide is formed.
IIT can also decompose to an epoxide molecule, IV, and a hydroxy radical

Vs
0—10 0—0H 0
| . /' \ ~
L~ CH~ » L€~ + L —C—+ <OH (2.17)
IV V ‘

Polyperoxide formation occurs in solution only. Epoxide formation is
important in the gas phase at high temperatures (above 300°C).

Typical values for the frequency factors and the activation
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energies of some of the reactions are given in Table 2.5:

Table 2.5 Kinetic Data for Homogeneous Processes

Reaction log A* E kcal/mole
ROZ' -+ aldehyde + R'0- - 13 20
RO, 6’9‘0 + -0H 11 15
»
R02' - C=C + HOZ' 9 33
ROZ' + Re + O2 14.5 29
R02- + RH =~ ROZH + R 8 12
ROZ' + c=C > 8.5 5-7
R. + O2 - ROZ' 8.5 3
R + 02 - =C + H02- 9.2 4
R02H + RO+ + +OH 15 43

* -
A dis in sec 1 or Tit/sec/mole

Once sufficient primary hydroperoxide and aldehyde molecules are

formed in the system, the hydroperoxide can add to the carbonyl double

bond: OH
I
RCHZOOH + RCHO =~ RCH2 OO?R (2.]8)
yi M

The adduct VI can decompose to an aldehyde, an acid and a hydrogen mole-

cule:

[ =1
R cé/ \\C—R RCHO + RC’/O + H (2.19)
> .
H...H
OH

VI
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The VI oxidation potential of VI is very large. In the presence of
acid, VI decomposes to an ester by ionic mechanism.
Secondary hydroperoxides react with peroxy radicals; ketones and

hydroxy radicals are formed:

R](IZHR2 ¥ ROZ- . R](IZR2 + ROZH (2.20)
00H OOH

R](}IR2 ** R]ICIR2 + +OH (2.21)
00H 0

Acids catalyze the decomposition of secondary hydroperoxides to ketones

and water.
+
R]ICHR2 + H - R]CH R2 > R]ﬁH R2 + HZO (2.22)
0-0-H - H* o
0-0-H |
R](lle2 + H
0

The ketones react with another hydroperoxide molecule forming a molecule

of hydroxy peroxide (VII):

R R OH

~ > i P g
C—0 + ROOH < c (2.23)
RS Ry 0-0R
2 2
VII

VII is a very strong oxidizer.
Peroxy radicals with a special structure can rearrange. A (<

bond is broken and the HC structure is changed. Tertiary peroxy radicals
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and o-phenyl peroxy radicals are two important examples of this class
of reactions:

(CHj) ;COH

e

(CH,),C0-0H -~ (CH3)3C—O- (2.24)

3)3

(CH3)20=0 + CH3-

The decomposition of tetralyl hydroperoxide is an interesting example of

such a decomposition:

H Q o) Q. 0z
. %, % NrH, H 32’ OH
~-HO
R
L4
QOH O: H O OH
N
0
RH +
OH CO2
\ .
R02. @ + R.
0
', O2H X

(2.25)

The reactions of peroxides and peroxy radicals with sulfur compounds are

discussed in Chapter 3.
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2.4.2 Oxidation of Secondary Alcohols and Ketones

Alcohols and ketones are relatively stable compounds and may
accumulate in the reaction system. However, the oxygen in the molecule
activates the o and B hydrogens, so that their abstraction becomes a
very facile reaction. Therefore, as long as the concentration of alco-
hols and ketones remains small, they will accumulate, but when
their concentration increases, they will start to play an active role
in the oxidation. The most important reactions that may take place are
listed below. Examples were taken from the oxidation of cyclohexanol
and cyclohexanone.

Oxidation of Secondary Alcohols

1. The oxidation is initiated by molecular oxygen by reaction
2.9. For cyclohexanol the Arrhenius form of the rate constant is
kos = 8-3 exp(-16000/RT) 11t°/mole’/sec.
2. Oxygen absorption is rapid. The HA propagation reaction
(2.11) proceeds exclusively to the hydrogens on the carbon a to the oxygen.
Arrhenius fbrm of the rate of propagation for cyclohexanol is

7

k, = 1.1 * 10 exp(-11900/RT) 1it/mole/sec

2
3. Termination takes place exclusively via 2.13, however, because
of the presence of the hydroxyl, it is slightly modified. For cyclo-

hexanol it is:

2 =0 2.26
i (O Ko 00

The rate constant is k6 5. ]O exp(-2200/RT) 1it/mole/sec. The hydro-

peroxy alcohol (I) is in equilibrium with H202 and cyclohexanone.
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HO___OOH ﬁ
O z HO, *+ O (2.27)
I

I is a strong oxidizer and can cause branching:

HO~__-0-0—H HO~,_-~0-

e [:::] + -OH (2.28)

The rate constant is kye= 2.2 - 10%exp(-16200/RT) sec™'. The decompo-
sition is much faster in the presence of transition metals, acids or on

surfaces. The rate of decomposition via reaction (2.28) is very large;

accumulation of I can result in an explosion.

Oxidation of Ketones

The main products of the oxidation of ketones are a-ketohydroper-
oxides, lactones and mono and dibasic acids. Initiation is by abstrac-
tion of the B hydrogens. The actiuation energy for the abstraction of
hydrogens B to the keto-oxygen is approximately fhe same as that for the
hydrocarbon, in other words, the carbonyl group does not significantly
change the bond energy of the neighboring hydrogens. Once some o-
ketohydroperoxide is formed, it becomes the major source of free radi-
cals. The rate constant for the decomposition of a-hydroperoxycyclo-
hexanone is k.= 6.0 - 1O7exp(-20400/RT) sec” .

Typical chain react}ons which yield mono (II) and dibasic (III)

acids proceed according to:



/0 0 0
2O ng 2 o <8H _ >
“OOH “H f00H

/\\

(2.29)

Ha
The peroxy acid (IV) is a very strong oxidizer and can very rapidly

oxidize nucleophiles like sulfur or nitrogen compounds.

2.5 Oxidation of a Hydrocarbon in the Presence of a Homogeneous
Catalyst

The rate data of Table 2.5 clearly indicate that the rate 1imit-
ing step in the propagation is the hydrogen abstraction, reaction (2.11).
The rate of oxidation will therefore be enhanced by any catalyst that
can abstract hydrogen at a larger rate than ROZ- . One such catalyst

is HBr.

In the presence of HBr, the following sequence of reactions takes

place:

R02- + HBr -~ ROZH + Br- (2.30)

Br- + RH > HBr + R- (2.:31)

The net result of reactions (2.30) and (2.31) is reaction (2.11),

however much larger rates may be obtained, provided that the HBr
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concentration is not too small,

HBr enhances the rate of initiation by the reaction:

HBr + O2 2 H02- + Br- (2.32)

Reaction (2.32) is reversible, so in the presence of excessive peroxy

or hydroperoxy radical termination may occur. The rate of the forward

reaction (2.32) is given by k = 3.16 -1014

of the reverse reaction by k = 3.63- 10]4exp(—2750/RT). The contribu-

exp(37700/RT) (R-2) and that

tion of reaction (2.32) to the rate of initiation in systems with a
weak hydrogen-carbon bond, or systems which contain oxidation products,
may be negligible; however, it may be important in the initial stages
of the oxidation.

The rate of hydrogen abstraction by Br- (2.31) is smaller than
that by -OH, and therefore Br- is more selective than the hydroxy or
alkoxy radicals. Thus specific isomers can be obtained by oxidizing
hydrocarbons in the presence of HBr-. Rust and Vaughan (R-1) obtained
stable hydroperoxides from branched hydrocarbons, e.g., t-butyl hydro-
peroxide from isobutane and ketones from hydrocarbons with secondary
hydrogens. They concluded that the hydrogen with the smallest bond
energy will bé abstrated by the Br- . Barnett et al. (B-12) examined
the oxidation of toluene in the presence of HBr and Lin and Kehat
(L-2) investigated the oxidation of toluene and benzene in the presence
of HBr, HC1 and water. All the studies indicate that the Br- is selec-

tive to the hydrogen with the smallest bond energy; and therefore
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oxidation will take place at this site.

The presence of HBr will affect the oxidation of hydrocarbons
in the following ways:

1. Catalyze the propagation by reaction (2.30).

2. Catalyze the initiation by reaction (2.32).

3. Cause termination in a special range of parameters, via

reactions (2.33), (2.34) or (2.35):

HO,- + Br- >  HBr + 02 (2.33)
ROZo + Br- - olefin + O2 + HBr (2.34)
R- + Br- + RBr (2.35)

4. Decompose the hydroperoxide to ketone via an ionic mechanism:

ROZH + HBr -+ R'C=0 + HBr + H20 (2.36)

5. Inhibit the oxidation when the ratio of HBr/O2 is too large

by competing with the propagation reaction (2.10):

R- +0, - RO

) 5 (2.10)

R- + HBr - RH + Br-- (2.37)

For a given hydrocarbon, with a given hydrogen-carbon bond energy, a
region of the parameters T, [02]/[HBr] and [RH]/[HBr] can be defined,

in which catalysis will be observed.

6. Dehydrate alcohols by an ionic mechanism:
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[HBr]

ROH ¥ REN + H20 (2.38)

where REN is an olefin. Reaction 2.38 complicates the oxidation because

oxidation of olefins is much more rapid than oxidation of paraffins.
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Chapter 3
OXIDATION OF ORGANIC SULFUR COMPOUNDS BY PEROXIDES

Oxidation of organic sulfur compounds (SC) was investigated by
many researchers. The work was reviewed by Behrman and Edwards (B-2),
Barnard et al. (B-3) and by Davies (D-5). More recently, Curci and
Edwards (C-1) reviewed the oxidation of nucleophiles by peroxides, and
the effect of the solvent on the oxidation of sulfur compounds. The
oxidation of thiols (mercaptans) was reviewed very recently by Capozzi
and Modena' (C-2). Oxidation of thiols will not be discussed here be-

cause no work has been done on thiols in this study.

3.1 Literature Survey of the Rate Data on the Oxidation of Sulfur
Compounds by Peroxides

The data that have been published on the oxidation of SC by perox-
ides are summarized in Tables 3.1 and 3.2. Only low-conversion oxidation
was covered. Data on the oxidation of sulfides in less well defined
systems have been omitted; so were data on systems where inorganic salts
were included (e.g.,(D-2)). Oxidation of sulfides which contain double
bonds and oxidation of sulfides in solvents with double bonds were also

not included.

3.2 Chemistry and Mechanism of Oxidation of Sulfur Compounds by

Peroxides

Curci and Edwards (C-1) have recently reviewed the mechanism of
oxidation of sulfur compounds. Therefore only generalizations and con-

clusions are given here.
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1. Sulfur compounds are oxidized by a cyclic peroxy complex which

contains a hydroperoxide molecule and a protic molecule (HA).

R—0_
RO-O0H+HA > W ? (3.1)
\A..H
=0y _R® .
HT 0+ > ROH + HA + OSR, (3.2)
3 SR
4
AYH

This mechanism was first proposed by Overberger and Cummins (0-1 and

0-2). Many other studies confirmed its validity, e.g. (B-2), (B-3).

If excess protic solvent is available in the solution, then the

solvent will form a complex with the hydroperoxide molecule, e.g., in

alcoholic media:

R——p\
RO-0-H + R'OH 2 H ? (3.3)
RO--H
In aprotic solvent the hydroperoxide will dimerize:
R—TQ\
2RO0H 2 ? (I) (3.4)
ROO---H

The chemistry of hydroperoxides was reviewed by Hiatt (H-3). Peracids

may either dimerize,

0
|
0 R_’FC\
/ s
2R—C< - i 0 (3.5)
0-0-H
R—C00
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or form an intramolecular complex,

0 0.--H
oo e, b (3.6)
2 o~ :

The chemistry of peracids was reviewed by Swern (S-1). The mechanism
of oxidation of sulfur compounds by peracids was discussed by Modena
and Miola (M-1).

2. The solvent determines the rate equation as follows: A) In
protic solvent the rate equation will be first order in each of the
peroxide and the sulfur compounds, since the complex which actually
oxidizes the sulfur compound contains only one peroxide molecule and
one solvent molecule (B-5). B) In aprotic solvent, the rate equa-
tion will be second order in the peroxide, and first order in the sul-
fur compound. The second order dependence on the peroxide indicates
that the peroxide dimer is the specie which actually does the oxida-
tion (B-5, B-6). C) The rate equation will usually be first order
with respect to the peroxy acid, since the function of the cyclic com-

plex can be performed by the intramolecular complex.

3. In this study, it has been observed that oxidation of sulfur
compounds in a nonprotic medium results in many more products than
oxidation in a protic medium. A possible explanation is that the
peroxidic dimer has a larger oxidation potentia] than complex of perox-

ides with nonprotic molecules.

4. The rate of oxidation of sulfur compounds, with sulfur in the

a-position to w electrons, is a few orders of magnitude smaller than
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that of compounds in which strong n-m electron interaction is impos-
sible (F-1, B-4, B-5).

5. Acids catalyze the rate of oxidation but salts do not affect
it (D—Z, c-1).

6. Peroxides attack the sulfur atom faster than they attack ole-
finic bonds (B-6, B-7, B-8, B-9, B-10, H-2).

7. At temperatures below 70°C the rate of oxidation of sulfur
compounds does not change due to the presence of air or of free radical
inhibitors (B-4, B-5, 0-1, 0-2). Such behavior is consistent with the
assumed mechanism, which does not include free radicals. However, free
radicals react with the sulfur at higher temperatures (see part 11).

8. The protic nature of the solvent affects the free energy of
the oxidation both by altering the mechanism of oxidation and by inter-
acting with the sulfoxide (D-3). Since sulfoxides are weak bases they
can form complexes with protic solvent. The complex has low free
energy and thus causes the rate of oxidation of sulfides to sulfoxides

to increase and of sulfoxides to sulfones to decrease:

R, [0] R R

Ng LT[ OOSOHAT 2 S0+ HA (3.7)
R M R R”
R R -
[ TSOHA] 2 350 H'—A (3.8)
R R

Reaction (3.8) shows that protic solvent affects the n-electrons of the
sulfur in a similar way to a m bond in o position. The reduction in
the availability of electrons on the sulfur causes the rate of oxidation

to decrease.
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9. The rate of oxidation of aliphatic sulfides to the corres-
ponding sulfoxides is much larger than the rate of oxidation of the
sulfoxides to the sulfones. Stronger oxidizers are required to oxidize
the sulfoxides to the sulfones than to oxidize the sulfides to the
sulfoxide (S-2, H-4, H-5). The rate of oxidation of aryl sulfides and
condensed thiophenes to the corresponding sulfoxides and sulfones is
much smaller than that for aliphatic sulfides. The ratio of the rates
of oxidation of aryl sulfoxides to sulfones and that of oxidation of
the aryl sulfides to the sulfoxides is about one, but occasionally it
is greater than one (G-1).

10. Sulfoxides were found to inhibit the oxidation of hydrocar-
bons (D-4, C-3, B-11) and to decompose peroxides. Inhibition can be
due to several processes; the important ones are: A. oxidation of the

sulfoxide to sulfone by the peroxides:

2 S
R02H + OS\ > ROH + 025\ (3.9)

The consumption of peroxides by this reaction reduces the rate of
branching and therefore the rate of oxidation.
B. A reaction between decomposition products of the sulfoxide and oxy-

gen or peroxides (B-11):

ry CRlR" SR"'
RuRl (I;__i\_Rul -5 H 4 [ I ] . (3.10)
CH OH
H,C) 6.0 .
X 11 l I
H 3
1 rusosrrr+ L w0
2 2 2

IT
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The sulfenic acid (I) dimerizes to the thiolsulphinate II, which

then reacts rapidly with oxidizers to form thiolsulphonates III (C-2):

R"'SOSR"' + ROZH * R”'SOZSR“'+ ROH - (3.11)

The olefinic fragment (III) may react with oxygen or peroxide and cause
additional inhibition.

11. Peroxy radicals at temperatures above 70°C may oxidize sulfur
compounds in two ways:

A. By direct radical attack on the n electrons of the sulfur:

RO, + :S

P
2 N

7
> RO- + 0S_ (3.12)
B. By attack on the o or B hydrogens:
|
o0+ C5— > ROMH+ -5 (3.13)

RO 5
(1)

The presence of the sulfur greatly stabilizes radical I. Radical I
absorbs oxygen very rapidly and reacts in a similar way to other organic
radicals (see Chapter 2). The result is the production of o and B
hydroxy-sulfides and o and B keto-sulfides. Sulfoxides react with
peroxy radicals in the same way to produce o and B hydroxy-sulfoxides
and o and B keto-sulfoxides. It is believed that the o hydroxy sul-
foxide is the most stable specie because of the possibility of intra-
molecular cylic complex, II, which stabilizes the molecule via hydrogen

bonding:
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OH O
I 0—H
S

S I

l
— — 0 (3.14)
| TV

12. q-hydroxy sulfides decompose to the corresponding mercap-

tan (I) and aldehyde (II) [B-3]:

OH
0
R'—fr~S—R + HS—R + R‘-C;: (3.15)
H
H
I 11

Further oxidation will convert the aldehyde to the acid, and the mer-

captan will react according to the following sequence:

I III
[0]+
RSH > RSSR + H20
0 .
1§ oo 0 ron

—> RSSR - RSSR  ~» RSO3H-+[RSOH] (3.16)

IV v VI VII

The disulfide (III) is easily oxidized to the thiasulfoxide IV. IV is
oxidized to the thiasulfone V; V is oxidized to the sulfonic acid VI
and to the sulfinic acid VII. VII is unstable, and will either rearrange

and decompose or absorb a molecule of oxygen and become sulfonic acid

{e=2],
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13. The reactions of HBr with sulfides and sulfoxides are complex
and depend significantly on the temperature and on the solvent. The
following is a list of reactions that were quoted in the literature

for a system which contains aliphatic sulfides, sulfoxides, HBr and
Brz.
1. Formation of sulfonium jon (R-4):

R-S—R + HBr - [RSRH'] Br~ (3.17)

2. Cleavage of the C-S bond (very slow (R-3):

CH3—-S~CH3 + HBr = CH3SH + CH3Br (3.18)

Note that Br is incorporated into the organic structure.

3. Adduct formation with Br2 (R-3):

R—S—R + Br2 > R SBrzR (3.19)

In the presence of water, hydro[ysis occurs and sulfoxide is formed:
|

RSBr,R + H,0 < RSR + 2HBr (3.20)
The kinetics of this reaction were studied in detail by Miotti et al.
(M-4) who examined several aryl-methyl sulfides at 25°C and in a mixed
organic-aqueous medium. Under these conditions they state that the

reaction is "practically irreversible". The reaction with iodine is

reversible (H-8). However, several authors have used the reverse
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reaction as a method to determine sulfoxide by titrating the bromine

which is liberated (A-8, p. 33)

R-SO-R' + 2HBr > RSR' + Br, + H,0 (3.21)

but reduction with HI was generally performed as an analytical method.
The conclusion is that at room temperature Br2 would probably oxidize
sulfides but at higher temperatures the reverse reaction may become
more important.

A particularly interesting case is the behavior in a system which
contains water dispersed in aprotic solvent. The solubility of HBr in
water is very large, and it tends to be extracted to the aqueous phase.
Sulfoxides are surface-active materials and concentrate on the inter-
phase between the water and the organic medium. Since the sulfides
are soluble essentially only in the organic medium and have no surface
activity, they will remain evenly distributed in the bulk of the
organic solvent. Since large concentrations of sulfoxide and HBr are
realized on the boundary of the two phases, reaction (13.21) will dom-

inate and the sulfoxide will be reduced back to the sulfide.
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Chapter 4
THERMODYNAMIC ANALYSIS AND THE LOSS OF HEATING VALUE DUE TO OXIDATION

Two kinds of thermodynamic analysis were made:
1. Calculations of the equilibrium composition that the system
will try to reach.

2. Calculation of the enthalpy losses due to oxidation.

The results of the calculations of the equilibrium concentrations
have a 1imited value because under the conditions of the reaction, the
system was far from equilibrium. However, conclusions may be derived
on the general trends of the reactions The method for calculating the
equilibrium composition was detailed by Attar (A-6, p. 20); so only a
brief discussion of the results will be given.

A general method for calculating enthalpy changes is discussed
first and then applied to the calculation of the heat loss due to the
co-oxidation of Tetralin and butyl sulfide. The actual use of the
method is demonstrated in Chapter 7, where the loss of heating value as
a function of the reaction time and of the sulfide conversion was cal-

culated and plotted.

4.1 Calculation of‘the Equilibrium Concentration

A variation of the steepest-descent method of White et al (W-6)
was used. A detailed description of the method and of the modifica-
tions that were made was given in a previous report (A-6). The main

results are:
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1. In the presence of limited amounts of oxygen, the large
organic molecules tend to crack to carbon and hydrogen.

2. The oxygen ends essentially as water, although small amounts

of CO and CO2 are also formed.

3. The sulfur ends as HZS'

4. The HBr does not change.

Small perturbations in the values of the free energy or of the tempera-
ture did not affect the equilibrium composition.

At temperatures higher than 500°C, organic reactants may reach
equilibrium; indeed it is known that HZ’ C, and HZS are formed when
hydrocarbons are heated or pyrolized unaerobically. However, at tem-

peratures below 200°C, the kinetics of the reactions controls.

4.2 The Trade-0ff of Energy vs. Desulfurization

The penalty for the conversion of the sulfur compounds to the
corresponding sulfoxides and sulfones is the loss of heating value of
the fuel due to its oxidation. We therefore want to know how much heat-
ing value is Tost for a given conversion of the sulfur compound. The
product distribution is controlied by the kinetics of the reaction, but
since the enthalpy of the system depends on its composition, once the
composition is known, it is possible to evaluate the enthalpy loss for
a given conversion.

The method is first discussed for a general system and then applied
to the analysis of the oxidation of sulfur compound in a hydrocarbon

medium.
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4.2.1 A Method for the Evaluation of Enthalpy Changes due to a
Complex Reaction

The classical method for the evaluation of enthalpy changes of
a chemical system requires detailed knowledge of the chemical compo-
sition and the corresponding thermodynamic data. Such information is
difficult to derive for a complex mixture and therefore is rarely
available. A very good estimate of the enthalpy change can be ob-
tained, however, if the chemical functional group distribution (FGD)
of the system is known. The FGD can be obtained experimentally much
more easily than the detailed composition of the system. Furthermore,
thermodynamic data for specific compounds are not required.

The following assumptions are used in the derivation: 1) The
system is isothermic and isobaric. 2) The reactants and the products
are ideal mixtures. 3) The enthalpy of a molecule is the sum of the
enthalpies of the functional groups that make it.

Let there be in the system m functional groups and let the jth
group appear ”j1 times in the ith component. Denote the specific
enthalpy of the jth group hj » then the enthalpy of the molecule, Hi’

will be

m
H, = ) h,n.. (4.1)

If the concentration of the ith component 1is Ci , then the enthalpy

of the system per unit volume, Hs y» 15

n n m n
Hg ='1ZC1H1=ZC1§“'”"=1Z.
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c; denotes the concentration of the jth functional group in the sys-

tem. When the concentration vector changes, the enthalpy will change
by AHR. When all the concentrations and specific enthalpies are known

the change in the enthalpy can be calculated from:

36 7 e,
AH, = J C. ) h.n.. - ) C. ) h.n..
ROF 775 3 M sinar 715 337 4nitial
n
= ; (€ fina1 = S5 fnitiar M (4.3)

But when only the FGD is known, AHR can be calculated from

JJ

m —_—
- ) h.c.
J initial

: j(Ej final ~ 65 initia1) (4.4)
The two methods are equivalent provided that the group additivity rule
for the enthalpy of formation holds.

The proposed method has two major advantages:

1. The functional group distribution can be determined experimen-
tally much more readily than the exact composition of numerous compon-
ents.

2. Only the m functional groups that actually change need to

be considered.

4.2.2 Application to a Reacting System

Consider a system in which a chemical reaction takes place. Denote

the chemical composition vector g(t) (n elements), and the FGD vector
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c(t) (m elements). If the system is modeled by the set of differ-

~

ential equations
¢ = flc,t.c) (4.5)

then by integrating the initial value problem (4.5), one obtains c(t).

c(t) is uniquely determined by c(t) and can be readily calculated

~

from it. Substitution of <¢(t) in equations (4.4) give:

(0)) (4.6)
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AHR can be plotted vs. the time and vs. the conversion of a particular

component, vs. the production of a particular functional group, or vs.

any other desirable parameter. A diagram for the energy of the sys-

tem results. In Chapter 7 such graphs are presented in which the
enthalpy loss due to the oxidation was plotted vs. the reaction time
and vs. the sulfide conversion.

4.2.3 Case Study: The Enthalpy Loss in the Co-oxidation of Tetralin
and Dibuty1-Sulfide

1. Definition of the Problem:

Derive aﬁ algorithm to evaluate the loss of heating value of a
mixture of Tetralin (TRLN) and dibutyl sulfide (DBS) due to oxidation.

2. Definition of the Initial Condition:

Let the initial condition of the systeh be: 5.059 mole/liter TRLN
and 0.1424 mole/1iter DBS. Let the reaction be isothermal at 140°C

3

and the oxygen concentration of 5.34 . 10 “mole/liter.
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3. Definition of the Course of the Oxidation

Let us assume that a model with N reactions can describe the sys-
tem. The major products of the reaction according to the model are:
tetratone (CO), tetralol (ROH), 1,2-dihydronaphthalene (REN), tetralyl
hydroperoxide (ROZH), tetralin di-ketone (DICO), water (HZO)’ hydrogen
peroxide (H202), butyl sulfoxide (SO), butyl sulfone (502), a-keto-
butyl sulfoxide (C0SO), a-ketobutyl sulfide (COS) and a-hydroxy butyl
sulfoxide (SOOH). Note that the carbon structure of neither the TRLN

nor the DBS was broken.

4. Analysis of the Functional Group Distribution and the Enthalpy
Loss

The analysis can be simplified if the molecules that did not
react would be neglected. The following subscripts are introduced:

1 for TRLN, 2 for CO, 3 for ROH, 4 for REN, 5 for RO,H, 6 for DICO,

2
2O, 8 for H202, 10 for DBS (or S), 11 for SO, 12 for 502,

for COSO, 14 for COS, and 15 for SOOH. Since the solutions are assumed

7 for H 13
to be ideal, their volumesS do not change due to the reaction. The

decrease in the concentration of TRLN is therefore given by

C. (4.7)

’ AC] N i

N1 O

The decrease in the concentration of the sulfide is

5

C. (4.8)

AC]O B i

—_—] —

1

Only the groups that change in the reaction need be considered
in the calculation. For example, one molecule of Tetralin (I) reacted

to produce one molecule of tetralone. The net change in enthalpy is
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the enthany of a carbonyl group minus the enthalpy of a methylene

group.

Hp 2

QU — 0L

I I1

Note that the mechanism of the reactions does not influence the ther-
modynamic calculation. Only the final products do. The nomenclature
of reference (B-14) is used, the data for the enthalpies of formation
were taken from the tables in reference (B-14, p. 178-215). The re-
sults are summarized in Table 4.1. Only the FG that changed were con-
sidered, so in the case of Tetralin or its derivatives, only the
carbons at positions 1, 2, and 4 were considered. In the case of butyl
sulfide and its derivatives, only the sulfur and the two o carbon atoms
were considered. The sum of the enthalpies of formation for the

groups that changed was denoted A Z hjn The difference between

Jji’
A z hjnji and its value for the original hydrocarbon was denoted AHi.

To calculate the heat loss at any desired composition, equations (4.3)
or (4.4) were used. Plots of the Toss of heating value as a function

of time and sulfide conversion are given in Chapter 7.
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Chapter 5

EXPERIMENTAL

The experimental work had three goals: 1) to establish whether
catalysis of the hydrogen-abstraction step enhances the oxidation of
the sulfur compounds, 2) to find the type of sulfur compounds which
are produced and to infer from it the oxidation mechanism, and 3) to
find limited amounts of kinetics data for selected systems.

The work was exploratory. Therefore the qualitative answers
were regarded as important as the quantitative ones.

In the discussion of the experimental work there are four parts:
1) An elaboration on the choice of the experimental system.
2) Description of the chemical reactor and the experimental procedure.
3) Description of the analytical instruments and analytical procedures.
4)

Estimation of the possible mass transfer in the reactor.

5.1 On the Choice of the Experimental System

Choice of the experimental system involved type of reactor and
analytical methods, the chemical system, and the range of parameters to

be examined.

5.1.1 The Reactor

A batch reactor was chosen because long reaction periods were
anticipated and because it can be easily designed to minimize the
surface/volume ratio and thus minimize surface effects.

In practice, oxygen and HBr were bubbled through the 1iquid solu-
tion of the hydrocarbon; however, because the rate of oxidation was rather

slow, the 1liquid assumed rapid equilibrium with the gas and therefore
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modeling of the system as a batch reactor holds. (See also Section

5.4).

5.1.2 The Chemical System

Two approaches to the choice of the chemical system were possible:
1) work on oil fraction; 2) work on model sulfur compounds in a medium

which simulates oil.

Work on oil would provide information on the oxidation of a real
fuel; however, it would have only limited value in the understanding of
the mechanism of the reaction and to extrapolation of the data beyond
the region that was empirically tested. Enormous analytical difficul-
ties were anticipated for work with oil.

Work with model compounds allowedthe determination of the
mechanism of reaction of a single sulfur compound or of a homolog

group. The analytical problemswere simpler and the system was much

better defined. Extrapolation of the work on model sulfur compounds
to actual fuel, however, might be difficult.
The latter approach was chosen because it is more basic and may
provide information on the mechanism of a class of reactions.
The choice of four chemical components was required: the sulfur

compound, the hydrocarbon carrier, the solvent, and the catalyst.

5.1.2.1 The Choice of Sulfur Compound

Di-n-butyl sulfide (DBS) and di-benzothiophene (DBT) were chosen
for the preliminary study. The criteria for the choice were:
1. DBT and DBS resemble chemically the Targest two groups of

sulfur compounds that were found in gas oil and heavy crudes.
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2. Limited amounts of data were available on the rate of oxida-
tion of DBT and DBS by organic peroxides.

3. DBT and DBS as well as some of their oxidation products are
available commercially.

4. DBT and DBS have a symmetric structure. A smaller number of
products are possible with symmetric structures and therefore easier

analytical problems were anticipated.

The two major differences between the behavior toward oxidation
of DBS and DBT are: that the sulfur in.DBS is connected to two electron
releasing groups which tend to increase its nucleophility. The sulfur
in DBT is connected to two aromatic rings. The m electrons resonate
with the n-electrons of the sulfur and cause a reduction in the elec-
tron density. The oxidation potential which is required to oxidize
DBT 1is much larger than that for DBS (E]/Z(DBT) =-2.432 V in DMF vs.
Ag/AgCl electrode (G-2); E1/2(DBS) = 0.77 V in 0.1 N HC1 ih CH30H vs.
Ag/AgCl1 electrode (D-5).

The second major difference is that DBS contains aliphatic hydro-
gens, which can be abstracted much more readily than the aromatic
hydrogens of DBT. As a result, one may expect the selectivity to be

larger when DBT is oxidized compared with that when DBS is oxidized.

5.1.2.2 The Choice of the Hydrocarbon Medium and Solvent

The hydrocarbon medium serves two functions: It is a sourcé of free
radicals, R, and is a solvent for the reagents and products.
In order to be able to infer from the results the behavior of an

0il, a hydrocarbon with a benzene ring was desired, because most of the
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molecules of a heavy oil contain at least one. No clear criterion

is available by which to evaluate the adequacy of alternative hydro-
carbons to simulate fuel. The criterion that was adopted was the
relative rate of hydrogen abstraction, because the hydrogen abstraction
was the rate 1imiting step of the oxidation for hydrocarbons. Two
hydrocarbons were chosen with extreme reactivities toward hydrogen
abstraction. The idea was that the reactivity of fuel will be an
intermediate value between the two. The two hydrocarbons that were

used were toluene and Tetralin; and the relative reactivity of the two
toward hydrogen abstraction is 1:300 (H-6). The reactivity of all

the common hydrocarbons is between the reactivity of these two.

The.properties of the hydrocarbons were modified by adding sol-

vents with different proticity, e.g., bromobenzene (non-protit) and
1-octanol (protic). Bromobenzene and O-dichlorobenzene are inert to oxi-
dation below 200°C, because they do not have active hydrogens. The reacti-
vity of the solvent will be seen when the hydrocarbon is non-reactive, as
with toluene. However, if the hydrocarbon is much more reactive than
the solvent, the reactions of the solvent will be of marginal import-
ance.

5.1.2.3 The Choice of the Catalyst

The properties of the desired catalyst are reactivity toward
hydrogen abstraction and specificity to the hydrogen abstraction step.

In order to eliminate complications from mass transfer and sur-
face effects, a homogeneous catalyst was preferable. Because information

on the reactivity and specificity of HBr was available (see Section 2.5),
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it was chosen to start with. HBr is a reactive catalyst for hydrogen
abstraction; however, it also catalyzes the decomposition of peroxides,
produces olefin by dehydration of alcohols, and isomerizes alkyl ben-
zenes. The Br radicals form Br2 which is even more reactive than HBr
and further complicates the system. HBr can reduce sulfoxides to bi-
valent sulfur, and in this way counteract the goal of obtaining oxidized
sulfur compounds. The dangerous properties of HBr and its high cor-
rosivity complicated the work and imposed safety constraints on the
operation.

HBr proved a useful catalyst to demonstrate the principle of the

thesis; however, a more specific one is recommended for future studies.

6.2 The Reactor and the Experimental Procedure

5.2.1 Mechanical Design of the Experimental System

Figure 5.1 is a flow diagram of the experimental system. A de-
tailed description is given only for the non-standard items.

The reactor was constructed from a standard 500 ml 3-necked
pyrex flask to which two additional 24/40 ground glass points were sym-
metrically connected. Figure 5.2 shows the reactor. The central joint
was a ground joint 34/40 into which a pyrex stirrer with Teflon blades
was connected (Corning type 28-52). The other four necks were used for
1) a liquid sampling device (Fig. 5.3), 2) gas bubbler composed of a
standard 20 mm porous sintered glass type M through which the oxygen-
catalyst mixture was dispersed, 3) a thermowell in which a thermistor
(YSI Part No. 44004) and a copper-constantan 24G thermocouple were in-

serted, 4) a reflax condenser. The gas that came from the condenser was
passed through a gas-sampling valve and vented. Gas samples were analyzed

by GC for selected experiments.
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Table 5.1

List of Major Parts

Designation Function Material Remarks
BB Gas bubbler Sintered Medium porosity
Glass 20 mmo

C-1 Oxygen cylinder

C-2 Nitrogen cylinder

C-3 HBr cylinder

CW Coding water line tygon

F-1 Oxygen flowmeter $S316 See Figure 5.4

F-2 Nitrogen flowmeter Brass

F-3 HBr flowmeter Monel

GC Gas chromatograph Carl, Basic

GCV Gas chromatograph samp- SS316 Carl, 8 ports

1ling valve ?

HM Heating mantel gégas 5881m1
MOT Motor 1/10 HP

PI-1 Oxygen pressure indicator Matheson PN-63-3115
PI-2 Nitrogen pressure indicator Matheson PN-63-3115
PI-3 HBr pressure indicator Monel Matheson PN-63-3312
R-1 Oxygen pressure regulator Matheson 8-350

R-2 Nitrogen pressure regulator Matheson 8-850

R-3 HBr pressure regulator Matheson B15-330
RCT Reactor Pyrex 500 ml
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Table 5.1 (cont'd)

Designation Function Remarks
SMP Sampling device Pyrex See Figure 5.3
e s i
TI Temperature indicator Bailey Instr.
Model BAT-7
TS Temperature sensing probe Giass
TR Temperature regulator Ve;igéTerm, Model
TRC Thermocouple (ion-constantan)
TRS Thermistor YSP, Model 44004
V-1 O2 Regulator valve Brass
V-2 N2 Regulator valve Brass
V-3 HBr Regulator valve Brass
V-4 HBr Vent valve Monel Swagelok, M-1GS4
V-5 02 Vent toggle valve Brass Swagelok, B-0G52
V-6 N2 Vent toggle valve Brass Swagelok, B-0G52
V-7 O2 Flow toggle valve Brass Swagelok, B-0G52
V-8 N2 Flow toggle valve Brass Swagelok, B-0G52
V-9 Outlet gas back pressure Monel Swagelok, M-2JR
valve
WT-1 Water trap Brass MS SR
WT-2 Water trap Brass MS 5X
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SIDE VIEW

Gas bubb1er’//

Thermowell™

TOP VIEW

Material: Pyrex
Units: mm

Figure 5.2. Reactor for Liquid Phase Oxidation of Hydrocarbons
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R pressure gauge

reducer

/
Swagelok GJ
connection —
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Figure 5.4 A fixed-bed pressure drop volumetric flowmeter. The
manometeric pressure difference is proportional to the
volumetric flow rate. Used to measure accurately flow
rates of the order of 10 ml/hr. Leads A and B are
connected by a tube packed with glass beads 0.00095"
through which the gas flows.
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The reactor was heated with a Glass-Col 500 ml mantle and con-
trolled with a Versa-therm controller, Model No. 2156. The tempera-
ture was monitored with an electronic thermometer, Bailey Inst. Model Bat 7.

Oxygen, hydrogen bromide and nitrogen were fed to the reactor
from cylinders of compressed gas. The pressure was regulated with
standard gas regulators. The rate of flow was monitored with a flow-
meter which was specially designed for this purpose. Figure 5.4 shows
one of the flowmeters. The rate of flow was measured by monitoring
the pressure drop that it created across a fixed bed of small glass
beads. The range of flow measurement was determined by the length of
the bed of beads, the length of the manometer tubes, and the density
of the fluid in them.

5.2.2 Experimental Procedure

Each experiment was conducted as follows:

1. Al11 glass and Teflon parts which came in contact with the reacting
solution were deactivated. (The deactivation procedure is described
in Appendix B). This deactivation resulted in the etherification
of the active OH groups on the glass surface. It was found neces-
sary to repeat the treatment after every three experiments.

2. The reaction components were purified (Appendix B) and stored under
nitrogen.

3. The reactants were mixed in the reactor, under nitrogen atmosphere
and a sample of the cold mixture was taken.

4. The mixture was heated to the desired temperature th]e HBr and

nitrogen at the desired rates were flowing through. The N2 rate
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was adjusted to be the same as the desired oxygen flow during the
oxidation.

One to two hours after the mixture reached temperature, a sample

of the hot 1iquid was withdrawn and the nitrogen flow was switched
to oxygen at the same rate. The moment of turning on the oxygen
was denoted time 0.

Samples were withdrawn every fifteen minutes in the first two
hours, and every thirty minutes in the following three and a half
hours.

The reaction was stopped after five and a half hours by turning off
the heat, the oxygen, and the HBr flow. The reactor was cooled

in an ice bath to about 60°C and the solution was vacuum pumped out
into a specially designed cold container.

The UV absorbance of the samples was measured at the desired wave-
lengths immediately after the reaction, using the first sample as a
reference.

The samples were analyzed qualitatively and quantitatively in the

following days.

Methods of Chemical Analysis

The discussion of the qualitative methods is separated from that

of the quantitative ones.

5.3.1 Methods of Qualitative Analysis

One of the biggest problems that has been encountered was the

qualitative analysis of the reaction products. The difficulty was due

to

1) the complexity of the multicomponent mixtures involved 2) the
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availability of small and dilute samples only, 3) the low conversion that
was used, and 4) the Tow sensitivity of the equipment used for quali-
tative analysis (e.g., IR and NMR).

Traditionally, qualitative analysis is done using IR, NMR, MS and
UV techniques. However, in order to utilize these techniques, a rela-
tively large amount of a pure material is required. Separation and
purification was done by chromatography; however, except for a few of
the_major components, it was impossible to isolate sufficient amounts
of pure components to carry on a meaningful analysis.

First, the non-standard methods are described,and then a 1ist of

standard techniques is given.

5.3.1.1 IR Techniques

IR analysis gives information on the functional groups that are
in the sample. A compilation of the IR absorption bands of sulfur

functional groups is given in Table 5.2 (L-1):

Table 5.2 IR Absorption Bands for Sulfur Functional Groups

1 1

Group Band, cm_ Group Band, cm”

-5=0 1060-1040 —0—502—0—- 1230-1150, 1440-1350
Il =

—5-01+ 1090 SO3H, 503 1210-1150, 1060-1030,

and 650

éﬂ~$R 1135-1125 -50,-SR 1150-1110, 1350-1330
|

2
RO-S-OR  1215-1150 Aryl sulfides 732-710

—802—- 1160-1140, 1300-1350 Primary sulfides 660-630
—0-S0.— 1200-1145, 1350-1300 Secondary sulfides 630-600
Tertiary sulfides 600-570
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Perkin-Elmer IR equipment with two kinds of cells from Barnes
Engineering Company was used:

1. NaCl cell, Model 0003-504 for water free samples.

2. BaF, cell, Model 0004-035 for moist samples.

The BaF2 windows allow only modest sensitivity because they absorb up

to 70% of the light. They are not useful for wavenumbers smaller than

950 cm!.

5.3.1.2 GC-MS Computer

GC is a powerful separation technique,and MS is an excellent iden-
tification method for organic compounds. When the two methods are com-
bined, it is often possible to identify components of mixtures which
cannot be done in any other way. The output from a GC column is fed
into a mass spectrometer after most of the carrier gas is separated.

MS scans are taken at the desired frequency,and the results are stored
on a tape. At the end of the chromatogram, the data are retrfeved from
the tape and analyzed as required. In this study the method was used
for the identification of three kinds of components: 1) bromine contain-
ing compounds, 2) sulfur containing compounds and 3) hydrocarbon oxida-
tion products.

The method for the identification of Br compounds was developed
in this study. The method of Ref. G-4 for identifying sulfur compounds
was attempted. Identification of hydrocarbon products is a standard
technique, and will not be detailed here.

Identification of Bromine Compounds

The identification of bromine compounds was based on two facts:

79 81

1) bromine is present in nature in two isotopes, Br'~ and Br ', with a
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relative abundance of 100:98, respectively; 2) organic bromine compounds

form a Br+ jon.

To identify a bromine compound, three signals are simultaneously
monitored as a function of time: the total current of ions, the ion
current due to m/e = 79 and that due to m/e = 81. Whenever a peak was
seen in the total ion current, the size of the signals from the m/e =
79 and the m/e = 81 were compared. When their value was the same, it was
assumed that that component contained bromine. Bromobenzene and its im-
purity,bromoethyl benzene were clearly identified by this method. Buty]l
bromide was also seen, but no tetralyl bromide was found. Only m/e

below 250 was scanned.

Identification of the Sulfur Compounds

MS of bivalent sulfur compounds shows a peak at m/ €= 47, which
corresponds to H2C = SH' (S-6), and at m/e = 45, which corresponds to
CHs" (G-4). However, fragments with the former m/e are common to
many organic compounds, and the abundance of the Tatter is rather small

and not sufficiently specific unless a high-resolution spectrometer is

34,532 _ 4.4/100,

so if the total concentration of sulfur compound is small, the

used. The natural abundance of sulfur isotopes is S

m/e = m/e + 2 peak cannot be seen.

Tetra and hexavalent organosulfur compounds were in such small con-
centration, and so poorly resolved, that none were seen where they were
expected. Obviously, the MS is less sensitive to sulfur than the FPD,

or the oxidized compounds did not reach the ion source because they
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adsorbed to a surface in the duct between the GC and the MS.

The GC-MS was carried out on the home-made unit of the Chemistry
Department, and on a Finnigan Model 3200E1 unit at the Jet Propulsion
Laboratory. The standard techniques that were used for qualitative

analysis are listed in Table 5.3.

5.3.2 Methods of Quantitative Analysis

Most of the quantitative analysis was done by gas chromatography.
The methods that were developed in this study are detailed in Table
5.4.

Other methods that were used are Tiquid chromatography, polar-
ography, titrametry and calorimetry. Standard determination of the
heat of combustion was done using a Parr Adiabatic Calorimeter. The

non-standard methods are described briefly in the following sections.

5.3.2.1 Determination of H,0, and Hydroperoxides by Polarography

(POL-1)

The method of Willits et al. (W-1) was used with a small modifi-

cation. Platinum wire was used as an anode instead of a mercury pool.
The éo]vent used was 0.3 LiCl in 50:50 C6H6: CH30H. A 1 ml sample was
diluted with nine ml solvent and the polarogram was recorded from 0 to
-2V. E]/2 for hydrogen peroxide is -0.2V and for tetralyl hydroperoxide
-0.75V. Each mole/liter of the original sample creates 4.0064 -103 ua
current, both for the HZOZ and the tetra1y]‘hydroperoxide. The methods
of Drushel (D-1) were used for the analysis of sulfur compounds by

polarography.
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5.3.2.2 Acidometric Titration of Organic Acids

The method is applicable to the determination of dilute (C < 10'3

mo1/1it) organic acids. The potential of a glass electrode is monitored
vs. a double-junction reference electrode. Saturated LiCl in CH30H
is used in the outer junction cell. |

1-2 ml organic solution is dissolved in 10 ml isopropanol and
5ml 0.3 M LiCl solution in 70:30 volume ratio of a mixture of 95%
C2H50H, 5% i-C3H70H and water are added. 0.01 NaOH in H20 is used to
titrate the acid. The titration should be done very slowly in a well
mixed cell, because the reactions of higher molecular weight. acids are

rd
slow. Radiometer automatic titrator was used for these measurements.

5.3.2.3 Liquid Chromatography

Reverse-phase isocratic Tiquid chromatography was used for verifi-

cation of the determination of tetralone and tetralyl hydroperoxide. 70%
CH3OH in H20 was used and the absorbance was monitored at 254 nm and at
310 nm. Spectra Physics liquid chromatograph Model 35008, equipped with

Perkins-ETmer detector LC-55 was used for these determinations.

5.3.3 Analytical Procedure

The fo]]owing qualitative analysis measurements were made on
samples from all the experiments:

1. IR and R-IR
2. WC for elementary sulfur
3. GC-RT and GC-RPOL.

On selected experiments GC-MS, MS, NMR and R-NMR, UV and POL were made.

The following quantitative measurements were made on the samples of all
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the experiments: UV at 310 and 475 nm and often at other wavelengths in the
visible range and GC measurements for sulfur compounds and for the hydro-
carbon products. The determination of most of the samples was made

more than twice. Selected samples were analyzed by polarography,
titrametry, and calorimetry. The results of the analysis are given in

Chapter 6.

5.4 Estimation of the Possible Mass Transfer in the Reactor

In kinetics measurements it is required that the observed rate
of change of concent;étions be controlled by the rate of reacﬁion and
not by the rate of mass transfer. The dimensionless number MS gives
the ratio of the rate of mass transfer per unit volume to the rate of
the fastest oxidation step.

) kgA[Og]
s T VEI0,IR] (5.1)

where kz is the mass transfer coefficient, A the total area for mass
transfer, V the volume of the solution, k2 the rate of constant for
the fastest oxidation reaction, [02] an estimate of the oxygen concen-
tration in the solution, and [R-] is an estimate bf the free radical

concentration in the solution. kg was estimated from equation (5.2)

(C-5):

Do, 2/3

kg, = 0.31(g /3 (2 | (5.2)

where u and p are the viscosity and the diffusivity of the solvent

and D0 is the diffusivity of oxygen in it. u was calculated as if
2

the mixture were ideal. p was estimated from a nomograph (P-1).
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D0 was estimated from the formula of Wilke and Chang (W-2):
s

) 1/2
D= 7.4 - 1078 HX_" (5.3)

pvee
where M 1is the molecular weight of the solvent, T the absolute tem-

perature, u the viscosity cp, V the molecular volume of the solvent,

and X the association factor of the solvent. x =1 for non-protic

materials. The values that were obtained are: p = 0.9 gm/cm3,

2 poise , Dy = 9.2 10'4cm2/sec2.
2 _
yields kg = 0.106 mole/cm/sec. The dispenser produced bubbles approxi-

u=2-10" Substitution in (5.2)

mately 0.7 mm , the total area for mass transfer was approximately

10.8 cm2. The volume of the liquid was approximately 300 cm3. Had the

oxygen been in equilibrium with the gas phase, the oxygen concentration

would be about 6 -10'3

-10

mole/1iter. The concentration of R- is approxi-

mately 10
7

mole/Titer when there is sulfur compound in the solution,
and 10°" when there is no sulfur compound. (These values were estimated

by the computer integration procedure, see Chapter 7). k2 is approxi-

mately 7 -106 liter/mole/sec. The smallest value of MS is approxi-
mately:
0.106 - 10.8 . 6107
MS = . 6. =3 70 © 5.45 . (5.4)
300- 7-10° -6-.10 - 10

Mass transfer of oxygen is possible at a much larger rate than the rate
of oxygen consumption; therefore, one may assume that the solution is
in equilibrium with the oxygen in the gas phase; and that the reactor

is a batch reactor with a constant oxygen concentration.
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Chapter 6
EXPERIMENTAL RESULTS

The results of nine experiments are given in this chapter. The
analysis and discussion of the results are made in Chapter 7.

For each of the experiments three kinds of data are listed:

1. the experimental conditions,
2. qualitative results, and

3. quantitative results.

When standard qualitative . Or quantitative analysis techniques were
used, no details are given. Methods which were developed for this
study are discussed in Chapter 5 or Appendix A. Experimental errors are
possible in the characterization of the experimental conditions, in the
qualitative or in the quantitative analysis. The experimental conditions
are known and were éontro]]ed with an error smaller than:

1. 0.5% in the weights of the hydrocarbon and the solvent,

2. 0.03% in the weights of the sulfur compound,

3. 0.2°C in the temperature. The large error was due to cool-
ing down of the reactor content when a sample was withdrawn.

4. 5 mm Hg (estimate) in the pressure,
5. 20 sec in the time (period of sampling),
6. 10 mm in the HBr partial pressure,

7. 70 mm Hg in the 02 partial pressure for the first 30 min of
the experiment, and 30 mm Hg after that.

The identification of a chemical compound is rarely certain. When known

and standard material is available for comparison, the chances for a
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correct identification are relatively large; however, when a standard
is not available, or when the compound is not pure or is a minor com-
ponent of a complex mixture, the certainty of the identification
decreases. Most of the sulfur containing products are minor compon-
ents of a complex mixture, and no standard is available for compari-
son. The preparation of such standards involves considerable handling
of o and B halosulfides, which are very dangerous poisons, similar
to mustard gas. Because of lack of adequate facilities the compounds
were not synthesized independently. Synthesis of standards was done
when it was not too dangerous (e.g., butyl sulfonic acid and 1,2-
dihydronaphthalene).

In the tables which detail the qualitative results, the last
column gives the author's relative confidence in the certainty of the

identification in a scale from 0 to 100.

The quantitative analysis of sulfur compounds by gas-chromatography
has been detailed by the author in two papers, which have been submitted
for publication (A-4,A-5). Systematic errors of up to 25% are possible
for the sulfur compounds for which calibration standards were not
available. The error in GC data with an FID detector was usually below
3% for non-routine analysis and less than 1% for routine analysis. Such
an accuracy was not sufficient for the major components, e.g., the
hydrocarbon and the solvent. The total consumption of hydrocarbon was
of the order of the 1% possible error of the analysis. Thus material
balance on the hydrocarbon-derived species was impossible. However,

the major products of the oxidation of the hydrocarbon were determined
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and provjde a measure of the oxidation. The accuracy of polarographic
and tetrametric methods is estimated as 20 and 2%, respectively.

In the tables of the quantitative results, the method which was
used for the determination is written under the component name. The time
interval between the end of the experiment and the analysis affect the
quantitative results. The solutions that are formed keep reacting even
when frozen. Therefore only a 1imited number of reliable determinations
can be made on each sample. The result of the analysis of the reaction

product is markedly different from that of the last sample, although the

time difference between them is small. The product changes faster than

the sample, even under nitrogen atmosphere because it was kept in a large

bottle with a smaller surface/volume ratio.

6.1 Experiment 1

6.1.1 Experimental Conditions

Hydrocarbon: - Tetralin 218 grams

Sulfur compound: None e

Solvent: Bromobenzene 100 grams
Oxidizer: Oxygen (0,), P_ =591 mm Hg, C , = 5.3X10'3m01/1it
2 0, eO2
Catalyst: Hydrogen bromide (HBr), PHBr= 149 mm Hg,
Copp = 1-3¥1073mo1/11t

Total Pressure: 739.8 mm Hg v

Temperature: 140 + 0.2 °C

Duration of run: 336 min
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6.1.2 Qualitative Results of Experiment 1

Table 6.1 Quatitative Results of Experiment 1

Compound Method Support Confidence of the
Evidence Identification and Notes
Tetralone GC-RT IR,POL,VV 100 compared with syn-
thetic material
Tetralol GC-RT IR,NMR 100 compared with syn-
thetic material
1,2-Dihydronaphthalene GC-RT . IR 90 compared with syn-
thetic material
Tetralyl hydroperoxide POL WC 100 iodometric method
Hydrogen peroxide POL 90
Water ' 100

Comments on the Qualitative Analysis

1. Pale yellow color developed during the oxidation (Xmax =
475 mm). It was possible to extract some of the colored material by an
aqueous 2N NaOH solution. Its quantity was very small, however, for
jdentification. At least two components were found in it using MS. One
compound had two Br atoms; the material had shown a strong OH absorb-
ance band in the IR.By comparison with the literature (R-3) it is

believed that the compounds are Y-O-phenoxybutyric acid (I) which exists

in equilibrium with its phenol. (II).

0 » oH o
Oﬂ_—__’ \O H
H—+ P ——
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The yellow color is due to the phenol-quinone equilibria

Lox

e

H
Br
Br

I11
III is the result of the reaction of Br2 with the olefin-acidic
product, IV, of the oxidation of 1,2-dihydrohaphthalene. Brz'is the

dominant termination product of Br-.

0

7. /0 0
6/8 0 Q//o 0
H—'—Brz—& R 0
= H
Br

Br

IV II1

Low eV MS of the solid residue (Appendix A) gives two strong
peaks at m/e = 223 and at m/e = 297. Both contain Br and may corres-
pond to III which Tost CO2 or two HZO molecules.

2. Standard iodometric methods had shown very small color indi-

cation of the presence of peroxide in the product. The polarographic

method of Willits et al. (W-1) had shown the presence of hydroperoxide
and hydrogen peroxide (E]/2 = -0.73 volts and E]/2 = -0.2 volts,

respectively, using DME and Pt electrodes). However, as the concentra-
tion of tetralone increases, its half wave decreases due to the hydro-

peroxide (for tetralone E”2 = -1.2 volts).
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3. The water that was formed made the material turbid. The

turbidity increased when the samples were cooled.

6.1.3 Quantitative Results of Experiment 1

Table 6.2 Quantitative Results of Experiment 1

The method of analysis of each specie is written under the component name.
1,2-Dihydro- Tetralone

Sample Time Tetralin naphtha1ene2 mol/1it Hydrogen.peroxlde
No.  (min) mo&é]ft mo]éejf><10 Gdffoz mo1/11tp>(<)ﬂ91
0 0 5.109 0.034 0.00 -
1 15 5.014 0.212 0.0
2 30 5.059 0.186 0.352 0.028
, 45 0.138 0.490 0.075
4 60 4,943 0.239 0.426 0.262
5 75 4,925 0.640 0.175
6 90 4.995 0,211 0.750 0175
7 105 4.891 0.270 0.780 0.150
8 120 0.71 1.26 0.412
9 150 0.62 1.18 0.524
10 180 4,750 1.63 1.30 0.599
11 210 4.750 1.34 1.55 0.849
| ¥ 240 4.950 1.98 1.56 1.20
13 270 4.440 1.96 177 1.27
14 300 1.53 2.10 1.57
15 330 4.260 1.71 2:23 1.55
product 336 2.76 2.20 1.64

Comments on the Quantitative Analysis

B

1. The concentration of tetralyl hydroperoxide was 0.00, 8.24:10"

and 9.0-107°

mole/liter at times 0, 15 and 30 min, respectively. The
tetralone that is formed did not allow the determination of hydré-

peroxide after 30 min.
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2. Approximately 10 °moTe of acid was formed (about 3.3-107°
mole/liter). The acid was very weak and exhibited very slow rate of
reaction with base. Potentiometric titration in organic media (Section

5.3.2.2)  was used for its determination. The heat of combustion of
the first sample was 8504.5 cal/gram and that of the product was 8483.1

6.2 Experiment 2 ‘ ca]/gram.

6.2.1 Experimental Conditions

Hydrocarbon: None -
Sulfur compound: Dibutyl sulfide 6.23 grams
Solvent: Bromobenzene 436 grams
Oxidizer: Oxygen (0,), Py = 619 mm Hg, C . = 5.6-10 3mo1/1it

2 02 eO2 ‘
Catalyst: Hydrogen bromide (HBr), PHBr= 120 mm Hg,

- .1n-3 .
C&mf 1.1-10 “mol1/71it

Total pressure: 738.8 mm Hg
Temperature: 140 0.5 °C

Duration of run: 334 min

6.2.2 Qualitative Results of [Experiment 2

Table 6.3 Qualitative Results of Experiment 2

Compound Method Support Confidence of the
Evidence Identification and Notes

Butyl sulfoxide GC-RT GC-RPOL ,S-NMR 100
IR

Butyl sulfone GC-RT GC-RPOL ; 85

a-ketobutyl sulfoxide GC-RPOL IR,R-IR 80

o-ketobutyl sulfide GC-RPOL IR,R-IR 70

a~hydroxy butyl sulfide GC-RPOL IR,S-IR 70

Butyl disulfide GC-RT 40 Because of the

Tow confidence, it was de-
noted A in Table 6-5.
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Comments on the Qualitative Analysis

1. Intense brown-yellow color was formed in the reaction. See
comment 1 in 6.1 for the explanation.
2. Several new bands in the IR region were formed, their 1ist

and explanation are given in Tab.e 6.4 below.

Table 6.4 New IR Bands Formed in Experiment 2

Band

-1 Observation Interpretation
cm
2860, 2920, 2945 small intensity consumption of oliphatic
hydrogens

1715, 1750 most prominent formation 8f =0 groups
1420, 1360, 1218 ~small intensity 502, RO—S-OR (?)
1230-1130, 1420-1350 seen in R-IR —0—502—0—- (?)
1050-1070 R—IR

3. Twenty-five new sulfur-containing compounds were detected
in the product by the sulfur-specific FPD. The concentration of seven
of them is estimated to be above 10-6mo]e/1iter.

4. Comments 3, Section 6.1.2 are applicable.

6.2.3 Quantitative Results for Experiment 2
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Table 6.5 Quantitative Results for Major Components, Experiment 2

The concentrations were multiplied by 10+6 throughout. A11 sulfur compounds were
determined by method GC-4.

- -Keto  a-Hydroxy a-Hydroxy
Butyl Butyl Butyl Butyl Butyl

Sample Time Sulfoxide Sulfone Sulfide Sulfide Sulfoxide A B

No. (min) mol/1it mol/1it mol/1it mol/1it mol/1it mol/1it mol/1it

0 0 8.8 2.3

1 15 8.8 0.68 2.3

2 30 14.8 2.22 2.3

3 45 19.0 0.68 2.70 23

4 60 56.0 Zs 16 6.20 3.96
5 75 82.0 5.40 2«1 7.00 2.8

6 90 106 0.68 15.0 4.6 9.70° 3.38
7 105 190 1.54 18.6 5.8 4.6 2.02
8 120 304 2.76 28.0 9.2 1.34 4.6 2.3

9 135 544 12.6 54.0 19.0 3.90 5.8 3.16
10 176 2686 21.0 158. 25.0 3.90 6.2 3.48
11 206 5880 31.6 118. 19.0 3.40 6.2 2.6

12 235 5361 48.0 490. 38.0 10.4 1.8 3+ 36
13 265 6399 54.0 1040. 47.0 14.8 11.4 3.7
14 300 9793 89.0 1053. 64.0 16.0 14.8 9.2

Comments on the Quanfitative Analysis

1. The calibration curve for butyl sulfoxide was used in the quanti-
tation of all the sulfur compounds except for the butyl sulfone. Because

of differences in the response factors for different sulfur functional
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groups, the set of results for each component may have a systematic

®

error of up to 25%. The differences in the response factor for oxidized

sulfur compounds were discussed in reference (S-8)

6.3 Experiment 3

6.3.1 Experimental Conditions

Hydrocarbon: Tetralin 218 grams
Sulfur compound: Dibutyl sulfide 6.23 grams
Solvent: Bromobenzene 100 grams
Oxidizer: Oxygen (0,), P, = 629 mm Hg, C , = 5.7X10-3m01/11t
2 O2 eO2
Catalyst: Hydrogen bromide (HBr), PHBr= 0.0 mm Hg,
CeHBr= 0.0 mo1/1it

Total pressure: 629 mm Hg
Temperature: 140 £+0.3 °C

Duration of Run: 345 min

6.3.2 Qualitative Results for Experiment 3

Table 6.6 Qualitative Results of Experiment 3

Support Confidence of the
Compound Method Evidence Identification and Notes
Butyl sulfoxide GC-RT GC-RPOL , 100

S-NMR, IR
a-Keto butyl sulfide GC-RPOL  IR,R-IR 70
a-Hydroxy butyl sulfoxide GC-RPOL  IR,R-IR 80
Tetralone GC-RT IR,UV,POL 100

Comments on the Qualitative Analysis

1. Pale yellow color was formed in the reaction. See comment 1

in Section 6.1.2.
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6.3.3 Quantitative Results for Experiment 3

Table 6.7 Quantitative Results for Major Components, Experiment 3

Method of determination for each component appears under

its name.
Butyl ~Hydroxy -Keto
Sulfoxide Butyl Sulfoxide Butyl Sulfide
Sample Time Tetralin mol/lit mol/1it mol/Tit
No. (min) mol/liter x 103 x 106 x 102
GC-8 GC-4 GC-4 GC-4

0 0 5.514 0.4 0.54

1 15 5.577 2.1 0.74

2 30 5.482 4.6 4.9

3 45 6.8 1.18

4 60 5.444 12. 6.8 1. 78

5 85 5.698 17. 10. 4.2

6 110 5. 723 13 6.8

7 140 5. 720 19.5 60. 20.

8 190 5.420 60. 40.

9 230 5.616 19.0 210. j:
10 270 5.467 18.0 1700. 98.
11 310 5.583 18.0 1100. 120.
12 340 5.227 16.0 960. 99.

P 345 19.0 2000. 280.

Comments on the Quantitative Analysis

1. Comment 1 in Section 6.2.3 is applicable.
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6.4 Experiment 4

6.4.1 Experimental Conditions

Hydrocarbon: Tetralin 218 grams
Sulfur compound: Dibutyl sulfide 12.46 grams
Solvent: Bromobenzene 100 grams
Oxidizer: Oxygen (0,), P, =669 mm Hg, C . = 6x10 3mol/1it
2 O2 eO2

Catalyst: Hydrogen bromide (HBr), PHBr= 71 mm Hg,

" -4 :

CeHBr_ 6.4x10 "mol/T1it

Total pressure: 739.8 mm Hg.
Temperature: 140 0.3 °C

Duration of run: 341 min

6.4.2 Qualitative Results for Experiment 4

Table 6.8 Qualitative Results of Experiment 4

Support Confidence of the
Compound Method Evidence Identification and Notes
Butyl sulfoxide GC-RT GC-RPOL,S-NMR, 100

IR
Butyl sulfone GC-RT  GC-RPOL 85

a~Hydroxy butyl sulfoxide GC-RPOL GC-RPOL,R-IR 80

a-Keto butyl sulfide GC-RPOL IR,R-IR 70
a-Hydroxy butyl sulfide GC-RPOL IR,R-IR 70
a-Keto butyl sulfoxide GC-RPOL IR,R-IR 70
Butyl disulfide GC-RT 50

Butyraldehyde GC-MS 90
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Comments on the Qualitative Analysis.

1. IR bands were found which can be due to —802—5—-and to
—0—502—0—- as detailed in comment 2 , Section 6.2.2.

2. IR examination of the GAS above the liquid shows: 1) absorption
band at 1640 cm']; absorption at this wavenumber is due to double bond,

possibly 1-butene; 2) absorption band at 3400-3500 cm']

s due to hydroxyl,
possibly butyl alcohol; 3) absorption band at 1740 cm'1, possibly due to
butyl aldehyde. Butyraldehyde was found also in the Tiquid solution by
GC-MS. Butyraldehyde is produced by the decomposition of a-hydroxy-
sulfide.

After a day in the freezer the only bands left were for —OH and
for double bond (much larger in size than in the original sample).

3. Mass spectrometric examination of the gas phase above the reac-
tor shows: a) The presence of very small amounts of hydrogen (H2)

(Confidence: 60%).

b) A strong molecular ion at m/e = 90, possibly due to

butyl mercaptan. An ion at 92 about 5% in height of the

ion at 90, supports the identification of butyl mercaptan

34 16 $32 45 4.4 to 100.

because the isotopic ratio of S° to S
Furthermore, fragments at 90-34 = 56, and at 34 are found.
The ion at 34 may be due to H25+' Mercaptans are known to
lose HZS (S-6).

c) Comment 1, Section 6.1.2 is applicable.

6.4.3 Quantitative Results for Experiment 4

The data are presented in Tables 6.9 and 6.10. The components that
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start to be important after 100 min are given in Table 6.8.

Table 6.9 Quantitative Results for Major Components, Experiment 4

The concentration of all the components was multipied by 10+4. The method

of determination for each component is written under the component name.

-Hydroxy -Keto
Butyl Butyl Butyl Butyl
Tetralol Tetralone Sulfoxide Sulfone Sulfoxide Sulfide
Sample Time mol/lit mol/1it mol/1it mol/lit mol/Tit mol/1it

No. (min)  GC-2 GC-2 . GC-3 GC-3 GC-3 GC-3
0 0 0.026 2l
1 6 0.28 0.33 1.5
2 12 3.0
3 18 2.15 1.0
& 24
b 30 3. 7 0.8
6 36 2.5
7 42 4.5 0.96 2.1
8 48
9 54 4.7 2l
10 60 0.179 1.0 0.1
11 90 23, 6.0 0.2
12 120 4.45 2.06 32. 10. 1.7 1.55
18 150 2.66 4.06 59, 16. 0.6 3.4
14 180 6.39 3.98 82. 24. 0.7 5.5
15 210 8.00 4.96 86. 27, 0.88 14.2
16 240 8.21 3.33 95.5 2. 1.2 22,2
17 270 8.31 3.68 96. 21. 1.0 25.0
18 300 7.48 1.66 100. 17, 1.2 25,3
19 330 9.28 2.9 83. 11 1.0 25.0

The heat of combustion of sample O was 8687.9 cal/gram and that of
sample 19 was 8594.0 cal/gram.
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Comments on the Quantitative Analysis

1. Comment 1, Section 6.2.3 is applicable.

6.5 Experiment 5

6.5.1 Experimental Conditions

Hydrocarbon: Tetralin 218 grams
Sulfur compound: Dibutyl sulfide 6.23 grams
Solvent: Bromobenzene 100 grams
Oxidizer: Oxygen (0,), P, =626 mm Hg, C_. =5.6x10"mo1/11t
2 O2 eO2
Catalyst: Hydrogen bromide (HBr), PHBr=]]4 mm Hg,
” =3 .
CeHBr_]'OX]O mol/1it

Tota} pressure: 739.3 mm Hg
Temperature: 140 + 0.3°C

Duration of run: 375 min

6.5.2 Qualitative Results for Experiment 5

Table 6.11 Qualitative Results, Experiment 5
Support Confidence of the

Compound Method Evidence Identification and Notes
yellow Acetone-KOH , Ref,
Sulfur (elementary) WC o Totor 80 T(ud1)
Butyl Sulfoxide GC-RT IR,S-NMR, 100
GC-RPOL
Butyl Sulfone GC-RT GC-RPOL 100
Butyl Sulfonic Acid WC S-NMR 60

a-Hydroxy Butyl Sulfoxide GC-RPOL IR,R-IR 80
a-Keto Butyl Sulfide GC-RPOL IR,R-IR 70
a-Keto Butyl Sulfoxide GC-RPOL IR,R-IR 70
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Table 6.11 (continued)

Support Confidence of the
Compound Method Evidence Identification and Notes
Butyl Disulfide GC-RT 50
a-Hydroxy Butyl Sulfide GC-RPOL IR
Tetralol GC-MS IR 100
Tetralin Diketone GC-MS IR 80
Butyl Bromide GC-MS 100 See Section 5.3.1.2
Butanone GC-MS IR 100
3-0-phenyl Propionic GC-MS IR 70

Comments on the Qualitative Results

Acid

Comments 1, 2, and 3, Section 6.1.2 are applicable.

Comments 1, 2, and 3, Section 6.2.2 are applicable.

Butyl bromide was identified by GC-MS (see 5.3.1.2 for the de-

tails of the method.) No other Br-containing compounds which

boil below 200°C were found. However, MS analysis of crystal-
line solid that was obtained by method WC-1 contained two BR

atoms/molecule.

6.5.3 Quantitative Results, Experiment 5

10

-4

The concentration of the compounds which become significant above

mole/liter only after 120 minutes are given in Table 6.13.
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Table 6.13 Quantitative Results, Experiment 5. The concentration
of components which become important after 120 min.

The analysis was done by method GC-4. RT is the reten-
tion time in seconds.

o-Hydroxy
Butyl Su]fiﬂe A A B 2
Sample Time mol/1it x 10 mol/1it x10 mol/1it x 10
No. (min) RT = 1317 RT = 748" RT = 830
8 120 0.5 0.92 0.33
9 150 1-32 1.12 0.47
10 180 2.06 1.33 0.50
11 210 5.8 2.34 0.94
12 240 6.6 4.80 2.16
13 270 8.7 18.8 7.8

Comments on the Quantitative Analysis

1. Comments 1 and 2, Section 6.1.3 are applicable.

2. Comment 1, Section 6.2.3 is applicable.

6.6 Experiment 6

6.6.1 Experimental Conditions

Hydrocarbon: Toluene 60.0 grams
Sulfur compound: Dibutyl sulfide 6.23 grams
~ Solvent: Bromobenzene 332.4 grams
Oxidizer: Oxygen (0,), P = 636 mm Hg, C . =5.6 x10 >mo1/1it
2 O2 eO2
Catalyst: Hydrogen bromide (HBr), PHBr= 103 mm Hg,
C 1 =9.0x10 mo1/Tit

eHBr
Total Pressure: 739.3 mm Hg
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Temperature: 136.5 £0.1 °C

Duration of run: 336 min

6.6.2 Qualitative Results for Experiment 6

Table 6.14 Qualitative Results of Experiment 6

Support Confidence of the

Compound Method Evidence Identification and Notes
Butyl Sulfoxide GC-RT IR 95
Butyl Sulfone GC-RT 80
a-Keto Butyl Sulfoxide GC-RPOL IR,R-IR 80
a-Keto Butyl Sulfide GC-RPOL IR,R-IR 70
a-Hydroxy Butyl Sulfide GC-RPOL IR,R-IR 70
a-Hydroxy Butyl - .

ol e GC-RPOL IR,R-IR 80
Benzaldehyde GC-RT IR 70

Comments on the Qualitative Results

1. Comments 1, 2 and 3, Section 6.1.2 are applicable.

2. Comments 2 and 3, Section 6.2.2 are applicable.

6.6.3 Quantitative Results for Experiment 6

The products that are formed after 105 min are given in Table

6.16.
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Table 6.15 Quantitative Results, Experiment 6

The determination of the toluene and butyl sulfide was done by
method GC-9. The sulfur compounds were determined by method

GC-6.
Butyl Butyl oa-Keto Butyl
Butyl Sulfoxide Sulfone Sulfoxide
Sample Time Toluene Sulfide mol/Tit mol/lit mol/1it
No.  (min) mol/1it mol/1it  x 104 x104 x 104
0 0
1 15 2.30 0.156 0.57
a 30 2.19 0.144 24 1.0
3 45 2.15 0.145 3. 1.04 0.49
4 60 2:15 0.150 6.8 3.4 1.01
5 75 2.22 0.139 4.5
6 90 2.18 0.140 7.} 385 6.3
7 105 2.01 0.142 8.4 4.75 16.5
8 120 2.13 0.140  10.3 6435 19.8
9 150 2.12 0.141 10.5 Fe¥
10 180 211 0.141 18.5
11 210 217 0.136 10.3 6.1 10.1
12 240 2.05 0.135 10.0 4.4 15.2
13 270 2.10 0.140 10.2 4.8 28.5
14 300 2.07 0.131 9.2 4.7 29.5
15 330 0.128 10.0 4.1 36.5
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Table 6.16 Quantitative Results, Experiment 6. The concentra-
tion of the sulfur compounds which become important
after 105 min. The determination of the sulfur

compounds was by method GC-6. RT is the retention
time in seconds.
a-Keto Butyl  o-Hydroxy a-Hydroxy A" B"

Sulfide 1 Butyl Su]fidi Butyl Sulfoxide mo1/11t mon/]lt
Sample Time mol/1itx10" mol/1it =10 mol/1it x 104 x 104 x 10

No. (min)  RT=910 RT = 1105 RT = 1920 RT = 375 RT = 845
7 105 0.33

8 120 0.33 0.61 0.43 1.87  0.42

9 150 0.57 | 2.5 0.6

10 180 0.95

11 210 1.01 1.01 0.73 2.7 1.03
12 240 2.00 1.62 1.013 3.5 3.03
13 270 3.3 1.74 2.01 4.4 1.08
14 300 3.3 1.75 1.72 4.6 4.75
15 330 3.65 2.1 2.00 5.4 2.35

Comments on the Quantitative Results

1. Comment 1, Section 6.2.3 is applicable.

2. Comment 2, Section 6.1.3 is applicable.

6.7 Experiment 7

6.7.1 Experimental Conditions

Hydrocarbon: ~  Tetralin 218 grams
Sulfur compound: Dibutyl sulfide 6.23 grams
Solvent: 1-Octanol 80.8 grams
Oxidizer: Oxygen (0,), Py =609 mm Hg, Cq =5.5x107mol/1it

2 2
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Catalyst: Hydrogen bromide (HBr), PHBr=128 mm Hg,

CeHBr=1.1SX1O'3m01/11t

Total pressure: 736.7 mm Hg
Temperature: 140 £0.3 °C

Duration of run: 330 min

P 'Qua1jtat1ve Results for Experiment 7

Table 6.17 Qualitative Results, Experiment 7

Support Confidence of the
Compound © Method Evidence Identification and Notes
Butyl Sulfoxide GC-RT IR,R-IR, 100
S-NMR
a-Keto Butyl Sulfoxide GC-RPOL IR,R-IR 80

Comments on the Qualitative Results

1. The yellow color that appeared was considerably lighter than

that seen in experiments 2 to 6.
2. Fewer sulfur-containing compounds were produced than in ex-

periments 2 to 6. There were only two major ones.

D:dcd Quantitatjve Results for Experiment 7

Table 6.18 Quantitative Results, Experiment 7

The determination of the sulfoxides was done by method GC-8.
The tetralone was determined by UV; the sulfide by method GC-5.

Tetralone Butyl Butyl a-Keto
Sample Time mol/]%t Sulfide Sulfoxide 3 Butyl Su]foxige
No. i x 10 mol/Tlit mol/1it x10 mol/1it x10
S Wi uy o ] Gk
0 0 0.1292 0.1
1 15 0.1167 0.707

2 30 0.108 0.1143 10.12 4.1
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Table 6.18 (continued)

Tetralone Buty]l Butyl o-Keto
Sample Time mol/1it Sulfide Sulfoxide _ Butyl Sulfoxide
No.  (min) x 103 mol/lit  mol/1itx103 mol/Tit x100
3 45 2.95 0.1103 15.4
4 60 3.0 0.1127 18.4 7
5 75 3.1 0.0987 21.4 6
6 90 3.9 0.0991 273 4,
7 105 3.95 0.0897 27.8 14.
8 120 5.0 0.0996 29.1 32,
‘9 150 7.0 0.1073
10 180 10.5 0.1003 24 .4 29.6
11 210 11.3 28.0 32.6
12 240 14.8 0.1011 272 20.6
13 270 15.2 0.0961 26.4 20.8
14 300 19.2 25.4 20.7
15 330 22.5
6.8 Experiment 8
6.8.1 Experimental Conditions
Hydrocarbon: Tetralin 218 grams
Sulfur compound: Dibenzothiophene 6.813 grams
Solvent: Bromobenzene 100 grams
Oxidizer: Oxygen (0,), Py = 620 mn Hg, C_q =6.4x10 3mo1/1it

Catalyst:

Total pressure: 737.2 mm Hg
Temperature: 159.9 +0.2 °C

Duration of run: 335 min

2

eH

2

Hydrogen bromide (HBr), PHBr=]]7 mm Hg,
C

g = 1.2x103m01 /11t
r
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6.8.2 Qualitative Results for Experiment 8

Table 6.19 Qualitative Results, Experiment 8

Support Confidence of the
Compound Method Evidence Identification and Notes
Tetralone GC-RT IR,S-IR,LC 100
Tetralol GC-RT IR,LC 70

Comments on the Qualitative Results

1. No sulfur-containing compound was found in the product. No IR
bands which can be attributed unambiguously to oxidized sulfur com-
pounds were found. Strong carbonyl band (1690 cm']) is evident and a
very weak -OH stretch band (3500 cm']) can be recognized.

2. Comments 1 and 3, Section 6.1.2 are applicable.

6.8.3 Quantitive Results for Experiment 8

Table 6.20 Quantitative Results, Experiment 8

Sample Time Tetralone DBT
No. (min)  mol/1it x103 mol/1it

: GC-2 GC-9
0 0 0.1133
1 15 2.265 0.1189
2 30 2.577 0.1090
3 45 2.926 0.1204
4 60 5.837 0.1058
5 75 6.863 0.1084
6 90 9.296 0.1119
7 105 9.036 0.1061
8 120 8.100 0.1098
9 150 8.954 0.1146
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Table 6.20 (continued)

Sample Time Tetralone DBT
No. (min) mol/1it x 103 mol/1it
10 180 8.975 0.1056
13 210 8.580 0.1271
12 240 11.93 0.1149
13 270 12.06 0.1167
14 300 15.20 0.1186
15 330 11.7% 0.1155
P 335 20.60 0.1147

Comments on the Quantitative Analysis

1. Comment 2, Section 6.1.3 is applicable.

2. Within the error of the analysis the concentration of DBT

does not change throughout the run; however, there is a very slight

trend toward decrease in the concentration with time.

6.9 Experiment 9

6.9.1 Experimental Conditions

Hydrocarbon:

Sulfur compound:

Solvent:
Oxidizer:

Catalyst:

Total pressure:

Temperature:

Duration of run:

Tetralin 218 grams
Dibenzothiophene 6.813 grams
1-Octanol 80.8 grams

- B -3 :
Oxygen (02), P02—624 mm Hg, Ceoz—6.4X10 mol/T1it
Hydrogen bromide (HBr), PHBr=]]4 mm Hg,

" =3 .
CeHBr—1.ZX1O mol/1it

738.2 mm Hg
160 £0.2 °C
339 min
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6.9.2 Qua]ita;ive Results for Experiment 9

Table 6.21 Qualitative Results, Experiment 9

Support Confidence of the
Compound Method Evidence Identification and Notes
Tetralone GC-RT IR,S-IR,LC 100
Tetralol GC-RT IR,S-IR,LC 70

Comments on the Qualitative Results

1. Comments 1 and 2, Section 6.8.2 are applicable.

6.9.3 Quantitative Results for Experiment 9

Table 6.22 Quantitative Results, Experiment 9

(The concentrations were determined by method GC-9.)

Sample Time Tetra]one mo??yit
No. (min) mo]/éd§£<103 GC-9
0 0 0.784 0. 1122
1 15 0.784
2 30 127 0.1102
3 45 ) 3.00 0.1024
4 60 4.4 0.1080
5 75 6.20 0.1051
6 90 6.94 0.0986
7 105 7.43 0.1013
8 120 7.31 0.0985
9 150 8.07 0.1040
10 180 9.21 0.0996
11 210 10.96 0.1007
12 240 13.21 0.1047
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Table 6.22 (continued)

Sample Time Tetralone DBT
No. (min) mol/T1it mol/1it
13 270 14.14 0.0999
14 300 16.61 0.0995
15 330 17.66 0.0992
p 339 17.17 0.1039

Comments on the Quantitative Results

1s

Comments 1 and 2, Section 6.8.3 are applicable.
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Chapter 7
ANALYSIS AND DISCUSSION OF THE RESULTS

The two goals of the analysis of the results were: 1) to inves-
tigate the reaction mechanism, and 2) to obtain approximate values for
the rate constants of the most important reactions which take place in
the system.

Several other topics are discussed in this chapter, such as the
loss of heating value and the effect of the protic nature of the solvent

on the oxidation.

The system is extremely complex and many approximations were made
in order to reach some conclusions. Many of the approximations are
analyzed; however, some common approximations are not detailed, for the

sake of brevity.

7.1 The Structure and the Logic of the Discussion

In the analysis of kinetic data, the most important steps of the
mechanism determine the reaction products. Therefore, the qualitative
results were used to investigate the reaction mechanism. The quanti-
tative data were used to estimate the rate constants of the reactions
and to study the change in enthalpy of various reactions.

The discussion of the results consists of four parts: 1) intro-
duction, in which the tools that were used in the analysis are examined,
2) computer simulation of the system and a comparison of the data with
predictions of the model, 3) semi-quantitative discussion of the effects
of the catalyst, the solvent, and the hydrocarbon, and 4) semi-quantita-

tive discussion of the loss of heating value vs desulfurization.
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Errors in the identification of species and other systematic
errors, plus random experimental errors in the quantitative analy-
sis, were not taken into account in the simulation because of the
size of the system involved.

In the oxidation of a hydrocarbon many products are formed.
Typical products are alcohols, ketones, esters, olefins, and acids.
The reactivity of these species toward oxidation is much larger than
that of the original hydrocarbon; . therefore the course of oxidation
changes soon after small amounts of intermediates accumulate. For
example, small amounts of acids have enormous effect on the rates of
decomposition of peroxides and on their oxidation potential. Within
the constraints of the work it was impossible to take the effect of
products of advanced oxidation into account. Therefore, the results
of the simulation agree with the data for the first 100 min of the
oxidation and do a less adequate job after long periods of oxidation.
when the concentration of secondary and tertiary products become too
large.

7.2 System Approach to the Simulation of the Chemical System

The simulation of a complex system is a difficult problem and
cannot always be done satisfactorily. Modeling from first principles
is usually complex and needs in general more variables than empirical
models; however, such models have a better chance of representing a
system for an extended range of values of the variables. Empirical
and semi-empirical models would, in general, give a better description

of a system in a limited range of the variables and would need a smaller
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number of parameters; however, extrapolation of such models is more
risky and may lead to erroneous results. The area of simulation of
complex reaction systems has recently been reviewed by Weekman (W-4).

Modeling of a chemical system, taking into account all the ele-
mentary reaction steps, indeed needs many parameters and involves
numerous differential equations. However, it has a better chance of
representing the system correctly when the interaction with other
chemical systems are also considered. The following lTogic was applied
in the modeling of the reactions in systems which contain a hydrocarbon,
a sulfur compound, oxygen and a catalyst:

1. Define subsystems and model them from first principles, using
elementary reaction steps as much as possible, e.g., subsystem NOCAT
contains a hydrocarbon, oxygen and sulfur compound only.

2. Verify the adequacy of the model by comparing the theoretical
predictions with the experimental data. Data for the subsystem were
used to modify the parameters of the model.

3. Combine the submodels to represent a larger system.

4. Check the predictions of the combined model vs the experi-
mental data and modify it as required.

Although the approach is straightforward, its implementation is
difficult. Rate constant data for a few of the elementary steps were
available from independent sources. The rest were estimated in this
study. Systematic and random errors in the experimental data compli-
cate the task of the evaluation of the adequacy of the mechanism and

the values that are obtained for the rate constants.
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Moreover, each subsystem is nonlinear and stiff, and additional
nonlinearity is introduced when the subsystems are combined. The non-
lTinearity due to the combining of the subsystems is presented by the
new "coupling" reactions, which are not required when the subsystems
are considered separately.

Two subsystems are first described and then combined to describe
the general reaction system. The nomenclature used is the _same as in
the computer program, and is given in Table 7.1. Figure 1 shows the
reactions in the subsystem hydrocarbon-Oz-HBr (denoted NOSC). The
heavy lines describe reaction paths; the broken 1lines are connection
Tines of species that take part in several reactions. Data for sev-
eral of the reactions in NOSC were found in the Tliterature, the values
of the rest of the rate constants were estimated theoretically and
modified as required to fit the experimental data.

Figure 2 shows the reactions in the subsystem hydrocarbon-Oz-
sulfide (denoted NOSC). Since many of the elementary steps of NOSC
were known, a detailed mechanism was used in the modeling of NOSC. How-
ever, in order to keep the number of equations down, several rate
steps in the mechanism of NOCAT were combined. The details of the
approximations are given in the next section, the logic of the Tumping
is given in Section 7.6.

7.3 The Interactions of the Sulfur Compounds in the Subsystem NOCAT

Sulfur compounds (SC) 1ike butyl sulfide (BuS) interact with hydro-
carbon-oxygen systems in three ways: 1) lose a hydrogen to a free
radical, usually to R02-, which is the most abundant one; 2) reduce

ROZ- to RO- and form sulfoxide; 3) react with the cyclic peroxy
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complex and form sulfoxide and alcohol.

The interaction of ROZ- with the hydrogens of the SC is very
similar to that of the reaction of a hydrocarbon with R02- (see Sec-
tion 2.2). The result of the initial oxidation is the formation of
an alcohol from the sulfide (e.g., a-hydroxy butyl sulfide). A similar
mechanism converts the hydroxy sulfide to the corresponding ketone,

e.g., a-keto butyl sulfide. o- Hydroxy sulfides and o-keto sulfides

are unstable and may oxidize or decompose. The compound a-hydroxy sul-
fide is a very unstable material, and it decomposes rather rapidly to an
aldehyde and a mercaptan. The rate determining step for the oxidation of
the side chain is the hydrogen abstraction reaction:

CoH—CH,—5—C Hg + RO+ CoHy—CH-8~C,Hy (7.1)
Therefore, the rate of (7.1) determines the rate of production of
C3H7-—0H—-S—{:4H7 (denoted COHS). Since the a-hydrogen is extremely re-
active to abstraction, the a-hydroxy sulfide is rapidly converted to
the o-keto sulfide (denoted COS). If the decomposition reaction of
COHS to aldehyde and mercaptan is neglected, then the rate of hydrogen
abstraction from the sulfide determines the rate of production of COS.

As a result, one may write a single equation for the rate of formation

of COS from the sulfide:

02’
? RH I
—(':—s— + RO,s > —(-5— + RO,H (7.2)
H
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Table 7.1 Abbreviations of Species Names Used

Name Specie Name Specie

ALD Aldehyde, c3H7cf?1 PRAC  HBR-RO2H complex

BR Bromine radical . Tetralyl radical

BR? Broming melecyls REN 1,2 Dihydronaphthalene
CIO Butyl alkoxyl radical RH Hydrocarbon

0 Yeskone {etraione) RO Tetralin alkoxyl radical
025 a-peroxy butyl radical RO2 Tetralin hydroperoxy radical
CO3H a-hydroxy hydro peroxide ROH Tetralol

COHS a-hydroxy sulfide RO2H Tetralyl hydroperoxide
C0S  a-keto sulfide . B“t%’lm;gh:;de’ ar sulfur
C0SO a-keto sulfoxide 30 Sulfoxide

CS a-butyl sulfide radical 502 Sulfone

DICO Tetralin diketone $00 a-peroxy sulfide

FROH a-tetralol radical SOOH a=hydroxy sulfoxide

HBR Hydrogen bromide S0S Butyl hydroxy mercapty]l
H20 Water radical

H202 Hydrogen peroxide

02 Oxygen
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Figure 7.1 The Oxidation of a Hydrocarbon in the Presence of HBr. The
nomenclature is explained in Table 7.1.
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The rate constant for the overall reaction will be approximately the
rate of abstraction of hydrogen from S. If the concentration of O2

and RH do not vary much during the experiment, their value can be in-
corporated into the rate constant. This modification simplifies the
mathematical manipulation of the set of reactions. Similar arguments
were applied to derive the rate Timiting equations for the formation

of the a-hydroxy sulfoxide (SOOH) from the sulfoxide (SO) by reaction

[Tl ﬁ
H O ?'ﬁ
|1l
ROZ' + (5 -~ ROZH + —?~S—- (7.3)
|
H

Note that the o-hydrogen of SOOH has larger bond energy than that of
the o-hydrogen in COHS because the formation of the cyclic intramolec-
ular complex. The rate of reaction of SOOH to the a-keto sulfoxide
(C0SO) is of comparable order to that of the reaction of SO to SOOH,
and therefore they had to be separated. This stabilization effect is
observed experimentally, SOOH accumulates in the initial period of
the reaction while COHS does not.

At room temperature the rate of reaction (7.4) is very small,
and therefore the oxidation of sulfide is not influenced by inhibitors

of free radical reactions.
. +-C-S-C- > RO:- +-C-S-C- (7.4)

However, at higher temperatures, and when the concentration of R02- is
relatively large, its effect may be sizable. The product of reaction

(7.4), the sulfoxide SO, does not react with R02- to the sulfone 802.



-122-

7.4 On the Coupling Reactions of Subsystems NOSC and NOCAT

The coupling reactions between subsystems NOSC and NOCAT are:

Hydrogen abstraction from S by Br:

S+ Br- > CS+ HBr (7.5)
Reduction by SO of HBr to water and Brz-
SO + 2HBr > S + H,0 + Br, (7.6)

Oxidation of the SC by the peroxide-HBr complex, PRAC, e.g.,

'S + PRAC + SO + ROH + HBr- (7.7)

Reactions (7.5) and (7.6) are undesired reactions. Reaction (7.5)

initiates a sequence of reactions which ends in the oxidation of the

hydrocarbon part of the SC, and therefore in loss of energy. Equation

(7.6) shows that HBr can reduce the sulfoxide back to the sulfide. It

is therefore the exact opposite of the desired reaction. Moreover,

is formed which reacts with the hydrocarbon to the organic bromide.

The net effect of this reaction is the formation of brominated hydro-

carbon and the 1oss of catalyst. This adverse effect is discussed

further in Section 7.8.

7.5 Computer Simulation of the Reaction System

The methodology of the simulation was as follows:
Assume a reaction mechanism.
Obtain a set of rate constants for the individual steps of the

mechanism.
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3. Integrate the differential equations with the initial conditions
of the relevant experiment.
4. Plot and compare the curve with the experimental data.
5. Correct the mechanism, the values of the rate constants, or modify
the initial conditions to obtain a better fit.
6. Repeat steps 3-5 until a good match is obtained.
7. Do steps 1-6 separately for subsystems NOSC and NOCAT.
8. Combine the results of step, add coupling réactions and repeat
steps 1-6 for the combined system CATSC.
Because of the size of the program and the 1imited resources avail-
able, the match between the experimental data and the computer prediction
was done manually. Introduction of automatic search for the rate con-

stants which fit the data best is recommended for future studies.

7.6 Simplifications Used in the Simulation and Their Justification

Technical limitations do not allow the use of models with too
many differential equations or species. Moreover, too large models can-
not be easily utilized and therefore their value is limited. In order
to obtain smaller systems which will still be useful, it is necessary
to reduce the number of differential equations that are used.

One way to reduce the size of the model is by lumping reactions
together. A general discussion of Tumping was made by Aris and Gavalas
(A-9) and by Wei and Kuo (W-5). Only a brief presentation will be
given here.

Two kinds of lumping are distinguished: 1) Tumping in series; and

2) lumping in parallel. Lumping in series can be used when a series of
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reactions are considered in which one step is clearly rate 1imiting,
e.g., in the sequence of reactions A+~ B - C -~ D. If the rate of the
reaction A - B 1is Tlimiting the rate of conversion of A to D, the
reactions can be Tumped to the single reaction A - D, with the rate con-
stant of the reaction A » B. By the use of such a simplification, two
components and two reactions were eliminated. Such a simplification
may lead to erroneous results if components are added which react with
the eliminated species or if the conditions of the reaction change.
When many compounds which belong to the same homolog group react
in the same way, with the same reagent, instead of considering the
concentration of each specie separately, the sum of their concentra-
tions can be treated as a single specie. For example, a mixture of
esters of fatty acids which are hydrolyzed in a basic solution can be
treated as a single ester. A special case of parallel Tumping involves
Tumping of functional groups. For example, all the primary hydrogens
can be lumped together, or all the olefinic bonds can be Tumped into
a single "reactant". Such a Tumping improved the modeling of the
hydrogenation of hydrocarbons tremendously (J-1).

Another special case of parallel lumping is the treatment of
many free radicals which react in the same way, as a single sSpecie.
This approach is implicit in the classic treatment of oxidation when
the SS approximation is used.

The advantage of lumping in parallel is a great reduction in
the number of species in the system; however, the mathematical treat-
ment of a system of compounds, some of which belong to several func-

tional groups, may be difficult. The activation energy of reactions
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of similar functional groups may be very close. However, the frequency
factor of homologs with a wide distribution of molecular weights may be
very different.

In this work, the secondary hydrogens of the butyl sulfide were
lumped together in order that treatment of many isomers will not be

required.

7.6.1 Rate Data for Individual Reaction Steps

The rate data that were used came from three sources: 1) from
the literature, 2) from semi-empirical correlations, and 3) from the
computations of the "best fit" for the experimental data.

Whenever reliable data were available from the 1iterature, they
were used with no change. Data that were estimated were changed within
the general range of values for rates of similar reactions. The rates
of steps which were not found in the Titerature were manipulated as
necessary to obtain the best fit.

The rate data taken from the literature are given in Table 7.2.
The following methods were used to estimate rate constants:

1) Benson's Method for the frequency factor of a reaction in

the Tiquid phase.

Benson (B-15, p. 506) derived an approximate formula to predict
the frequency factor for liquid phase reactions if their value in
the gas phase is known. This method can be summarized as follows:
If the reaction is first order the frequency factor is the same for

the gas and for the liquid. If the reaction is of m order, then
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Table 7.2 Rate Constants for Elementary Steps in the
Oxidation of Tetralin by Molecular Oxygen

The value of the frequency factor k0 is 1in sec'], Tit/sec/mole,
or (]1t/mo1e)2/sec, as required.

E 10910
. kcal/ k
Reaction mile 0 k0 Ref. Notes
2RH+0, » 2R+ + H)0,  20.7 3.4+ 103 353  D-7
2RH+0, > 2R +H,0,  23.8 2.4 10° 5.38 C-4 Used in the
program
ROH > RO- + HO- 204 9.3-10%  8.97 -1,
HBr 40, > HO,+ + Br+  37.7 2.4+ 10'3 13.38  R-2  Adapted to
Tiquid by
Benson's method
R + 0, + RO, 0 6.76-107 7.83  B-13
RO, + RH - ROLH + R: 4.5 2.5-10% 4.4 B-13
RO+ +RH > ROH +R- 8.3 5.62-10° 6.75 . H-6  Used in the
program
2R0,+ > CO + ROH + 0, 0 6.61-10° 6.8  H-6
2R0,+ > Non Radicals 4.3 8.51-10°  9.93  H-7
| 2R0,* > Non Radicals 0 2 -107 7.30 B-13 In tetralin
2R0,+ > CO + ROH + 0, 2.6 5.5-10° 8.74 B-13 In CH0H
2R0,+ > Non Radicals 0.4 4.2-107 7.62 E-1, Used in the
p.321 simulation
2R- ~» R2 6.85 B-13 Negligible com-
pared with 2R0,-
+ non-radicals in
the presence of
excess 02
2Br- > Br, 0 5.19 10'® 16.58 K-2  Adapted to 1iquid
by Benson's

method
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A] 'iq ) ]OZm—Z
AgaS mem—]
For binary elementary steps A]iq/Agas =~ 20. Benson's approximation

is valid if the activation energy in the gas is the same as in the

liquid, and if the solvent is non-protic.

. Polayni-Hammet Approximation for the Activation Energy of Reactions
of Homologs

The Polayni approximation can be used to estimate the rate and

frequency factor for members of a homolog group which reacts with the
same reagent. Data for a few members of the group have to be known.
The method can be summarized as follows: 1) For a homolog group that
reacts in the same way, log A = AS+/R o« Ea where A 1is the frequency
factor of the reaction, As+ is the entropy of formation of the ac-
tivated complex, and Ea is the activation energy of the reaction.

2) The activation energy for members of the same homolog group, which
reacts with the same reagent, is linearly related to the heat of their
reaction. 3) The heat of the reaction_can be predicted from bond

energies since it is a thermodynamic property.

7.6.2 Initial Values and the Concentration of 0, and HBr in the
Solution

The initial values for the major components were determined by
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the way which the solution was prepared. Minor components, e.g., REN,
ROH, CO, etc. were either determined experimentally or given a value
below the detection level of the analysis method. The data for the
solubility of 02 in Tetralin weretaken from reference (C-4) and fitted

into a modified form of Henry's law. The equation obtained is:

[0,]
Togy FEZ— = -5.8274 - 203.28 (7.8)
2

where P, s the partial pressure of O2 in mm Hg, [02] is the concen-
2

tration of 02 in the Tiquid in mole/liter, T 1is the absolute tempera-
ture in °K. Equation (7.8) describes the data of Carlsson and Robb

(C-4) with accuracy better than 2%. The data were for 130 < P02 < 700
mm Hg and 100°C < t < 140°C. However, it\is believed the equation can be
safely used in the temperature range of 80 to 160°C. The numbers yielded

by the equation are of the order of W 2-qp4

mole/liter and are consis-
tent with the data that were reported in Ref. (E-1), p. 94, for various
hydrocarbons. The solubility of O2 in nonpolar hydrocarbons does not
vary sharply with the temperature. Therefore, the values that are ob-
tained from equation (7.8) were used to give an estimate for the initial
value of [02] and [HBr]. The concentration of O2 and HBr was assumed
constant throughout the reaction period and equal to the equilibrium
congentration. This assumption is reasonably accurate for 02 because
fast mass transfer from the gas to the liquid is possible (see Section

5.4). The partial pressure of HBr was naturally considerably smaller

than that of the oxygen, but can provide adequate mass transfer to
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maintain equilibrium concentration for the catalyst. However, after a
sufficient amount of oxidation products iS formed, reactions in which
HBr is rapidly consumed become important. If a large concentration of
HBr is used initially, then the concentration of oxidation products
will become significant after a short per;od, and the rate of consump-
tion of HBr may be of comparable magnitude to the rate of HBr mass
transfer. In this case, the assumption of constant HBr concentration
fails. The conclusion is that the adequacy of the assumption that the
concentration of HBr is constant is a function of the concentration of

the oxidation products and of the initial concentration of HBr that was

used.

7.6.3 On the Computer Programs and the Manipulation of the Data

The complexity of the system warranted mechanical manipulation of
the data by the computeSS Handling the problem was split into two
programs, INTREACT and FILE.

INTREACT is composed of
1. An integration module, capable of integrating stiff differential equa-
tions. ( Geer's method was used.)

2. An input module which transforms a given reaction mechanism 1pto the
form of differential equations,sets the initial conditions, and accepts
the control parameters for the integration and the I/0.

3. An output module which stores the values of the concentration, the
instantaneous Jacobians and of a few other parameters on disc files for
further manipulation. It is also possible to obtain a printout of the

rate of the individual reaction steps, the concentrations of the species,
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and the rate of change of individual species at any instant of the re-
action.

Program INTREACT is a modification of program MODKIN which was
developed by Whitney (w-3).* The differences between MODKIN and
INTREACT are: 1) INTREACT produces a disc file of the data which allows
further manipulation of the results of the integration, e.g., calcula-
tions of the eigenvalues of the instantaneous Jacobian, algebraic
manipulation of the data, etc. 2) INTREACT accepts the rate data
either in the form of activation energy, frequency factor and tempera-
ture, or in the form of given constants and the temperature.

Program FILE+ was built to manipulate data. FILE performs the
following operati%?s: 1) Plots on the Calcomp in a variety of ways
data that were produced by INTREACT or experimental data. 2) Performs
a variety of algebraic operations on data files (experimental or from
INTREACT) and plots the results. 3) Calculates the eigenvalues of
matrices that were produced by INTREACT and p1ots the resultant complex
numbers, or their functions, as a function of the reaction time, as
a function of the concentration of selected components, or vs other

parameters. (This part has not yet been tested.)

*The author wishes to thank Mr. S. Sanders for letting me copy his deck
and helping me get acquainted with MODKIN.

+The author wishes to thank Mr. Glenn Wood for his help in developing
this program.
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7.6.4 The Steady State Assumption -- Its Limitations and Application
in the Simulation

Modeling the kinetics of a chemical reaction amounts to the inte-
gration of a set of differential equations with given initial conditions.
For a complex system the mathematical treatment becomes unmanageable
because the differential equations are often stiff, coupled and non-
linear. The steady state (SS) approximation can reduce the number of
differential equations and thus simplify the mathematical operations.
Nonetheless, it is an approximation which should be used with caution.
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