THE RADIATION-INDUCED OXIDATION
QF ORGANIC SUBSTRATES
IN AQUEQUS SCLUTION

A thesis submitted
to the Faculty of Graduate Studies and Research
of the University of lManitoba
in partial fulfillment
of the requirements for the degree of

Master of Science

by

Mary Ethyl Van Buskirk

Wirnipeg, Manitoba

September, 1969

LIBRARY
OF MaRiToBA

¢ Mary Ethyl Van Buskirk 1969



Acknowledgements

Tt gives me greet pleasure to acknowledge the
invaluable assistance of my supervisor, Dr. C. E. Burchill,
and to thenk him for his friendship =nd guidance through-

out the course of this research.

I am also pleased to thank the other members of the
Department of Chemistry of the University of Manitoba for
their assistance, and the Waferworks and Waste Disposal
Division of the Metropolitan Corporation of Greater
Winnipeg for their help in performing Chemical Oxygen

Demand analyses.

For financial assistance, T am indebted to the
National Research Council of Canada for a bursary, and to

the University of Manitoba for a demonstratorship.




Abstract

The Y-radiation-induced oxidation of organic sub=
strates in aqueous solution was studied in both the aerated
and degassed states.

The oxidation of isopropylamine in the presence of
hydrogen peroxide was found to be very unlike the isopropyl
alcohol chain reaction. Unusual concentration effects were
obtained.

Amines were found to inhibit the isopropyl alcohol
chain reaction, but acid decreased the extent of inhibition,
suggesting that the non-bonded electron pair of the nitrogen
participated in the inhibition reaction. Mechanisms are dis-
cussed but tound inadequate.

The radiation-induced autoxidation of isopropyl al-
cohol was investigated. The hydrogen peroxide concentration
was found to increase and then decrease, an effect which
could be repeated on reaeration, The presence of metal ions
had 1little or no effect upon the reaction. Most other or=
ganic substrates displayed essentially the same hydrogen
peroxide profile except the thiols which showed abnormal
effectss,

Cycles of irradiation and reaeration were found to
reduce the Chemical Oxygen Demand of a glucose - glutemic
acid solution. Possible applications of Y-irradiation to

water treatment and purification are discussed.
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1. Introduction

Radiation chemistry deals with the chemical reactions
which are initiated by the absorption of high energy rad-
iation by a system. This radiation may be either electro-
magnetic, such as X-rays and TY-rays, or corpuscular, such
as A= and Puparticles and fast neutrons. Excellent dis-
cussions of the interaction of all types of radiation with
solutions may be found in Allen (1), Swallow (2), and Ver-
eshehinskii and Pikaev (8). The present work is limited
solely to a consideration of reactions induced by Y-rays

60

from a Co source.

1.1 Energy Transfer from Photons to Electrons

A& photon may interact with the absorbing medium by
three distinct processes. Photoelectric absorption is the
most important process for photons of relatively low energy.
Tt consists of the total absorption of the photon by the
electron cloud of an atom, and the subsequent emission of
a bound electron. The energy in excess of EO9 the energy
required to ionise the electron, appears as the kinetic

energy of the electron, given by

B, = hy - L

where hl is the energy of the photon. Compton scattering
involves the elastic collision of the photon with & bound
electron. A part, E, of the energy of the incident photon
is given up to the electron, which is ejected from the mol-

ecule. The remaining energy appears as a scattered photon
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of reduced energy hp', according to the equation
E = hD - hvt
The scattered photon may then interact further either by
Compton scattering or by the photoelectric effect, or it
may escape from the system. Pair production occurs when the
photon, passing very close to a heavy nucleus, is replaced
by a positron-electron pair. Part of the photon energy is
converted into the rest mass mc2 of each particle, and the
remainder into the kinetic energy of the two particles,
according to the equation
2

Ep + Ee = hU - Z2mc

Obviously, pair production cannot occur at photon energies

less than 2mc2

= 1,02 MeV, and in practice, considerably
higher energies are required in order that the two par-
ticles do not annihilate. Pair production is not an import-

ant process in the case of Co60

Y-radiation chemistry under
consideration because the Y-rays are not of sufficiently
high energy and because the nuclei present in agueous sys-
tems are not heavy enough.

The photoelectric and Compton effects together result
in the presence, within the system, of electrons with high
and widely varying kinetic energies. It is these electrons
which are responsible for the ionization and excitation of
molecules and the induction of chemical reactions,

As the high energy electrons pass through the system,

they slowly lose energy by means of interactions with the

molecules of the medium. In these interactions, outer
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electrons are either excited to higher energy levels, or
ejected from the molecule leaving a positive ion. The eject-
ed electrons, called secondary electrons, may produce further
interactions with outer electrons, either along their own
tracks if they are of high enough energy (in which case they
are called §-rays), or in small clusters near the original
ion if they are of low energy. It is generally believed that
about half of the electron energy is dissipated within the
Suq@yss and the other half within the clusters or spurs.

The rate of energy loss from a charged particle is
called the Linear Energy Trensfer (LET). It is related to
the velocity of the particle and increases as the particle
slows down,

The ultimate effect of these energy transfer processes
is the formation of many widely spaced spurs of small rad-
ius, containing several ion pairs and excited molecules,
together with isolated near-thermal electrons, within about

10»16

seconds of the passing of the photon. It is the sub-
sequent reactions of these species which form the foundation
of radiation chemistry,

1.2 Primary Processes in Aqueous Systems

Primary products are those derived from interactions
of the excited molecules (HZO%)? the electrons (e“)‘of great—
er than thermal energy, and the ionized molecules (H20+)
with the system. Since, in dilute aqueous systems, water
molecules are by far the most predominent, the primery pro-

ducts are essentially those derived from water.
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The ionized water molecules react rapidly with water,

transferring a nroton

0" + Hy0 —— Hg0' + OH (1)
The excited water molecules may either dissociate
H,0  — H + OH (2)
or deactivate by means of quenching
0" — HyO (3)

The electrons become thermalized by repeated collision
with water molecules, eventually orienting the surrounding
molecules by means of polarization, and foraming the stable

solvated electron

®thermal * nHo0 ; eaq (4)
11

Therefore, within approximately 10 ~~ seconds of the
passing of the photon, there are present within the spurs the
species egq, H, OH, and H30+ in relatively high concentration.

Before diffusion takes place, recombination of the radicals

may occur
20H — Hy0, (5)

oH — Ho, (6)

Zeaq — H, + 20H (7)

OH + e;, — OH (8)

OH + H —— HZO (9)

eaq + H ——-—>H2 + OH (10)

resulting in the formation of the identifiable molecular
products H202 and HZO These molecular products may be further
attacked by the radicals

OH + Hy — H,0 + H (11)
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OH + Hy0, e HO, + H20 (12)
H + Hj0, — OH + H0 (13)
®aq + H,0, — OH™ + OH (14)

but such reactions are unlikely in the presence of other
solutes. The radical HO2 disproportionates to HZOZ and O2
2HO, —> Hy0, + 0O, (15)

These reactions, occurring after lO'“'8 seconds of the passing
of the photon, and before diffusion cesuses expansion of the
spur, are largely independent of the presence of the solute.

As the spur expands, the reactive species preferential-
ly attack the solute molecules. From the identification of
the products and the study of the rates of solute consump-
tion and product formation, the number and nature of the
reactive intermediates may be deduced.

The hydrogen atom may behave either as an oxidizing
or as a reducing agent. In abstracting a hydrogen atom from
an organic substrate, a common reaction, it behaves as an

oxidizing agent

H + RH — Hy + R® (18)
In donating an electron, or adding to an unsaturated sub-
strate
H+ M' — B + 12 (17)
H+ R20:CR2 —_— RZCHCR2 (18)

it behaves as a reducing agent. A common instance of the last
case occurs in aerated systems, where atomic hydrogen adds
onto an oxygen molecule forming the hydroperoxyl radical

H + 0, — HO,, (19)
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The hydroxyl radical behaves exclusively as an oxidiz-
ing agent, by electron removal
OH + M2 — OH™ + u*® (20)
or by hydrogen atom abstraction
OH + RH — H,0 + R* (21)
or by addition to an unsaturated substrate.

The solvated electron, in general, acts as a reducing
agent, Electron attachment can occur only if the reactant
has available orbitals of low energy, such as olefins and
carbonyls. Saturated compounds including water react slowly
if at all. Reduction of metal cations occurs the seme way as

with the hydrogen atom

e” + 1T —— i*2 (22)
aq
The primary yields of the various radicals have been
determined in a number of experiments (see (1) for example),
and appear to be dependent upon the pH of the solution. This

effect is due to the acid-base aquilibria of some of the

radicals

- +
eaq + HSO -—_% H + HZO (28)
H+ O — eaq + H20 (24)

+ +
H+H — H, (25)
OH — 0~ + gt (268)
p—
+

H02 — T 4 02 (27)

H.On, —> HT + HO.™

272 < 2
since the conjugate radicals cannot be expected to react in

(28)

the same way at the same rate.

Yields of radiation chemical reactions are normally
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quoted as G-values, defined as the number of particles
Tormed or removed per 100 eV. absorbed by the system. GX
denotes the primary yield of a reactive intermediate; G(x)
denotes the measured yield of a permanent product.

Excellent descriptions of the means used to evaluate
primary radical yields may be found in Allen (1), Vereshch-
inskii and Pikaev (3), and Bslkas et al.(4). The results ob-
tained are somewhat dependent upon the method used to obtain
them. Balkas et al obtained the following values, for pH
greater than 2.2
= 0.48 £ 0.05
G = 0,74 %= 0,09

1]
1

8.7 £ 0,2
Gy = 26014 = 0,04

GH+e;q

Hayon (5) obtained Gy = 0.85 = 0,05, s0 Ge’ = 2.29 %= 0.20.
aq

These values are all consistent with the equation of material

= 2,80 = 0.15

balance

=G

G OH + ZGH202 = Ge~ + G. + 2G

~H aq H Ho

20

1.3 Radiation-Induced Oxidation of Isopropvl Alcohol in

Neutral Aquecus Solution

In this laboratory, the radiation-induced oxidation of
isopropyl alcohol by hydrogen peroxide has been investigated
(6) over a wide range of alcohol and peroxide concentrations.
The concentration dependence of the acetone yield and the

peroxide destruction yield, and the absence of a dose rate
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effect were in contradiction to the previously accepted
mechanism, and a new mechanism was proposed.
The hydrogen peroxide destruction yields, in the
presence of constant isopropyl alcohol concentration, were
found to be independent of initizl peroxide concentration in

the range 5 x 1072 M. to 10™°

Mo Values of G(=H202) for
different alcohol concentrations are shown in Table l.l.
Table 1.1

Variation of G(»HZOZ) with isopropyl alcohol concentration

isopropyl alcohol G(uHZOZ)
0,18 M, 36,6
0,92 M. 49,8
1.05 I, 68.1

Extrapolating to zero alcohol concentration gave Go(szOz) =
32,0 = 1.0,

The initial acetone formation yields, in the presence
of constant hydrogen peroxide concentration (0.0l ki.) was
found to be strongly dependent on alcohol concentration.
G(acetone) was found to increasse to about 100 at £.66 N,
isopropyl alecohol and then decrease to a limiting value of
15.7 + 0.4 in pure alcohol. Values of G(acetone) for different
alcohol concentrations are given in Table 1.2,

At concentrations less than 1,05 M. isopropyl alcohol,
the curve was linear and stoichiometrically equivalent to
the hydrogen peroxide curve. Extrapolating to zero alcohol
concentration gave G°(acetone) = 29.8 = 0.9. This large value

indicated the presence of a large alcohol=incependent term
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Table 1.2

Variation of G(acetone) with isopropyl alcohol concentration

isopropyl alcohol G(acetone)
0.13 M. 34,7
0.26 M. 38.4
0.52 W, 49.8
0.78 M. 55.9
1.05 W. 67.4
2.09 l. 74 .4
3.66 M, 99.3
5.23 M, 92.0
9,15 M, 51.1
pure 15,7

to be accounted for by the kinetic expression.

Both the acetone formation yield and the peroxide
decomposition yield were found to be independent of pH.

The following mechanism was proposed to describe the
oxidation of isopropyl alcohol in concentrations less then
1.02 M. The specific interaction of the Y-radiation with
the solvent produced the species e;qs H, OH, H80+9 H2029 and

H2 as described in section 1.2. This was followed by

€aq * HgOp — OH™ + OH (14)
H + (CHg) ,CHOH —— Hy + (CH3)2COH (29)
H + (CH3)20HOH — H, + CH3(CH2)CHOH (30)
OH + (CHg) ,CHOH — Hy0 + (CH,),COH (31)
O + (CHy) oCHOE —— H,0 + CH,y(CH,,)CHOH (32)

(CHS)zéOH + Hy0p — (CHg),CO + OH + OH™ (33)
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CHS(CHZ)CHOH + (CHS)ZCHOH —_— (CHS)ZCHOH + (CHS)chH (34)
2 CHs(CHB)CHOH Rm— (CHS)ZCHOH + (CHS)ZCO

or CHSCH(OH)CH2CH2CH(OH)CH (35)

3
where steps (8l) and (33) constituted the chain propagastion
steps, step (34), the conversion recaction, was the rate-
determining reaction, and step (85) was the terminating
reaction.

Assuning steady state conditions, the acetone formation
yield could be expressed as follows:

G(acetone) = Eﬁ;(GOH + Ge;q) + k29(k81 + k32) G

K30 kgp(kpg + Kgp)
+ k84(k81 + ksz)[isopropyl alcohol]GR%
kgp (2kgg DY

H

and the peroxide destruction yield as follows:

G(»Hzoz) = Ge;q GGHZOZ + G(acetone)
where Gp = Gy + Gy + Ge;a and D was the dose rate. The
expressions predicted alcohol-independent chain yields,
which agreed with the observed values of G°(=H202) = 32.0
and G%(acetone) = 29.8. The ratio kglf ko, was calculated to
be 5.9, indicating that the o -hydrogen in isopropyl alcohol
was about 39 times more reactive to hydrogen abstraction by
OH than @mhydrogene The rate constant for the conversion
reaction (84) was calculated to be 59 % 20 M™% sec™t. The

observed independence of G(-Hzoz) on hydrogen peroxide

concentration was also predicted.,
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1.4 Radiation-Induced Oxidation of Amines in Agueous Solution

The isopropyl alcohol = hydrogen peroxide chain re-
action was based upon hydrogen atom abstraction from the al-
cohol molecule and subsequent attack of the ketyl radical on
the hydrogen peroxide., This chain might be expected to occur
as well with isopropylemine.

Huyser, Bredewig and Van Scoy (7) observed that primary
end secondary smines caused induced decomposition of dialkyl

peroxides in & manner similar to that of alcohols

R\é OH g-clohgdy | R\c 0 + HOC(CH.)
-0H + s =0 + H
R’ OmC(CHa)S r 3’8
+~°DC(CH8)3 (36)
R\. Y O’C(CHS)S R\
C=N" + ——3 C=N-R + HOC(CH.)
AN 0-C(CHg) 4 R’ 3’3

+
*OC(CHS)S (37)

In the presence of acid, a ketone was formed from the imine

R + R

N H N
R/C-NmR “ﬁ;@ B/C O + HZNR {(38)

Radicals obtained from tertiary amines

R R

~ s/

CN
R" R

with no amino hydrogen, did not participate in these reac-
tions.

Lack of induced decomposition in the presence of the
free radical scavenger d -methylstyrene supported the
postulation of a free radical mechanism. They proposed the

reaction sequence
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(CHg) 5COOC{CHg) 5 —> 2 (CHg) 4CO- (39)

(CHg)4CO- + R, oCNHR (40)
RoCNHR + (CHg) gCOOC(CHg) o =% R,C=N-R + (CHg) 4COH

+ (CHg) 5CO- (87)

RoCNHR + (CHg) oCO+ —— RoC=N-R + (CHg) 4COH (41)

CHNHR —m~%'(CH3)3COH + R

Such a mechanism suggests that primary and secondary amines
should support a hydrogen peroxide chain reaction.

The nature of radical attack on amines is somewhat
more complex than on alcohols. Garrison (8), in work on the
derivatives of ammonia, observed that the radiation chemistry
of such species could be determined by the reactivity both
of the alkyl substituents and of the nitrogen atom.

For primary amines, he proposed that all three of

+ , +
(NHg) "CHoR + OH — (NHg) CHR + H,0 (42)
NHoCHoR + OH — NH,CHR + Hy0 (48)
NH CH R + OH —=——>-NHCHZR + Hgo (44)
were probable. Attack on the neutrsl molecule by e;q or by
H he regarded as unlikely. Reaction (45)
+ - ,
(NHB) CH2R + eaq _ NH8 + -CH2R (45)

he regarded as possible, with no experimentsl evidence either
for or against it. Subseguent reactions of the various emine
radicals formed in (42), (48), and (44) have not been ex-
amined closely in deaerated solution.

For secondary amines, he predicted similar reactions,
chiefly abstraction by OH of the A =hydrogen (either one, in

the case of unsymmetrical amines) and of the amino hydrogen,
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to form ultimately a primary amine anc an aldehyde. In no
case, however, did he elaborate on the nature or reactivity
of the intermediates.

Studying the vapour phase reactions of methyl rad-
icals with tri- and di-ethylemine, Kozek and Gesser (9) con-
cluded that only alkyl hydrogen atoms were abstracted. This
conclusion was based upon the activation energies E46 = 8.0
kecal mole°19 Eyjp = 5.3 keal mole“l, and E,q = 5.7 kcal mole™t

which were measured in the reactions
‘CHg + (CH3)3N'-———% CH, + -CHZN(CHB)2 (46)
‘CHy + (CH8CH2)3N — CH, + -(CZH4)N(CH2CH8)2(47)

‘CHg + (CH30H2)2NH =———>CH4 + -(62H4)NHCH20§8 (48)
They did not, however, specify whether the alkyl hydrogens
were oA = or ?w to the amino group.

Brinton (10), on the other hand, noted that the Arr-
henius parameters for hydrogen atom abstraction from various
primery and secondary emines by methyl radicals in the gas

phase were very nearly constant, suggesting that abstraction

was from the amino group rather than from the alkyl gruops.

Gray and Thynne (11) studied the vapour phase reactiow

of methyl radicals with methylamine and the deuterated methyl-

amines. They obtained the following Arrhenius parameters for

amino hyarogen abstraction

9466 _ 4.56 x 10°

1

A= 10 mole™t cm® sec™

E = 5,86 kcal mole™ ™+
and for methyl hydrogen abstraction

A = ZLO.‘U‘“1 = 1,26 x 10ll mole cms sec“l
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B = .85 keal mole™T
from methylemine. Thus, at a temperature of about 150° ¢.
approximately three-fifths of the hydrogen atoms abstracted
came from the amino group and two=fifths from the methyl
group. The amino hydrogen atoms were therefore about twice
as reactive es the methyl hydrogen atoms.

Simile¥ work by Cray, Jones, and Thynne (12) on di-
methylamine and deuterated dimethylamines showed that, at
about 150° C., approximately seven-ninths of the hydrogen
atoms sbstracted came from the @muino group and two-ninthwe
from the méthyl groups. Thus, the amino hydrogen atoms were
about twenty times as reactive as the methyl hydrogen atoms.
They concluded that the rate of hydrogen abstraction‘from
the amine group increased as methyl groups were introduced
into ammonia as follows: |

NH,-H : NH,=CHg : NH(CH3)2
1 S i1 168

Extrapolation of these data to the condensed phase is
questionable at best but it can be seen, at least, that
hydrogen abstraction is possible from both the amino and the
alkyl groups of a primary or secondary amine,

1.5 Radiation-Induced Oxidetion of Organic Solutes in

Aerated Agueous Solution

Jayson, Scholes, and Weiss (18) exposed dilute aqueous
ethanol solutions which had been air-saturated to the action
of 200 kv. X-rays, and followed the rate of formation of

both acetaldehyde and hydrogen peroxide with dose. They




=15=
determined that hydrogen peroxide was formed at a rate

6

linear with dose up to a total dose of about 8 x 10 -~ eV /N

per ml, followed by a rapid decrease in yield. The maximum

4 M. They explained

peroxide concentration was about 2.7 x 10~
these results on the basis of the two competing reactions
H + 0, — HO, (19)

H + HZO2 — HZO + OH (13)
Before the break point, when there was & large quantity of
dissolved molecular oxygen present, reaction (19) predomin-
ated. The HO, radicals disproportionated by reaction (15) to
H,0, and Oy, giving an overall reaction (19 + 15) of

2 H + 0, — H,0 (49)

2
As the concentration of hydrogen peroxide built up, reaction
(13) became important, and led to a decrease in peroxide
concentration. As long as the hydrogen atoms reacted solely
by reaction (19), or (49), oxidation of ethanol to acetalde-
hyde could proceed only by means of the primary hydroxyl
radicals. Reaction (13), however, resulted in the formation
of additional OH radicals which would increase the rate of
acetaldehyde formation. The observation of just this effect
supported this type of mechanism,

The oxidation of ethanol by means of hydroxyl rad-
icals was thought to proceed by the following sequence:

CHoCH,OH + OH ——> CHLCHOH + H,0 (50)

(product analysis revealed that only the o -radical was
formed) . ?2 |
CHZCHOH + Oy —— CHBCHOH (51)
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0
2
{
CHLCHOH + HO, e CH3CHO + Hy0p + 0y (52)
v T2t
CHoCHOH + 0, — CHCHOH + O, (53)
HO, — HT + OO (27)
o p— 2
Og OH
2 CHoCHOH — CHoCHOH + CHGCHO + O,  (54)
62 OH OH
\
2 CHCHOH — CHSCHOOCHCHS + 0g (55)
2 HOp —> Hy05 + O, (15)

After the oxygen was totally consumed, the o-radical react-

ed according to the following =eactions:

2 CHGCHOH ——> CHoCH(OH) CH(OH) CHy (56)
CH,CHOH + OH —— CHGCHO + H/0 (57)
CHoCHOH + H — CHCH,OH (58)
2 H—>H, (6)

It is of note that neither of these reaction sequences con-
stitutes a chain reaction.

They further established that, although the rate of
acetaldehyde formation was strongly dependent on ethanol
concentration, the rate of hydrogen peroxide formation was
essentially independent of alcohol concentretion and had a
G-value of 2.5 in neutral solution.

Garrison (14} proposed a simpler, more generel mech-
anism for the oxidation of organic compounds in aersted
solution

RH + OH — R+ + H,0 (21)

2
R + 02 — R'H + HOZ (59)
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eaq + 0, e 0, (60)
. +
eaq + HSO —_ H + H20 (28)
H+ 0, i HO,, (19)
T, + =
HOp —=H + 0, (27)
2 HOp — Hy0, + 0, (15)

differing from the previous mechanism in the Feaction of
molecular oxygen with the organic radical. He did not, however,
consider reactions past the break point. For oxygenated ethyl-
amine, he quoted & value for the initial G(HZOZ) of 3.3,

Purdie (15) studied the 7Y -radiolysis of cystine in
aqueous solution, and proposed a mechanism, whose initial
step was

CySSCy + OH —— CySOH + CyS- (61)

‘Both CySOH and CyS-were ultimately oxidized, but no H202 was
formed.

Packer and Winchester (16) proposed a mechanism for

the 7Y-radiolysis of aqueous cysteine:

CySH + OH —— CyS- + HZO (62)
CySH + e;q —> Cy- + HS™ (63)
CySE + H—> CyS- + H, (64a)
CySH + H — Cy - + HyS (64b)
e;'q + 0y — 0, (60)

H + 05 — HO, (19}
CySH + 02"’ — CyS- + Hoz“’ (65)
CySH + HO, — CyS- + H,0, (66)
CyS- + 05 —— CySOg (67)

Cysog' + CySH —> CySOZH + CyS- (68)
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2 QyS+ —> CySSCy (69)
CySOH + 8 CySH —> 2 CySSCy + Hy0 (70)
Here, steps (67) and (68) constitute = chain reaction, and
G(Hgoz) and G(=RSH) were both found to depend upon the cys-
teine concentration. The values of G(HZOZ) of 6.4 and 9.4 for
cysteine concentrations of 1073, end 3 x 10”° L. in oxXygen-
saturated solutions were both grester than values obtained
for other solutes. Why cysteine should sustain a chain re-
action when other solutes did not was not explained.,

Many other organic solutes have been irradiated in
air-saturated aqueous solution, end mechanisms have been
postulated for many (see, for example, (1) pp. 142,157, (2)
p.142, (38) p. 162 ). But in all cases save the work by Jay-
son, Scholes, and Weiss (18), research has stopped short of
total oxygen consumption. Since almost all organic solutes
are reactive to hydrogen abstraction by the hydroxyl radical,
it would appear reasonable to predict a similar hydrogen
peroxidé¢ profile to that obtained in (18), accompanied by

oxidation of the substrate.
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2., Experimental

2.1 Radistion Source

The radiation source used throughout this work was a
Gammacell 220 unit installed by the Atomic Energy of Canada
Limited, which supplied Y-rays of an average energy of 1.25
MeV. The active 0060 was contained in rods arranged vertically
about the sample chamber, a cylinder six inches in diameter
and eight inches high, Hence, the dose provided to a sample
was dependent upon its position within the chamber, and re-
producible positioning was essential.

For dose rate effect studies, a lead attenuator was
used which reduced the dose rate to approximately 30%. Thisv
attenuvator was a hollow lead cylinder of outer diameter &5 5/16
inches, inner dismeter 4 8/8 inches, and height 7 7/8 inches.,
2.2 Dosimetry

The dose delivered to the irradiated samples was es-
timated by means of the ferrous smmonium sulfate dosimeter.

=3

The solution used was 1 x 10 “ M in Fe(NH4)2(SQ and C.4 M

4)2
in HZSO40 Wher such an air-saturated solution absorbs ion-~
ising rediation, the ferrous ion is oxidised to ferric and
can be estimated spectrophotometrically.

Because the dose delivered to samples in the irrad-
iation chamber was such a sensitive function of position, the
dose rate had to be estimated for both types of sample
holders used. For the studies on air-saturated solutions,test
tubes were filled to a prescribed level; for studies of

degassed solutions, glass bulbs were fillea with 10 ml of

solution. In pboth cases, samples were irradiated for var-
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ious lengths of time, and the concentration of ferric ion
was estimated by comparing each sample to an unirradiated
reference at 304 nm. using a Carl Zeiss PUQ II spectrepho-
tometer,
The dose rate was computed by means of the follow-
ing equation:

D= dA x 6,02 x 10°° x _ 100

dt Cpete a(Fe*)
where dA/dt is the slope of the absorbance-time graph; €Fe+8
?
the extinction coefficient of the ferric ion, is 2200 ut cm“l;

and G(Fe+3) is 15.6 ions /100 eV,

Since raaiation is absorbed primerily by means of
energy transfer to electrons, the dose absorbed by a solution
is proportional to the electron density of the solution. &
sample calculation of actual absorbed dose is shown in the
Appendix I. In practice, the correction was found to be too
small to be necessary within the limits of experimental
accuracy.

2.3 Irradiation Cells

Irradiation cells used were of two types. For &ir-
saturated samples, ground glass-stoppered test tubes, 1bO mm .,
long and 16 mm, in diameter, were used., These were generally
filled to a mark on the label, except for a few runs using
oxygen-saturated solutions, when they were filled to the top.
For degassed semples, 25 ml. Pyrex bulbs with ground joints,
shown in Figure 2.1, were used. These were always filled

with 10 ml. of solution.
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Figure 2,1

Irradiation bulb for degassed solutions.

PYREX V-4 I B-12 CONE
STOP COCK ——

SOCKET
B-14
CONE

25 -ml.
BULB
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In order to place the cells reproducibly within the
irradiation chamber, aluminum cell holders were used. These
are illustrated in Pigure 2.2. For use with the lead atten-
uater, a holder similar to the bulb holder shown, but 4 5/16
inches in dismeter and 4 inches high, te contain only two
bulbs, was also used.
2.4 Materials

Water used for irradiation and for washing glassware
was triply distilled, obtained by distilling laboratory
distilled water once from alkaline permanganate and once
from acid dichromate. The still arrangement was the same as
that shown in Figure 1 of reference (26).

Hs04 (Fisher Reagent 30%) was used without further

purification as the oxidising agent.

HC10, (Baker and Adamson ACS 70%) was used in acidify-

ing the sclutions.

Fe(NH,) 5(S0,) 5*6H 0, FeS0, «7H,0, FeNH,(S0,},°12H.0,

CoClg&GHZO? and Ni(NOB)geGHZO (Beker and Adsmson or equi-

+2 +2 +3

=~ %3 0
valent) were used as sources of Fe “;, Fe %, Fe °, cote

s and
A .
Ni lons respectively.
All the amines except n-butylamine {(Fisher certified)
were from Eastm&n Organic Chemicals. Glutamic acid (L-{+)-)
was from Matheson, Coleman and Bell. All other organic solutes

were Fisher certified or equivalent,
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Figure 2.2
Aluminum cell holders for use with irradiation cells.

Test tube holder

Top view Side view

Bulb holder

Side view Top view

6/2in.

~./
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2.5 Sample Preparation

411 glassware used in preparing and irradiating sam-
ples was washed carefully in the sequence: water, permanganic
acid (or chromic acid for pipettes), water, and nitric acid
te which had been added & few drops of H,0o5 2and then rinsed
several times each with distilled and triply distilled water.
Irradiation vessels were always drain-dried before the add-
ition of the sample. Test tubes were filled to the mark;
bulbs were filled with 10 ml. of sample.

If degassing wes necessary, the sample bulb and stop-
cock assembly was attached to a vacuum line. All stopcocks
were sesled with "Apilezon N" vacuum grease., The samples were

degassed by four cycles of freezing, pumping, and thawing.

A mixture of solid CO, and acetone, or sometimes a mixture of

liguia N, and ethanol, was used for freezing the samples.

2.6 Anslytical Technigues

All of the analyses were performed spectro§h0t0=
metrically using a Carl Zeiss PMQ II spectrophotometer.

Peroxides were generally determined by the iodide
method (18). Solution A&, containing 1.25 g. NaOH, 41.5 g.
KI, and 0.125 g. (NH4)6M0702564H20 in 500 ml. triply dis-
tilled water, and Solution B, containing 12.5 g. KH phthal-
ate in 500 ml. triply distilled water were mixed in equal
quentities (usually 5 ml. of each) with an aliquot of sample
and diluted to 25 ml. with water. The colour reaction which
occurred was

- +
H202+ S I + 2 HSO —_— 4 HZO + I;3 (71)
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The product 13° absorbed at 850 mm. with an extinction
coefficient of 2.885 x 10% &L en™t (see Figure 2.8)

The titanium method was sometimes used, to distin-
guish organic peroxides from hydrogen peroxide, since it
was sensitive only to hydrogen peroxide., The difference
between the two peroxide analyses gave the total organic
peroxide present. The method was essentially that of Snell
and Snell (19) but the quantities were medified for con-
venience., Thus, 20.8 g. Ti(SO4)2, 21 ml. concentrated
HZSO49 and 100 ml. water were left standing for 24 hours.
Suspended solids were then filtered out, the solution was
diluted to 250 ml. and then was left standing for two hours,
Two ml. of this reagent and sn aliquot (usually 10 ml.) of
sample, diluted to 25 ml.,, developed a colour immediately
according to the eguation

Ta™ 4+ B0, + 2 HJ0 — H,Ti0, + 4 H' (72)
The product H2T104 absorbed at 420 num. with an extinction
coefficient of 781l.9 (see Figure 2.4).

Acetone was determined by the sslicylaldehyde method
of Berntsson (20), with the quantities changed somewhat for
convenience. One ml. concentrated NeOH (425 g. per 1.) and
an aliquot of sample were diluted to about 10 wml. Then 250
;Lle salicylaldehyde was added from a micropipette, and the
solution was well shaken. Finally, 10 ml. concentrated NaOH
was added, and the whole diluted to 25 ml. An acetone-

salicylaldehyde complex developed slowly, with an extinc-

tion coefficient of 1.80 x 10% M=+ en™L at 474 nm. (see
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Figure 2.8

Calibration curve used to measure the extinction coefficient

of 13’" at 250 nm,
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Figure 2.4

Calibration curve used to measure the extinction coefficient
of H,TiO
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Figure 2.5) Colour development was a function of time and
NaOH concentration, and where possible, readings were always
made two hours after the solutions were made up.

An attempt was made to analyse for ammonia by means ox
the Nessler method (21). It was found, however, that acetone
interfered strongly with this determination and the relat-
ively high acetone concentration in all semples for which
the emmonia concentration was desired rendered the analysis

impractical.




Calibration curve used to measure the extinction coefficient

of the acetone = salicylaldehyde complex at 474 nm.
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3 Results

A, Radiation-Induced Peroxide Oxidstion

3.1 Oxidation of Isopropylamine

A typical system used to study the chain oxidation
of isopropyl alcohol was 0,52 M. in alecohol and 0.0l li. in
hydrogen peroxide. This solution was vacuun degassed and ir-

2 eV, 17L, (6). In a similar

radiated up to a dose of 6 x 102
system of roughly 0.5 M. isopropylamine and 0.0l M. hydrogen
peroxide, negligible peroxide was lost and negligible acetone
was formed,

Sinee it was possible that at such a high pH (pH of
a solution 0,5 M. in isopropylamine is about 12.2) the
hydrogen peroxide was unstable, the procedure was repeated
using HC1O, to neutralise the amine before the addition of
the peroxide. Similar results were obtained.

It appeared as though excess amine in some way in-
hibited the chain reaction. A much more dilute solution
5.85 x 107° U. in isopropylemine and 0.8 x 10™° K. in hyd-

rogen peroxide, irradiated to & total dose of 9.6 x 109+ eve

lwl

s was found to exhibit linear peroxide decomposition
and acetone formetion. The chein length, however, was con-
siderably shorter than for the 1sopropyl alcohol oxidation.
G(=H202) and G(acetone) were 4,50 ana 3.81 respectively,
compared to minimum values of 32.0 and 29.8 (the intercept
values) for the alcohol. |

At this low amine concentration, the basicity of the

solution would not be expected to decompose the peroxide,
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However, since & study of the effect of amine concentration
on G(=H202) and G(acetone) was anticipated, it seemed reas-
onable to perform this study on the protonated amine through-
out, to preclude any possible effect at higher concentration.
The G-values for peroxide destruction and acetone
formation obtained with degassed solutions ranging in iso-

3

propylamine concentration from 5.85 x 107 ° M. to 0.351 Moy

with a constant hydrogen peroxide concentration of 0.8 x 10~°
M. are given in Table 3.1 and illustrated in Figure 3.1.

Table 3.1

Veriation of G(»HzOz) and G(acetone) with isopropylamine

concentration with 0.8 x 10”8 I, 3202 present,
[isopropylamine] G(mHZOz) G(acetone)
0.00585 M. 5.68 3.22
C.0117 M. 4.89 3.82
0.0293 M. 6.12 4,52
0.0385 M. 5,76 4.81
0.117 N, 1.28 2.06
0.351 li. 0,585 1.49

This snemalous effect was also obtained with di=isopropyl-
eamine, n-propylamine, and t-butylemine, as shown in Figure
3.2,

To determine the effect of aeration on the reaction,
a solution 5.85 x 10“8 M. 1n isopropylemine (acidified with
HC10,) and 0.8 x 107° M, 1n hydrogen peroxide, and not de-

gassed, was irraciated up to a totsl dose of 9.6 x 102l ev,
=1
1

-

o The peroxide decomposition and acetone formation yields
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Figure 8.1
Variation of G(wﬂgog) and of G(acetone) with concentration
of isopropylamine in acid solution containing 0.8 x 10»8 M.

H202 °

G(HzOZ)
G (acetone)

30

| | |
Ol 0.2 Q.3

~ lisopropylamine] (mole I”)




Figure 8.2

Variation of G(—HZOZ) and of G(acetone) with concentration

of amine in acid solution containing 0.8 x 10™° N HoOp o
|
6.0~ O Glacetone) g for di-iso-
> GiH,0,) propylamine

G{H,O,) for n-propylamine
2 GtH,0,) for t-butylamine

Q. Q.2
[amine] (mole 1)
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are compared with those for the cegessed system in Table 2.2.
Table 3.2

Effect of aeration on G(acétone) and G(—Hgoz)

G(acetone) G(=H202)
aerated 2,33 1.15
deaerated 3.81 4,50

Oxygen appears to have a small inhibiting effect upon the
reactions, particularly upon Hy0, reduction.

Dose rate effects were studied using a 30% lead at-
tenuator., A degassed solution 0.0298 M. in isopropylamine
(acidified with HC10,) and 0.8 x 103 M, in hydrogen per-
oxide was irradiated up to doses of 8.3 x 10°% eV. 1% ang

1 eV, -1 for the attenuated and unattenuated

9.2 x 10°
cases respectively. The peroxide decomposition and acetone
formation yields tor both cases are shown in Table 3.3,
and demonstrate a negligible dose rste eftect,

Table 8.3

Dose rate effects in isopropylamine-hydrogen peroxide solution

G(acetone) G(-HZOZ)
attenuated 1.43 1.83
unattenuated 1.45 1.54

3.2 Inhibition of Isopropyl &lcohol Chain Reaction by Amines

Singe the aliphatic emines appeared to be incapable of
sustaining a chain resction, and indeed seemed to have a seli-
inhibiting effect on whatever chain reaction did exist, it
was thought that perhaps these amines might inhibit the knowwu

isopropyl alcohol chain (section 1.3),
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A preliminary experiment was performed in an effort
to duplicate the chain reaction. A solution 0.52 M. in iso-
propyl alcohol and 0.008 M. in H202 was irradiated to doses

le The walue obtained for G(acetone) of

of 8.0 x 1070 ev, 1”
58.8 was consistent with values obtzined in (6).

The addition of small amounts of isopropylamine was
found to inhibit the alcohol chain. For constant isopropyl
alcohol and hydrogen peroxide concentrations of 0.52 M. and
0.008 M. respectively, the G(acetone) values obtained for
various 1isopropylamine concentrations are given in Taeble 3.4.

Table 3.4

Variation of G(acetone) with concentration of isopropylamine

[isopropylamine] G(acetone)
0.0 M, 58,8
0.00587 M, 30.3
00,0117 M, 24 .4
0.02385 M. 21.4
0.0352 M. 18.3
0.0387 M, 16,7
0,117 M. 9.9

An identical inhibition effect was obtained using other
amines. G(acetone) was found to be 19.9 for 0.0288 M., di-
isopropylsmine and 18.8 for 0.0288 li. triethylamine.

To help determine the nature of the inhibition mech-
enism, the inhibiting effect of acidified amines wes studied.
Acid was previously shown (6) to have no effect upon the

alcohol chain alone, but was found to have an irregular but
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pronounced tendency to reduce the extent of the inhibition.
The results are tabulated in Table 3.5. All the chain inhibi-
tion data are better illustrated in Figure 3.8.
Table 8.5

Variation of G(acetone) with concentration of acidified amine.

amine concentration G(acetone)
isopropyl 0.0587 M, 51.7
0.0352 M. 52,3
di-isopropyl 0.0288 M., 02,8
triethyl 0.0288 N, 27 .2

The dependence of G(acetone) of the inhibited chain
on the i1sopropyl alcohol concentration was studied to com-
pare it to that of the uninhibited chain. At constant iso-
prop¥ylamine and hydrogen peroxide concentrations of 0.0352
M. and 0.008 M. respectively, and with doses up to Z.4 x

21 ev, lglﬂ G(acetone) was determined for a range of 1so-

¢

10
propyvl alcohol concentraﬁions from 0.131 M. té 1.05 M. The
results are given in Table 3.6 and illustrated in Figure 8.4,
Variation of G(acetone) with concentration of isopropyl

alcohol for the inhibited chain.

[isopropyi alcohol] G{acetone)
0,131 M. 8.36
0.262 M., 11,50
0.892 M, 13.59
0,023 M. 15.15
0.785 Wi, 16,72

1.05 M. 20,38
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Figure 3.3

Variation of G(acetone) with amine concentration in amine-

inhibited chain reaction. [isopropyl alcohol] = 0.523 M.,

[H202] = 0,008 M.
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Figure 3.4

Variation of G(acetone) with isopropyl alcohol concentration

in isopropylamine-inhibited chain reaction.,

[H,0,] = 0.008 M.

[isopropylamine] = 0.0852 W,
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Glacetone)

O
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For the inhibited chain, G(acetone) curved down to a negli-
gible intercept at zero alecohol concentration, contrasting
with the linear dependence of G{acetone) on alcohodi con-
centration and the considerable intercept value of 29.8
shown by the uninhibited chain.

The effect of changes in the hydrogen peroxide con-
centration was studied over the range 0.004 M. te 0.04 M.
H2029 in solutions 0.52 M. in isopropyl alcohol and 0.0352
[, in isopropylamine. The values of G(acetone) are shown
in Table 3.7 for various peroxide concentrations and illus-
trated in Figure 3.5,

Table 3.7
Variation of G{acetone) with concentration of hydrogen

peroxide for the inhibited chain.

[HZOZ] G(acetone)
0.004 M. 17.24
0.008 M. 15,67
0,016 . 15.15
0,040 M. 8,36

The marked decrease in G(acetone) with increasing peroxide
concentration was an unexpected result and contrasted with
the independence of rate on peroxide concentration shown
by the uninhibited chain,

To ensure that acetone formation was accompanied by
hydrogen peroxide removal, G(mﬂgoz) was determined for one
run. A solution 0,52 M. in isopropyl alcohol, 0,008 M. in

hydrogen peroxide, and 0.117 M. in isopropylamine gave a
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Figure 3.9

Variation of G(acetone) with hydrogen peroxide concentration
in isopropylamine-inhibited chain reaction.
[isopropyl alcohol] = 0.523 M.

[isopropylamine ] = 0,0852 K.

20—

Glacetone)

l | l I

Ol 02 O3 04
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value for G(«Hzoz) of 2.76,

It was of interest to determine whether the system
containing isopropyl alcohol, hydrogen peroxide, and acid-
ified isopropylamine exhibited the same reaction character-
istics as the uninhibited chein reaction. The alcohol con-
centration dependence of the acidified system (0.008 k. in
hydrogen peroxide and 0.0352 M. in isopropylamine, acidified
with HClO4) was studied over the concentration renge 0,181 K.
to 1.05 M. alcohol. The values of G(acetone) are tabulated
in Table 3.8 and illustrated in Figure 8.6,

Table 3.8
Varietion of G(acetone) with concentration of isopropyl

alcohol for the acidified system.

Iisopropyl alcohol] G(acetone)
0.131 M. 27,70
0.392 M. 41.28
0,023 M. 35.53
0.785 M, 52.26
1.05 M. 62,71

These results show s linear dependence of G{acetone) omn
isopropyl alecohol concentration and give a value for
G(acetone) of 22.31 at zero alcohol concentration, quite

comparable to the results of the uninhibited chain,
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Figure 3.6
Variation of G(acetone) with isopropyl alcohol concentration
in aleohol - hydrogen peroxide chain reaction containing
acidified isopropylamine., [H202] = 0,008 M.
[iscpropylamine] = 0,0852 M.
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. Radiation-Induced Autoxidation

B

2.3 Oxidation of Isopropvl Aleohol

Following the work of Jayson, Scholes, and Welss (18)
with ethyl alecohol, an air-saturated solution 0.0105 M in
isopropyl alcohol was irradiated up to a2 total dose of 7.5
X 102:L eV 1=l@ The yield of hydrogen peroxide was found to
increase to a value of 2,31 x 107% I at a dose of about 4.5

- 1021 1

eV 17, and then to decrease nearly to zero. The acetone
concentration increased linearly, with a change of slope in

the region where the peroxide curve peaked. The peroxide and
acetone curves are shown in Figure 3.7. The initial product
yields were G(HZOZ) = 8.65 and G(acetone) = 3.87. The value

for G(Hgoz) was consistent with the value of 3.5 obtained by
Jayson, Scholes, and Weiss (18) with ethenol and the value

of 3.3 obtained by CGarrison (8) with ethylamine.

If the system were reaerated after the completion of
the above cycle and then further irradiated, it might be ex-
pected to exhibit a similar peroxide concentration profile,
and a further increase in acetone formation. Thus, a solution

1 1

irradiated to & dose of 7.5 x 102 eV 17

and then reaerated,
gave the concentration-dose plot shown in Figure 8.8 upon
irradiation to an esdditionel 7.5 x 102% eV 1%, The initial
product yields were G(Hzoz) = 3.85 and G(acetone) = 2.70.

By irradiating the same aircsaturated alcohol solution

21

. -1 .
to a dose of 3.75 x 10" eV 17 and reaerating, the second cycle

was begun when the hydrogen peroxide concentration of the
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Figure 3.8

Variation of acetone concentration and of hydrogen peroxide

concentration with dose in 0,0105 M. isopropyl alcohol after
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first cycle was at its maximum,giving the concentration-dose
plot shown in Figure 8.9. The initial product yields were
calculated to be G(Hzog) = 3,04 and G(acetone) = 4,14,

Since reaeration after an irradiation cycle was suf-
ficient to begin a second identical cycle, it appeared to
be possible to consume all the organic substrate by repeated
irradiation and reaeration. In Figure 3.8, two cyeles were
sufficient to form 9.8 x 10“4 M. acetone (and hence to con-
sume 9.8 x 10™% M. isopropyl alcohol). Therefore, a solution
10“8 M. in alcohol would be entirely consumed in three
cyeles. For this purpose, a solution loag M. in isopropyl
alcohol was exposed to'three cycles of dose 7,76 x 1.02:L ev.

lwl

each followea by reaeration. The maximum concentration
of scetone formed was 6.6 x J,O“"4 M., corresponding to only
66% consumption of the aleohol., However, the decrease in
acetone concentration during the third cycle suggested that,
as the acetone concentration became compareble to the alcohoy
conecentration, 1t was decomposed by the radiation as well.
Therefore, the percentage consumption of the alcohol probably
approachea 100% by the end ot the third cycle, (Figure 38.10)
It was of interest to determine whether the peroxide
formed in the above experiments was entirely hydrogen per-
oxide, as predicted by Garrison (14), or whether organic
peroxides formed as well, as predicted by Jayson, Scholes,
and Weiss, (18). Consequently, o single sample 0.0105 M. in

isopropyl alcohol was irradiated to a dose of 3.5 x 1021 ev.

1“1, and analysed for peroxide both by the iodide method (185,
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Figure 8.9

Variation of acetone concentration and of hydrogen peroxide

concentration with dose in 0,0105 M. isopropyl alcohol after

a dose of 2.75 x 1021 eV, 171 ang reaeration.
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which was sensitive to &ll peroxides, and by the titanium IV
method (19), which was sensitive only to hydrogen peroxide.
The peroxide concentrations obtained, 1.56 x 10“4 M. and 1.58

x 10°%

M. respectively, suggested that no organic peroxides
were formed. Furthermore, it was useful to know that the
two methods of analysis could be used interchangeably.

3.4 Effect of Metel Ions on the Oxidation of Isopropvl Alcohol

It was expected that because of the one-equivalent
oxideticn~-reduction correspondence of such ion pairs as Fe (II)-
Fe (III), Co (II)=Co (III), or Ni (II)=Ni(III), these might
serve to catalyse the oxidation of isopropyl alcohol. To
investigate this effect; soclutions 0.,0105 M. in isopropyl
alcohol and 107 WM. in metal ion were irradiated up to total

21 v, 1%

doses of 7.5 x 10 . None of Fe (II), Fe (III),

Co (II), or Ni (II) were found to affect the total acetone
yield. When 2 ml, H,50, was added to the irrediating sol-
ution, Fe (II) gave a 50% increase in acetone yield, as
shown in Figure 8,11,

3.5 Oxidation of Organic Substrates

Regardless of the reaction mechanism proposed, the
oxidation of any organic substrate proceeds by the abstrac-
tion of hydrogen by OH. It wes therefore predicted that most
organic substrates would be oxidised in a menner similar to
that of isopropyl alcohol, and would show the same hydrogen
peroxide profile. Accordingly, the following solutions were
irradiated through one cycle for a total dose of 7.5 x 1021

eV, 171 : 1072 M, solutions of t-butyl alcohol, D-mennitol,

L]
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Figure 3.11

Variation of acetone concentration with dose in 0.0105 M,
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D-glucose, allyl alcohol, ethylene glycol, n-butylamine,
n-propylamine, isopropylemine, di-isopropylemine, phenol,
and acetic acid; and s saturated solution of benzene, All
of these systems showed the same increase in hydrogen per-
oxide concentration followed by a decreazse (see Figures
2.12 to 8.15). That this was accompanied by oxidation of
the substrate wes shown by the formation of acetone from
both isopropylamine and di-isopropylamine at rates nearly
identical with the rete of formetion of acetone from iso-
propyl alecohol,

An anomalous efiect was obsewrved when the same ex-
periment was performed with l-butanethiol. Packer and Win-
chester (18), in experiments with cysteine, found a depen-
dence of G(HZOZ) and G{=-cysteine) on cysteine concentretion.
A similer concentration dependence was obteinec using 1=
butanethiol. Peroxide curves for thiol concentrations of
1% 107° M and 5 x 107 U are shown in Figure 5.16. A dif=-
ficulty was encountered in performing the peroxide analyses.
Thiols appeared to interfere with the stoichiometry of the
iodide oxidation and therefore invalidated this methoa.
Moreover, irraciation seemed to cloud the samples and it was
necessery to correct for this turbidity by measuring the
absorbance of the solutions with and without the Ti(IV)
reagent. The resulting values, however, were strongly

subject to error.
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0,01 M. solutions of isopropyl alcohol, t-butyl alcohol, D-
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Figure 3.12

mannitol, and D-glucose.
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Variation of hydrogen peroxide concentration with dose in

0,01 M. solutions of allyl alcohol, ethylene glycol, and

n-butyl emine.
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Figure 3,183
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Figure 3.14

Variation of hydrogen peroxide concentration with dose in

0.0l ¥. solutions of n-propylamine, isopropyleamine, and di-

isopropylamine,
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Figure 8.15

Variation of hydrogen peroxide concentration with dose in

0.01 M. solutions of phenol and acetic acid, and a saturated

solution of benzene,
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Figure 3.16

Variation of hydrogen peroxide concentration with dose in

solutions of l=butenethiol,
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3.5 Chemical Oxygen Demand

Because most organic solutes @&ppeared to reasct in
the seme menner on exposure to )erays in an sir-saturated
system, including aromatic species (benzene and phenol) and
oxidised species (acetic acid), it was proposed that Y-ir-
radiation might be of use in the purification of water, by
oxidising the impurities to C02 and HZO and some oxidised
form of nitrogen. A process of 7Y-irradiation would have
the advantage of killing and removing biological organisms
as well as removing chemical impurities,

The total quantity of oxidisable material present in
solution (oxidisable by dichromate in hot acid solution) is
quoted in mg, O2 per liter and is known as the Chemical
Oxygen Demand or COD. A process of Y-irradiation would be
impractical for wastes with s large COD. However, present
waste treatment plants produce effluent with axm oxygen
demand of 30 mg. 1”1, & value o only borderline acceptability.
Tnis level corresponds to roughly 2 x 10”4 M. glucose and
could perhaps be reduced by irradiation.

It was therefore important to determine whether the
peroxide concentration-dose profile obtained at solute con-
gentrations of 0.01 M. was preserved at lower concentrations.
A solution 10==4 M. in each of glucose and glutemic acid,
considered to be a typicsl waste, was irradiated to a total
dose of 8.2 x 1021 eV, l“l and was found to have a profile
nearly identical to that of the more concentrsted glucose
solution, with a maximum hydrogen peroxide concentration of

1.37 ¥ 1074 .
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It was calculated that five cycles would be required

4

to consume all of 2 x 10° ~ M. glucose. To duplicate the last

) .
two of these cycles; a solution 0.4 x 10~ M. in each of glu-

cose and glutamic acid was irradisted te a dose of 8.2 x 1021

ev, -1

; then reserated and irradiated again for the same
dose. The peroxide profile was essentially the same as that
obtained for the first two cycles with 0.001 M. isopropyl
aleohol, except that at the end of the second cycle, the con-
centration of hydrogen peroxide did not decrease (see Figure
3.17) .

Since an oxygen-saturated system contains about five
times as much oxygen as an air-saturated system, it should be
theoretically possible te consume all of 2 x lO°4 M. glucose
in one cycle instead of five, thus dispensing with the need
for reaeration. A solution 10’4 M. in each of glucose and
glutaminv zcid was accordingly oxygen-saturated by bubbling
oxygen gas through the solution for fifteen minutes. The
solutions were then exposed to irradiation for intervels of
250 seconds up to a total dose of 83.05 x 1022 eV, 1@"1e The
same peak profile was obtained, with & maximun peroxide con-
centration of 4.98 x lOm4 M. occurring at a dose of 1.75 x luzz
eV, 1“19 This actually corresponds to en increase of sbout
350% efficiency rather than the theoretical 000%, but the
low value may be due to incomplete oxygen-saturation.

The Chemical Oxygen Demand of a solution 10~% . in
each of glucose and glutemic acid was measured after each of

five cycles, a cycle consisting of ten minutes irradiation
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1

(9.0 x 10°* ev. 1™!) and reaerstion. The COD was found to
decrease lineerly to about one-third of its original value.
A similer solution, oxygen-saturated, was irradiasted for 40
minutes (8.6 x 10°% eV. 171) and had a COD of 0.63 relative
to the initial value, corresponding, as predictea, to about
3.5 irraaiation cycles. These values are shown in Figure 3.18,
The theoretical COD for the original solution (ssmple calcu-
lation shown in Appendix II) was about 28.8, assuming that

nitrogen forms NHg e
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Figure 3,18

Variation of Chemical Oxygen Demand with dose in a solution

1074 M. in glucose and glutamic acid.
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4, Discussion

4,1 Radiation-Indueced Peroxide Oxidation

It was apparent that the oxidation of isopropylamine
did not follow the same mechanism as the oxidation of iso-
propyl alcohol. The low values for G(acetone) and G(«Hgoz)
(less than 5) were not consistent with a chain mechanism,
although at their maxima they were slightly higher than
would be expected for a completely non-chain process. The
variation of G(acetone) and G(aHgog) with smine concentration
was bewildering, especially when contrasted with the pos-
itive lineer dependence on alcohol concentration shown by
the isopropyl alcohol chain, and could not be explained. The
very small effect of the presence of oxygen on the yields
was also indicative of 2 non-chain proecess. The dose rate
studies gave no information.

Amines were found, on the other hand, to be very
effective at inhibiting the chain oxidation of iéopropyl
alcohol. The inhibited chain showed 2 negative linear de-
pendence of G{acetone) on hydrogen peroxide concentration,
compared with the independence shown by the uninhibited
chain. Acidification of the amine removed the inhibition,
suggesting that it was the amino group of the molecule that
was responsible for the inhibiting effect. This was support-
ed by the fact that all the amines tested had the same in-
hibiting properties. Moreover, the fact that triethylamine
had the same inhibiting effect as the other smines showed

that the electron pair on the nitrogen might be the inhibit-
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ing agent, since triethylemine haa no amino hydrogen atom.
Reduction of inhibition on ascidification would thus be due
to the tying up of the electron pair by the proton. Once
acidified, the amine apparently played no part whatever in
the reaction, known to be independent ot »H, since the slope
of the G(acetone)-alcohol concentration curve was essentially
the same as for the uninhibited chain, ana the intercept
only slightly lower.

The mechanism for the oxidation of isopropyl alcohol

was (6)
eaq + H202 = OH + OH (14)
H + (CHB)ZCHOH —_— (CHB)ZCOH + Hy (29)
H + <CH8)2CH0H ) CEES(CHZ}CHOH + Hy {30)
OH =+ (CHS)ZCHOH —_— (CHB)ZCOH + Hy0 (31)

OH + (CHg) ,CHOH —) CHB(E:HZ)CHOH + H.0 (32)

2
(CHg) oCOH + Hy0, —— (CHg),CO + OH + H,0  (88)
CHg(CHy)CHOH + (CHg) ,CHOH —— (CHg) ,CHOH + (CHg),COH (34)

2 CHg(éHZ)CHOH — termination (25)

Since amines did not sustain a cheain reaction, it was un-
likely that they would compete significantly with the al-
cohol molecules for either H or OH. Therefore, inhibition
must arise through reaction of the amine with either or both
of the two alcohol-derived radicals, that is, by the inclu-
sion in the mechanism of either or both of

(CHg) ,COH + (CHg) ,CHNH, — termination (78)
CHg(CH,)CHOH + (CHg) ,CHNH, —— termination (74)

The simplest kinetic expression was obtained from (74)
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alone; because then termination occurred only by means of

(BMradicals@ The expression for C(acetone) was given by

G(acetone) = kzg(k81 + kgg) GH + kSl(GQH + Gem )

%
kgollog + kgp) 32

+ I(CHB)E,CHOH}k%(kBl + kgg)e
k

32

1

\/ kmz f(CHS)QCHNHZl “ BkosGpD = ko, [(CHS}ZC_H:NHz]

It predicted =
the same large
downward curve
sults could be

2t low slcohol

the reaction of OH radicals (both the primary vield and those
trom (88)) with the emine, in competition with their reactions

with the alcohol (81) and (32). At higher alcohol concentratiou

4k85D

linear alcohol concentration dependence with
intercept as for the uninhibited chain. The

to a lower intercept shown by the actual re-
explained on the basis of primary inhibition

concentration., By primery inhibition is meant

primary inhibition would not be important snd the predicted

linear dependence was observed. At high amine concentration,

G(acetone) would be predicted to approach the intercept value

of 29,8 of the uninhibited chain. The lowering of this pre-

dicted value to the observed value of about 10 coula also be

due to such primary inhibition. The dependence of C(acetone) ow
nhydrogen peroxide concentration could not be explained. It is
concluded, however, that the inhibition resction (74}, coupled

with primery inhibition when amine sna aleohol concentrations

are comparable, is consistent with the observed effects.
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4.2 Radiation-Induced Autoxidation

The radiation-induced autoxidation of organic sub-
strates in air-saturated solution appeared to occur, with
the exception of thiols, by the same mechanism. The first
step was almost certainly hydrogen abstraction from the mol-
ecule, by means of OH and probably H. Since o organic per=-
oxides formed, the mechanism of Gerrison appeared to be valid

as long as oxygen remained in the system

RH+OH————-}R-+H20 (21)
RH + H——R-+ HZ (16}
. +02——-=,RvH+HQZ (59)

- - = '
aq * 02 — 0, (60)
H + C, — HO, (19)
e (5 - ¢ \
H + 02 :3102 (273
2 HOp, — Ho0o+ 0, (15)

As the concentration of oxygen approached zero, and the con-
centration of hydrogen peroxide built up; the organic rad-
icals would probably attasck the peroxide in preference to
the oxygen

R- + 5202 ——> R'H + HZO + OH (75)

OH + RH ——> R- + HZO (16)
giving rise to a chain reaction. That this chain would have
occurred at different rates and to different extents for difi-
erent solutes would account for the differences in the de-
creasing part of the peroxide profiles of the different solutes.
The anomalous results for l-butanethiol were probably due to

the addition of O2 to the CHSCHQCHchZS— radical and the sub-

sequent Teactions proposed by Packer and Winchester (16),
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4.3 Applicstions to Waste Dispoéal

The disposal of sewsge and industrial waste is cur-
rently a problem of con81dérab1e megnitude. The discharge
without treatment of such materials directly into natural
watercourses may lead te pollution, and in particular, to
conditions inhibitive to aquatic life and hazardous or at
least objectionable to the community. The characteristics
of weste which lead to these water conditions are usually
restricted, to a greater or lesser extent, in waste effluent,
necessitating some form of waste trestment. Such treatment,
of course, varies with the nature of the wastes, and with
the nature and use of the watercourse. Considersble detail
on the various operations in sewage treatment may be found
in many sources (22, 28, 24, 25, for example).

Division of the treatment steps into phases is scme-
what arbitrary, but the pattern of Besselievre (22) tends
to emerge. This pattern consists of the following five
phases : interception of inert, extraneous objects; removal
of solids by gravitation, with or without the aid of chem-
ical additives; biological or chemical oxidation of pol-
luting elements; polishing and refining; destruction of
solids. In few cases are 211 five stages necessary or
practised,

4side from unsightly floating matter, which is ob-
Jectionable but not hermful, and toxic materials, which are
released relatively rarely, the most common cause of pol=

lution is the high concentration of organic metter, which
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decomposes with the evolution of foul gases and with the
consumption of all the dissclved oxygen, rendering the water
uninhabitable for aguatic life. The consumption of oxygen
by either sewage or polluted water is called the Biological
Oxygen Demend, which can be related to the Chemical Oxygen
Demend for a waste of relatively constant composition. It
is this quantity which must be regulated on sewage effluent
and it is this quantity which is often the most difficult
to reduce.

The natural decomposition of organic matter occurs
in two steps, both of them by means of bacteria which break
down the matter in order to feed on it. The first step,
anaerobic biolysis, is the conversion of the complex organic
compounds to simpler ones, in the absence of oxygen. In this
stage, proteins are converted to urea, ammonia, mercaptans,
hydrogen sulfide, and fatty end aromatic acids, carbohydrates
to fatty acids, water, carbon dioxide, hydrogen, methane; and
other gases, and faets and soaps to their original acids, car-
bon diexide, hydrogen and methané. Cellulose decomposes very
slowly. Dissolution of atmospheric oxygen occurs slowly, but
in time, the eecond stage, aerobic biolysis, can occur, in
which the products of the first stage are oxidised and
nitrified to stable products. Carbon is in the torm of car-
bon dioxide and some methane; nitrogen is convertea to
nitrates and nitrites which are useful as plant fcod. Both
stages occur very slowly in nature; in treatment plants they

czn be speeded up and made to operate, to a certain extent,
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concurrently by means of continual seration.
Sewage is often classed as strong, medium, or weak,

according to the following general composition:

component (mg/1) strong medium weak
total solids 1000 500 200
BOD (at 20° C.) 300 200 100
total nitrogen 85 50 20

organic 35 20 10

free NHS o0 30 15
fats 40 20 0

Primary treatment, or filtration, is the first step
in most treatment procedures. It affords little or no re-
duction in the BOD, and up to 70% reduction in suspended
solids,

Secondary treatment is usually either of a chemical
- or of a biclogical nature., Chemical precipitation, the
addition of chemicels which produce a flocculent precipitate
thus hastening sedimentetion, will remove 50 to 75% of the
BOD and 70 to 90% of the suspended solids (23). It is less
effective than the biologicael methods but for medium or weak
sewage, it provides adequate, inexpensive treatment, Biol-
ogical oxidation is most generally carried out either on =
trickling filter, or by use of activated sludge. A trickling
filter consists of a bed of broken stone five to twelve feet
deep onto which the waste water is sprayed. As the water
filters through the medium, it becomes purified by the action

of the bacterial slime on the rock., 4 trickling filter will
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remove 80 to 95% of the BOD and 80 to 90% of the suspended
solids (28). Activated sludge is sludge in which the bio-
logical activity has been meintained. When this is mixed
with raw sewage and the whole aerated, it becomes a very
efficient water purifier, removing 85 to 95% of the BOD and
85 to 98% of the suspended solids (22),

Another common method of treatment is the use of
lageoons or ponds. A single lagoon, with or without artifi-
cial aeration, will give 39 to 45 % reduction of the BOD.

A series of ponds will give 80 to 99% reduction (22). They
rely on natural bacterial-algal @ecomposition end require
far less maintenance or expense than the other methods.

The acceptable level of BOD and suspended solids of
wastes discharged into natural watercourses must depend, in
the final analysis, upon the nature of the watercourse it-
self. There are many important factors influencing the deter-
mination of acceptable levels : ratio between available and
required oxygen; volume and velocity of the stream; presence
of rapids, lake or ocean currente, tributary streams, and
quiescent water; growth of green algae; other nearby waste
disposal centres; nature of the outlet and distribution of
sewage at the outlet; and proximity to communities or re-
creation areas. In general, the BOD level should be at most
30 mg. per litre and preferably considerably lower.

At present, sewage is discherged with a BOD somewhat
in excess of this value, either because the raw sewage wes

80 strong that even after biological treatment the BOD level
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remained high, or because the sewage was so weak that no
trestment at 211 wss deemed necessary. For either case; a
simple radiation system could possibly be used to reduce
the BOD to an acceptable level.

The use of irrediation in water treatment could have
many advantages. Some of these might be:
1. speed Assuming that a community with a population of
100,000 discherges 100 gallons of sewage per day per person,
there are 10 million gellons of sewage per day to be treated.
This is equivalent to sbout 1140 cubic feet per minute. Using

20 =1

a source capable of delivering 2 x 10 ev 1 secal (10 times

as high a dose rate as used in this work) to any volume, five
minutes (1/10 as long as in this work) would suffice to re-
duece the BOD to about one=third of its original valuve., There-

fore, oxygen-—saturated sewage flowing at a rate of 1140 ftB

-1

min — through an irradiation facility of volume 1140 X 5 or

would be treated in five minutes. licrobial oxidation

5700 ft
to 2 similar BOD level would require days.

2. volume Radiation treatment would be essentially an in~
line process, reguiring no storage. Biological oxidation,
requiring five deys, for example, would necessitate tanks

with a cepacity of at least 50 million gellons in the example

cited sbove,

2, low temperature efficiency While microbial activity slows
down at low tempersture and essentially ceases below O° C,
the increased oxygen solubility at low temperature would

actually increase the effectiveness of radiation trestment.
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4, cost No attempt cen be mede to evaluaté the relative
costs of the various methods. All that would be required
for radiation treatment would be a sourece (possibly used
fuel rods from a nuclear reactor, which must be disposed

of anyway), adequate protection from the radiation, pro-

vision for changing sources, a length of pipe, and a method

for recycling oxygen. For wastes of widely varying flow
rates, a pond for equalising the flow might also be nec-
essary. This should not be prohibitive compared to the
cost of storage lagoons, land, and cleaning facilities.
5., sterility A dose of 0.2 Mrad min. % (equivalent to 2x

20 -1 sec“l) X 5 min, or 1 Mrad is known to be suf-

107" eV, 1
ficient to kill all microorganisms and disease bacteria in
water. This would obviate the need for chlorination as a
post=treatment requirement,

6. no slime buildup Where biological and chemical methods

of treatment give rise to large quentities of slime and
sludge settling out, radiation treatment, which converts
dissolved organic impurities either to gases (CO29 CH4) or

to volatile compounds, would be a relatively clean process.

It is, moreover, of increasing importance to develop

means of reusing waste water, due to the increasing water
shortage. For areas of limited weter supply, wastes and

sewage which have been given some form of tertiary treat-
ment could probably be used for irrigetion and industrisl

purposes if not for domestic consumption. Communities

which must contemplate the spending of vast amounts of money
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to build or incresse their water supply systems could prob-
ably spend their money to better advantage if they gave
thorough tertiary and polishing treatment to their wastes,
and reused them.

It is not possible, of course, to evaluate here the
practicality of such techniques. But, especially in areas
of acute water shortage and with ready access to suitable
radiation sources, water purification by means of irradia-

tion might be worthy of consideration.




Appendix I

Sample Calculation of Actusl Absorbed Dose for a Solution

Irragiated for 10 Minutes

The electron density of a solution is calculated as follows:

Dy = [Py ¥ 1000 - % c,M, } x 10 + % C; 25
18.02

where DM is the electron density of solution M

~
-

M
¢; is the molarity of solute i

is the bulk density of solution M

My is the molecular weight of solute i
Z. 18 the number of electrons per formula weight of
solute i

For the Fricke dosimeter solution, O= 1.024 g./ml. For the

solutes
solute ci(M@) My Zs ¢ My CizZs
Fe (NH,) 5(50,) 5 107° 284 144  0.284 0.144
H2804 0.4 98 o0 39.2 20,0
39,95 20.1
Thus

1]

Dy

<1024 - 8905>x 10 + 20,1
18,02

= 566 .4 moles 17+

A typical irradiation solution had a density of 0.9925 g./ml.

and the solutes were



T

solute ci(Me) Mi z3 ciMi iz
(CHS)ZCHOH 0.52 80 34 31,2 17.58
(CHB)ZCHNHZ 0.08 59 34 1.77 1.02
HoOs 0.01 84 18 0.34 0,18
33,3 18.9
Thus
D -

<992e5 - 3393) x 10 + 18.9

M 18.07

]

551.2 moles 1°%,

If the dose absorbed by the dosimeter solution was 1.6 x
19

107 &7, 17! sec™ x 10 sec or 1.6 x 1020 ev. 171, then the
dose absorbed by the sample was
1.6 x 1070 x 551.2 = 1.56 x 1020 ev 171,

566 .4
The correction is negligible within the limits of exper-

imental error of these experiments,
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Appendix IT

Sample Caleulation Of Theoretical Chemical Oxygen Demand

Consider a solution 10”4 M. in each of glucose and glutamic
acid,

CelHyo0g + 6 o — 6 CO, + 6 H,0
Thus 10m4 M. glucose requires 6 x ].,Om4 M. O?e

C,HoNO, + 3 0, —_— 4 CO5 + 2 Hp0 + NHg

- . .o . -4
Thus 10 4 M. glutamic acid requires 3 x 10 ~ UM, O?a

The solution thus has a combined requirement of 9 x lOmé Mo

0, or 9 x 207% x 82 x 1000 = 28.8 mg./l. The theoretical

COD is then 28.8.
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