QUANTUM YIELDS OF DECOMPOSITION Il THE PHOTOLYTIC
OXIDATION OF METHYL MERCAPTAN, DIMETHYL

SULPHIDE AND DIMETHYL DISULPHIDE
by |

DONALD FREDERICK SHERATON
B.A. Sc., The University of British Columbia, 1269

91
A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF

THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

in

THE FACULTY OF GRADUATE STUDIES
DEPARTMENT OF CHEMICAL ENGIMEERING

Vle accept this thesis as conforming

to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA

“June 1979

 (c) Donald Frederick Sheraton, 1979



In presenting this thesis in part1a] fulfiliment of the requirements for
an advanced degree at The University of British Columbia, 1 agree that the
Library shall make it freely available for reference and study. I further
agree that ﬁermission for extensive copying of this thesis for scholarly
purposes may be granted by the Head of my department or his representative.
It s understood that copying or publication of this thesis for financial

gain shall not be allowed without my written permission.

Donald F. Sheraton

Departmentvof Chemical Engineering

The Un1vers1tj of British Columbia
Vancouver, Canada

Date: ;@/}' /277



ABSTRACT

The Kraft pulping process produces vast quantities of sulphide
vapours which are re]eased to atmosphere. The major components are methy]r
‘mercaptan, hydrogen sulphide, dimethyl sulphide and dimethyl disulphide.
‘The fate of these compounds in the -atmosphere and the kinetics of their
degradation processes in the atmesphere'are useful in the modeling of the
environment of areas proximate to Kraft pulp mills. The information may also
be useful in deve]op1ng pollution abatement processes.

The photolytic oxidation of methyl mercaptan, dimethyl su]ph1de
' end dimethyl disulphide was studied in a batch photolysis apparatus. Short
lanelength u]tra—violet 1ight was proVided by a deuterium‘discharge lamp and
"mon1tored by a monochromator equ1pped w1th an extended response photo-
mu1t1p11er tube Sulphide concentrat1ons were determ1ned on a gas chronato;
graph equipped with a flame photmetric detector having 365 nm su]bhur response.

The rate of reaction of methyl mercaptan was found to be a linear
function of the photon absorption rate and exhibited a quantum yie]d of
decomposition of 13.9. The methyl mercaptan photo-oxidation rate was fonnd
to be unaffected by increased oxygen concentration, decreased atmospheric
- pressure or the presence of excess sulphur dioxide. |

The quantum yield of dimethyl sulphide decomposition was found to
be dependent upon atmospheric pressure. A pressure of one atmosphere gave

a quantum yield of 4 and the yield increased to 8 at one-quarter atmospheref

ii



The quantum yield of dimethyl disu]phide,Was found to be 1.9 at
'étmospheric pressure at a concentrétion of 7.04 x 107° M; ‘

The appératus was also operated in a configuration which allowed
* the detection of 1ight emitted at 90° to the path of illumination. A slow
| developing emission was found for dimethy1 sﬁ]phide, hydrogen sulphide and
zsulphur dioxide. Only slight emission was found for methyl mercaptan and
*dfmethy1 disulphide.

The emission from dimethyl sulphide was found to be Tinearily
dependent upon the nitrogen préssure of a dry nitrogen atmosbhere. The
emission is attributed to aerosol formation and is due to the 1ight scattered

from particles in the reaction matrix.
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Chépter 1
[NTRODUCTION

1.1 General

The Kraft pulping process produces nast amounts of sulphide vapours
which are emitted to the atmosphere. These vapours consist mostly of hydrogen .
sulphide (H,S), methyl mercaptan (CH3SH), dimethyl sulphide (CH3SCH3) and
dimethyl disulphide (CH3;SSCH3). The gases have odour fhresholds of 5, 2, 1,
7.and 16 ppb respectively [42].
The fate of these compounds in the atmoéphere and knowledge of
'tneir breakdown by atmospheric processes would be useful in modelling tne
environment of areas proximate-to Kraft mills. 'Suéh'information mayoa1so be\
useful in developing pollution abafement measures. - |
The major mode of removal of sulphides from'the atmosphere appears
to be oxidation 1ikely followed by washout thnough precipitation. The rate
of thermal oxidation at atmospheric¢ temperatures is rather Tow, however,
thé gases are capab]é of absorbing ultra-violet 1ight which 1eads to the
oxidation of the sulphur content to sulphur dioxide (50,). |
Murray and Rayner [32] determined that reduced sulphides in an air
atmosphere would oxidize under the fnf]uence of ultra-violet light. Short
wavelength ultra-violet (2537 R) was found to be superior to longer wave-
length (3600 R) and the order of reactivities was found to be CH3SH >

(CH3)2S, >> (CHs)2S. The oxidation of (CH3)2S was found to be very slow.
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This work describes the photolytic oxidation of the sulphides frbm
Kraft pulp mill sources and measures the rate of disappearahce of the com-
pounds. The quantum yie]d (¢) of removal is measured in.terms of the number
of molecules removed per photon absorbed.

The gases stuﬁied were methyl mercaptan, dimethyl sﬁ1phide and
-dimethyl ‘disulphide. These molecules are capable of absorbing ultra-violet
radiation of the wavelengths shown in the absorption spectra (Figures.T, 2, 3).
(This work) |

The absorption of a quantum of energy results in the electronic
‘excitation of the absorbing molecule. This energy may be distributed about
the molecule and if sufficient, cause any one of a number of processes to
take place. The normal photochemical processes may'be illustrated by a

modified Jablonski diagram (Figure 5).

()

et
" e—
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reaction :f %

conversion
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TR

dissociation inter—system crossing

reaction

sorption :
normal & delayed .
fluorescence- phosphorescence

—t N

TIHE
T

Sy = singlet ground state
S; = singlet first excited manifold
T, = triplet first excited manifold
T2 = second excited triplet manifold

Figure 5. Modified Jablonski diagram for photon absorption
- and subsequent relaxation.



The singlet state is one in which all mo]ecuTar electrons are paired
with opposite spins such that the multiplicity of the state [(2s + 1) where s
is the net spin]is one. The triplet state results from excitation to the
electronic state where not all electrons are spin paired, resu]ting in a net
spin of one and a multiplicity of three. | '

The absorption of a photon will generé]]y raise the molecule to
the first excited singlet manifold due to sbin conservation. If this state
is repulsive, the molecule may dissociate either rapidly or slowly depending
upon the degree of repulsion. Reaction of the molecular fragments produced
will generally result and chain propagating stepsvmay be involved due to
reactive secondary fragments.

Should the excited singlet prove stable, other pathways exist for
the removal of energy. The first of these may be reaction directly from the |
excited molecular singlet state with molecules in the atmosphere. Such
reaction may or may not involve chain propagating steps which would résu]t
in a quantum yield gkeatér than one. | |

| Anotﬁer pathway ihVo]vés'the fadidfibn]ess ré]axation to another
excited electronic configuratioﬁ. The excited sing]ef may internally convert
‘to an upper vibrationa]]y excited level of the ground state singlet. This
results in a mo]ecuiar heating action 1n»which the molecule loses energy by
- collisional transfer to atmospheric molecules. Such a process is less Tikely .
to produce chemica1 reactibn. . ,

The first excited singlet may also undergo inter—systeﬁ crossing

and pass into the first exéited triplet manifold. Molecular collision will
remove the vibrational -excitation and the triplet may remain in the triplet

excited state for a.relatively long period since return to the singlet around



state is spin-forbidden. The trip]et may react withratmospheric molecules
or pick up sufficient kinetic energy through collision to return to the
excited singlet state. The excited triplet may return to the ground state
singlet by emitting phosphorescent radiation characteristic of the energy
difference between the triplet and various vibrational levels of the ground
§tate singlet. Similarly thé excited first singlet may return to the ground
~state by emitting a photon of fluorescence. These transitions involving '
radiation do not result in chemical reaction and give a quantum yield of
reaction of zero. |

The incident energy in this study was provided by a deuterium
discharge lamp fitted with a Suprasil, 1eached-sodium silica window. The
emission spectrum extended to 1700 R. The wavelength of most intense absorption
for methyl mercaptan was near 2350 K. Thus, the average energy input, from
E = hv,is 121.6 kcal/einstein of photons absorbed.

The bond energies of the various species involved are Tisted in

Table 1.
Table 1
Bond Dissociations of Interest

D(S-H) = 88.8 kcal/mol [2, 6, 18]
D(C-S) = 75.2 | [5]
D(S-S) = 67 [48]

The energy absorbed exceeds the individual bond energies of the
molecules under study. There is, therefore, a high probability that the
absorbing molecule will dissociate due to the energy in excess of the bond

enerqy. The species formed will carry off this excess energy in the form



. of electronic excitation as well as vibrational and rotational excitation
distributed between the fragments. The excess energy for the following

. [+]
dissociations assuming absorption of radiation of average wavelenth 2350 A

is shown in Table 2.

Table 2

Ehergy Excess for Particular Bond Disruptions

E,, - D (CH3S-H) = 32.8 kcal/mol
E, - D (CHs-SH) = 46.4 kcal/mol
E

hy - D (CH3S-SCH3) 54.6 kcal/mol

Each of the fragménts may carry off electronically excited or
hot energy and as such may readily undergo reactions that thermalized spécies
wou]d»not. They may exhibit unusually low apparent energies of activatioh
in their reaction with_environmenta] mo]ech]es [8,1],12,13,16,17,18,19,21,
1 22,23,25]. Dzantiev and Shishkov_é]aim [23] that the reactions enteréd into
by sqch hot atoms or radicals is determined largely by the steric factor.
The ‘hot radicals formed enter into reaction with atmospheric molecules and
ambngst themselves. These reactions may propagate a chain sequence thereby
multiplying the effect of ihitiation. The reaction of the sulphur-containing

radical group with oxygen isbamongst the chain éequence.

1.2 The Primary Processes

‘The absorption of a quantum of light predominantly results in the
vdiésociation.of the,absorbing molecule. The modes of decomposition of.fhe

methyl organic sulphides have been found to be the following.
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CH3SH + hy ~ CHsS + H (1.1)
~ CH; + SH | - (1.2)
[1-7,10,11,14-19,21,26-28] ’

CH3SCH3 + hv ~ CHsS + CHs S (1.3)
C[5a2] | |
CH3SSCH; + hv ~ 2 CHsS (1.4)
[2,5,8,9,20]

Dissociation of the bonds produces radicals which_retain some of

the excess electronic energy. There are four individual species produced:

1. The methyl thiyl radical (CH3S)
2. The hydrogen atom . | (H) |
3. Thé methyl radical (CH3)
4. The mercaptan radical - (sH) | |

The dissociation products share the excess energy jndicated in Table 2.

The primary proCesses above are also accompanied by'either chain reactions or
other primary processes which produce a yellow, oily deposit which adhefes

to the reaction cell walls and entrance window [1,12,16,37,41, 42]. This
deposit has been found to contain sulphur and is postulated to be a mixture

- of thioformaldehyde and e]ementa] sulphur [16].

The decomposition of the methyl mercaptan ho]ecu]e occurs at both
~the C-S bond and at the S-H bond. Callear andvDickson [5] have found the
ratfo of S-H to C-S scission at 1950 R flash photolysis to be 1.7 to 1.

This is not what one would expect since the C-S bond is 13.6 kcal/mol lower

in energy than the S-H bond. This suggests that the e}ectronica11y excited
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methy] mercaptan molecule (CH3SH*) finds a state where the S-H potential

energy is repulsive. . The mo]eéuie is quick]y'ab]e to adjust by dissoéiation

of the very ]ow mass H atom. The C-S scission will be produced when the system
is slower to move‘to the S-H dissociative state thereby more equally appor-
tioning the energy excess.oveflall molecular bonds before dissociation takes
place. The C-S scission has been found to increase at higher incident
 energies (lower wavelengths). At all wavelengths in the photolysis of pure

| CH;SH, the sum of quantum yields of production of H, and CHH is unity [10,
15,16]. The quantum yield of disappearance of CH;SH approaches two. The

main products in the steady-state photoTysisvof pure CH;SH have been found

to be CH,, H, and CH,SSCH; [1,3,4,6,7,10,11,15,16]. Dimethyl disulphide

photolysis yields CH,SH although much recombination takes place [8,9].
Dimethyl sulphide has been found to produce CH;SH and disquhide [12]. 1t
is abparent‘that subsequent reactions take place due to the mo]ecu]ar-fragments

produced.

1.3 ‘The Hot Radicals Produced and Their Reactions

Thé molecular fragments produced‘by photolysis are highly energetic
and initiate secondary reactions which contribute to the chain nature of the
,'reaction sequence. The eﬁergy»avai]ab]e to the hot H atom has been 1nvestjgated
by Sturm and White [26,27,28].

The photolysis of CH3$H was carried out in the presence of deuterium
'(Dzj to investigate the production of HD through deuterium atom abstraction
by hot H [26]. The H,/HD rafio, found by mass spectroscopy, is a functioh

ofthe H atom energy. The H,/HD ratio is compared to the known H,/HD ratios
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produced from the photolysis of HBr in D, at various incident wavelengths.
Comparison of the two ratios yields the energy of the H atom dissociated from
the photolysed CHySH molecule. The H atom energy was found to peak at 2138 R
and to decrease both at longer and shorter wavelengths. The energies of the

/
CH,SH fragments found are shown in Table 3 [26].

Table 3
The Energy Distribution of the Fragments of

CH3;SH Photolysis

A Ernax Eo Emax'E°
2537 |1.05 + .1 eV 24.21 kcal/mol .89 eV 20.5 kcal/mol 16 eV 3.69 kcal/mol
2288 1 1.57 = .1 36.2 1.23 28.4 .34 7.84
2138 11.94 = .1 44.7 1.40 32.3 .54 12.45
1849 1 2.83 + .1 65.3 ' 1.13 26.1 1.70 39.2
A = wavelength incident
Erax = (1ight energy)-(bond energy)
E, = H atom energy
Em-Eo= CH,S energy

The hot H atom appears to have a maximum energy at an incident
wavelength of about 2138 E whereafter the C-S scission appears to increase
in probability. The energies in both fragments are sufficient to produce
further reactions.

The hot H may react with CH3SH to abstract the sulphydryl H atom.

This process appsars temperature independent, thus having no apparent Arrhenius



13.

activation energy [10]. Conversely, H atom abstraction from CH3;SCH; by hot
CH;S radicals was found to have an activation energy of 5.4 kcal/mol [12].

The activation energy for H atom abstraction from CH;SSCH; by hot CH;S radicals
was found to be 1.5 kcal/mol [8]. The activation energy for H atom abstraction

from CHsSCH; by hot CH; radicals was found to be 2.3 kcal/mol [12].

- 1.4 Reactions of the Hot Hydrogen Atom

The hot H atom can possess up to 32 kcal/mol of dissociation excess
energy at 2138 R. The major reaction of the hot H atom in the presence of
CH,SH is the abstraction of the sulphydryl hydrogen atom to form H, and the
methyl thiyl radical [3,6,10,11,15,17,18].

H + CH3SH -~ H, + CH3S (1.5)

The hot H does not attack the methyl hydrogen atoms. Inaba-and Darwent, in
the photolysis of pure CH;SD at 2537 A found only D, and CH3;D as products

[3]. This suggests a reaction sequence as shown below.

CH5SD + hv ~ CHsS + D

D + CHsSD ~ CHsS + D
and

CHaSD + hv ~ CHs + SD -
CHs + CHySD ~ CH3D + CH,S

No H, and no HD were found as products. The reaction of the H atom terminates

the reactions of that radical. The CH4S radical formed will propagate further
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chain reactions from the original absorbed quantum. The original hot H may
become quenched and undergo reactions of a thermal nature. The order of

quenching efficiency for various gases has been found to be:
He > C0, > N, > CoHe > C2Ds [21]

- Argon does not affect the quantum yield of H, or CH, and thus is not a quencher

for hot H atoms.
In the presence of an appreciable quantity of.oxygen'the hydrogen

atom will oxidize to form the hydrogen'peroxy radical
H+ 0, ~ HOO (1.6)

_Avai]ab]e rate data will be discussed later in the mechanism section, however,
the oxidation reactién appears to proceed at a rate somewhere between 1/3 and
three times the rate of hydrogen abstraction from CH3;SH.

The hydrogen peroxy radical is capable of continuing the chaih
reaction by abstracting the sulphydryl hydrogen‘atom from CH,SH to form

hydrogen peroxide.
"HOO + CHaSH > HOOH + CH,S (1.7)

The chain is further continued by reactions involving the methyl

thiyl radical.

1.5 Reactions of the Hot Methy] Radical

Hot methyl radicals have been found to abstract methyl hydrogen

atoms from CH;SCH; with an apbarent activation energy of 2.3 kcal/mol [12][
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CH3 + CH33CH3 -~ CHq + CstCH3 (1.8)
They also undoubtedly abstract sulphydryl hydrogen from CHsSH.
CHy + CHySH ~ CH, + CHsS (1.9)

The rate constant for reaction (1.9) has been found to be 1.8 x
104 M os-! [54]. This rate is slower than other reactions which may occur
to q\methy] radical in an oxygen-containing atmosphere. A more complete
discussion of rates of .competing reactions will be found .in Chapter 3;
| In the presence of an appreciable concentration of oxygen, the

‘major reaction of a methyl group is to oxidize to the methyl peroxy radical

[61].
CH3 + 02 + M -~ CH3OO + M
k=3.1x10° p!s-! | (1.10)

Adachi and James [61] developed a computer simulation of a methyl radical
in an oxygen-containing atmosphere. The mechanism of mutual interaction

of the methyl peroxy radical resulted in the following products:

2 CH;00 ~ 2 CH30 + 0,

b

CH30H + HCHO + 0,

¥

CH300CH; + 0 -
k=3.5x 108 M-lg~! - (1)
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The most notable product of this interaction is the produttion of the methoxy
radical CH30.

The methoxy radical is a reactive oxfdizing species which is capable
of reacting with itself or with reduced species. In an oxygen-containing
atmosphere, the major product of CH30 reactions with.Oz is the formation of
the hydrogen peroxy radical. .

CH;0 + 0, -~ HCHO + HOO
k=4 x 10> ! s‘? (1.12)

The hydrogen peroxy radical may react with reduced species or may mutually

interact.

2 HOO ~ HOOH + 0, |
k=2x10% M!s ! [61] (1.13)

The Adachi-James program Qaé employed tQ'estimate the concentrations
of CH,00, CH,0 and HOO in reacfive atmosphe}es containiﬁg varyfng amdunts of
oxygen. A high 0, concentration was chosen as 3.23 X 1072 M (78% by
vol.). The low 0, concentratibn was chosen as 1 x 1073 M . (2.44% by vol.).
At the high 0, concentration 99.97% of the available CH; radicals form CH3OO
~within 50 us after the photo_f]ash. The remaining 0.03% form CH;0 radicals.
During the high concentration simulation the HOO concentration eventually
reaches 12% of the original CH;00 concentration. At low concentrations of
0, 96.9% of the available CH; radicals oxidize to CH300. Only 3.1% .appear
as CH,0 radicals. The ultimate concentration of HOO radicals reached only

3% of the CHs00 concentration.
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Thus for free CH; radicals in an oxygen containing atmosphere,
the predominant reaction is the formation of methyl peroxy radicals. These
oxidizing species will further react with reduced species in the reaction

matrix.

1.6 Reactions of the Methyl Thiyl Radical

The methyl thiyl group may possess between 3.69 kcal/mol (2537‘&)
and 39.2 kcal/mol (1849 Z) excess energy after bond scission. In an oxygen-
containing atmosphere the methyl thiyl radical rapﬁd]y reacts with the oxygen.
Flash photolysis studies by Callear and Dickson [5] showed that 100 torr 0,
suppressed the 2185 Z absorption bahd attributed to the CH;S radical. The
2000 R flash persisted 20 ps to half intensity and the first transient spectra
were recorded at 5 pys delay. The elimination of the CHsS absorption spectrum
indicates very rapid reaction with 0,.

Sulphur dioxide (S0,) is not the initial product of the sulphur
- oxidation [35,36,38,40). McGarvey and McGrath photolysed hydrogen sulphide
in the presence of a 3:1 ratio of 0,:H,S and observed the very rapid appearance
of SO absorption bands. The SO bands were slowly rep]aced by S0, absorption
bands. The appearance of the SO bands coincided with a broad band absorption
continuum extending from 2000 K to 2500 R. The bﬁnd appeared 50 ps after
flash initiation and had disappeared by 1 ms. After 1 ms the SO bands were
still present although weakened and the SO, bands were starting to become
apparent.

A ftash photolysis of pure SO, revealed a group of bands from
1780 K to 1840 K. The group also appeared ih 0,/H,S flashes. The hature

of the SO, absorptidn spectrum suggested the appearance of an isomeric form
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of SO, [35]. The isomeric form was suggested since an electronically excited

form would be expected to have a lifetime under 1072 s and a vibrationally

excited form would be expected to deactivate by collision faster than was

indicated by the observed bands. Tﬁe isomer. probably forms from SO and rearranges
- to S0,. Norrish and Ze]enbérg [40] found the early formation of S,0, (the

stable form of SO below 300°C) to precede the formation of SO, in the flash
~oxidation of HpS.

Thus the oxidation sequence seems to follow a pattern such as

CH3S + 0 ~ CH;0 + SO
| M = -25.3 kcal/mo] (1.14)

CH3S + 0 =~ CHs + SO
Mg = -53.6 kcal/mol (1.15)

This initial rapid oxidation will be followed by the slower oxidation:

SO+ 0, ~S0, +0 (1.16)
SO +0 ~ S0, _ (1.17)

Methyl thiyl radicals are a]sd able to undergo other reactions. The main
fate of CH3S radicals produced in non-oxidative atmospheres is combination
to form dimethyl disulphide [5,8,9]

2 CH,S ~ CH,SSCH, ' (1.18)

Disulphide molecules in photolysis can direct]y expel elemental sulphur [5]
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CH3SSCH; + hv »~ S, + 2 CHj : (1.19)

The CH;S radical is sufficiently reactive to abstract the methyl

hydrogen atom of CH3SSCH; to form CH;SH during disulphide photolyses [8].
" CH3S + CH3SSCH; » CH3SH + CH,SSCH, (1.20)

The addition of nitric oxide (NO) in gas phase photolyses scavenges
the CH;S radical to produce methyl thionitrite (CH,SNO) [8]. The addition of
NO to pure disulphide photolysis resulted in a CH3SNO production rate twenty
times that of CH3SH [8]. This 1ndicat§s the hydrogen abstraction rate to be
much less favoured than is recombination. The disulphide formation is a
main chain terminator and disulphide is present as a reaction product even
at oxygen pressures of 150 torr. The methyl Hydrogen abstraction does not
take place in liquid photolyses possibly due tQ rapid collisional cooling
" of the CH3S [9].

The photolysis of liquid mixtures of diethyl disulphide dhd dimethyl
disulphide gave a mixed methyl-ethyl disulphide cross-product [9]. The rate
of formation of the cross-product indicated a production quantum yield of
330 [9]. This indicates an attack by the methyl or ethyl thiyl radical upon
the S-S bond with_an average chain length of 165. In the case of CH,S attack
upon pure CH3SSCH;, the exchange is not detectable.

The methyl thiyl radical trap, NO, has been found to suppress the.
recombination of CH;S to disulphide [7]. Nitric oxide also stops the CH;SH

formation in disulphide photo]ysis by trapping the CH3;S as CH3SNO.



20.

Photolysis of CH:;SH in the presencevof NO pfoduces'very long chain
Tengths probably involving reactions of H and NO in the chain propagation |
[10]. No dark reaction was found between CH;SH and NO. The photolytic
quantum yield of H, formation was decreased at NO pressures above 20 torr
indicating participation of hot H in reactions other than those forming Hz;
TheAHz yield was unaffected at pressures below 20 torr..

The rate of appearance of CH,3SNO (8.02.x 10'7 molecules/min) at the
_absorbed energy (945 x 10'° phot/min) indicates a quéntum'yie]d of 84.9 at
NO pressures of 20 torr. This is a long chain length. increaéed concentrations
of NO up to 125 torr caused a reaction éequence which continued for 35 minutes
after termination of radiation. - This confirms a long chain length and CH;SNO
production rates indicate a_quahtum yield of 339 [10]. The hot H is involved
in the chain length and Steer and Knight suggest participation of a HNO chain

such as the following:

H + NO > HNO | ()
HNO + CH3SH = CH4SNO + H, - (1.22)

Steer and Knight were unable to demonstrate a maximum in CH,SNO production

rate with added NO. The rate is not due to NO absorption since it is largely

. (o]
transparent at wavelengths greater than 1900 A [49].

1.7 Gas Phase Photooxidations

Murray and Rayner [32] determined that photo-oxidation of sulphides

took place under ultra-violet light. Sulphur dioxide was a major product.
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Short wavé]ength (2537 R) ultra-violet was superior to longer wavelength
(3600 K) and the order of reactivities, uncorrected for absorption, was found
to be CH3SH > CH3SSCH; >> CH3SCH;.

R.W. Murray and S.L.J. Indall [33] found dialkyl disulphides to
oxidize in 0, saturated solution under the influence of methylene blue sensitizer.

Graham and Sie [34], however, found CH3SH to undergo very slow

photooxidation to produce SO, with a quantum yield about 3 to 6 x 10-°.

‘This is in conflict with other groups noting the rapid appearance of SO and
S0, spectra Upon fTash photolysis in air [5,32,35,37,38,40] and with those
groups noting rapid appearance of SO, as product.

Bentley, Douglass and Lacadie [37] photolysed CH3;SCH 4 for six hours
under high intensity mercuky arc (2537 R) in the presence of oxygen. Many
reaction products were found containing both methyl group photoproducts and

containing the methyl thiyl group.

Table 4

Photolysis Products from Long Term CH3SCH3 Photolysis

1. dimethyl sulphoxide CH3SOCH;
2. dimethyl sulphone CH3S0,CH;
3. methane sulphonic acid CH3SO3H
4. dimethyl disulphide CH3SSCH;
5. methane methanethiol sulphonate - CH3S0,SCH 5
6. sulphur dioxide SO,

7. sulphur trioxide | S0,

8. methanol _ CH ,0H

9. formaidehyde HCRHO
10.- formic acid - HCO,H

11. methyl formate HCO.CH3
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An aerosol product was not1ced shortly after the start of the

reaction. This was felt to involve the water content of the air (.43 mg

H,0/%) and the condensible photoproducts [37].

"~ 1.8 Photo Oxidation Reaction Sequence

In view of the previously mentioned reactions, the sequence of

‘reactions of methyl mercaptan upon photo oxidation is probably the following.

CHsSH + hu ~ CHsS +H 141
~ CH; + SH 1-2

H + 0, ~ HOO 1-6
CH3S + 0, =~ CH30 + SO | 1-14
CH3S + 0 ~ CH; + SO 1-15
CHs + 0, + M ~ CH300 + M ' 1-10

CH300 + C H3SH ~ CH300H + CH3S - 1-23

CHs0 + CH3SH ~ CH3OH + CHeS-  1-24
CHs0 + 0, ~ HCHO + HOO 1-12
HOO + CHsSH ~ HOOH + CH3S 1-7
SO + 0, ~ S0, + 0 1-16
SO + 0 ~ SO, | 1-17
CH3S + CH3S ~ CH3SSCHs | 1-18
CHsS + CHs0 =~ CHaSOCH, 1-25

CHsS + CH300 ~ CH3SOO0CHs - 1-26.

A more detailed consideration of the reaction mechanism is to be

found in the results and discussion.
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~ Chapter 2

EQUIPMENT

2.1 General System Description

THe reactions were performed in a dry-nitrogen-swept, parallel-
ended, grease-free tubular reactor. The system was designed to transmit light
to 180 .nm. . ITlumination was provided.by a.medium pressure deuterium dis-
charge lamp collimated by two quartz Tenses. The polychromatic illumination
passed through a teflon-sealed 10 cm pyrex reéction vessel fitted with suprasil
windows. Transmitted 1ight was analysed by é Jarrell-Ash 0.25 meter Ebert-
type monochromatbr. The 0.25 nm bandwidth exit beam was measured by an
- EMI 9558 QBM phbtomu]tip]ierltube and recorded on é.chart Yecordér. The
féactof support system could be hanipulated to 1nsért various reactor cells
without altering the optical alignment ofvthe system.

The monochromator and photomultiplier assembly could a1sb be brought
perpendicular to the optical path for use as an emission detection system.-

A photogfaph of the apparatus in reaction configuration is shown in Figure
€. Gas concentrations were monitored by a gas chrdmatograph equipped with a

flame photometric detector. The chromatograph was calibrated daily.



Figure 6.

The apparatus as used for reaction.

ve
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2.2 Daily Procedure for Reaction Analysis

The daily process was'begun by measuring the flow rate to the gas
chromatograph of helium carrier gas, and air, oxygen and hydrogeniflow to the
flame photometric detector. Flow rates were checked using a soap-bubble gas
- flow meter and when correct]y adjusted to 20, 20, 20 and 250 ml/min respec-
tively, the photo-detector flame was ignited. The photb-detector was allowed
“to warm up for at least one hour. The deuterium lamp was ignited.and'a11owed
at least 30 minutes to reach thermal equilibrium before the first spectra
were recorded. The reaction cells were swept with bottled compressed air
passed through a glass tube filled with Drierite drying compound. Before
entering the cell, the gas was filtered through a Whatman gama 12 grade 10,
1.0 mi;ron particle filter whichvpermitted passage of only .000 % of 0.6u
pértic]es. This prevented drying compound and other foreién matter from
entering the reaction cells. The optical pathway was swept with dry nftrogen
at a flow rate of 1.0 cubic foot per hour (CFH) for a minimum of 12 hours
‘before the start of a reaction sequence and this flow was continuously main-
tafned during the serijes of runs. | |

The sample cells, filled with air, were placed in the optical path
and exposed to polychromatic radiation. A transmission spectrum from 150 nm
to 500 nm was recorded by the monochromator coupled to a chart recorder in
order to measure the amount of 1light entering the reaction vessel. The area

under the intensity-wavelengln curve was related to the calibrated area
measured with the éame clear cell during the actinometric studies in order

to determine thé photometric energy input. Input energy curves were run for
eéch‘cel] each day and a continuous profile was maintained on the transmission

of all cells..
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The cells were filled from Matheson compressed gas cylinders using
Hamilton teflon-ended "Gas-tite" syringes. Liquid samples of dimethyl sulphide
and dimethyl disulphide were maintained in glass bottles and the reaction
cells were filled with Tiquid using Hamilton micro-litre liquid syringes.

The filled reaction cells wére allowed to sit for one-half hour to equilibrate.
The reaction cells were sampled by injecting 0.25 ml air and flushing the
~syringe numerous times before removing a 0.25 ml gas sample and analysing on
the gas chromatograph. A 0.25 ml sample was used for many runs however

higher concentration runs required the use of 0.1 ml sample volumes in order

to stay in the region of maximum sensitivity of the gas chromatograph calibra-
tion curve. .

The calibration of the gas chromatograph was carried out simultaneously
with the filling and analysing of the reaction gas. This calibration was
performed each day in order to more accurately measure the sensitivié; to
CH3SH. Calibration consisted of measuring four concentrations of each sulphide

~in four known sample-bottle volumes. The average of three reproduceable
injection peaks was taken as the best value for each concentration.

The calibrated reaction cells were placed in the optica]»path between
the telescoping ends of the reactor support system. The dark slide was
removed and the cell was exposed to polychromatic radiation for a period of
one-half to one hour depending on the gas concentrations and the degree of
assorbance.

Immediately after initiation of the photo reaction, a second trans-
mission curve was run on the same sulphide-filled cell coinciding with the
transmission curve of the air-filled cell. The area between these two curves

is the measure of the amount of 1ight absorbed by the sulphur-containing gas.
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The spectrum required about five minutes to sweep from 150 nm to 500 nm.
Thé monochromator was then adjusted to follow the 290 nm absorbance peak of
*SOZIand.a continuous measurement was recorded at 290 nm to indicate the
formation of SO, and CH3SSCH3.

At the end of the reaction run, the cells were allowed to equilibrate
for one-=half hour and-then analyzed on the gas chromatograph. A1l runs were
“ana1yzed for CH3SH, CH3SCH;, SO,, and H,S at 65°C and the column was then
raised in temperature to 100°C to analyse the CH3;SSCH; and the polysulphides
trapped on tHe column. At the conclusion of ana]ysis,.thevce11s vere flushed
with dry, filtered, bottled air and the reactor support was closed by corks

to maintain the dry nitrogen flush over night.

2.3 Chemical Sources

The su]phur¥contain1ng gasés CH;SH, SO, and H,S were supp]ied.ih
_pressurized lecture bottles by the.Mathesoﬁ Company of Canada.. The bottles
were fitted with stainless steel valves connected to lengths of rubber tubihg.
The rubber tubing led to a flask of water which a11owéd air from the tube to
be disp1aced by bubbling through the water. Vo]umeé of gas were removed by |
piercing the rubber tube and withdrawing the -appropriate amount in a Hamilton
Gas-tite syringe. |

| The liquids CH35CH§ and CH;SSCH; were subp]ied by the Eastman Kodak
Company from lots 711-1 and 702-1 respectively. The CH;SCH; waé’transferred
to a pyrex bulb fitted with_a teflon stopcock and a sampling septum. The
CH3SSCH3 was stored in a dark screw-cap bottle. All materials were analyzed
'for sulphur-containing contaminanté and weré found to Be greatef thah 99% pure

by gas chromatographic analysis and were used without further purification.



Figure 7. The reaction cells.
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2.4 The Reaction Cells

The reaction cells (ngure 7) were fabricated from pyrex tubing
25.4 mm 0.D. and were 10.0 cm in optical path length. The average volume was
40.05 m1. Each cell was sealed by two teflon and glass stopcocks blown into
. the body of the cell. One stopcock was closed by a teflon-faced silicone
rubber injection septum located by a brass fitting sealed with epoxy cement
.to the tube of the stopcock and held in place by a cap screw. The other
stopcock was fitted with a QVF vacuum ball fitting either blown in piace or
attached using epoxy cemént. This fitting facilitated flushing the cells with
dry air and allowed the evaucation of the cells on the vacuum system for those
runs at reduced pressure. The cells could be sampled through the injection
septum at any time during a run.

Fach end of the cell was sealed by a 1.5 mm thick optical window
made of the Teached-sodium silica, Suprasil. This material will transmit
ultra-violet 1ight of shorter wavelengths than will pure quartz (Figure 8).
‘The ends of the pyrex cell were ground and the inside perimeter of each window
disc was ground to provide a roughened sealing surface. The windows were
then sealed to the annealed cell body by Araldite 20 AC-0V epoxy resin.

This resin was chosen because of its extremely low coefficient of shrinkage
which permits the connecting of rigid materials such as glass.

After an.initial period of condition, the cells maintained concen-
trations of CH3SH, CH3SCH; and CH3SSCH; Tonger than one hour without detectable
loss. Two of the cells could maintain a pressure level of one-quarter atmosphere

for one-half hour without detectable change (% in Hg).
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2.5 The Vacuum System

The reaction cells were flushed and fi]]edeith bottled, compressed,
medica]épurpose air using a glass vacuum manifold system (Figure 9). Vacuum
was created by a Welch duo-seal vacuum pump which was'isoiated from the system -
by a cold finger operated at -20°C. The(gréase-free, mercury-free system
was closed by tef}on stopcocks and was joined to the cells by QVF ball joints.
‘The ball joints were covered by .001 inch thick teflon film stretched to cover
the ball. Vacuum levels were measured on a C.P.N; Hydropoise bourdon tube

vacuum gauge readable to 1/4 inch mercury. The vaéuum could be maintained

for one-half hour without loss.

2.6 The Deuterium Lamp

Polychromatic ultra-violet light was produced by a medium-pressure
deuterium-filled electric discharge lamp rated at a nominal 30 or 60 watts.
The lamp was provided with a suprasil window and was'powered by a Jdarrell-

Ash power supply. Thelemission spectrum measured through a new cell by an

- EMI 9558 QBM photomultiplyer tube on a 1/4 meter Ebert monochromator is shown

An Figure 10.

The efficiency of 1light producfion was determined by p]&cing an
" ammeter in line with the lamp supply and a voltmeter across the two lamp Teads.
The lamp was found fo draw 29.7 watts on high pdwer setting. Assuming an
aﬁerage absorbed wavelength of 235 nm, the efficiency of photon production
from electrical energy can be calculated. The frequency of 235 nm radiation
is 1.276 x 1015_sec’1.- Thus the energy per photon (E = hv) is. 8.464 x 10-'°

Joules/photon. For one hour at 29.7 watts, there are (29.7)(60)(60){1) =
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1.069 x 10° watt seconds/hour. Since one Joule is one watt second, a_100%

efficient 1ight would produce:

1.069 x 105 watt seconds . . 1 photon
hour : 8.4638 x 10719 watt seconds

= 1.263 x 1023 photons per hour

 From actinometric studies 2.2154 x 10'® photons of wavelength shorter than
300 nm are produced. Thus the deuterium Tamp produces u]fra—vio1et 1ight of

wavelength shorter than 300 nm with an efficiency of 1.7537 x.10'5.

2.7 The Collimation System

-~

Light emitted from the deuterium lamp passes through‘a‘quartz lens
situated in the exit tube of the lamp housing. A further quartz lens of
100 mm focal length is placed 10 cm down the entrance tube of the reactor
‘support to collimate the divergent beam at 2.5 cm diameter; -The 1ight passes
by a 2.5 cm aperture 5 cm before the entrance window and then passes ihto

- the reactor cell.

2.8 The Reaction Cell Support System

The reaction cell is supported in tefion end caps by two telescoping
tubes which maintain opfica] alignment of the source, feactor and detector
systems. The atmosphere of the support system is swept by_dry nitrogen gas
in order to sweep the thica1 path free of oxygen. »The rémova] of 0, is

necessary to prevent the formation of ozone in the entrance and exit areas
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of the support mechanism. The absorption of very short wavelength ultra-

violet Tight by 0, promotes the formation of ozone as shown below:

0, +hv->20
0+ 02 -> 03

“The ozone thus formed absorbs ultra-violet 1ight of longer wavelengths.
These are the reactions responsible for the formation of the ozone layer
‘which shields the earth from solar ultra-violet 1ight. The absorption by
ozone of ultra-violet 1ight at longer wavelengths breaks up the ozone molecule
to molecular oxygen and the éyc]e begins anew.

03 + hv>0, +0

\

The presence of 0, in the optical path would allow this sequence to take

- place and would produce a variable absorbance within the optical tra1n This

variable absorbance would be difficult to separate from reactions w1th1n the.
reactor cell and would lead to variations in the incident 1ight 1nten>1ty or
to the intensity detected in the photomu1t1p]1er—monochromator system.
Thé situation was avoided by dry-nitrogen purging the reactor tube support
segments, the monochromator and the photomultiplier tube housing with an
initial over night flow rate of 2.5 CFH and a steady-state fiow of 1 CFH for
long periods of time.

The Tight source, cell, monochromator and photomultiplier system
~ are held in alignment by the telescoping system supported on an accurately

aligned track (Figure 6). The end pistons move back and forth to accommodate
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cells of varying path length from 1 cm to 25 cm. The cell diameter and
radigtion path diameter can be varied up to 7.6;5& by changing the end caps

and the colimating lens. The reaction cell area is enclosed on five sides

by a light-tight black metal box and can be blacked out completely by enclosing

. the sixth side with a curtain.

2.9 The Emission Configuration

" The monochromator and photomultiplier may be removed from the
alignment rack to prbvide an emission observing cbnfiguration. In this con-
figuration, the monochromator was placed perpendicular to the reaction 1ight
axis in order to measufe the Visib]e radiétion emitted'by the gases under
study (Figure 11). The monochromator was modified by removing the 150 micron
(u) slit arrangement and substituting a 2 mm width entrance and exit slit.
The entrance of»the monochromator was provided with a 10 inch long, 1% inch
diameter tubular entrance mask. The monochromdtor-photomu]tip]1er'combina—
~ tion was mounted perpendicular to the 1ight axis on a small stand. The |
monochromator and photomultiplier system was enc1osed in two layers of black-
ouf §1qth which joined the cell shroud 1nﬂorder to reduce extraneous signals.
The monochromator motor drive control was operated by an external switch

arrangement when in the emission configuration.

2.10 The Monochromator

The 1ight exiting the reactor cell was chromatically analyzed by
a Jarrell-Ash one-quarter meter focal length Ebert monochromator. The

monochromator was fitted with two diffraction gratings which could be selected
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to cover the range 150 nm to 500 nm or 150 nm to.1000 nm. The Tow blaze
grating was optically coated to maximize transmission at 300 nm. The diffrac-
tion gratings were scribed with 60,000 lines per inch (2360 G/mm) and 30,000
LPI (1180 G/mm). The grating dispersions of 1.65 nm/mm and 3.3 nm/mm provided
"a band-pass of 0.25 nm and 0.50 nm respectively for the 150 micron slit
-widths. During emission runs, the s1its were opened to 2 mm to provide a
stronger photomultiplier signal. This slit width allowed i band-pass of 3.3 nm
and 6.6 nm for the low and high-blaze gratings respectively. The monochromator
“wavelength drive was caiibrated with the 435.8 nm blue and 546.0 nm green

Hg emission Tines of a fluorescent tube. The wave]éngth drive was operated

by a rubber drive belt from a synchroncus motor fitted with pulleys which
co—ordinated-the drive rate with that of a Sargent chart recorder. The
spectrum could be taken at any point in the reaction or specific wa§e1engths

could be followed in time throughout the reaction..

2.11 The Photomultiplier Tube

Phdtoe]ectric 1ight measurement was provided by an EMI 9558 (QBM
‘photomultiplier tube. This tube has a tri-a]ka]i CsNa.KSb photocathode-and
11 stages of amplification. The entrance'window is suprasil and the tube
~combination has S 20 Q extended ultra-violet response. The tube manufacturers
‘claim a spectfa] sensitivity shown in Figure 12. The tube was operated at
-800 V cathode potential and a Jarrell-Ash Mode1 385 power supply and ammeter
were used with a Sargent chart recorder to record light transmissions. Dur%ng
emission runs, the photomultiplier tube housing was modified to operate the
' housing at.cafhode botentia] in order'to reduce the noise‘1eve1. vThe housing

was in turn housed in a polyvinyl chloride enclosure and isolated from the
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monochromator by insulating pads and nylon screws.. The photoelectric light
measuring system was calibrated by use of a potassium ferrioxalate chemical

actinometer system.

2.12 Actinometry

The photoelectric 1ight measuring system was calibrated directly
by use of the‘potassium ferrioxalate 1iquid chemical actinometer developed
by Hatchard and Parker [50]. This method makes use of the sulphuric acid

3 ? 3 is reduced

catalyzed reduction of Fe™ to Fe' by ultra-violet light. . The Fe'
and the oxalate oxidized. The resulting Fe+2 is detected by the 1, 10-
phenanthroline complex which forms a red dye that is analyzed using a double-
beam spectrophotometer at 510 nm. Light absorption by the solution is very
good at ane]engths shorter than 480 nm. The quantum yield is quite-consistent
ovef the wavelength range of interest and the sensitivity is uniform over large
ranges of 1ight intensity and reabtant concentration. The.so1utions, when

stored in the dark, are stable over a period of a few weeks.

2:13 The Make-up of Potassium Ferrioxalate Crystals

The crystals of potassium ferrioxalate were prepared by mixing
three volumes of 1.5 M A.R. potassium oxa]afe with one volume 1.5 M A.R. ferric
chloride while stirring. The brilliant green potassium ferrioxalate crystals
precipitated rapjd1y and were sepafated by fi]trat{on. ‘The crystals were
recrystalized tﬁfee times from warm water, fi]tered and dried in a stream_of
warm air. The crystals were stored in glass iﬁ the dark. The .006 M actino-

metric solution was prepared under red phofographic safe-1ight as follows:
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1. dissolve 2.947 g K3Fe(C204)3 + 3H20 crystals in 800 ml
distilled water

2. add 100 ml 1.0N H2SOy
3. dilute to 1 £ and mix well

4, store in the dark

2

-2.14 Preparation of the Fe'® Calibration Graph

The calibration of the Fe*2 content as a function of the 510 mm
absorbance of the 1-10, phenanthroline complex was carried out using dilute

solutions of Fe SO, in H2S0,. The following solutions were prepared:

1. 0.4 x 107® M/ml FeSO, in 0.1N H2SO0,
2. 0.1% i,lO—phenanthroiine monohydraté in water
3. Buffer Solution

600 ml 1N Sodium Acetate

360 ml 1 N HpS04

diluted to 1 %

The calibration 1iquids were prepared in 50 ml volumetric f]aské as follows:

1. place 1, 2, 3, 4, 5= 10 ml of liquid (1) in flask

2. add 25 ml - volume (1) of 0.1N H,SO, to make acidity
equivalent to 25 ml 0.1N H2504 ‘

3. Add 5 ml 1,10-phenanthroline solution
4, Add 12.5 ml buffer solution-

5. dilute to 50 ml with water and let stand one—hélf hour.

The optical density‘of the orange coloured solution was determined at the

2

510 nm plateau of the Fe+ phenanthroline absorbing complex. - The spectra

were determined on a Unicam SP800B, double-beam sbectrophotometer in both 1 cm
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and 4 cm matched cells. The calibration graph is shown in Figure 13, and
the extinction coefficient was found to be 1.15 x 10* 2/M cm for 4 cm cells

and to be 1.175 x 10* &/M cm for 1 cm cells.

2.15 Deuterium Light Intensity Calibration

The iptensity of the deuterium lamp was measured using a cell of
1.5 cm path length fi]led with .006 M KsFe(C,0,)5. The actinometry cell
(Figure 14) was fitted with suprasil ends and an 8.45 cm pyrex skirt which
kept the photoelectric 1ight measuring devices in positions similar to those
in a reaction run. A duplicate 1.5 cm path length cell was Qsed unilluminated
as a zero deviée. As can be seen from Figure 15, the 1.5 cm .006 M KsFe(C504)5
cell absorbed 98% of the 1ight up to 400 nm. A borosilicate glass filter was
used to eliminate wéve]engths shofter than 300 nm (Figure 15). In this manner
the photon flux shorter than 300 nm can be found from the difference between
filtered and unfiltered actinometry runs. |

The actinometric cells and so]utions were placed in the dark room
and handled Qnder red photographic safe 1ight. Six ml .006 M K; Fe(C204)3
- actinometer solution were pipetted into both the measuring cell and the zero
cei1. The zero cell was handled in an identical manner to the measurement
cell except for exposure to the u]tra—vio]et 1ight beam. Both ce]Ts wefe
placed in a light-proof bag and transported to the reactor in the laboratory.
The reactor was enclosed in a light-proof bag fitted with e]astic arm holes
through which the cells could be unwrapped and placed into position for
1ight measurement. Once in position in the reactbf, the measurement cell’

was exposed to the full polychromatic intensity for 15 minutes by removal



Figure 14. The emission cell and actinometry cells.
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of the dark slide. The measurement and zero cells were then wrappedlin the
light-proof bag and removed to the dark room.

The cells were emptied and rinsed into 25 m1 volumetric flasks.
Three ml of buffer solution were added as were 2 ml of 0.1%‘1,10-phenénthro11ne
solution. The cells were made up to 25 ml and let stand for one-half hour
in the dark. The absorbance at 510 nm was then measufed on fhe unicam SP800B
dpub]e beam spectrophotometer with either 1 cm or 4 cm cells. The intensity
of the borosilicate fi]teréd runs was subtracted from the non-filtered runs

to give the pﬁoton f]ux'for.ane1engths shorter than 300 .nm.

2. 16 The Gravimetric Integration Method

Assessment of the absorbed T1ight intensﬁty was done. by gravimetric
integratioh of the photomultiplyer intensity v.s. wavelength chart recordings.
Continuous-monitoring'of,the photon flux through an air-filled reaction.cé]1
allowed measurement of the daily light input and made corfectidns for clouding
of the optical window and for exhaustibn of the déuﬁekium 1amp;

,Ther1ﬁtensity—wave1ength curve for the merqaptan—fi]]ed cell was
superimposed on that for the air-filled cell. That gréph was then xeroxed
twice. The sheets were corrected for papeY weight variation. The analogous
areas under the inbut and output curves were cut out, weighed, correctedlfor
amplification and the differences interpreted as percentage of incident
1ight absorbed by the gas. The air-filled cell reading was used as a measure
of incident energylre1ative to that dufing the period of Tamp actﬁnometric
calibration. Long and short wavelength cut-off poinfé were set at 300 nm

and 150 nm. The Tong wavelength Timit was set by the cut-off frequency of
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the borosilicate glass filter. No reaction was noted for runs using the

borosilicate filter. The short wavelength Timit was set to exceed the trans-

mission characteristics of the quartz lens.

2.17 Gas Chromatdgraphx

The analysis of sulphur containing gases was performed on a Varian
model 1400 temperature-programmed gas chromatograph. ‘Detection of the sulphur
gases was accomplished by a Meloy Laboratories model FPD10OAT fiame photometrit
detector operated by a Tracor 12001 power supply and electrometer. The
detector and electrometer were mounted external to the chromatograph.

The flame photometric detector is sensitive to the light emitted
from sulphur-containing compounds burned in a'reducing flame. The detector
was modified by providing a parabolic, front surface mirror opposite the
photo multiplier tube window and 394 nm interféreﬁce filter. This had the
effect of increasing sensitivity. The 6 cm focal length front surfacé‘mirror
was placed so that fhe flame would be at its focal point. The mirror was
separéted from the burning chambér by a pyrex window which passed the 1ight
to the_phototﬁbe. The entire detector was éurrounded by fiberg1ass.woo1 and
asbestos-packing material to thermaT]y insulate the block. The detector was
mounted on fhe side of the gas chromatograph. Chromatograph co1umn effluent
was transferred from the column to the detector by a teflon column fi]]ed With
Triton X-405 adsorbed on chromosorb W. The transfer line was electrically
heated and insulated to provide a minimdm impedance to passage of effluent
gases. This line was maintained at 80°C. ,

| The'injection block of the chromatograph was fitted with-a teflon
injectof Tiner to minimize the stainless-steel-catalyzed decomposition of

CH3SH.



Figure 16.

The gas chromatograph and flame photometric detector.
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The chromatograph columns were fabricated of 1/8" 0.D. heavy-wall
teflon tubing to minimize wall reactivity and permeation of the wall. Teflon
columns -were found to offer performance equal to glass, to be easier to fill
~and were significantly more durable. The columns were attached to the chromato-
grabh by teflon swagelock ferrules and stainless steel swagelock caps. The
tubes were prevented from co11apsing by the insertion of a 1" length of 16-.
guage stainless tubing inside the column where the swagelock ferrule compressed
it. This procedure was followed at each column 501nt from the 1njection block
to the transfer line and.into the detector. |

Numerous columns were used during the work. These included:

silicone gum rubber SE-30 10%
Tri Cresyl Phosphate 20%

Triton X_405 20, 30, 40%
Acid Washed Deactigel 40/60 mesh

Carbopak BHT-100

The most uéefu] column was found to be Carbopak\BHT—]OO»in 9 feet
of teflon tube. This provided exce]]ent'separation of H.S, CH3SH, CH3SCH3s
,.and SO,. The CH,;SSCH; was retained on the co]ﬁmn at 65°C for an extended time;
S0 temperature programming was employed. The Carbopak is a hydrogenereduced,
activated-carbon porous material with no liquid phase to desorb. The column
can be run easily to 100°C and is limited mainly by the nature of the.column
wall matéria]. Temperature programm1ng was employed to remove the disulphides
at the end of each day's runs. The var1at1on of retent1on time with flowrate
and -temperature is shown in Figure 17. The'conditions settled upon for

operation were:
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column temperature 65°C prog. to 100°C @ 20°C/min

He ' 20 ml/min
02 . 20

Air 20

Ho 250
Transfer line : 80°C
detector ' 140°cC
injector o 70°C

2.18 Chromatograph Calibration Procedure

The'chfomatograph was calibrated daily since large dai]y variations
were noticed at essentially identical conditions.' The flow rates of He
carrier gaé, air, 0,, and H, were adjusted using bubble tube flow meters at
an oven temperatﬁre of 65°C with the detector flame unignited. The injection
septum was a Hamilton 75804 teflon-faced silicone rubber septum. The teflon
face mfnimizéd septum bleed and septum contamination. Glass sample bottles
were fabricated which were closed by a teflon-faced septum held in place by
modified tube fittings sealed to the g1ass‘bott1es with epoxy cemert
(Figure 16). Hamiiton teflon-tipped gas-tight syringes with Cheny adapters
were used to provide a sample volume of either 0.1 m] or}0.25 mi. The sample
size was chosen appropriately for the sulphur gas concentration which was to
be examined in the reaction vessel. Gas concentrations in the four sample
bottles were adjusted to span the rangé under consideration.

o Samp]es'weré injected every five minutes in order to maximize

reproduceability for given concentrations. A minimum of three reproduceable .



Figure 18. Chromatograph standardizing bottles
Hamilton syringes.
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points were taken to obtain one ca]ibra%ion point. A typiﬁa] daily calibra-
“tion is shown fdr CH3sSH in Figure 19 and in Figure 20 for SO,. The intensity
of response for SO, was much greater than that for CH3;SH. The SO, calibra-
~tion is a straight line. The CH;3SH calibration is not a straight line and as
can be seen from Figure 19 the response tends to level off at higher levels
of CH;SH. The plateau can lead to inaccurate analyses if one should carry:
out the entire reaction in the plateau region. For this reason the.samp1e )
volumes of the syringe were adjusted tc keep the analysis of varying cell

concentrations in regions of adequate response sensitivity.
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Chapter 3

EXPERIMENTAL RESULTS AND
DISCUSSION OF PHOTO-
OXIDATION OF

SULPHIDES :

. 3.1 Preliminary Experiments

The photo-oxidation experiments were carried out in 40 ml pyrex
reaction vessels equippéd with Suprasil entrance and exit windows. The
reaction ce]1 was flushed with.dry, bottled, compressed air which was passed
" through drierite, a bed of molecular sieve 5 R ,.and a Whatman gas filter to
remove water, 0il vapours and particulate matter, respectively. A fransmission
spectrum of the air-filled cell was run before the sulphide addition in
order to provide a measurement of 1ﬁcident light intensity and to provide a
basis for the measurement of the amount of 1ight absorbed by the added sulphur
gas. A second transmission spectrum was run upon commencement of the photo-
reaction in order to measure the absorbed photon rate. The absorp-
tion waé found to be a function of mercaptan concentration in the
reaction atmosphere. The percentage light (A < 300 nm) absorption
- of the air-mercaptan mixture.is shown in Figure 21 as.a function of

the weight of CHsSH added to a 40 ml reaction cell. The
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absorbance of 10 cm of air was not noticeably different from that of pure N2.
"This is due to the fact that'the'quartz lens of the collimation system did
not pass significant intensity at wavelengths shorter than 185 nm. THe amount
_of 11th that one would expect air to absorb may be calculated from the
absorption coefficient of 0,. At 190 nm the log of the absorptien coefficient
‘of 0, is -2 atm=! cm~! [59]. Thus one would expect 02 to»absbrb 4 .5% of the
incident energy at 190 nm. As one approaches the incident energy maximum
at 220 nm, the log of the absorption coefficient of 02 drops to -4 and the
adsorbed intensity drops to 0.046% for a 0.2 atm pfessure of 0, for a 10 cm
path length. ' |

The concentration of mercaptan in the cells was meaeured by gas
chromatography and the chromatograpﬁ was calibrated daily for CH3SH and SO-».
During an experiment the cell was exposed to 1rradiation for a 30 ﬁinute
per{od Immed1ate1y after the start of a run, as soon as the second absorption
curve was completed, the monochromator was set to continuously monitor the
transmission at 290 nm, This frequency was largely free from absorption by '
mercaptan>ahd showed a 11neaf decrease in thansmission with time during the
reaction . The decrease was due to the production of CH3SSCH; and SO

which absorb at the 290 nm wavelength.

3.1.1 The Effect of Using Room Air

Early eXperihents were performed using air taken from the laboratory
atmosphere. The rates of reaction measured from experiments performed in this
way proved to be highly scattered. Traces-of.vapours from laboratories were

responsible for interfering with the photochemical reaction. The 1aek of
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reproduceability was reduced by using dried, filtered, bottled air to flush

" the reaction cells and to provide the reacting atmosphere.

3.1.2 The Effect of Wet Air

_ Undried atmospheric air was used for a number of initial runs.
These experimehts proved to be highly variant and gave a low rate of reaction..
- The high variation and lack of data regarding H,0 content prevent meaningful
correlation of the reaction rates with water content. It is apparent from the
observations, however, that water vapour inhibits the mercaptan oxidation

reaction.

3.1.3 The Effect of Pure Oxygen

A series of reactioné were carried out using an atmosphere containing
100% oxygen instead of air._ The series was intended to reveal the role played.
by 0, absdrption as a photo-initiator df.thé reaction séquence._ The five-
fo1d.incréase in Oz'concentréfibn wou]d'reveal, thfough an increase in réaction
k rate,-the importance of oxygen as a rate controlling parameter. The quantum
yield in air for that sequence of experiments was 11.8 + 4.7, The quantum
yield of experiments performed at 1déntfca1 CH,SH concentrations in dry G,
was 8.5 + 2.1. These two yields are not significantly different. The lack
of significant rate increase demonstrates that 1ight absorption by 0, is |
not the major initiating photdéprocess: Hence, one may conclude that an
ozonolysis reéction with CH;SH is not a major rate contributing reaction.

This result suggests that those reéctions which involve molecular

oxygen as a reaction partner are already operating at a maximum rate in the
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atmospheric concentration of 02 (8.17 x 10> M ). Thus there is no benefit

“to be gafned by operating in pure 0Oz.

3.2 Results Involving Quantum Yields of Removal of Su]phides

~ The major purpose of this work was to examine the photo reactions
of odorous sulphides and to determine the quantum yield of removal of the
sulphides CH3SH, CH3SCH; and CH3SSCHs. The quantum yield is defined as the

number of molecules of reactant removed per photon absorbed by the gas mixture.

o _ no. of molecules decomposed
' no. of photons absorbéd '

3.2.1 The Quantum Yield of CH3SH Removal

The molecular rate of CH3SH removal i§ a linear function of the
rate of bhdton absorption (Figure 22). This 1iheaf1ty would be expected
of a reacfion which is induced by mercaptan photon ébsorption. The Tine best
fitting these points yields a siope of 13.9 which indicates an average quantum
yield of 13.9 molecules of mercaptan remerd per photon absorbed. The
average standard deviation of the quantum yields is 4.03 (29%). The slope
of 13.9 represénts the dafa well within'one standard deviatidn. The point
0, 0 has been included since the reaction is initiated by'absorption of energy _
by the sulphide molecule. At 0, O there is no absorption, hence no reactién, :
The slope of the line is Tinear at very‘low'concentrations since the main
chain-propagating speéies are involved more_with oxygen - and hence are
interacting with a reactant at a constant cohcentration - than with sulphur

containing species. Thus the chain effect will be operating at normal raté
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eVen at low sulphide concentration. This point wi]]Abe further covéred in the
chain mechanism discussion. ‘

" The reaction rate can be described as a linear function of fhe
range of CH,SH concentrations studied (2.67 x 1075 g/ml to 13.37 x 10-° g/m1
or 5.56 x 107> M to 2.78 x 10°* M).

Ry = 13.9 Ia - 1.44 x 107 molecules/hr

SH

R—SH = molecular rate of CH3;SH decomposition

Ja = absorbed photon intensity

®SS= gquantum yield of CH3SSCH3 appearance

The majof;gulphur—containing products were sulphur dioxide, dimethyl

disu]phide and an oily yellow liquid which was deéosited primarily about the
entrance area of the inside of the reactor cell. The photoéexcited mercaptan
molecule forms a methyl thiyl radical which subsequently oxidizes or which
may combine with anofher methyl thiyl to form dimethyl disulphide.

The quantum yield of decomposition of CH;SH was found to be as shown

in Table 5. Oqp = quantum yield of SO

appearance.
2

2

Table 5

Quantum Yields in CH,SH Photolysis

[cg§SH] Ia Tlgs. x10<10 @_SH o] N @Soz gs
x10” M : )
5.56 . 9.29 8.28 2.22 10 - -

. 8.35 9.31 112.19 2.03 4 - -
11.1 ot 20.7 12.73 (4,01 112V - - -
11.1 : 14.6 12.61 4,53 | 28 | - -
11.1 18.6 1 15.13 4.43 9 2.35 5.09
16.7 19.3 9.79 5.18 10 - -
27.8 40,17 12.91 2.07 | 13 1.58 4.14

" Average 11.97 4.16 85
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A quantum yield in excess of 1 must involve a chain reaction mechanism
to continue the reaction beyond the initial photo-excitation. Low’presSgre
photo]yses of CH,SH in the absence of 0, ihdicated a quantum yield of 1.7
 when extrapolated to zero pressure (1, 18). When oxygen is present, it
appears to be involved in the chain probagating sequence. |

The reactions in Table 6 are proposed to explain the reaction of
CH,SH and the appearance of observed photbproducts. The proposed rates..of
reaction are based on a reaction taking place in air containing'ZO% 02 (8.17 X

3

107" M). The sample concentration is chosen based on 150 p2 of methyl mercaptan
in a 40 ml reaction cell, which is equivalent to 1.53 x 10™* M. Reactions
involving atomic oxygen have been ca]cu]éted assuming that the atomic oxygen

concentration is 10~'3 the concentration of molecular oxygen.

3.2.1.1 The Initiation Reactions

It is proposed that the initial reaction involves photolytic scission
of methyl mercaptan (3-1, 3-2) iﬁto a meth&] thiyl rédica] and hot hydrogen
atom, or into a methyl radical and a mercaptan rédica]g Theée reactions
have been well documented iﬁ the literaturé (1,2,3,4,5,6,7,10,11,14,15,16,
17,18,19,21,26,27,28). Reaction 3-1 has been found to predominatelat the
wavelengths of this 1nve§tigation and greater than 90% of the initiation
reactions may be expected to occur in this.manner. Reéction 3-2 does occur,
especially at shorter absorbed wavelengths. The photo-products of these }‘
| initiating reactions provide'the spécies to form a reéction chain which is

responsible for further CH;SH decompositions.



Table 6

Reactions involved in the Photolytic Oxidation of Methyl Mercaptan
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U £

8.

10.
11.

12.
13.
14.

15.
16.

17.
18.
19.

25.
26.

27.

28.
29,

INITIATION

CH3SH + hv » CHyS + H
LH3SH + hv + CHy + SH

REALTIUNS INVULVING H ATOMS

H + CH3SH + Hy + CH;S
H+ Uz +M~+HOO + M
H+0+M+HO+ M

H + CH; -+ cHu

REACTIONS INVOLVING THE CH3S RADICAL
CH,S + Uz » CH30 + SO

CH3S + 0 ~ CH; + SO

CH3S + CH3S + M » CH,SSCHy + M
CH;S + CH30 -+ CH3SO0CH,

CH3S + CH;00 + CH,SO0CH,

REACTIONS INVOLVING THE CH;0 AND CH;OO

RAUICALS

CH30 + 0, + HCHO + HOO
CH30 + CH3SH + CH30H + CH,S
CH30U + CH3SH - CH300H + CH,S

REACTIONS INVOLVING HOO RADICALS

HOU + CH,SH + HUOH + CH3S
HOU + SOZ hd 503 + HO

REACTIONS INVOLVING CH; RADICALS
CHy + 0, + M-+ CHy00 + M

CH; + U » HCHO + H

CH; + CH:SH d CHu + CH;S

REACTIONS INVOLVING ATOMIC O RADICALS
0 + CH3SH ~ CH3S + OH
O+U+M+02+M

0+02+M>0s +M

REACTIONS INVOLVING SO RADICALS

SO + 0, »S02 +0
S0 + 0 + SO

REACTIONS INVOLVING SH RADICALS

SH + 0, » SO + OH
SH+0-5S0+H

OTHER REACTIONS

CH3SSCH; + hv » 2CH3 + S2
OH + CH,SH ~ H,0 + CH,S
2 HOO -~ HOOH + 0,

AHfzqy kcal/mol.

Rate Constant

Relative Rate of Reaction

-18.5
-47,

102.1
-104.7

-25.3
-53.6

-47.6

- 3.36
-19.

-19.2

-16.6
-118.1
-24.9

-13.03
-59.72

-25.5
-40.5

>.9

s -t
‘10 M s'

. 10!°
7.24 x 10°

<
=
X

M-i s-l
M-Z,s-l

—
0
O
*

=1
IGHE,
10M's

1010 0 M-l s-!

x X%

4.5 x 10° -~ M-! s-?

G =1=1
1.15 x 10 1\13

5.4 x 10°M'S

1.6 x 10* M1 g-?
no recommendation

<6x107 :Mts?
9.6 x 101" M-! s-?
10 .1.% -
1.0 x 10 MS -
2,0.x 10'M's

Basis:

rR= 4.1 x1'H] & .
6.65 x 10° [H] s-!
tow due to Tow [Q] - [H] product .
low due to low [H] - [CH,]product

wono

R
R
R

6.86[Clys) Y
1. x 10 [CH,aS] S
2.5 x 10'° [CH,5]% s-?
- Tow
-~ low

oo
nonoa

13,26 x 10° [CH;0] 57!
Tower than 12 since [CH,SH] < [0.]

o X
non

17.6 [Hoo] s"
lower than 15 since [S0,] < [CH3SH]

P
won

8.17 x 1g: fCHs] s
4.9 x 10" {CHy] s-?
2.75 [CH;] s-1

200
*ouon

3.06 x 10® [0] to 1.37 x 107 [0] s-!
Tow due to low [0]?
6.54 x 10* [0] s-

o0
wonou

R =1.22 x 102 [s0} s~}

e l--
now

4.9 x 105, [SH]
8 x 10°° [SH].

[M] = 4.09 x 10-* M

[CH;SH] = 150 nt/cell

1.53 x 107% N

[0,] = .2 Atm = 8.17 x 10~* M
[0] =1 x 10-% [0,]

B

b3
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3.2.1.2 Reactions Involving H Atoms

The hydrogen atom generated in 3-1 is a very reactive sbecies.

- The atom will contain a great deal of kinetic energy for the first few
collisions following lysis. The atom may feact with CHsSH, 02, O or CHs in
the reaction atmosphere. The abstraction of the sulphydryl hydrogen atom |
from methyl mercaptan‘(3-3) has been describedlin the 1{terature (3,6,10,11,
15,17,18). '

H + CH3SH » Hp + CH3S | (3-3)

M,

. -18.5 kcal/mol

Steer and Knight [10] found the abstraction rate to be independent of tem-
perature. They photolysed CH3SH in the preéehce of ethylene [10]. The hydrogen
atom was found to add to ethylene as well as to. enter into (3-3). The ratio

. of the metathesis to

H +>C2HL; > C;}_Hs, .
k=1.17 x 108 M-1 s-°

the addition,was found to be 2.32 = .11.- This ratio was found to be indepen-
dent of ethylene pressure up to 200 torr. Pratt and Veltman (62) determined
the rate constant for the reaction of hydrogen étoms with ethylene. At 295°K
the rate constant was determined to be 1:17 x 100 M- s-1. Thus the rate

constant for (3-3) will be



ks = 2.32 (1.17 x 10%) = 2.71 x 108 M- s-! \
This would imply a rate of reaction of

R, = 2,71 x 10® (1.53 x 10=* M) [H] = 4.74 x 10% [H] s~!

The hydrogen atom is more likely to react with oxygen molecules

in the atmosphere because of the high 0, concentration.

H+0, +M~HO0 +M (3-4)
k =1.99 x 10!° M-?2 s-!

Hampson and Garvin [52] suggest a bimolecular rate constant of k = 6.42 x

10° M-2 s-! measured in argon gas. They suggest that air (0, + Np) is 3.1
times as efficient a medium for forming the HOO radical. Thus a reaction rate
constant of k = 1.99 x 10%° 22 M-2 s-! is suggested for air. Now this rate

of reaction is governed by the concentrations of the reacting species and

also of air.
Ry, = ky [H] [0,] [M]

We do not know the hydrogen atom concentration so it will be necessary to

compare rates by factoring out the hydrogen acom concentration. Thus

Ry

[1.99 x 1010 [8.179 x 10-3 M} [4.09 x 1072 M}

M2s

6.65 x 10° [H] —“Si
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where ky - =1.99 x 10!° M—2 g-!
[0.]
[M]

2 atm @ 25°C = 8.179 x 10~ M
1 atm @ 25°C = 4.09 x 10-2 M

This rate is 2.64 times the rate for (3-3) which is a minimum §ince the ra{e

of reaction (3-3) was established as an upper limit. The presence of a CH;

- group on the mercaptan would likely decrease the rate of (3-3) substantially.
The reaction of a hydrogen atom with atomic oxygen (3-5) is very

exothermic (AHf = -102.1 kcal/mo1). The avai]ab]é data on this atomic reaction.

is based on temperatures in the range 1000 - 3000 °x [52].

H+0+M~OH+M - © (3-5)

MM, = -102.1 kcal/mo]

f
k ~7.24 x 10° M™% s='in Ar

This reaction is not a major sink for hydrogen atoms due to the low concen-
tration of oxygen atoms which are in the atmosphére. The rate of this reaction
may. be estimated assuming an atomic oxygen concentration 10-° that of

molecular 0,.

e
1

= ks [H] [0] [M]
[7.24 x 10° ] (8.17 x 10°° M) [4.09 x 107 M) [H]
) M?Zs

| | |

2.4 x 10* [H]

This rate is insignificant relative to other H atom reaction rates.
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The reaction of atomic hydrogen with the methyl radical (3-6) is
also very exothermic.
H + CH; - CH, ‘ ' (3-6)

= ~104.7 kcal/mol

AHf

There is no:reaction rate data available for this reaction. The rate, however
large the reaction rate constant, will depend upon the concentration prodauct
of two very 1ow-concentrati§n radicals. This is é faqtok which removes
reaction (3-6) as a major sink for H atoms.

The major sink for hydrogen atoms is most likely reaction (3—4);
This reaction generates the hydrogen peroxy radical wﬁich is a very reactive
species. The HOO radical will react with reduced species in the reaction

gas mixture.

3.2.1.3 Reactions Ihvo]vihg the Methyl Thiyl Radical

The methyl thiyl radicai is the species most closely involved in
the oxidation sequence of sulphur tb SO,. The oxidation reéction appéars to
~occur in two steps. The first ié the forﬁatipn of SO after which the SO is
more slowly oxidized to SO, [15,16]. Callear and Dickinson [5] showed that
the presence of 10 torr 0, suppressed the 215.8 nm absbrption band of the
CH 1S radica] 5 micro~seconds after flashing the CH3SH. They did not investi-
. gate the SO, bands, however tﬁis did indicate a rapid rate of reaction of the
CH3S radical with 0, molecules. A two-step sequence for the'oxidafion of H,S
by flash photolysis has been suggested [35,36,38,40]. McGarvey and McGratH

[35] observed the oxidation of H,S under flash photolytic conditions. The
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flash was found to rapidly produce SO absorption bands which were characterized
by a broad-band absorption spectrum extending from 200 nm to 250 nm. A Lyman
discharge was used as the source of background continuum for the absorption
spectroséopy. After one millisecond, the brbad bands of SO were still present
and SO, absorption bands were beginning to dppear. The Tong-lived nature of
“the SO absorption bands suggests a slow transition from the SO to the S0,.
Norrish and Zelenberg [40] found H.S combustion to form S,0, which was the
stable form of SO at room temperature. The $,0, later formed SO,.

| The sequential oxidation of the su]phurécontafhing species CHsS
and HS is therefore postulated for this photolytic oxidétion.

Due to the high concentration of bz, the majority of the oxidation

reaction is accomplished by reaction (3-7).

CH3S + 0, + CH0 + SO (3-7)

Mg = -25.3 kcal/mol

-Thé oxidation rate constant for reaction (3-7) may be estimated by com-
paring the oxfdation rate to the rate of recombination of CH3S. By eétimating
the radical concentration from the known rate of CHsSSCHs formation, and from
the product balance (73% disulphide) the rate constant for CH3S oxidation may
~ be evaluated relative to the recombination rate constant. A detailed calcula-

tion may be found in Appendix H.

k; = 8.39 x 10* M s~1

R, = (8.39 x 10%) (8.17 x 107% M) [CH3S]

- 26.86 [CH,S]
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A secondary mechanism for sulphur oxidation is that due to atomic

oxygen (3-8).

CHsS + 0 ~ CHs + SO - o (3-8)
AHe = -53.6 keal/mol

ke = 1.34 x 106 M1 s7!

There is no direct measurement for this reaction rate constant but the analogy

may be made to the oxidation of HS:

HS + 0 ~ H + SO
k=9.63 x 10°° M! s-! [52]

The rate of the methy]'su1phide oxidation may be slower by a ratic
/ .

similar to the speed ratio of the molecular oxygen oxidation of .CH3S to that of
HS. The ratio is 8.4 x 102 M s=! (this work) to 6 x 107 M s=! [52]. This
would suggest a kg value of

8.4 x 102
6 x 107

from which for [0] = 10~ [0,]

(9.6,x 1010] = 1.34 x 10°

, -9 .
Re = 1.0 x10 [cH,3] &
The methyl thiyl radical may escape oxidation temporarily by com-

bining with another CH3S to form CH3SSCHj.

CH3S + CH3S + M ~ CHySSCHs + M - (3-9)

ke = 2.5°x. 1010 . M-lg-}

Dimethyl disquhide is found as the major"product and this reaction must

have a very high rate constant considering the low concentration of the
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CH3S radical. A rate constant for sulphur atom recombination has been suggested

by Hampson and Garvin [52]

S+S+M~>S5, + M

we assume ' k =2.5x 10! Ms-!

k 24.09 x10'% - M1 s-!in 1 atm. [M] [521

This would appear to suggest a rate based on [CH3S]2 which would be quite
smé]]. The actual rate must be several times:that of thé oxidation reactidn
since a sulphur mass baiance indicated thét CH3SSCH3 accounted for 73% of
the reacted CH3SH sulphur atoms whereas 16.8% of the reacted sulphur atoms
appeared as SO, (Table 11). | |

- The CH3S radical,can'react with either the methoxy or the methyl

peroxy radica] tb form CHSSOCH3 and CHSSOOCH3 (3-10, 3-11).

CHsS + CHa0 ~ CHsSOCH; (3-10)
CHsS + CHs00 ~ CHaSOOCHs | | | (3-11)

The rate of formation of these compounds will undboutedly be low since it
will be proportional to the product of two low reactive radical concentra-
tions. Chromatographic analysis failed to show the presence of either

of these compounds.
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3.2.1.4 Reactions Involving the Methoxy and Methyl Peroxy Radicals

The methoxy radical is formed in the CH3S oxidation (3-7) and by
decay of the CH3;00 radical. The major source is (3-7). The CH;0 may react

with either 0, or CHsSH - the molecules of greatest concentration (3-12,

3-13).

CH3;0 + 0, -~ HCHO + HOO ‘ (3-12)

k12 = 4,0 X 10° Hfl S;l_[61]

CHs0 + CH3SH ~ CH3OH + CH3S : ' (3-13)

AHf = -18.1 kcal/mol

The rate.constant of ki» 4;0 x 10°  M! s-! was selected by Adachi and
James [61] for reaction (3-12) at an oxygen pressure of one atmosphere. At
“an oxygen concentration in air ofv8.]7 X 10-3 M, the rate of reaction (3-12)
may be expected to be 3.26 x 10° [CHgO]‘S'l.

There is no data upon which to base a reaction rate estfmate for
(3-13). The reaction rate is likely lower than (3-12) because the concentra-
tion of CHySH is lower than that of 0,.

The methy]Iperoxy radical is formed from the oxidation of methy]l

radicals generated by reactions (3-2), (3-8) and (3-27). This CH;00 radical

may react with reduced species in the gaseous environment and is expected to

react with CHsSH as.in (3-14).

CH300 + CH4SH A—CH300H + CH3S ‘ . (3-14)
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The production of the CHsS radical allows chain continuation by way‘of reaction

(3-7).

3.2.1.5 Reactions Invo]Ving the Hydrogen Peroxy Radical

The hydrogen peroxy radical is generated by the reaction of molecular
oxygen with the methoxy radical (3-12). The HOO radical may be expected to

react with reduced species - in particular CH3SH - and also with SO,.

HOO + CH3SH ~ HOOH + CH3S ' (3-15)
AHf = -3.36 kcal/mol
Kys = 1.15 x 10° M- s .
HOO + SO, ~ SO5 + HO (3-16)
: AHf'= -19 kcal/mol
kie = 5.4 x' 105 M-! s-1 [52]

There is no measure of the rate of reaction (3-15) in the-]itefature. The rate
constant may be estimated by ca]éﬁ]ating a .steady-state [HO0] as in

Appéndix H. The SO, oxidation by HOO (3-16) has been reported [52] to proceed
with a rate constant of kyg = 5.4 x 10° M~! s=!, It is reasonable to expect
that reaction (3—15) will proceed with a rate coﬁstant in excess of that for
(3-16). Thevdvera11 fate of reaction (3-15) is expected to be greatest due

to the higher concentration of CH3SH than of SO,.

3.2.1.6 Reactions Involving Methyl Radicals

Methyl radicals are generated in the initial photolysis reaction

(3-2) and during the oxidation of the CH;S radical.(3-7). An additional
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minor source of CH; radicals is from the elimination of eTehental sulphur
.from dimethyl disulphide (3—27). The methyl radical is an extremely reactive:
species and will react rapidly with the oxygen and sulphide species in the
reaction‘matfix. Adachi and James [61] have investigated the reactions of
methyl radicals in an oxygen-cdntaining atmosphere. The major_reaction of
the CH; radical in an oxygen-containing atmosphere is to produce the methy]

peroxy radical (3-17).

CHy + 0y + M~ CH,0, + M ' ’ (3-17)

Kyo =1 x10° M1 st

The rate constant. ky, is suggestéd by Baulch et aZ. [52] wherea; Adachi and

James [61] used the value ky; = 3.1 x 10° M™! s-! established by Basco

(1972). The choice of a lower k;; value p]ated more éevere restrictions on

their calculation of the fract%on of CH34rad1ca1s to form CH;00 radiéa1s ahd
they.chose-the Tower raté‘constant for that reason. Extending the Basco estimate
to atmospheric 0, concentrations suggests the rate of methyl radical oxida-

tion to be Ry; = 8.17 x 10° [CH3] s~*. The methyl peroxy radical can mutually

interact with itself forming the methoxy radical and other products

2CH;00 ~ 2CH40 + 0,
~ CH30H + HCHO + 0,
~ CH;00CH; + 0,
Kk =3.5x10° M5l [61]

Adachi and James developed a computer simulation of the methyl radical oxida-

tion and concluded that, in a nitrogen-oxygen mixture, the CH;00 radical 1is
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the predominant species [61}. At a high 0, concentration (79% vol; 3.23 x
10-2 M), 99.97% of available CH; radicals were converted to CH;00 radicals
within the first 50 us after flash formation of the CH;. The HOO concentra-

tion reached 12% of the 1h1tia1 éoncentration of CH;00 at 1900 us after the

v
v

96.9% of the available CH; radicals formed CH300 énd only 3.1% formed CH;0.

flash. When the oxygen concentration was lowered to 2.4% v (1 x 10°° M),
The HOO concentration was maximum at 3.1%,-4400 us after ihitiation. It is
apparent that the greatest portion of methyl groups which oxidize will form
the methyl peroxy radical. A small portion of the methbxy groups will be
formed from mutual interaction pf the CH300 groups. |

The methyl radical may also react with atomic oxygén as in (3-18).

A

-CH; + 0 ~ HCHO + H (3-18)
kig = 6 x 10t  M-! sfl [52]
AHf = -70 kcal/mol

This reaction is quite rapid but will play a small part in the oxidation of
the methyl radical due to the Tow concentration product of two reactive
radicals ([CH3] and [0]). Assuming an atomic oxygen concentration 10-% that
of molecular oxygen, the rate of oxidation may be expected to be
R = 4.9 x 10°[CHa] s-1.

| An alternative to oxidation of the methyl radita? is reaction with

mercaptan to form methane (3-19) .

CHy + CH,SH ~ CHy + CH,S (3-19)
kyg = 1.8 x 104 M- s-1[54]
M = -19.2 ‘kcal/mo]
\‘
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This reaction rate constant is much lower than those of the competing reactions
and thus is likely to contribute only slightly to the overall rate of removal
of the metHy] radical. Assuming an jnitia] concentratfon_of CHsSH of 1.53 x
10°* M. The relative reaction rate of (3-19) would be R = 2.75 [CH3]. This

relative rate is low enough to be disregarded.

3.2.1.7 Reactions Involving Atomic Oxygen Radicals

The atomic oxygen radical is generated during the oxidation of the
SO radical (3-23). This highly reactive species may reaét with CH3SH, 0, or
0 itself. The reaction of CH3SH and O will most Tikely oxidize the thiyl

hydrogen atom as in (3-20).

0 + CHsSH - CH,S + OH | (3-20)
' M, ==-16.6 kcal/mol
Koo = 2 x 107 to 9 x 10'° M1 = [52]

The reaction rate constant for this reaction is estimated from data for the
oxidation of HS (k = 9 x 10'% M-! s-!} and for the oxidation of H,S .

(k = 2.03 x 107 M-!s-'). The data for HS may represent the CHySH case more

“accurately since the sulphur group is the largest atemvof the groUp and the

H atom wi]] represent a similar steric factor for both CH;SH and SH. Assumfng
a CH3SH concentration of 1.53 x 10=* M, reaction rates will range from 3.06 x'
10° [0] s=1 to 1.37 x 107 [0] s-'.

Atomic oxygen may also combine to re-form molecular oxygen as in

(3-21).
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0+0+M>0, +MN | - (3-21)

k21 = 3.8 x 10° M=2 st
BHe = -119.1 kcal/mol

This reaction will have a ré]ative rate of 1.5 x 107 [0]% s~! when in an
air thermalizing medium. The expected concentration of 0 species is suf-
ffcient]y low that the square reduces the expected rate of reaction (3-21)
below the range of consideratioﬁ.

~ Atomic and molecular oxygen may react to form ozone as in (3-22).

0+ 0, +M~>0;+M (3-22)

k22 = ]..96_X ]08 M-z s-1
, AHf = -24.9 kcal/mol

At an oxygen concentration of 8.17 x 10-* M (room air at 25°C), assuming
0, and N, are equally good third bodies, the expected reaction rate wou]d
be R = 6.54 x 10* [0] s'i.

The predicted rates of reactioﬁ for reactions (3-20), (352]) and
(3-22) sugdest that the reactions with CHsSH and with 0, may be equally

important as pathways for atomic oxygen reaction.

3.2.1.8 Reactions Involving Sulphur Monoxide Radicals

The rate of oxidation of SO radicals has been suggested as being
slower than the reaction forming SO. The radical may be oxidized by either

molecular or atomic oxygen as in reactions (3-23) and (3-24).
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SO + 0, ~ S0, + 0 | (3-23)
kos = 1.5 x 10* M1 s=1
AHf = =13 kcal/mo]l
SO + 0 ~ SO, (3-24)

AHf = -59.7 kcal/mo]l

The molecular reaction (3-23) will be the predominant reaction‘in an air
environment due to the greater 0, concentration. At prevailing 0, concentra-

tions a reaction rate-of R = 1.22 x 10% [SO] s~! may be expected.

3.2.1.9 Reactions Involving Sulphydryl Radicals

The sulphydryl radical may react by oxidizing with either molecular

or atomic oxygen; (3-25) or (3-26).

SH+0,~S0+0OH . (3-25)
kes < 6 x 107 M-!' s~! [52]
AHf = -25.5 kcal/mol
SH+0~S0+H | (3-26)
kog = 9.6 x 10*% M- ! s-!

' AHf = ~40.5 kcal/mol

The molecular oxidation will proceed at a rate R = 4.9 x 10° [SH] s- for
normal air concentrations of oxygen. Theémomjc oxidation (3-26) may be
expected to proceed at a rate of R = 7.8 x‘]ﬁs[SH] s=! in air. The molecular

~ oxidation is the most significant mechanism for removal of the SH radical.
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3.2.1.10 Reactions Eliminating Elemental Sulphur

Photolysis of CH3;SSCH; has been suggested to directly expel elemental
| sulphur (3-27) [5].

CH3SSCH3 + hv »-2CH; + S» (3-27)

Data updn the quantum yield of this reaction is lacking. The'réaction méy

be inVo]ved in the production of the yellowish, oil deposit found on the
inside of the cell walls. The deposit has also been noticed during reactions
which do not involve CH3SSCH; so that other reactions expelling S, must also 
be contributing. There is not sufficient évidence from this work to further

speculate on the nature of these reactions.

3.2.2 The Chain'MeChaniém

The slope of the molecular reaction rate versus absorbed photon
rate (Figure 22) indicates a quantum yield of 13.9 molecules decomposed per
photon absorbed. For the quantum yié]d to exceed one, a chain mechanism must
be in operation in order to propagate a free-radical chain of species which
“will react with other CH;SH mo]écu]es in the surrounding atmosphere. Table 7
. lists the major reactions which are involved in the chain propagating
mechanism. The reaction is 1n1t1ated by photoﬁ absorption and the subsequent
lysis of the CHsSH molecule into H, CH;3S, CH; and SH radicals. These four
species are all very reactive and are capable of reécting with sbecies in the
reaction atmosphere in such a manner as to increase the number 6f chain
carrying species. Each of the reactions included in the 1ist of chain

propagators is one in which the reacfing radical produces another radical
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Table 7

The Chain Mechanism

INITIATION REACTIONS

CHySH + hy = CHsS + H (3-1)
CHsSH + hv ~ CH, + SH (3-2)

CHAIN PROPAGATING REACTIONS

CHsS + 05 ~ CH30 + SO | | (3-7)
CHaS + 0 ~ CHy + SO i (3-8)
H+0, +M-HOO + M (3-4)
H + CHsSH ~ H, + CH;3S - : (3-3)
CHs + 0, + M = CH;00 + M | | (3-17)
HOO + CHsSH ~ HOOH + CHaS e (3-15)
SO + 0, ~ S0, + 0 | (3-23)
" CH300 + CHySH ~ CH,00H + CHaS . o (3414)
CHL0 + CHoSH ~ CHLOH + CHyS | (3-13)
CHs0 + 0, = HCHO + HOO | | C(3-12)
SH+0, ~SO+OH | o (3-25)
CH + CH3SH > H20 + CH38 : _ (3-28)
(3-29)
TERMINATING REACTIONS
CHsS + CHyS + M ~ CHySSCH, + M - o O (3-9)
CH5S + CH40 ~ CH4SOCH, (3-10)
CHyS + CH,00 ~ CH,S00CH, - (3-11)
2HOO -~ HOOH + O (3-29)

2
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which is capable of reacting in aAmanneF'which will u]timafe]y react.with
another CH;SH molecule. The species produced by the chgin propagators are
CHsS, CHs, CHs0, CH300, and HOO. | |

| Perhaps the most important reactions in chain propagation are (3-4)
‘and (3-7). The hydrogen atom reaction with molecular oxygen preserves the
reactive fadica] as H00. The HOO is able to react with CH3SH to fdfm HOQH ;
(3-15) and a CH3S radical which will oxidize and %urther supply chain.carrying
radicals. The methyl thiyl oxidation (3-7) is a reaction which prodﬁces two
reactive radicals as products (CHs0 and SO). The oxidatﬁoh ofASO (3-23) |
produces an oxygen atom which continues the chain:‘ The CHs0 radical reacts
with 0, to form a HOO radical (3-12). The O atom will react with CHssH (3-20)
to continue the chaiﬁ or will react with 0, to form 05 which itself is likely
to react with CH3SH. The HOO radical will react with CHsSH (3-15) to remove
a further CH;SH and to release the CH;S radiéa] as ajchain propagator.

The removal. of the'subsequent CH3SH moTecules crea?es_reactive products
which themselves continue the reaction. At the.concentrations studied, the
chain length has proven to be 13.9 reactibns of CH;SH.

| The chain reactipﬁ is terminated by the quenching of reactive
species primarily by recombination with other active species (3-9, 3-10,
3-11). The recombination of two CH3S radica]é (3-9), 1is responsible fof

the formation of CH,SSCH, - a major reaction product. . CHBSOCH3

is formed from-the combination of CH30 and CH3S as in (3-10).

CH,S00CH, s formed from recombination by CH3S and CHs00 radicals (3-11).

These reactions account for the formation of compcunds identified in the
photolysis of CHgsHvand CH3$CH%. Recombinations of this sort are responshile
for terminating two chain Sequénces and do not produce radicals which contirue

the chain.
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3.2.3 The Quantum Yield of CH3SH Oxidation as a Function of Atmospheric

Pressure

Table 8
The Effect of Atmospheric Pressure on the Quantum Yfe1d

of CH3;SH Decomposition

.

Concentration of Averagg - 9 Numbgr

CH3SH and Pressure Quantum Yield of Trials
2.55 x 10-" M/2 1 atm 12.9 2.07 16 13
2.55 x 10" M/2 L atm 6.4 4.0 62 17
2.55 x 10-% M/2 I atm 10.9 4.3 39 5

The quantum yields of CH3SH removal-at 1 étmosphere and at %
atmdsphere are not significantly different.. The yield at % is not signifi-
canf]y different from that at % atmosbhere. The yield at % atmosphere is
only slightly signficantly different from that at 1Aatmosphere. Thus it does
not seem reasonable to conclude that the CHsSH oxidation reaction is affected

by atmospheric pressure as long as there is a large excess of oxygen.

3.2.4 The Quantum Yield of Dimethyl Sulphide Decomposition

The quantum yie1d of dimethyl sulphide oxidation was investigated
at both atmospheric pressure and at % atmosphere. The quantum yield of
decomposition was found to increase significantly with decreasing pressure

(Figure 23).
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Table 9
The Quantum Yeild of Dimethyl Sulphide Decomposition-

v.s. Atmospheric Pressure

84,

CHs SCH, Przi;ure Absorbed Photons Rgt: ¢ o n
1.71x10-M 1 .04 (1.934 x 10®) | 74.2 x 6=° g/hr | 4.07 | 1.6 | 10
1.71x10-"M % .04 (1.615 x 10%) 64.25 x 10-% g/hr| 8.02 | 2.9 6

The low rate of reaction of dimethyl sulphide is due to the fact

" that the compound absorbs only- very short wavelength ultra-violet radiation

(Figure 3). Most mercury discharge lamps provide only low levels of illumina-

tion in this region. The deuterium discharge provides extended short wave-

Tength emission, however, % u2 (%) of CHySCH; in a 10 cm, 40 ml cell, absorbed

only 4% of the incident energy below 300 nm.

3.2.5 The Quantum Yield of Dimethyl Disulphide Decomposition

* Table 10

The Quantum Yield of Dimethyl Disulphide Decomposition

Disulphide 1 Fractional I : " Quantum No.

Per Cell 'Absorbance Reaction Rate Yield Trials o
7.05 x 107° M 28.4% 93.6 x 107° g/hr 1.96 40 .94
14.10 x 10° M 42.8% 90.5 x 10-° g/hr 1.27 | 7 .825
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The quantum yield of dimethyl disulphide decomposition is not
significantly affected by a change in reactant concentration (%igure 24) .
The average quantum yield of decomposition is 1.67. The Tow quantﬁm yield
suggests the presence ofvfew successful chain carriers to continue the reactions
initiated by the ﬁhotochemicé1 sequence. The Tow yield also suggests that
CH;0 and KOO radicals, when produced by CH3S oxidation, do not successfu11y»
attack the CH3SSCH; molecule in a manner which would decompose the molecule.

The initial photochemical activation forms two methyl thiyl radicals
from the disulphide [5, 8, 9, 20]. The low rate of decomposition indicates
that the méin fate of the CH;S radicals is to recombine to reform disulphide.
There was no evidence of CH3;SH formation dUring.disulpﬁide photolysis and SO,
was the only detectable product.'

" The chain sequence is very short however there is the possibility

that atomjc oxygen formed from CHsS oxidation contributes to the chain in

the fo]]owing.manner:

CH3SSCHs + hv - 2CH;S
CHsS + 05 > CH30 + SO

S0+ 0; > 50, + 0

0 + CH3SSCHs > CHsS + CHa + SO

Tha hydrogen peroxy radical may also participate; however,. the interaction

between HOO and CH3SSCH; is not easily predictable.

CHgs + 02 - CH3O + S0
CH30 + 0, - HCHO + HOO

HOO + CH,;SSCH; - products
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3.3 Other Experimental Studies

3.3.1 The Effect of Added Sulphur Dioxide

Sulphur dioxide is a major reaction product of the CH3;SH oxida-
tion and thus must be considered as a possible quencher or~promoter of the
oxidation reaction. Sulphur dioxide has a significént extiﬁction coefficient
in the wavelengths of interest for CHj3SH oxidation. It might therefore absorb
light to form a photo-excfted species which could transfer energy to other
reacting species. The series of runs was done with 50 p2 -CH3SH using 50 uf

and 100 2 addends of SO, to the reaction cell.

Table 1
~The effect of Added Sulphur Dioxide

CH,SH S0, SH Rate % Absorbed Light s
50 iig 0ut | . 53.05 x 10-° g/hr 6.13% 8. 24
50 12 _,‘ 50 uL 57.2 x 10~ g/hr 15.05% ' 3.61
50 18 100 1L 53.5 x 10-° g/hr 32.3% 1.57

Figure 25 shows the Vafiation of CH,SH oxidation rate with added
S0,. There is no significant effect on the mercaptan oxidation rate due to
SO, addition for low total amounts of light absorbed by the réacting gas
mixture; This indicates that there is no energy transfer from the_photo-
excited SO, species to the reacting mercaptan molecules. The SO, does absorb
a significant amount of ultra-violet light which would otherwise not be
absorbed by the CH3SH-air mixture. Due to the increased absorption the

effective quantum yield of CH3;SH decomposition becomes reduced. Figure 26
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indicates that the quantum yield is 1nvefse1y proportional to the amount of
1ight absorbed by the SO,. Thus the major effect of the presence of SO, in
the reaction atmosphere is to absorb'1ight which would otherwise be available

to initiate CH3;SH reaction.

3.3.2 A Squhur Balance for Methyl Mercaptan Oxidation

The CH;SH oxidation experiments were monitored both optically and
chromatographically to determine the production of reaction products con-
taining sulphur. The SO, production was mést efféctive]y monitored by gas
chromatography. _The optical absorbance at 290 nm was monitored during the
reaction to'fd1]ow the combined pfoduction of CH3SSCH; and SO,. The reaction
showed a linear production rate of species absorbing at 290 nm.

The absorption coefficients for CH;SH, SO, and CH3SSCH; were
determined by measUring known quantities of known'gases in the cell. The
absbrption coefficients at 290 nm are shown in Table 12.

The total absorbance was consideréd to be the sum of that dué

to SO,, CHsSH and CHSSCH,.
log Tl-= (10 cm)[gssz49 x 103)[S0,] +
0
(18.304)[CH,SH] + (1.390 x1o3)[cnasSCH3§}

The concentrations of CH;SH and SO, were known chromatographically and that

of CH;SSCH; was found by difference from the total absorbance at 290 nm.




Table 12

. The Absorption Coefficients for CH,;SH, S0,, CH3SCH; and CH3;SSCH,
.......... This Work. . . .. ~ Calvert & Pitts [59] Deviation
, ' 3 CC 3 _CC 9
CH3SH 225 nm 147.1 o 2.29 x 10 g o 165 T em 2.57 x 10 g om +12.4%
"~ CH3SH 290 nm - 18.3 - - -
- S0, 290 nm ‘207.9 3.24 x 10° 228.6 3.57 x 108 +9.95%
"CH3SCH; 215 nm 340 5.31 x 10% 454 7.09 x 108 +33.5%
CH3SSCH; 250 nm 456 7.12_2 103 300 4.68 x 10° -34%
CH3;SSCH; .290 nm 131 1.39 x 10° 59 - 9.22 x 10° -55%

L6



92.

v Table 13 '
A Sulphur Balance Based on 25 Minutes CH 3SH

Oxidation Per ml Reaction Volume

100 u? Runs ' ) 250 uf Runs
S Atoms Lost as CHsSH - 2.712 x 10'¢ ALoMS 4.8449 x 10*¢ AEONS
S Atoms Found as SO, 458 x 1016 v 5688 x 1016
% of S lost | 16.8% 11.7%
S Atoms Found as CH,SSCH, 1.981 x 10! AtONS 2.973 x 10'° ALOTS
% of S lost 73.04% ' 60.8% "
TOTAL % FOUND 89.95% 73.1%

o«

Experiments conducted at iOO ul per reaction cell were ab]e to account
for 89.9% of the su]phur reacted. Experiments conducted at 250 nuf/cell were
able to account for 73.1% of the sulphur atoms decomposed as CH;SH. |

A significant amount‘of.sulphur'also appeared as a pale yellow
deposit on the inside of the reaction cell. The heaviest deposit occurred
on the entrance window. The deposit was not large enough to analyze chemically
but was examined under the optical microscope and under the scannihg electron
microscope. X-ray emission spectra from the deposit under e]ecfron bombard-
ment confirmed the presence of sulphur in the deposit. The deposit was
produced during both photolysis and light scattering studies of CH;SH, CH3SCH,

CH3SSCH; and SO.. The deposit was not included in the sulphur balance.
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3.3.3 The Quantum Yield of Product Formation for Sulphur Dioxide and

Dimethyl Disulphide

The major products of the photo—oxidation 6f methy1 mercaptan are
sulphur dioxide and dimethyl disulphide. For the initial stages of the
reaction, the peruct_formation may be described in the form of a quantum
yield of appeafance based on the amounf of 1light ébsorbed by the reacting

compound, CH3;SH. The resulting quantum yields of product formation are shown

in Table 14.
Table 14
The Quantum Yields of Product Formation
CH;SH Level 100 us/cell 250 u&/cell
¢ SO, Formation ) 2.355 _ 1.585
¢ CH.SSCHs Formation 5.096 4144

| The quantum yield of appearance of sulphur atoms should equal the
yield of disappearance. Since dimethy1 disu]phide contains two sulphur atoms,

then the atomic quantum yield balance should appear as:

AT = %30, T 2%CH,SSCH,
decomp. -

For the 100 u& runs using the average quantum yield of decomposition of 13.9:

13.9 ~ 2.3 + 2(5.1) = 12.5
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This agrees within 10% and suggests that some 1light produces products
other than SO, and CH3SSCH;. The sulphur-containing cell deposit may account

for thevimba1ance.

3.3.4 The Deposit on the Inside Cell Wall

Phofo]ysis of the sulphur-containing cdhpounds is accompanied by
the appearance of a yellow deposit on the inside of the photo]ysig cell.

The deposit is most héavi]y concentrafed on the entrance window of the cell.
The deposit has the appearance of‘droplets of an oily liquid of yellowish
‘colour. The yellow liquid is not soluble in H,0, CCl,, CHCl;, CH30H or
acetone [58] but is reported to be soluble in carbon disulphide [41].
‘Chromatographic ana]&sis was not possible due to the difficulty of collecting
the sample and due to the 1ack‘of known standards.

The deposit was found fo give off a.background emission during
emission runs which required occasional cleaning of the cell. Cell cleaning
was accomp]ished by baking the cell overnight at 500 °C 1n.aif.- A éimi1ar
deposit has been reported by other investigators of sulphur compound photolysis
and emission effects [1,5,12,16,41,42,48]. Kamra and White [16] found the
deposit to disappear by heating an oxygen-filled cell to an unstated tempera-
ture until the deposit was gone. Mass spectral analysis of the gases revealed
502. The investigators suspected elemental squhur and thioforma]dehyde
condenéing on the side walls. ‘ _

Rao and Knight [12] found mass spectral ana]ysfs of the deposit to
suggest a molecular weight about 258 and that the compound contained CH»S
and CHsS groups. Luria et al. [58] observed the appearance of a clear oil

which turned brown with time. This deposit appeared on the inside cell wall
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of the reaction vessel. Luria was photolysing a mixture of SOz and allene.
An aerosol was found to form which was similar to the aerosol Heicklen found
upon photolysis of sz—acety1ene mixtures [58]. An elemental analysis was
attempted but was not successful. The aerosol was found to grow in particle
size throughout the run but did not grow in particle number. The aerosol |
was felt to deposit on the sides of the reaction vessel. The deposit, in
my experiments, was responsible for a génera1 decrease in short wavelength
transmission of the reaction vessel. The transmission decrease was directly
related to the amount of sulphur-containing gas wﬁich héd»been decomposed in
the cell.

Phoﬁographs of the deposit with an optical microscope reveal a
séries of larger droplets surrounded by much smaller droplets (Figures 27,
28). The larger droplets may have been formed from the cohdensafion of smaller
droplets since there is a zone of c]eariné around each larger droplet.

Scanning electron microscope photographs reveal a more flat deposit
which has decreased in diameter and moved to the side (Figure 29). A visible
perimeter gives evidence of the original shape and location of the droplet
(Figure 296). The "change" of shape is a result of evaporation during the
high-vacuum carbon evaporation cycle of scanning electron microscope sample
préparation at which time the sample was rotated at 10-° mm préssure to ensure
a uniform carbon coating which provided electrical éonductivity. The evapora-
tion of deposit reveals that scme of the deposit is vé]ati]e and some of the
deposit is much less volatile. The Tess volatile portion of the deposit was
found to blister and evaporate under 20 KeV electron bombardment (Figure 29d).
The electron beam can be used to stimulate x-ray emission characteristic

of atomic species and is able to detect sodium atoms and those of higher atomic
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weight. Ah emission spectrum was fun on the‘cei] window and on the window
plus deposit (ngure.30). The upper curve reveals the.peak for silicon found
in the glass window.. No sodium is seen in the glass due to the sodium removal
stages in preparing suprasil synthetic silica. The lower curve shows the
characteristic su]phur peék at 2.31 KeV as well as a silicon peak which results
from the underlying window. ’
Photographs of thé_samp]e ahd'of the points of x-ray emission
characteristic in energy for sulphur are superimposed in Figure 29d. The
deposit»is_]ike1y_an organic polysulphide deposited from the mq1ecu]§r_vapour
state. Subsequent rephotolysis of the deposit on the surface likely results

in long chain formation.



Figure 27. Photomicrograph of cell deposit.




Figure 28. Photomicrograph 'of cell deposit.




Figure 29a. Photolysis cell Figure 29b. Photolysis cell
deposit x 100 - deposit x 400 -
10 KV. 20 KV.

Figure 22c. Photolysis cell - Figure 29d. Sulphur x-ray
deposit x 1000 - emission sources
10 KV. superimposed over

the cell deposit x
1000 + 20 KV.
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" Chapter 4
LIGHT ‘EMIS.SIDN FROM SULPHUR-
CDNTAI[“!ING ATMOSPHERES

I

4.1 Observation and Time Dependence

The reaction apparétus was modified from the form of a transmission
spectropbotometer into a configuration which would allow photo-electric
~ observation at 90° to the incident 1ight path (Figure 11). This configuration
was chosen in an attempt to detect light emission from the sulphur-containing
gases as they underwent the phOto;oxidation reaction. The arrangement was
fully enclosed by a dark shroud and light reflection from the side of the
-containment vessel was e]iminateé by mésking the entrance window so that the -
vessel sides were not 111umfnated. The gases CH3;SH, CH3SCHj, CH3SSCH3, H,S
and SO, were illuminated for five minutes in the polychromatic 1ight beam
and ‘the spectrum of light emission was recorded with a 3.2 nm bandpass.
Significant levels of light emission were recorded for H,S, SO, and CH3SCHs3
(Figure 31). The non-symmetrical sulphides CH3;SH and CH3SSCH3 did not emit

A4

significant levels of light (Figure 31). The spe&trum of emission detected
from the symmetrical sulphides was simf]ar to the trapsmission'spectrum in
that the minimum at 280 nm in the SO, emission corresponded to the SO, ébsorp—
tion peak at 280 nm. The emission specfra begin at frequencies where the

absorption coefficient for that particular gas is decreasing.
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During the course of other experiments the emission spectra were
recorded at varying times after beginning.illumination of the gas mixture.
The intensity of the emitted Tight was found to vary depending on how long
the gas mixture had been receiving illumination. In order to examine this
apparent time-dependent behaviour, a series of experiments was performed af i
fixed wavelengths. The intensity of emission from a CH;SCH;-Air mixture was
followed from the time of i]]uminétion using the 270 nm band. The time-
dependent nature of the detected signal is shown in Figure 32. The emission
slowly grew in intensity. After a period of 51X_minutes the emission reached
.a maxihum value and began a series of oscillations as the emittéd intensity
slowly decreased.

The same procedure was employed to examine the time-dependent
behaviour of SO,. The wavelengths of observation were chosen on either side
of the 280 nm absorption peak of SO, so that a strong signal could be recorded.
The results are - shown in Figure 33a for the shorter wavelength 240 nm signaT
and in Figure 33b for the 320 nm signal. The initial level of emission
develops as rapidly as can be measured by the recording equipment. This is
a fluorescent emission from tﬁe excited SOZ mé]ecule. The initially low level
increases until a plateau is reached after five or six minutes of illumina-
tion. Observation of the emission at 320 nm reveals somgwhét different
behaviour. The initial fluorescent emission ié much stronger at 320 nm.

The subsequent rise in emissicn intensity appears to experience a delay when
monitored at the'1onger wavelength. The delay has exponential growth and

suggests an initiating effect may be taking place and this initiation may be
characterized by a wavelength dependence. The ultimate Tevel of emission is

established seven minutes after the start of illumination.
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4.2 Possible Mechanisms to Describe the Delay of Emission

4.2.17 Fluorescence

The observation of a slow-developing component of emission fequired
that the mechanism responsible for the emission be defined. Mechanisms which
could have been involved include fluorescence and delayed fluorescence,
chemiluminescence, impurity effects such as a reacting quenching agent and
physical Tight scattering by possib]e aerosol formation. A fluorescent effect
was not observed in the case of dimethyl sulphide. The emission did not
disp]ay an instant level of emission ahd.beganvthe slow growth from a zero
level of 1ight\emission (Figure 32). Fluorescence was noted for SO, at both
240 nm and 320 nm (Figure 33). The fluorescent component is much more sig-
nificant at 320 nm (Figure 33b). The fluorescent component is a very small
portion of the total emission even for SO, at 320 nm. A fluorescent emission
occurs from the singlet photo-excited stéte and conséquently is fully deveioped
by the time the chart recorder records the initial emission level. Thus a
fluorescent effect on]d not describe tHe slow-developing component of the
~ emission. |

! .

4,2.2 Delayed Fluorescence

The phenomenon of delayed fluorescence involves a slow developing
component of fluorescence wihich develops after the initial establishment of
fluorescent emission.  The slow comp&nent.is-due to thermal. activation of
the triplet pool to the first exicted singlet state‘from which fluorescence

occurs. The E-type delayed fluorescence has been described by Parker [46]

to occur as follows.
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A+ hy > A' activation

Q+A'"> A+ Q- quenching

A' > A+ hy fluorescence

A' - A3 inter-system-crossing
A® > A+ hy | phosphorescence

A+ M> A' + M energy absorption

A ground state molecule

A' singlet state molecule

A3 triplet state molecule

M atmospheric third body molecule

A delayed fluorescent effect would be expected to reach maximum intensity
shortly after the triplet pool would reach its maximum population. This would
be 1ike1y to occur very rapidly and a six minute time to maximum would be

unlikely.

'4.2.3 Chemiluminescence

)

The possibility that a chemiluminescent effect might be operating
was investigated. The oxidation of the su]phur atom might have been |
responsib]e'for the slow-developing emission component. This was tested
by observing the emission chyes when the experiment was performed in one
atmosphere of dry N, instead of in air. The emission in a nitkogen atmbsphere;
was identical to that frém an air-containing system. Thus the sulphur oxida-
tion reaction is not 1ikely to be responsible for the slow-developing emission.

One further reason to reject a chemiluminescent explanation is afforded by
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the CH3;SH oxidation reaction. The photolytic oxidation of CH3SH exhibits
only a very low level of 1fght emission. Tﬁis reaction is also the one in
which the format1on of SO, from CH;S is the most rap1d If the emiésion
came from the sulphur oxidation reaction one would expect.this reaction to
exhibit the greatest level of 1ight emission. Thus one mustAconclude that
the reactibns of oxidation of CH3;S to SO or of SO to SO, are not reéponsib1e

for the slow-developing emission.

4.2.4 Presence of Quenching Impurfty

A long delay in the establishment of emission could be caused by
the presence of a quenching agent in the original gas mixture. If this
quenching agent was to be slowly removed, a fluorescent emission would appear
to be slowly growing. As the quenching agent was removed the emission would
approach a plateau Tevel which could bé.ﬁaintained. _The quenching agent
could be removed by reaction with the activated sulphide orvmight be deactivated
due to photolysis of the quencher itself by direct absorption of ultra-violet
light. This possibility was examined bylinterrupting the‘11gh£_beam for |
various lengths of time énd examiﬁing the Tevel of emission as the illumina-
tion was resumed. If there was a quenching agent present, and if it was
consumed by reaction or photolysis, the emission should resume at the same
level as whén_the\beam was interrupted. If the quenching agent was regenerated
in the.dark, the emiésion should resume at a very low Tevel after a sufficiently
long dark period. The results of this examination are shown in Figures 34,
35 and 36.

The results are quite different for CH3SCH; and SO,. The dimethyl

sulphide emission tends to resume at levels which are very similar to those
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when illumination was suspended. Figures 34c and 34d demonstrate the resump-
tion of emission at levels which are below those established when the.light
was first shut off. Thus a four-minute dark beriod appears to be a significant
event to whatever mechanism is occurring in-this delay of emission. A

shorter period of illumination and dark results in a pattern whichvfo11ows

an interrupted, smooth curve. Figures 34a and 34b show some peridds of
anomalous emission weakening during illumination. The major trend is toward
emission which resumes at the previous intensity level for periods of darkness
less than four minutes. For longer periods of darkness.(such as four minutes)
the emission resumes at a level signiffcahtly below that of the first photo-
period. The growth bf emission also shows a second induction‘period after

the four minute dark period. This suggests that if a quenching agent was
present, that a portion of it re-appears after a four minute period. One
would expect that if a quenching agent was being photolysed by ultra-violet
light or if it was reacting with CH3;SCH;, the agent would be strongly altered
and its reappearance after four minutés would be unlikely.

The behaviour of.the SO, system is most different from that of
the'CH3$CH3. The SO, emission resumes at significantly higher-1evels of
emission than at the end o% the previous photoperiod. Figure 35 indicates
that even forva 30 second photoperiod, the emission resumes at a level which
appears to be unchanged by the darkvperiod. For short photoperfods, the
dark does not appear to iﬂterrupt the growth curve of the eaission once a
sufficient amount of 1light has been absbrbed; The initial period of 1light
absorption required to promote unaltered rate of growth appears to Be about
one minute. Thus the process appears to be initiated by one minute illumina-

tion and is able to continue throughout a short dark'period. If this was a
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~quenching agent reacting, one would expect the reaction not to continue
during a dark period; Photo-produced radicals should react‘sufficieht1y
rapidly that the dark reaction shou]d continue only a short time into the
dark period. Thus one would not expeét the large increase in emission found

after a long dark period.

_4.2.5 Phbtochemica1 Aerosol Formation

The remaining possibility that the emission might be due to physicaT
scattering of the‘1ight by an aerosol suspension was investigated. In order
to separate the physical scattering effect from an emission resulting from
absorption of light, one must be able to eTiminate absorbabfe wavelengths
from the illumination envelope of‘wave1engths. If an emfssion persists at a
wavelength which is illuminating the gas mixture but which is too long to be
absorbed by the gas, then the cause 1is sohe physical scattering of the light
beam. It is necessary, of course, to illuminate the mﬁxture with'polychromatic
Tight for an initial period in order to build up the emissive effect. A
borosi]icate‘g1a§s fi]tgr was used to cut off all wavelengths short enbugh
to be absorbed by the sulphide. The emission spectrum was followed at 370 nm.
This wavelength is efficiently paséed by the borosilicate filter with only
slight loss due to reflection. A 10% 1035 may be'expected. Figure 37 demon-
strates the effect of removing absorbable wavelengths from the 1ight path
while analysis was maintained at 370 nm. The emission was a]]oWed to develop
normally using polychromatic illumination. After a period when the emission
was well formed, the borosilicate filter was inserted into the light path.
An immediate decrease in emission intenéity fsﬂcaused by reflection Tosses

of the borosilicate filter in the 111uminating beam. The level of emission
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maintains itself for 30 seconds and begins to decrease slowly for three minutes.
This indicates that there is some photo—generated §pec1gs in the reaction
mixture that is capable of scattering light of many wave]engfhs. Removal
of the filter at the nine minute point increases the light emission by regaining
what was lost to reflection. Further illumination increases the emissive
effect at a rate simiTar to that observed before filtration.

| This experiment estab]ighes that the,emission-observed is caused
by a physical scattering of the Tight by partic]es which are produced under
short wavelength ultra-violet radiation. The particles ére vefy likely an
aerosol. The emission must be due to a.scattering since the emission is
. maintained even when all wavelengths which can be absorbed by CH3SCH ére
removed from the illumination beam. Thus the emission is not re-radiation
of absorbed energy since energy cannot be absorbed by CH;SCH; at wavelengths
longer than 320 nm (Figure 3).‘ Short wavelength u]tra—vfo]et illumination
is required for the formation of the aerosol since the emission does not form
af all during exposﬁke to borosi]icate'f11tered light. The emission also
Adrops from its previous 1eve1(of development when the filter is inserted into
the 1ight path. This 16dicates that the aerosol is not vgry‘stéble since it
decays significantly once the generating energy is removed. The aerosol is
then regenerated by admitting the short wavelength Tight. The aerosol pro-
duction mechanism seems the most successful in explaining the emission effect.
The results will bé discussed in terms of ah aerosol mechanism in a later

section.
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4.3 Concentration Dependence of Emission

The emission was examined to observe a concentration dependence
upon the amount of CH35CH3 added. The ultimate 1nteﬁsity of emission at
270 nm was observed and recorded as a function of the volume of liquid CH35CH;
added to the emiSsibn cell (Figure 38). The experiment, when performed on
different days under apparently identical conditions, yields rather diffefent
results. The behaviour of emié;ion for volumes of CH3SCH; under 1 uf is
quite linear. At these levels, the emﬁssion is most defintely a function
of c0nceﬁtration. For sulphide additions greater than 1 ug t%e emission reaches

a maximum and does not appear to increase above a certain level.

4.4 Pressure Dependence of Emission

The emission was also examined td determine any dependence -upon
the atmospheric pressure of moiecu]es in theiemitting mixture. The ultimate
emission intensity was-measured'for a given concentration of éu1bhide in fhe
emission cell. The cell was evacuated to ?/4, 1/2 and 1/4 atmosphere while
maintaining the same partié] pressure of sulphide. The results are shown
in Figure 39. Each individual concentration level was measured on a different
day and the deuterium lamp used for this set of trials was approaching the
end of its useful 1ife. For this reason,each individual day can be related
but the results from different days cannot be related since the total light
emitted from the deuterium lamp was rapidly decreasing. The emission is shown
to be a strong function of atmospheric pressure. The possibility of an oxygen
dependence in this set of experiments was examined by conducting the whole

set with a new deuterium lamp using dry nitrogen gas as the reaction
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atmosphere (Figure 40). The level of emission was generally much greater
with the new deuterium lamp. The emission revealed a similar pressure depen-
dence to the air experiments. This allows one to rule out an oxygen concen-
tration effect as the cause of the pressure depehdence of the emission. In
terms of aerosol formation, the aerosol appears to.be pressure dependent with

respect to the ultimate-level of scattered light.

4.5 The Emission as an Aerosol Scattering Effect .

4.5.1 Previous Work

A slow-developing emiﬁsion has been observed previously by.La]d

and Vermeil [42] in studies of SO, f]uorescence. The emission was found to
be greater for short-wavelength illumination than for long wavelengths. The
emission was, at that time, attributed to the emission of the OH radical
which was formed from the diluting H, gas and a postulated air leak into the
static system. The emission was avoided by using a flowing gas system.
Bentley and Douglass [37] reported an observab]e aerosol to be formed during
CH35CH3 photolysis studies using a high power xenon 1ight source. The system
contained measurable amounts of water vapour since the work was done using
humid air. The high intensity work of Bent]ey and Doug]aés was carried to a
high degree of completion and the product gases contained many sulphoxides
and sulphones which may have played a part in aerosb] formation. Luria et
al. [58] observed the formation of an aerosol when SO, and allene were
irradiated with wavelengths greater than 300 nm. A similar effect was
notiéed by'the same authors upon 1fradiation of a SO,-acetylene mixture.

No aerosol formation was mentioned when SO, was photolysed without added
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" hydrocarbon. The photolysis of a S0,-C,H, mixture was found to produce a
solid aerosol which was analysed to have the composition of a C3H4S.0; trimer
[58]. Luria et al. were unsuccessful in their attempts to fso]ate and analyze

the aerosol o0il in the S0,-CsH, photolysis. A partial molecular analysis
| indicated a carbon-to-sulphur ratio of 4.85. The number of partic]es was
measured using two counting devices. Particles larger than 100 nm were counted
in a thermal diffusion chamber. Particles larger than 25 nm were measured

in an "Environment One Condensation Nuclei Counter.“

Thé prqduction Qf particles was fQund to‘commence after a short '

1nduttion time (45 sec.) and the number of particles was found to reach a
maximum which woqu subsequently decrease slowly. .Particle production was
found to be eésentia]]y complete wfthin 10 minutes. The size of the particies
was found to increase with time. The number of particles greater than 2.5 nm
was found to rapidly approach the number of particles of size greater than
100 nm. Two reasons were suggested to explain the maximum in the number of
partic]esl The first was that particle production stdpped after a period of
photolysis. The second was that the particle production rate was offset by
é'part1c1e removal process. The sequence of events appears to be photochemical
production of a SO,-CsHy polymer which eventually nucleates to form.partic1es.
The particles condense and reach a maximum in number after which they grow

in size by accumu]afing further photoproduced'po1ymer.' The particle count
waes checked by filtering the aerosol on a filter and examining the filter
under a scanning electron microscope. The particles produced were sufficiently
1argé and were stable enough to withstand the evaporative sample preparation
steps without evaporating themselves. The filter count method was found to

correlate well with the particle counting devices.
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4.5.2 Discussion of Results as a Particle Effect

The emission of 1ight from the H,S, SO, and CH35CH3 systems can
best be described in terms of 1light scatterfng from é slowly growing aerosol
which is formed by photochemical reaction. The aerosol aﬁpears to be the ’
result of condensation of a super-saturated solution of o0il molecules which
Aare produced photochemically. The drop]ets form and subsequently increase
in size by agglomerating molecules from the photochemical reaction atmosphere.
Continued irradiation results in the continued growth of the aerosol. The
growth of aerosol particle size results in a 1ight scattering effect which
is characteristic of partic]es in varying scattering regimes.

The particle size of an -aerosol is often characterized by the size
of the particle relative to the wavelength of 1light used to observe the
particle. For a.given size, shofter wavelengths of 1ight are scattered more

than'1ong wavelengths. The dimensionless optical particle size parameter X

is used to describe the diameter-wavelength relationship:

.X'—'——E}\

[o N
it

particle diameter

>
It

observing wavelength

For very small particles where x < .3, scattering follows the Rayleigh model

in which light is scattered‘symmetrica11y both forward and back. ‘As the dimen-
sionless particle diameter increases beyond x = .3, the scattering follows the
Mie theory. Mie theory holds for particles of diameter between x values of

.3 and 3. As the diameter increases, the scattefed 1ight develops a foreward

directed symmetry which has a maximum within 45° of the illuminating beam.
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The extinction coefficient described by Mie is composed of two
factors: absorption and sbattering. For particles of.carbon, the absorption
and scattering effects have been separated [60]. Figure 41 shows the part
played by scattering in the Mie-theory extinction of transmitted 1ight by carbon
particles [60]. -The scatterinj of Tight beéomes a significant factor as the
dimensionless diameter approaches 0.6. As the particle grows the scattering
increases rapidly until the partic]é apprbaches x = 1.6. Beyond a particle
diameter, of 1.6 the scattering becomes much less dependent upon particle
diameter and approaches a plateau level. The sum‘of absbrptioh and scaf%ering_
has been calculated for organic Tiquids of refractive index m = 1.5 [60]
(Figure 42).7 The total of scattering and absorption reaches a maximum at
Xx = 4 and subsequently decreases in an oscillatory fashion to approach:the
value two at Targe particle diameters. The extinction coefficient is defined
by the Bouguer law which is a modification of Beer's law.

1 . omnake
Io

n = number of particles per unit volume
a = mean projected particle area

K = extinction coefficient |

% = path Tength

This T1imitation on the value of the extinction coefficient results in a limit
on the intensity of light scattering such that a particle may continue to
grow in size but the 1ight scattered from it will no longer be increasing

in intensity. Such behaviour is likely responsible for the plateau effect
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evident in Figure 32. When observedvat 270 nm, the scattered light grows

in intensity quite 1inear]y for five minutes before the emission reaches

a plateau. At this point the dimensionless pértié]e diameter_has Tikely
reached a value c]bse to 5. This would correspond to an actual particle
diameter of 429 nm. Figure‘33 reveals another feature characteristic of partic]e.
growth. The SO, emission was followed at 240 nm and at 320 nm under otherwise
‘vsimi}ar conditions. At the longer wave]ehgth, there is a significantly longer
nucleation period before a linear emission growth is observed Figure 33.b).
This period is the time taken to nucleate the.parfic]e and to achieve a
dimensionless diameter where x = .60. As may be seen from Figure 41 the
scattering may be conéidered to begin about x * .60. The longer nucleation
period is required due to the longer wavelength of observatfon which requires

a larger particle diameter before appreciable scattering takes p]éce.

4.5.3 Stability of the Aerosol

The stability of the aerosol formed appears to‘vary with the parent
compound. ﬁigures 34, 35 and 36 1ndic§te the behaviour of fhe CH3SCH; and
SOz-aeroso] systems under discontinuous radiation. The CH3SCH; system is
seen to resume emission at a lower level after a dark period of four minutes
. (Figure 34). This behaviour was investigated by'observing the scattered
light inteﬁsity as the borosilicate filter is inserted into the opti¢a1 path
(Figure 37). The loss of wave]engfhs below 320 nm eliminates energy absorp-
tion by the sulphide. The generating'mechanism is stopped'and the stability
of the aerosol may be investigated by observing the scattering at 370 nm.

After insertion of .the filter at the six minute mark, the.emission is seen to

decrease after a 30 second period of stability. The decrease is a
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significant lowering of intensity. This gradual decrease is Tikely the result
of the’agglomeration of aefoso] particles into a smaller number of large |
particles. The size increase of the particles does not resu]t in the increase
of emission which one might expect because the particles are a1feady near the
size 1imit (x = 2) where the séattered intensity is more a function of number
than size. As a result of the agglomeration, the emission is reduced. The
decrease in emission shortly after short Wave1ength elimination suggests that
the CH;3SCH; aerosol does not arise from a highly super-saturated gas mixture.
The aerosb] generated from 502 appears fo be a more stable phenomerion.
Figure 43 is the result of examining the S0, aerosol under conditions similar
_’to the above. As the energizing illumination is removed at 3 3/4 minutes,
the emission drops due to reflection from the filter slide. The emission
continues to grow for one minute after the energizing radiation is removed.
- The rate of decay of the emission is much slower than that shown by CH3SCHj.
The continﬁed growth shown in Figure 43 confirms the behaviour noted in |
Figures 35 'and 36. The emission resuméd.at significantly higher levels for
two and three minute dark periods. Thié behaviour requires that the particles
continue to grow in size even after the activating energy is filtered out.
This also requires a growth rate greater than the agglomeration effect which
is responsible for the decay of the scaﬁtered.il1umination. Such continﬁed
growth must be the result of a super-saturated reaction-gas solution which
continues to condense upon the aerosoi and increase 1t§ size for a period of
time after the short wavelength light is stopped. Theé aerosol appears to be-
more stable with respect to agglomeration than is that from the CH3SCHj

reaction.
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4.5.4 Concentration Dependence of the Aerosol

The dependence of the emission intensity upbn the added volume of
CH3SCH; suggests that the number of particles generated in the nucleation
stage depends upon the concentration of CH3SCH; initially present (Figure 38).
At levels of CH3SCH; additinn greater than 1 uf per 53.91 ml cell the dependence
drops off. This plateau suggests that for higher concentrations the number
of pnrtic1es formed reaches a maximum and is not increased beyond that number.
For large levels of CH;SCH; addition, the partic]evsize may increase to much
larger diameters; however this does not increase the level of scatteréd
light as the dimensionless diameter exceeds x = 2. Low Tevels of CH3SCH4
added never reach the emission ]eve]s‘ultimate1y attained by greater addend
amounts. This effect is not varied by time and is thus independent of the
ultimate size of the aerosol particle which'must be assumed to be continuously
growing. The:]ow levels of CH3$CH3‘add1tion must be producing a lower number
of particles which grow by the condensation process. Each particle behaves
as outlined previously and the enission grows until x = 2. at which time the
emission reaches its ultimate intensity. The number of particles formed 7§
thus.a function of the starting concentration of CH3SCHs in the reaction gas

matrix.

4.5.5 Pressure Dependence of the Emission

The ultimate level of emission for any one fixed concentration
of CH3SCH; was found also to be a function of atmospheric pressure. The
dependence did not differ between M, and air (Figures 39, 40). The effect
of the size of the particles is removed from consideration by examining for

the ultimate level of emission which occurs at an average particle size
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where x Z 2. Thus &he number'qf particles appears to be a function of
atmospheric pressure. The number formed must be a function of a third body
nucleation process in which an 0, or N, molecule can serve as a third body to
stabilize formation of the aerosol particle. The greater cof1ision frequency
due to higher pressures, nuc]eafés a greater number of aeroSo]-partic]es

which grow to form an increased ultimate emission intensity.
/ . .

4.6 The Number of'Partic]es'Formed

The number of particles formed by the nucleation of the sulphide

is debendent upon both atmospheric pressure and the amount of sulphide initially

' present. The dependence upon sulphide concentration is related to the number

of photo-activated sulphide mo1ecu1es‘which are available within a certain
critical volume to agéomerate»and form an aero§o1 particle. There is also a
critical 1eve1.of sulphide concentration above which larger numbers of particles
are not formed. This shggests that when sufficient quantities of activated
sulphide are available, this quantity is no longer the controlling factor as
to the number of bartic1e$'formed. At lower sulphide concentrations, the
;oncéntration of photo-activated species is responsible for determining the
number of particles to nucleate at a constant atmospheric pressure. The
atmospheric pressure exerts its effect by means of fhird body collision
frequency which defines a volume within which a particle is likely to form.
At higher pressures, this volume decreases in size and results in a larger

number of particles to be formed from a given volume of reaction. This

_volume may be considered as a nucleation volume and is related to the mean

free path of the N,-CH;SCH; mixture. . At Tower pressures the mean free path

is ]arger and within a given volume, fewer particles nucleate. This may
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also be considered as the vo]uhe-of reactidn gas which is swept by N, molecules
to form one aeroso1'partic1e. |

For concentrations of CH,SCH; lower than‘1 pu per 53.9 ml both
dependencies can be related in a manner which involves proportionality to
both sulphide concentration qnd to atmospﬁeric pressure. With respect to

sulphide concentration for the results of Figure 38.

B 1.8 x 10~ 1A
Is - (VO]msm) ue msm

IS = scattered intensity A = Amps

With respect to atmospheric pressure from Figure 40 for a 1 pf addend.

= -9 A .
I, =3.38 x 107 po= [pNz]

P,, = atmospheric pressure of N,

N2

Combining both proportionalities

« 1.8 x10°° A | 13.38 x 10°° A
I [ v -[MSM]] -[ e ] Py,

Now the number of pariicles is proportional to the scattered intensity

when x>2, therefore:

00 A el o A
Np « 11.8 x 10 ° 0L [MSM]) [3.38 x 10 Ath(PNz}
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4.6.1 Attempted Optical Verification of Particle Size and Number

An attempt to meaéure the number of particTes wés made. This
invoived generation of the aerosol and confirmation by emission intensity
- growth. - At varying times in the reaction the cell.was removed and placed
- on the vacuum manifold. A Nucleopore filter was placed on the outlet of the
-Emission cell and numerous cell volumes of dry N, were swépt through the filter.
The filter pores were 0.1 u in diameter.‘ Samples were taken from newly
generated aerosols at 0, 2, 5 and 10 minutes 1ntéryals. The filters were
examined under a scanning electron microscope in a manner similar to Lﬁria
et ai. Very few partjc]es were found on any filter. The reason for the
lack of confirmation of particle production by the reaction 1ies in the sample
preparation stages for the electron microscopy. In order to attract the
electron beam to the mylar filter target, the fi]tér surfaée and adherent
particles must be covered by a conductive film of gold. This film 1s'evaporated
onto the sample under high vacuum. The aerosol is not Tikely stable to such
Tow preséures and most probably evaporéted at this time. As a result only a
few particles were found on each filter and these could not be considered to

be representative of the aerosol.
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Chapter 5

CONCLUSTIONS

A. 1. CH3SH oxidation is initiated through photon absorption by
CH3SH.

2. The quantum yield of CH;3;SH decomposition is 13.9.

3. The quantum yield of CH;SH is not affected by atmospheric

pressure.
4. Air containing water vapour retards the reaction.

5. Oxygen concentration greater than that of air does not

increase the quantum yield.

6. Added SO, does not increase the quantum yield of CH3SH decom-
position and is responsible for a decrease in effective overall quantum yield.
B. 1. The quantum yield of CH3SCH; decomposition is 4 + 1.6 at
atmospheric pressure.

» 2. The quantum yield of CH3SCHs decomposition increases to

'8 + 2.9 at one-quarter atmosphere of air.
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C. The quantum yield of CHgSSCH3 decomposition is 1.96 + .94 at con-

centrations of 7.0 x 10-° M.‘

- D. 1. An aerosol has been found to be formed from ultra-violet

illumination of H,S, SO, and CHsSCH.

2. The intensity of 1ight scattered from the aerosol is dependent

upon the atmospheric pressure of third body molecules in.the environment.

3. The scattered intensity is concentration dependent up to a
R 1 pg " . _u '
Timit 0f-§§7§ﬁ] of CH3SCH; (2.58 x 10-* M).
E. The reaction scheme would be a suitable sequence for computer modeling.

This would yield information about reactive radical species in the reaction

atmosphere.
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APPENDIX A -
CH3SH Reaction Data

[SH]/Cell Rx Rate Light Photon Flux % Abs.
_Date-Ce11 x 10-¢ 2 x 10-% g hr=* | ~ # Photons hr-* %
Dec. 10 1974 50 57.6 1 1.317 x i0t® 4.94
11 50 46.4 1 1.317 13.2
13 50 40.1 1 1.317 -
16 50 37 1 1.317 -
19 50 52 1 1.317 3.5
March 10 1975 50 _ 88.8 1 1.317 -
11 50 56.7 1 1.317 2.9
17 50 45.4 1 1.317 4.6
20 50 ° 53.9 1 1.317 -
24 50 52.6 -1 12317 7.6
AiVG. 53.05
July 16 1973 75 100.2° 1 1.317 -
17 75 80.4° 1 1.317 -
17 75 - 67.5 1 1.317 -
18 75 92 1 1.317 -
AVG. 85.0¢ 1 Calc. 6.13
Oct. 4 1974 100 Wet 22.6 1 1.317 -
7 100 102.8 1 1.317 -
8 100 83.9 1 1.317 -
8 100 97.1 1 1.317 -
9 100 101.6 1 1.317 -
9 100 105 1 1.317 -
10 100 105 1 1.317 : -
10 100 115.4 1 1.317 -
10 100 123.5 1 1.317 -
17 100 220 1 1.317 -
- 18 i00 No 0O, 47 1 1.317 -
Nov. 14 1974 100 97 1 1.317 - 15.8
20 100 117 1 1.317 15.3
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Light

_ -[SH]/Cel1 Rx Rate Photon Flux % Abs. S0, )
Date-Cell x 10-% ¢ x 10-% g hr-! # x 10'® phot. hr-? % x 10°% g hr-! SH
Nov. 27 1974 100 Pure 0, 48.5 1 1.317 - - - 5.32

28 10C Pure 0, 79.5 1 1.317 9.6 - 8.73
Dec. 2 100 Pure O 103 1 1.317 17.2 - 11.3
3 100 Pure 0O 79 1 1.317 6.25 - 8.67
Sept. 20 1976 v 100 184 2 late 1.739 - - 15.3
20 O 100 121 2 L 1.739 - - 10.06
21 V. 100 231 2 L 1.739 - - 19.2
27 v 100 © 78.5 2L 1.739 - - 6.5
27 0 100 115.4° 2L 1.739 - - 9.59
29 v 100 122.3 2 L 1.739 - - 10.17
29 0 100 96.1 2L . 1.739 - - 7.99
Oct.. 4 1976 V 100 85.9 2L 1.739 11.16 - 7.14
4 0 100 202 2 L 1.739 6.2 - 16.8
i6 V 100 224 2 L 1.739 6.46 - 18.6
19 ¥ 100 92.5 2L 1.739 7.3 - 7.69
19 0O 100 89.7 2L 1.739 8.42 - 7.46
20 vV 100 138 2L 1.739 - - 11.47
. 20 O 100 153.9 2L 1.739 9.7 - 12.8
. Nov. 2 1976 V 100 76 2L . 1.739 6.1 - 6.3
2 0 100 109 2 L 1.739 7.9 - 9.06
2 vV 100 152 2 L 1.739 5.1 - 12.6
2 0 100 182 2L 1.739 3.7 - 15.13
3V 100 205 2L 1.739 7.8 - 17.05
3 0 100 166 2L 1.739 6.7 - 13.8
4 v 100 252 2L 1.739 11.8 - 20.9
4 0 100 76.9 2L 1.739 7.7 - 6.39
8 v 100 168 2 L 1.739 7.9 - 13.97
8 O 100 ~ 186 2 L 1.739 - - 15.47
8 N 100 112 2L 1.739 7.3 - 9.31
9 v 100 165 2L 1.739 - - 13.72
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Photon‘F1ux

250

[SH]/Cel? Rx Rate Light % Abs. S0, )
Date-Cell x 106 & |x 10-6 g hr=2 | # |x 10' phot. hr=! | %  |x 10-° g hr-t | °H
Nov. 9 1976 0 100 237 2L 1.739 10.5 - 19.7
9 N 100 224 2L 1.739 3.7 - 18.63
Dec. 8 1976 V 100 158.7 3 2.2154 - 49.6 12.8
8 0 100 359 3 2.2154 - 49,7 17.01
" 8 N 100 179.3 3 2.2154 - 58.4 10.9
18 v 100 198.3 - 3 1.9147 - " 41.7 20.5
18 0 100 298.2 3 2.1125 - 41.7 19.6
18 N 100 240.5 3 2.095 - 45.46 14.2
19 v 100 198 3 2.1968 - 45.5 11.5
19 N - 100 166.5 3 2.2154 - 48 11.16
19 0 100 230.8 3 2.2154 - 45.7 11.16
_ Avg. 12.72
July 4 1973 150 50.1 1 1.317 12.71 - ' 3.75
5 150 j 118 ] 1.317 ‘Avg. - 8.8
9 150 . 300 1 -1.317 Calc. - 22.4
10 150 167 o 1.317 - - 12.5
12 150 170 o] 1.317 - - 12.7
13 150 - 121 o - 1.317 - - -9.086
15 150 87.4 1 1.317 - - ‘6.5
16 150 92.5 - 1 1.317 . - - ' 6.9
17 ~ 150 104 1 1.317 - - - 7.79
18 - 150 97.9 o1 1.317 - - 7.34
; Avg. 9.79
Dec. 21 1976 V 250 487.7 -3 2.2129 - 8.75 66.12 15.4
22 N 250 432 -3 2.2154 19.19 62.04 12.7
22 0 250 424 3 2.2154 20.8 60.1 11.54
22 v 250 288 -3 2.2154 20.07 61.9 10.94
Jan. 11 v 250 280.2 -3 1.9879 16.24 57.8 14.76
11 0 250 368 3 2.0854" 16.57 64.1 13.35
11 N 304 3 2.0196 16.3 56.0 11.59
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[SH]/Cell Rx Rate Light Photon Flux % Abs. S0, )

Date-Cell | \™5-6 "¢ | x 10-5g hr=! | # | x 10'® phot. hr= | % | x 10-5 g hr=1 | °F
Jan. 11 1977 V 250 297 3 1.8824 16.25 51.6 12.17
11 0 250 240 3 1.979 14.42 50 10.5

12 v 250 314 3 1.9153 16.61 55.8 12.4
12 N 250 304 3 2.1075 16.18 54 10.76

12 0 250 328 3 - - 50.1 -

Dec., 21 1976 O 250 464 3 2.2154 18.46 68 14.2
21 N 250 488 3 2.20 .15.84" 66 17.56
Avg. 172,91
Feb. 23 1977 0 | 250 % Atm. 116.9 3 1.741 18.5 - 4.55
23 v 250 % Atm. 119 3 1.420 14.1 - -7.45
23 N 250 % Atm, 168 -3 1.42 15.1 - - 9.79
25 v 250 % Atm. 82.6 -3 1.42 16.8 - 4,34

25 N 250 % Atm. 111 -3 1.412 15.4 - 6.4

25 N 250 L Atm. - -3 - 15.4 - o=
26 0 | 250 % Atm. 112 -3 1.530 15.2 - "6.04
July 11 1977 Z 1| 250 % Atm. 152.3 -4 2.197 ' 50.1 -5.41
11 v 250 L Atm. 169 -4 2.208 40.3 . -5.37
12 v 250 % Atm. 202 -4 2.059 45 .4 -6.31
12 Z | 250 1 Atm, 184 -4 - 2.1533 47 .1 -5.37
13 Z | 250 % Atm. 180 ! 2.02 49 5.37
13 v 250 % Atm. 194 -4 2.01 43.3 6.72
14 v 250 % Atm. 438 -4 1.91 33 16.79
14 Z | 250 % Atm. 408 -4 1.934 34 13.91
' Avg. 6.40

CONTINUED
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Do te-Cel [SH]/Cell Rx Rate Light Photon Flux % Abs. N
TR x 1070 g x 10-% g hr-?! # x 108 phot. hr-1 % x 10-% g hr-!
Feb. 28 1977 N | 250 % Atm. 254 3 1.433 13.7 16.23
28 0 | 250 % Atm. 308 3 1.570 17.4 14.14
Mar. 1 N | 250 % Atm.- 144 3 1.545 19.1 612
a 0 | 250 % Atm. 168 3 1.723 16.7 7.32
3 0 | 250 % Atm. 240 3 1.559 17.4 11.09
3 N | 250 % Atm. - 3 - 8.5 )
_ Avg. 10.98
Jan. 11 1975 |50 SH-50 SO, 57.6 1 1.317 14.6
11 1975 |50 SH 50 SO, 50.6 o 1.317 14.6 -
12 1975- | 50 SH-50 SO, 63.4 1 1.317 15.5 Avg. 3.61
13 1975 |50 SH-100 SO, 5.6 1 1.317 32.3 ,
13 1975 |50 SH-100 SO, 51.4 1 1.317 32.3 Avg. 1.57

evl



APPENDIX B

CH;SSCH; REACTION DATA

144,

[SS]/Celd Rate SS Photon Flux % Abs.
Date x 10-% ¢ |x 10-% g hr=! {x 10!® Phot. hr=* | % . s
Apr. 3 1975 | .25 liquid 55.9 1.317 13.6 | 1.46
.25 o 36.5 1.317 13.6 7
June 20 19751 .25 72.4 .9104 30.2 1.38
° .25 65.8 .9104 30.2 1.18
24 1975 | .25 36.2 .9104 30.5 .49
.25 . 82.2 .9104 30.5 1.55
25 .25 69.1 L9104 30.9 1.23
.25 58.15 .9104 30.9 |- .984
27 1975 1.25 82.3 .9104 28.45 | 1.66
.25 74 .9104 28.451 1.46
Sept. 17 1975 (.25 119 .9104 30.49 | 2.39
.25 82.3 L9104 30.491 1.55
18 1975 | .25 92.17 .9104 30.5 1.78
.25 69.13 L9104 30.5 1.25
Oct. 2 1975 1.25 125 . .9104 27.6 12.80
.25 68 .9104 27.6 1.35
7 1975 1.25 59.2 .9104 29.0 1.07
.25 102 .9104 30.9 1.98
' .25 . .70.7. .9104 30.9 1.27
8 1975 1.25 128 L9104 27.8 2.85.
9 19751 .25 49.3 -.9104 20.46 1 1.18
1.25 77.3 .9104 ~20.46 ] 2.14
15 19751 .25 118 .9104 27.4 | 2.64
.25 74.1 .9104 27.4 1.52
16 1975 | .25 148 L9104 32.9 | 2.84
.25 106 .9104 32.9 1.95 -
Oct. 20 1975 | .25 88.8 L9104 27.3 1.90
.25 69.13 .9104 27.3 11.39
21 1975 1.25 158 ..9104 28.45 ] 3.53
.25 92 .9104 28.4511.91
22 1975 1 .25 88.6 .9104 25.2 12.06
.25 60.9 L9104 25.2 11.28
23 1975 | .25 82.3 .9104 25.5 1.86
\ - .2b , 65,4 .9104 ?25.5 1.39
25 1975 .25 190.9 .9104 - 28.4 14.35
- 1.25 119.2 .9104 28.4 | 2.58
28 1975 | .25 223.8 .9104 28.4 15.15
: .25 156.3 .9104 28.4 3.49
29 19751 .25 131.6 .9104 28.451 2.88
.25 97.1 L9104 - 28.451] 2.03
May 13 1975 ].5 37.8 .9104 47 .34

CONTINUED



145,

Rate SS

Nate [SS]/Cell Photon Flux % Abs,
' x 107% ¢ |x 10-% g hr=! | x 108 phot. hr=%| % S
June 3 1975 .5 164 .9104 44.3 .36
.5 128 .9104 44.3 .79
4 1975 .5 52.6 .9104 44.6 .59
.5 35.5 L9104 44.6 .33
5 1975 . .5 111.9 L9104 37.56 .81
.5 103.7 .9104 37.5 .65
Teak tests .25 14.8 x 10-%g

over 4 hours:




APPENDIX C

Date ~[uswl/celn ' _i-s | Photon Flux | % Abs ng e
x 1077 £ .Cell x 107° g hr x 10°° phot. hr- % x 10-° g hr

July 20 1977 N 5 1 atm. 64.04 2.170 4 - 3.54
20 v 51 atm. 49.6 1.938 4 - 3.44
21 N 51 atm. 116 2.189 4 30 3.35
21 i 51 atm.. % 2.029 4 35 4.94
21 v 51 atm. 103 1.044 4 36 5.75
22 v 51 atm. 19 1.82 4 25.8 7.05
22 7 51 atm. 86 1.954 4 25 4.74
29 N 51 atm. 60 2.1 4 - 3.96
29 v 51 atm. 20 1.55 4 - 1.78
29 5 1.atm. 28 1.75 4 - 2.22
Avg. 4.07

24 v 5 I atm. 78.5 1.5703 4 24..7 10.4
24 7 5 % atm. 76 1.7015 4 25 8.36
25 v 5 % atm. 66 1.7621 4 31 4.97
‘ i 5 % atm. 48 1.7510 4 30 4.43
26 v 5 % atm. 61 1.4499 4 25.8 8.06

7 5 % atm. 56 1.5119 4 3 17.9

Avg. 8

02
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APPENDIX D

SULLPHUR BALANCE DATA

Date-Cell [SH] Start [SH] End [SO,] End I/1, 290 nm [SS] End % S
’ x 10-¢ g m1-1 x 107% g m1-! x 10-% g m1-1 at End x 1077 g m1-? Found
Dec. 8 1976 V 5.12 3.2 .599 962 10.66

8 0 ‘5.6 3.2 .620 .948 15.9

8 N - - .729 - -

18 v 5.6 3.2 .504 .956 11.78

18 0 6.6 2.88 .520 .940 18.08

18 N 5.92 2.92 .567 .967 g.12

19 v 5.52 3.12 .55 .926 22.69

19 0 5.2 3.12 .60 .934 19.88 89.9

19 N 5.76 2.88 .570 .944 16.63

21 N 13.8 7.7 .824 .925 22.33

21 v 13.8 7.9 .799 .918 24 .82

21 0 14 8.2 .848 .916 25.32

22 N 15.6 10.2 .775 .925 22.27

22 v 14.8 10.1 . 749 .920 24.17

22 0 14.4 9.1 .749 .944 16.13
Jan. 11 1977 0 14.4 9.4 .799 .898 31.62

11 v 14.4 9.8 .699 .918 24.96

11 N 13.8 10.0 .699 -.939 17.89

11 N 11.8 8.8 .625 .928 21.77

11 0 - - - - .920 -

11 v 11.8 8.2 .62 .922 23.81

12 N 14 10.2 .674 .925 22.78

12 v 14 10.2 .675 .924 22.91

12 0 12.5 8.4 .625 .919 24.85 73.1

13 N 20.8 18.5 1.074 .908 27 .46

13 v 20.7 - - - -

13 0 21 18 .998 .902 29.65

CONTINUED
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Date-Cell [SH!GStar’c_1 [Sﬁg End . [5032 End B I/1, 290 nm [S?; End N % S
x 107° g ml x 107° g ml x 10-° g .ml at End x 10" g ml Found
Feb. 11977 V 25.4 15 2.19 .59 159.5
2 v 23.2 15 3.1 .622 140.9
2 0 22.6 15 3.3 .553 177.2
3 v 23.4 15.2 3.0 .645 129.9
3 N 23.6 14.8 3.4 .576 164.2
5 N 25.4 17 2.8 .60 152.8 95.2

“8hl
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APPENDIX E
Concentration Dependence of Emission From Dimethy]l

Sulphide Aerosol

[MSM]/Cell : Time to Max. | Intensity of
x 10-% g per cell ‘ Emission _ Max. Emission
4 | - 12 min. o 2.64 x 10° A
2 A  2.59
1 1 2.49
1/2 : 10 | 1.59
1/4 E 10 | .54
1/8 7] ....... 835 .. . s
1 o 5 . 1.39 x 10-° A
1/2 4 - : 945
1/4 14.2 Y
1/8 B R e
1 | 158 x 10°° A
2 ) 2.27
a4 2.52. . ...
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APPENDIX F
DEPENDENCE OF INTENSITY OF EMISSION FROM DIMETHYL SULPHIDE
AEROSOL UPON ATHMOSPHERIC PRESSURE OF AIR

[MSM]/Cell Atmospheric Intensity of Max.
x 107 2/Cell » Pressure Emission
4 1 atm, .067 x 10~ A
4 1 atm. .072
4 1 atm. .052
4 1 atm. .067
4 . 1 atm. .065
avg. .646 x 10-° A
4 1/2 atm. .32 x 10-° A
4 1/2 atm. .32
avg. .32 x 107° A
4 1/4 atm. .18 x 107° A
4 1/4 atm. 16
avg. 17 x 107° A
2 1 atm. .75 x 10~ A
2 1 atm. 712
avg. .735 x 107° A
2 1/2 atm. ' .37 x 10-° A
2 1/2 atm. .32
2 1/2 atm. .36
‘avg. .35 x 10-° A
2 1/4 atm. .18 x 10-° A
2 1/4 atm. . .2
2 i/4 atm, .23
avg. .203 x 107° A

CONTINUED
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[MSM]/Cell Atmospheric Intensity of Max.
x 10-% g2/Cell Pressure Emission

1 1 atm. ©1.65 x 10-° A
1 1 atm. 1.0
1 1 atm. .8
1 1 atm. 1.1
1 1 atm. 1.05
1 1 atm. .8

avg. 1.066 x 1077 A
1 1/2 atm, .55 x 10-° A
1 1/2 atm. 42
1 - 1/2 atm. .62
1 1/2 atm. .645
1 1/2 atm. .54
] 1/2 atm. .39
1 1/2 atm. .56

.avg. .532 x 107% A
1 1/4 atm. .2 x 10°° A
1 1/4 atm. .16
1 1/4 atm. .2
1 1/4 atm. 2

avg. .17 x 1072 A
1/2 1 atm. .62 x 10°° A
1/2 1 atm. 1.05
1/2 1 atm. 1.5
1/2 1 atm. 1.325
1/2 T atm. 1.3
1/2 1 atm.’ 1.15

avg. 1.15.x.107°% A
1/2 1/2 atm. .63 x 10~° A
1/2 1/2 atm. .9 :
1/2 1/2 atm. .87

avg. .80 x 10-° A
1/2 1/4 atm. .305 x 10-° A
1/2 1/4 atm. .265
1/2 1/4 atm. .29

avg. .286 x 10-° A




152.

[MSM]/Cell Atmospheric Intensity of Max.
x 10-% ¢/Cell Pressure Emission
1/4 1 atm. .9 x 10°° A
1/4 1 atm. L1
1/4 1 atm, .0
1/4 . 1 atm. .16
avg. 1.04 x 10-° A
1/4 1/2 atm. .38 x 10-° A
1/4 1/2 atm. .29
1/4 1/2 atm. .25
avg. .306 x 10-°A
1/4 1/4 atm. .08 x 10-° A
1/4 1/4 atm. .08
1/4 1/4 atm. .18
1/4 1/4 atm. A2
1/4 1/4 atm. .08
1/4 1/4 atm. 14
avg. .113 x 10-°A
1/8 1 atm. A7 x 107° A
1/8 1 atm. 42 :
1/8 1 atm. .61
1/8 1-atm. .35
1/8 1 atm. .40
avg. .505 x 10-° A
1/8 1/2 atm. 22 x 107° A
1/8 1/2 atm. .24
1/8 1/2 atm, .36
1/8 1/2 atm. .20 .
..255.x.107° A
1/8 1/4 atm. .00
1/8 1/4 atm. .05 x 107° A
1/8 1/4 atm. .08
1/8 1/4 atm. .10
1/8 1/4 atm. .00
1/8 1/4 atm. .00
avg. .0383 x 10-°A
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DEPENDENCE OF INTENSITY OF EMISSION FROM DIMETHYL SULPHIDE

AEROSOL UPON ATMOSPHERIC PRESSURE OF
DRY NITROGEN

[MSM]/Cell Atmospheric Intensity of Max.
x 10-% 2/Cel Pressure (M) Emission
1 1 atm. 3.51 x 10-° A
1 1 atm. 3.85
1 1 atm. 2.40
1 1 atm. 2.05
1 1 atm. 4 .45
1 1 atm. 2.45
1 1 atm. 3.9
1 1 atm. 2.95
1 1 atm. 4.15
1 1 atm. 3.35
1 1 atm. 2.8b
avg. 3.26 x 10-° A
1 1/2 atm. 2.23 x 107% A
1 1/2 atm. 3.4
1 1/2 atm. 2.68
1 1/2 atm. 2.78
1 1/2 atm. 2.88
avg. 2.81 x 107° A
1 1/4 atm. .08 x 107° A
1 1/4 atm. .93
1 1/4 atm. .73
1 1/4 atm. 3
avg. .84 x 1077 A
1/2 1 atm. 2.8 x 10-° A
1/2 1 atm. 2.43
1/2 1 atm. 2.74
1/2 1 atm. 2.35
avg. 2.58 x 10=? A




154,

[MSM/Cell Atmospheric Intensity of Max.
x 10-% g2/Cell Pressure (N,) Emission

1/2 1/2 atm. 73 x 107% A
1/2 1/2 atm. .69
1/2 1/2 atm, .85
1/2 1/2 atm. .68

avg. .737 x 107°A
1/2 1/4 atm. .16 x 107° A
1/2 1/4 atm. .26
1/2 1/4 atm. 17
1/2 1/4 atm. .28

avg. .217 x 10-°A
1/4 1 atm. 45 x 107° A
1/4 1 atm. .52
1/4 1 atm. .79
1/4 1 atm. .04
1/4 1 atm. .76

avg. 1.112 x 10-°A
1/4 1/2 atm. 21 x 107° A
1/4 1/2 atm. 475
1/4 1/2 atm. .35
1/4 1/2 atm. .20
1/4 1/2 atm. .18

avg. .283 x 107°A
1/4 1/4 atm. .04 x 10-°
1/4 1/4 atm. .03

avg. .035 x 10-°A
1/8 1/4 atm. .02 x 10°° A




APPENDIX H

ESTIMATION OF RATE CONSTANTS
FOR REACTIONS (3-7)

AND (3-15)

(A) Estimation of the CH,S Oxidation Rate Constant

The oxidation rate constant for reaction (3-7) may be estimated
relative to the rate constant for recombination of the CH;S radical (3-9).

From experiment 73% of sulphur atoms formed disulphide and 16.8%

oxidized. Thus the recombination proceeds at a rate 4.3 that of oxidation.

Now R, = kg [CH3S]* molecules disulphide produced
= 2k, [CHsS]*  radicals CH,S reacted
ROX = kOX [CH3ST [0,]
and RC = 4.3 ROX

kC = 2.5 x 10% M1 -1

Thus _
2 kC [CH3S]2 = 4,3 kOX [CHgS] [02]

ZkC[CH3$]
kox T TE.3[0,1
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Thé rate of combination of methyl thiyl radica]s is also known
from which we may calculate the concentratipn of methyl thin species in
the reaction atmosphere. |

| Rc = 73% of CH;S produced from CH3SH from.rigure 22 for a photdn
absorption rate of 3 x 107 photons « hr7t.

»

Then

d[Cg;$ﬂ1_= 4.17 x 10*® molecules » hr-?

' : 18
This d[CH,SSCH3] _ 3 x 10

"I 5 molecules + hr-!
_ 310" ST I
(2)(6.02 x T0°7) 40 3600 |
=1.755 x 108 1 5=
Now R, = 2k'c[(:Hgs]2 = 1.755 x 10-° M 5~}

_ |1.755 x10-°
7(2.5 x 10°°)

5.9 x 107 M




2 k_ [CHsS]
ox © A3 0]

Then k

2(2.5 x 10*°) (5.9 x 1071°)
.3 (8.17 x 10-3)

8.39 x 102 M s™!

I

(B) Estimation of the Metathetical Rate Constant for Reaction (3-15)

. If reaction (3—]5)'13 to occur, it must proceed at a rate greater,
than the mutual interaction of HOO (kd = 1.5 x 10° M-! s~!). If the metathesis
did not occur, the HOO fs produced by CH,S at one radical per absorbed |
photon (via reactions 3-f, 3-7, 3-12). For an absorbed pHoton rate of

3 x 107 photon - hr~!

_ 3x10Y7 0% | ]
a  6.02 x 1023 " 40 " 3600

= 2:
Rd 2 kd [HOO] I

il

3.46 x 1072 ein 2! s-!

-9

. ’ T TP - D |
s 0] <|BEIETNET

Now if we assume the metathesis to be a factor of 10 greater than the mutual

interaction then R = 10R,.
m d



So

R km [HOO] [CH4SH]

m
o = 10
Ry~ 2 kg [AO0T
Thus
20 k, [HOO]
ki = ~TCHaSHT™

‘Now when I =3 x 107

Thus

For

Then

[CH3SH] = 250 pl/cell
= 13.4 x 107° g/ml

- =2.79 x 107" M

_ 20(1.5 x 10%)(1.07 x 10°°)
m [2.79 x 10-%)

n

1.15 x 10° M7} s~

[CH3SH] = 1.53 x 10~* M

Rys = (1.15 x 10° M~* s71)(1.53 x 10-* M) [HOO]

1

17.5 [HO0] s~



