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ABSTRACT

A study was conducted of the degradation of henzene~, p-
.toluene-, and alkylbenzenesulfonates under the action of ionizing
radiation from a 3400 curie, Cobalt-60 irradiator.

Effects of varying solute concentrations, pH, and dissolved
oxygen concentrations were observed as functions of the energy
absorbed by the solutions. The rates of oxygen depletion and the
rates of hydrogen peroxide, enol, and sulfate production were
followed by irradiating the solutions for varying periods of time.

Results of the irradiations indicate that, in aerated solutions,
the major mode of degradation is by desulfonation of the molecule.
Degradation was accompanied by significant losses in oxygen,
possibly a result of direct oxidation of the solute by radiation,
rather than by free radical reactions. Enols were also found to
occur, but at very low concentrations. The product formed as a
result of desulfonation of benzenesulfonic acid appeared to be

‘quinonoid rather than phenolic in nature,

In deaerated solutions, enol yields were found to decrease,
while sulfates were not ohserved. A more rapid decrease in the
ultraviclet absorption peaks of these homologs in deaerated solu~-
tions was attributed to fhe-formation of dimerxs.

| The study indicates that the use of radiation, as a water
or wastewater treatment process for‘ degrading organic compounds,
would necessarily be limited to aerated solutions in situations where

the large losses of oxygen would not be detrimental.
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GHAPTER 1
INTRODUCTION |

1-1 The Broad Problem of Water Pollution

Alkylbenzenesulfonates (ABS) and related compounds used in
detergents have been shown to be significant components of domestic
and industrial wastewaters, and to be relatively resistant to biochem-
ical degradation in conventlonal treatimment processes. Indeed, the
ABS compounds have proved to be excellent tracers to indicate the
contamination of water supplies by domestic or industrial wastes.

With the increasing demand for fresh water by industry, agri-
culture, municipalities, and recreational interests in the face of an
inexorably constant supply of fresh water through the hydrologic
;:yc:le, it has become apparent that fresh ﬁvater will have to be uscd
more than once before it is discharged to the sea or evaporated to
the atmosphere, DBefore such re-use is practical, objectionable con-
taminants must be removéd. One such group of contaminants ie the
surfactant chemicals that constituté the active fraction of commercial

synthetic dete‘rgents. ‘

| While it is poasgible that the supply of fresh water may be
increased by productive research into desalinization of sea water
and nucleation of the atmosphere to produce more rainfall, it is
apparent that these efforts will be minuscule in relation to the pres-
ent supply of fresh water and the future needs of industry, agriculture,
and municipalities. The only truly feasible way to guarantee suitable
- fresh water for itsa many beneficial uses is to assure adequate treat-

ment of wastewaters so that they will not unduly and unreasonably
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contaminate the limited fresh~water resogrcéé of any region.

It is not thé intent of this investigation..to review all methods
of water and wastewater treatment, for this subject is diverse and
complicated, Instead, it is the aim of this study to consider the ef-
fects of radiation on ABS and related homologs, with the hope that
such research will lead to an economically feagible method of re-

moving such compounds from wastewater,

1-2 Irradiation of Water and Waste Water

A major portion of the accomplishments in this area has been
directed toward the effects of radiation on the microorganisms found
in water and sewagé. Lowe, etal. (1), exposed 5 organisms to a
‘1.1-kilocurie source of Co~-60 in a mixture of double distilled water
and autoclaved sewage. It was found that all the organisms could be
completely destroyed if large enough doses were used. For a com-

plete kill the most resistant 01j'ganism was Bacillus subtilis which

required 2.0 X 106 rads while the most gensitive was the Escherichia

coli phage T3 which succumbed with 7.5 X 10% rads. {The rad is de-
fined as the unit of absorbed dose equivalent to 100 ergs per gram. in
any medium.) Settled sewage and sewage sludge were sterilized by
5,0 X 106 and 2,0 X 106 rads respectively. Dosages for less than
100 per cent kill were materially less. With the exception of B. sub-
tilis kills up to 90 per cent were achieved at doses no lan-:ger than
7 % 10% rads.

Ridenour and Armbruster {2), using a IO-Lkilocurie Co-60
gource, irradiated 10 pure cultures in water. It was found that

E. coli and A, aerogenes were most susceptible and Bacillus subtilis
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and Streptococcus faecalis were most resistant. All could be reduced

more than 99 per cent by a dose of 100,000 reps. (The rep, or roent-
gen equivalent physical, is defined (3) as the quantity of corpuscular
radiation which produces in a gram of tissue, ionization equivalent
to the quantity of ionization of one roentgen of gamma radiation in
air.) This unit is being replaced by the rad. A dose of 100,000 reps
was found sufficient t;> reduce the total bacterial population of primary
sewage effluent by 99 per cent while only one half this dose was re-
quired to obtain the same resu1t§ with a final plant effluent. These
 bactericidal effects were not influenced by pH in the range 5 to 8, 5.
Dunn (4), conducting studies on water and sewage samples
‘with a one-kilocurie Co~60 source and a 3-million electron volt (Mev)
Van de Graaff generator, found the generator more effective in 10
seconds than the Co-60 source in up to 25 minutes cﬁ exposure.
From B88.3 to 99.9 per cent of the bacteria were destroyed by the
Co-60 in 25 minutes and from 95.4 to 99.999 per cent within 125
minutes at an exposure rate of 2000 roentgens per minute,

Grune and Eliassen (5), studying effects of radicactive waste
disposal, reported no significant effcct on the ultimate and 5-day
biochemical oxygen demand or its reaction rate after dosing sewage
with up to 10 millicuries per liter of radicactive phosphorous, P-32.
Unlike the Co-60, which decays by emiasion of gamﬁna rays, P-32

: emits a .1.74 Mev beta ray. In another study, Grune, et al, (6),
could see no effect on a.nae.robic digestion resulting from the addi-
tion of up to 1000 microcuries per liter of C~14 or 500 microcuries

per liter of Sr-90, both of which decay by beta emission.
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During a study of the economic feasibility of sterilizing sewage
by irradiation (7, 8), it was observed that the settling characteristics
of the sewage were altered when exposed to a dose rate of 845 roent-
gens (r) per minute from a 200-kilovolt X-ray source. A dose of
65,000 r caused increased déposi‘tion of solid matter while a dose
of 350,000 r resulted in increased .dispersion of the particulate mat-
ter, However, only 50,000 r were necessary to cause a 99 per cent
coliform reduction while 78,000 r caused a reduction of 99,9 per cent,
Irradiation at the Brookhaven reactor with thermal and fast neutrons
and gamma. ravs also increased dispersion of particulates. Cost
estimates for a nuclear reactor to sterilize sewage were not found
‘to be competitive with present practices.

A more recent study by Bio Sciences Laboratories {(9) using a
Co-60 irradiator and synthetic sewage indicated that sedimentation
was effected by both total dose and by dose rate. At dose rates of
507 and 643 rads per minute, no change or slight decreases in sedi-
mentation, measured on a weight basgis, occurred. At a lower rate
qf 296 rads per minute and at higher rates of 850 and 1340 rads per
minute, increases in sedimentation were observed, The authors
- thought that this effect might have been caused by a difference in the
spectral quality of the gamma energy. This difference would result
from scatter occurring at various distances from the source. At the
dose rat.e of 296 rads per minute, a maximum increase in sedimenta-~
tion was observed with a dose of 70,000 rads, Additional sedimenta-
tion studies at lower dose rates of 10.4 and 22,6 rads per minute to

accumulated doses of 1270 and 2710 rads respectively showed
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increases in sedimentation resulting from ali doses,

Inr addition to' the ahove~mentioned sedimentation studies, an
investigation was also conducted into the effect of ionizing radiation
on synthetic detergents, These studies were conducted at dose rates
bétween 10,4 and 1340 rads pex minute, Effects of the radiation were
determined by foaming measurements, infrared spectroscopy to indi-
cate changes in molecular structure, and chemical assay. The {ests
for foaming tendency were conducted on solutions of alkylbenzene-
sulfonate {ABS), two commercial anionic detergents, and one com-
mercial non~ionic detergent. The absorbed doses ranged from 1,440
to 643,200 rads. All of the solutions indicated a reduction in foaming
‘although this change was more pronounced in the anionic detergents.
Solutions of 10 and 35 mg/1 were irradiated with doses up to 5,920
and 71,040 rads respectively., Analysis by the methylene blue pro-
cedure (see Section 3-10) indicated reduction of the 10 mg/1 solution
to 3.8 mg/1 and the 35 mg/1 solution to 6,0 mg/1, ‘'The lattér was
accompanied by a pH decrease of 2.2 units. '

Samples containing 14 mg/l ABS were also irradiated to
accumulated doses of greater than 10,000 rads at Low dose rates
of 10,4 and 22,6 rads per minute and high dose rates of 796 rads
per minute. At an accumulated dose of 35,000 rads a 99 per cent
reduction in ABS concentration was found in the samples irradiated
at low dose rates, while approximately 70 per cent was observed in
those irradiated at the higher rate, The relationship between ABS
remaining and the total absoxrbed dose was exponential for most

dose rates, The G valué , defined as the yield or degradation in
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molecules per 100 ev of absorbed dose, for the ADS degradation
appeared fo have an initial value greater than eight for the low dose
rate, This va.lﬁ.e dec:rfaa.s.ed as the degradation progressed, approach-
ing a value of 1.0 for 95 per cent removal. A plot of G{-ABS); i.e.,
the degradation of ABS in molecules per 100 ev absorbed, as a func-
tion of total dose, indicated that the disappearance of the ABS is
relé.tively independent of concentration in very dilute solutions,
Examination of irradiated samples by infrared spectropho-
tometry was accomplished by incorporatihg the ABS extracted from
solution into potassiuin bromide pellets, Spectral changes were ob-
served in the 8 to 10 micron range usually assigned to the sulfonate

group. This change supported the hypothesis that sulfonate cleavage

occurred by the reaction:

11,0 + 3-0503“ ¥ Na© ~—~ R_.QH +Nal + HSO,~

A reduction in absorbance was noted at 6.0 microns while a change
in the 7 micron region was attributed to alteration in the substituted
benzene ring. Changes also occurred in the 3,0 micron area usually
assigned to O-H and C-H stretch bonds.

The authors recognized that compounds such as phenolic
products from the benzene group or degradation products from the
alkyl group and aromafic ring may have been present but the extent
of their formation was not investigated.

- On the basis of improved sedim‘entation indicated by the above
results, cost comparisons were made for three types of waste treat-

ment facilities, with and without a sedimentation basin containing
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Csw~137 as a gamma radiation source, Th_e th:._-ee cases considered,
primary plus Secondary treatment, primary treatment only, and an

overloaded existing facility, all showed savings when using isotopes

at a cost of ten cents per curie, This process would not be competi-

tive at current isotope prices.

1-3 Scope of the Present Study

Anionic detergents met with great success because, unlike -
‘soap, the efficiency of the surface-active ingredients is unaffected
by hardness in water. Today, detergent-containing compounds con-
stitute approximately 75 per cent of the scap and detergent industiry,
which handles about 3.5 billion pounds‘of material annually. Of the
- 2.4 billion pounds of compounds with detergents, the surface-active
ingredients constitute about 900 million pounds {10)., The most
widely used surface-active agent is the anionic detergent alkyl-
benzenesulfonate {(ABS), This compound is also referred to as
dodecylbenzenesulfonate and tetra..prolaylbenzenesulfona,te, the latter
because of its synthesis {rom tetrapropylene.

The alkyl group of the ABS molecule is the key to the manner
in which the material will degrade during sewage treatment. The
molecule with a branched alkyl chain is not readily degradable Whﬂé
- the straight chain formulation will degrade more readily undei‘
aerobi§ conditions. For this reason future household detergents'
will be formulated from a straight - rather than a branched -.chain
ABS,

The resistance of ABS to degradation has occasi‘onally. re-

sulted in foamy drinking water in areas where water is being reused.
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While ABS is not toxic in the us-u'al concentraﬁons.found in water, its
presence is indicative of the fact that a certaiﬁ percentage of the
water has been used previously. DBecause of this fact and since
highef concentrations will cause foaming and will be accompanied

by off-tastes (probably due to othler waste products), a limit of 0.5
mg/1 was recommended for ABS in the 1962 Drinking Water Standards
of the Public Health Service (11},

A prodigious amount of research has been conducted on all
phases of the detergent problem, although the study by the Bio
Sciences Laboratory appears to be the first in which radiation has
been considered as a means of d;agra.ding the molecule. The report,

_)_howeVer. has leit some rather interesting questions unanswered as
to effects of such parameters as pH and oxygen concentration on the
rate of ABS degradation and on the resulting degradation producis.
These degradation products have not been identified, and while de-
sulfonation has been proposed as the means by which the molecule
is altered, other possibilities should not be neglected. These would
include shortening or comélete removal of the alkyl chain, opening
of the benzene ring, addition of other groups to the ring ot the aik.yl
chain, polymerization of the ABS molecules, and any combination of
these possibilities.

.‘I‘he most logical way to answer these questions is to study
the effects on 'aqueous solutions of several of the lower homologs of
ABS (namely, benzenesulfonic acid and toluenesulfonic acid) before
considering the ABS molecule. It must be realized that some of the

products may be produced in quantities too small to analyze, while
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no definite analytical procedure may exist for others,

In order to examine the effect of absorhed dosa, pH, dis-
solved oxygen, ‘and sample concentration on the degradation process,
it is necessary to propose mechanisms for this process and then to
analyzé for the particular products resulting from the proposed
reacéions. This procedure can be accomplished by first reviewing
the effects of ionizing radiations on. water, aqueous solutions of
benzene and aqueous solutions of other substituted benzenes, While
the irradiation of water and benzene has been studied with many
types of radiations and in many physical states, this study has been
limited by time, available equipment, and sphere of interest to the

irradiation of aqueous solutions with a Co~60 irradiator,

1-4 Radiations from Cobalt-60

Cobalt-60 (Co-60) is a radioactive isotope formed by neutron
56mbardment of Co-59. Upon neutron capture by the Co~59 nucleus
the mass number is raised to 60 v;'rhile the 27 protons of cobalt are
unchanged, Co-60 has a half-life of 5.24 years dccaying to Nickel-60
by emission of 2 0.312 Mev beta particle and 1.173 and 1,333 Mey

gamina rays,

1-5 Effects of Irradiation on Water (After Allen {12))

The passage of ionizing radiations through water results in
the production of electrons by either the photoelectric effect, the
Compton effect, or pair production. Fast elecirons will give up
energy to water in quantities that average about 100 ev, On the basis
of a linear energy transfer rate of approximately 0.02 ev per Ang-

strom, these events will lie about 5000 Angstroms apart. Since the
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é_nergy required to decomposé a water m_calecﬁle is 29 =3ev {13},
several xﬁblecules will decompose within a radius of 10 to 20 Ang-
stroms forminé He and «OH radicals, These free radicals can |
r_ecombine to form water, or like radicals may combine to form
the malecular products hydrogen peroxide and hydrogen gas,
Those radicals not combining will diffuse into the solution and
participate in the reactions to be discussed subsequently. These

initial events rnajr be written

H,O ~ H. + +OH (11}

and 2H,0 — H, + H,0, (1-2)

_Allen (14) has suggested an additional equation
ZHZO — 2H+ + HZOZ (1-3)

to account for the fact that the hydrogen peroxide yield exceeds the
hydrogen yield, Using G values (the yield ox degradation of mole-
cules per 100 ev of absorbed energy}, a material balance for de-
composition gives

+ Gurr=2G.. +G (1-4)
5,0, OH H, H

ZQH
where subscripted G values will indicate initial yields and those
with parentheses, appearing later, will indicate values that would
be measured. Although the free radicals are denoted by H. and OH,
their actual structure at different pH values is still under discussion.

Czapski and Schwarz (15) have shown that the reducing

radical exists as He in acid solution and ag the solvated electron
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1—1’20' or e;q in neutral and alkaline solutions , with each having dif-
ferent kinetic behavior, This phenomeno_n wag shown by the ionic
strength effect on three rate constant ratios, since the rate constants
a.-nd lonic streng%h are reiated by the Bronsted model of ionic reac~-
tions and the Debye theory of ionic solutions. The rate constants
Will-increase, decrease, or rerain unchanged with increasing ionic
strength dependipg upon whether the reactants have the same or
opposite signs or one is neutral.

Barr and Allen (16) postulated the following reactions for

the radiolysis of neutral water in the presence of oxygens

H,0— e;q, °OH, H,, H,0, (1-5)

*OH+ H, =~ He + H,0 {1-6)
*OH+ H0,~ HO,» + H,0 (1-7)
e;q tH,0, ~ + OH + OI—I;q (1-8)
He + 0, = HO,. (1-9)
e;q + O, = og (1-10)
2HO,+ =~ H,0, + O, ) (1-11)

where the reducing species were proposed to exist in two forms, as
lthe hydrogen ré.dical and as the hydrated electrqn (e;q). The e:,{ist-
ence of the hydrated electron was later verifiéd by Hart and Boag (53)
using pulse radioclysis to examine the absorption spectrum of this
intermediate,

The manner in which the initial yields of the decomposition

products have been determined is in most cases quite ingenious.
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The yield of molecular hydrogen which is subject to reaction {1-6)
has been determined by adding bromide, iodide or nitrite ions to the

solution to react with the H* and - OH radicals by
Br~ + +OH == Br. + OH" (1-12)
S . .
Bre + H- —+H + Br (1-13)

such that G(Hz) = GH « This value is 0.45 in both acid and neutral
2
solutions.

- The hydrogen atom yield has been determined by the oxida-

tion of ferrous sulfate, where

H,0, + Fe'' —FeOH' ' + +OH (1-14)

.OH +Fe'" —Feout" (1-15)

The H» atoms reacting with dissolved oxygen by reaction

(1-9) give

HO.. +Feo' T+t - w0, + Fe™TT

2 2°2 (1-16)

with the hydrogen peroxide formed oxidizing two additional ferrous

ions. Thus

G{Fe )= 2G
H,0,

+ GOH + BGH

which in 0.8N HZSO4 is a well-~established 15,5. From the mass

ba.la.n‘ce of (1~4) this sum becomes 4GH + 2G , Since G = 0.45
baiar H Ho
o ,

the difference gives GH = 3,65,

The remaining yields have been obtained by reduction of
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ceric sulfate or oxygen. In an acid solution of the latter, the follow~-

ing reactions have been supposed:

H. + O, = HO,- (1-9}
«OH+ H,0, — H,0 + HO,- _ C(1-7)
HOzo + HOZ‘- - I—I?‘O2 + O‘2 (1-1;)

or at low HZOZ concentrations
« QH + I—IOZ*’ —>I-I20+ O2 (1-17)

This would indicate the peroxide yield to be

- 1 -
G(HZOZ) ”-GHB + 3 (G GOH)
In 0.8N I—IZSO4, G(HZOZ) has been found to be 1.17 which
then makes GHZOZ equal 0.8 and GOI—I equal 2.95, GHzoz varies

slightly with pE while GOH decreases to 2.2 in neutral solutions.
In neutral solutions Czapski and Allen (54) determined

Ge" = 2.85 = 0,15 while Allan and Scholes (55) found GH = 0,6,

Whae'jl these values are considered with the other primary yields in

neutral solutions GOH = 2.2, GHZOZ = 0,7 and GHZ = 0,45 there is

disagreement in the material balance., Allen (56) has suggested the

existence of an additional oxidizing radical, possibly the oxygen

atom, to account for this discrepancy.

1-6 Effecis of Irradiation on Benzene

The presence of a reactive solute in aqueous solutions at



14
conc.entra.t_ions greater than IGHGM will minimize radical recombinaw-
tion in the bulk of the solution. This effect is due to the low radical
concentrati\ons that result from a reaction rate constant on the order
of 107 liters per mole-sec. At this rate constant radical concentra-
tions will not exceed 1Q~8Mo The literature is replete with articles
deali;_ng with the- effects of irradiations on aqueous solutions of ben-
z.c—:‘.lrzuel,° - There is no comialete agreement, however, on the products
resulting from thié irradiation,

Phung and Burtén (17), irradia,ting unbuffered air-free
solutions, observed no hydrogen peroxide production, G(HZOZ) = 0,
'G(Hz)'x 0.42 similar to‘pure water, and phenol and diphenyl yields
of 0,36 and l‘. 22 respectively. Acidification of the solution reduced

the diphenyl yield and increased hydrogen peroxide production

resulting in the following yields:

G(HZOZ) = 0,57; G(PhOH)}

n
[w]
L
o

G(Hz) = 0,39; G(th)

t!
o
Rte)
o~

Barelko, et al, (18}, found, in the absence of oxygen, G(PhOH) = 0.5
and G(-PhH)} = 2,0-2,5, in good agreement with Phung but disagree
with the assumption that the resulting precipitate is diphenyl, They
suggest that the precipitate is hydroxydiphenyl and possibly other
high molecular weight phenolic compounds.

In aerated vr oxygenated solutions, phencl, dihydric phenols,
quinones, mucondialdehyde and traces of diphenyl have lbeen meas-~
ured. Daniels, et al. (19), irradiating neutral solutions, found the

following yields: quinones ~ 0,1, clia.lc}.ehyde.s ~ 0,2, phenol = 2,2,
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and traces of diphenyl. The material assumed to be mucondialdehyde
was measured by geaction Qith -2, 4-dinitrophenylhydrarine, The
ultraviolet spectra of the para- and 2,4~dinitrophenylhydrazine
derivatives of the product resembled those obtained with synthetic
mucondialdehyde but were not completely similar. The absence of
this product from in vacuo irradiation suggested that molecular

oxygen was important in the reaction which was proposed to occur

Oi'l OH OH
@ quu O P H Ly ANH "iaOCCHO
: H H | CHO
2° H '
(a) (b} (c) (d) (e)

Loeff and Stein {20) observed mucondialdehyde and phenol formation

by

(1-18)

in neutral solutions {pH 7.1} with yields of 0.8 and 2,69 respectively.
The ratio of the yields remained constant at approximately 3 in a pH
range of 0,4 to 7.5 with ylelds increasing at low pH values., In a
later paper (21.) they also noted the spectral differences between

the hydrozones of the reaction product and the synthetic mucondialde-
hyde observed by Daniels, et al, Aﬁ increase in the yield of phenol
with increased dose rate was found to be accompanied by a decrease
in dialdehfde formation in both acid and neutral solutions. This "
observation is explained by first examiﬁing some mechanisms by

which phenol could be produced {17);

C6H6 + «OH — 06H5° + HZO | (1-19)

CyHye + 0, ~ CgHLOp. (1-20)
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C(H;0,+ + H,0 = C H.OH + HO,+ (1-21)
He + O, = HO,* (1-9)
ZHO,+» = H,0, + O, . (i-ll)
or CéHS' + «+OH —"CBHSOH

or step (1-18d) above could yield phenol and hydrogen peroxide (18},

The occurrence of these mechanigms is supported by the
facts that: (a) the radiation decomposition of initially added 1—1202
does not affect phenol formation (22); (b) of the two possible mecha-

nisms (23)

H B y . ’ -
oH CGHS +H20 {1-22a)
C6H6+ 'OI-'I_h .
H

—r-CbHSOH + He (1-22b)

feactibn (1-22a) is preferred, being exothermic by 16 kcal as com-
pared to 3 kecal for (1;221@), and (c) the higher phenol yield in the
presence of oxygen can be attributed to reaction (1-9) inhibiting the
recombination of the H+ radical with the «OH and phenyl radicals
which reduces the vield in oxﬁgen free systems.

To account for the decrease in mucondialdehyde at higher
dose rates, it is suggested that two radicals in step (1-18b) may

may combine, thus
H

OH ~
2 . -G6H50H + HZO + C6-H6 (1~23)

H
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increasing the phenol yield and decreasing the possibility of a result-
ing mucondialdehyde mole cule,

| -Goodman and Steigman (24) found still another product
showing phenol-like behavior. Their irradiated solutions had an
ultraviolet absorption peak at 345 my that remained unchanged after
phenol, diphenyl, and benzene were extracted with ether., Irradiation
of dilute phenol solutions did not reproduce this peak, indicating the
product did not arise from phencol, None of the other products re-
ported to arise from the irradiation of benzene have absorption
peaks in this area either, . |

The peak height of the water extract was pH sensitive and

two well-defined isobestic poinis at 280 and 31&"; mp. suggested an
equilibrium between tWOI speéieso The reaction of this product with
Folin's reagent, in the phenol determination, may indicate that re-

ported phenol yields have been too high.

1-7 Effects of Irradiation on Substituted Benzenes

The effects of free radicals on substituted benzenes have
been studied both by irradiation and by reaction with Fenton's reagent,
a solution of hydrogen peroxide and ferrous salt. The reagent pro-

vides frce hydroxyl radicals by the rcaction:

H,0, + Fe't —.om+ o™ + roH (1-24)

One of the purpose.s of these studies hae been to examine.the effect
of the substituent group on further substitution. If the substituent
group has no directive action on free radical substitution then the

addition of hydroxyl radicals would be expected to produce isomers
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in a statistical disti‘ibutic;n of orthc: meta: pafa. equal to 2:2;1. Using
Fenton's _réagent with aqueous soiutions of nitrobenzene, Stein and
Weiss (25) found the yield of isomers to be practically equal, thus
indicating a para-directing effect. In another paper, lL.oebl, Stein,
and\.Weiss {26) pre;sented the results of irradiating nitrobenzene in
a,ir-.saturated solutions with 200-kv X-rays., The ratic of nitrophenol
isomers was found to be pH dependent, with the aim:p ratio at pH 6
approxiﬁ:ately 35,5:29:35.5 by per cent. The nitrophenols accounted
for 40-50 per cent of the total reaction products. At pH 6 the weight
of dinitrodiphenyl was slightly less than the total nitrophenols which
together account for 80-85 per cent of the reaction products. The
remainder, of phenolic nature, was probably phénol and to a lesser
degree dinitrodiphenols and dihydroxynitrobenzenes. The reactions

. yielding the main products were assumed to be

NO, |
NO,C Hy + <OH —~ @] *+ H,O (1-25)
NO2 _
© ] e} +OIl = NO,C H/ OH (1-26}
NO NO

2

2
and @}[@ ~ NO,GH,CH,NO, (127

While no nitrites were found, nitrates were obhserved

probablf as a result of

N02C6H5 + «QH — CéHsn + HNOS {1-28)
while CGHE' + aO?I” CéHBOH | (1-29}
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would explain the formation of phenol and
CyHge + ¢6H5~ — G H.C H, diphenyl. (1-30)

The decline in nitrate yield that occurred after the exhaustion
of digssolved oxygen indicatad to the authors that the nitrate ion was
due -to hydroxyl radicals. The nitrate yield was approximately the
same at pH 2, 6 and 12, about equal to that of one of the phenolic
isomers;

Johnson, et al., (27), studied the hydroxylation of chloroben-
zene and found the formation of chlorophenols to be pH sensitive.

The chlorophenols result from the reactions
' Cl

C HCl + -OH—~ }ﬂ'ﬂ' H,0 (1-31)

Cl

@} "+ *OH — C1C H OH (1-32)

which is the same mechanism proposed for production of nitrophenocls,
At pH 6 the per cent of the o:mip isomers of chlorophenols was
15;20:20-2_5:55-60, The authors assumed that chloride ions found

to be present after irradiation resulted from the reaction
C6H5C-1 + « OH — C6H5° + HOCI {1-33)

When the total chlorophenol production was only 5uM, 18uM of the
chléride ion was produced. Resulte tended to indicate that unlike
the hydroxylation, removal of the substituent group is independent

of pH as wag found with nitrobenzene,
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Stein and Weiss (28) using Fenton's reagent on agueous
solutions of phenol fﬁund rquinol and catechol formed in a ratio of
about 3:1, Only a trace of resorcinol was observed. X-radiation
of aerated phenol solutions resulted in a quinolicatechol ratio of two
in neutral and about four in acid solutions, The yields in acid and
alkaline solﬁtions were not affected by the absence of air while a
srﬁa]fler yield was noticed in neutral solutions. Irradiation of the
.a.cid solution pré&uced o-benzoquinone not from, but in place of,
the quinol and catechol.  The authors suggested that this reaction

occurred by the dehydrogenation of phenol, giving either

O O 0.
| . . : IX
O J-C
H -
where the o-benzoquinone would result from
- o 0-0-OH o)

o
©+H02-'—-—_© - O + H,0 - (1-34)

while quinol and catechol would result from reéactions at the other
positions, No resorcinol was observed.

Nakken (29), using 200-kv X-rays studied the hydroxylation
of p-aminobenzoic acid (PABA) and found the main degradation pro-
duct at pH 7.4 to be 3-hydroxy-4-aminobenzoic acid with traces of
p-hydroxybenzoic acid and aniline. P-aminosalicylic acid was not
observed. In oxygen-saturated alolutions, the yield of 3-OH-PABA
was 0.9 while G(-PABA) = 1.2, These yields were reduced by a

factor of 6 without oxygen. In 0.4M sulfuric acid solutions G(~-PABA)
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Waé 1,1 and 0.9 with a.nd’ without oxygen ;avhile the yielci of 3-OH-PABRA
was less than 0,2,

Loebl, et al, {30), investigated the hydroxylation of benzoic
acid and reported an o:mﬁp ratic of approximately 5:2:10 for the for~
miation of monohydroxy benzoic acids at pH 3. The salicylic acid
yiela was found to decrease with pH to approximateljr ptl 8. Diphenyl
was also observed,

‘Downes (31) irradiatéd benzoic and salicylic acids using
C-14 tagged compounds, IHe reported yiclds of 0,74:0.42;0.33 for
.the monohydroxy benzoic acids a ratio of 9:5:4, G(COZ) equaled
0. 73 while the rate of degradation of benzoic acid was observed to
be 2,6 molecules per 100 ev. The p.roducts accounting for the dif-
_"ference were not investigated. Alkaline solutions of salicylic acid
were irradiated resulting in G(COZ) equal to 1.53, Only the 2, 3~
and 2,5~ dihydroxy benzoic acids were identified, thereby giving
results similar to those found for phenol.where the meta isomer

was not produced,
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CHAPTER 2
- POSSIBLE REACTIONS AND PRODUCTS

The earlier studies reviewed in Chapter 1 provide an excel~
leﬁt ingight into the many possible reactions that may occur during
the irradiation of agueous solutions containing benzene-, p-toluene-~
‘and alkylbenzenesulfoné,te ions. From these studies it is possible
to éropose the reactions into which the solute will enter and from
these th;e ‘product;s. that should be anticipated. Resultg of assays for
the solute and its reaction products can then indicate to a certain

extent the validity of the assumptions that have been made.

2~1 Reactions with Benzenesulfonate Ions

It may be anticipated that the benzenesulfonate ion will react

‘to form phenolsulfonates by the following reactions

S0,
| C HgSO; + « OH — @ - ¥ H,O0 (2-1)

so-
;

. ° —_ T - . (2"2)
@ + - OH HOC6H4503 |

in the same manner proposed for the occurrence of the chloro~ and
nitrophenols, assuming in general that all three isomers will be

- present. In addition desulfonation would be e:f:pec‘ted to yield phenol
by:
H

CeHg

SO, +.+OH— C H » + HSO} (2-3)

6
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CgHge + +OH =~ CH,OH (2-4)

as well as an equal amount of sulfates since this type reaction has
been observed to occur in aerated solutions.

In deaerated solutione, a nurnber of biphenyldisulionic acid
isomers may be anticipated, These molecules would occur by di-
merization of the radicals produced in reaction (2-1), This reaction
would be analogous to {1-27) which resulted in the formation of
dinitrodiphenyl,

Another reaction that should be considered would be that

resulting in the opening of the aromatic ring in a reaction similar

to (1"'18).
_ o .
- OH ZQH H. H -H,0 CHO (5_5)
N > H 5 CHO
503 s0; so; O3

Whether this reaction can occur with the substituent group
in any position or whether it is possible to abstract a bisulfate group
rather than a water molecule in the last step of the process is un-
known,

In addition to the compounds discussed above, it is likely
that other compounds such as dihydroxybenzenesulfonic acid and
dihydroxybiphenylaulfonic acid will be formed but with a much

smaller yield.

2-2 Reactions with p-Toluenesulfonate Ions

Reaction products from irradiation of p-toluenesulfonic

acld would be expected to be similar to those from benzenesulfonic
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acid. The monohydroxy compounds would be expected from the

reactions:
CH3
CH,C,H,S0; + «OH ~ :, + H,0 (2-6)
SO.
: 3
CHS ‘ . CI—I3 C'I-I3
: OH
] * + «OH — or (2-7)
' : ‘ _ OH
SO3 SOs : 7 SO3

although as stated earlier Nakken (29} found only one when irradiating
p-;arninobenzoic acid., In deaerated solutions the iree radicals pro-
duced in reaction (2-6) may be expected to dimexlize forming isomers
of bitolyldisulfonic acid. Desulionation would be expécted to occur

as above, only yielding a p-cresol ralher than phenol by;

CHECGHéso%' + -0H — CHSC&I%- I I’ISOLL {2-8)

CH4CyH - + +OH — CH,C H ,OH (2-9)

while p-phenolsulfonic acid and methanol might be anticipatcd from:

CHsC(}I—I&SO3 + OH — CESOH + -¢06H4SO3 (2-10)

E SO, + -OH — HOC

*CeH S0 6114503 (2-11)

Since little has heen done on the irradiation of aqueous
solutioné of saturated hydrocarbons, it is difficult to estimate affect's
of radiation on the methyl group with any degree of confidence. Phung
and Burton (17) found a hydrogen yield of 1.22 in unbuffered deaerated
solutions. This yield would indicate hydrogen abstraction of cyclo-.

hexane by the hydrogen radical. In aerated solutions G{H,) was
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i‘eported to be 0.43, the yield foﬁnd on irradiation of pure water,
while C—(-OZ) was 2.88. Johnson and Wei’ss. (32) irradiated aerated
solutions of methane aﬁd obtained methyl hydroperoxide and for-
maldehyde. Since the yield of methyl hydroperoxide decreased with
pH while the‘lhydrogen peroxide yvield increased, the authors assumed

that the reactions producing the methyl hydroperoxide were:

 CHy + .OH ~— CH,+ + H,O (2-12)
CH,* + O, = CH,00- (2-13)

CH,00- + o; —=- CHsoo“ t O, (2-14)

CH.00™ +H' = CH.OOH (2-15)

3 3
From these studies it would appear that hydrogen can be
abstracted by elther the H+ vr »OH radicals. ©On thls basis one

might expect the reactions

RCH, + »OH = RCH,+ + H,0 (2-16)
or RCH, + H— RCH,- + H, (2-17)
RCH,- + -OH~ RCH,OH | (2-18)

yielding a sulfonated benzyl alcohol or possibly

,00™ + 0, (2-19)

'RCH,* + O; — RCH

R being the phenylsuifonate group. The possibility of ring opening
cannot be overlooked, bui the molecule, if it resulted from the same

mechanism asg reaction (2-5), would be most difficult to identify with
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any great conviction.
A.&ditional Pl’i‘Dd\.lCtS that may be expected would include the
six dihydric p—toiuenesulfonic acids, and the mono- and dihydric

bitolyldisulfonic acids,

Z-3 Reactions with Alkylbenzenegulfonate Ions

Commercial ABS, being a mixture of ortho, meta, and
para isomers, might possibly yleld ten monohydroxy compounds
on irradiation: four each from the ortho and meta isomers and two
from the para. These products would be expected to occur in the
same manner as proposed for the phenolsulfonates. A number of
dﬂlydric isomere may alsc be anticipated, although the yicld of
these compounds will probaEly be quite small, Dimerization would

also be expected to occur producing any of the large number of iso-

mers possible by joining two ABS molecules. Desulfonation would
yield the ortho-, meta-, and para-hydroxy alkylbenzenes, while
hydrogen might be abstracted fror-n any of the twelve carbons on
the alkyl chain being replaced by a hydroperoxide or hydroxyl group.

Ring opening, if it were to occur by reaction (2-5), could
‘result in a hexadiene-dial with a sulfonate and a dodecyl group as

substituents.

2~4 Limitations of the Present Study

The study has been limited to an examination of the benzene-~
sulfonic acid, p-toluenesulfonic acid and the ABS mixture just dis-
cussed, over a range of pH values and concentrations of interest in

environmental health engineering. The ability to determine a
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~ particular chemical compound quantitatively is dependent on several
facto_rs: availability cﬁ equipment, ability to synthesize the com-
pound, for which.the analysis was to be conducted, and sensitivity

of én analytical method when such a method was available, In sev-
eral cases one or more of these limitations were contributing factors

in preventing the analysis for a particular compound.
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CHAPTER 3
APPARATUS AND ANALYTICAL PROCEDURES

3=-1 Cobalt-60 Irradiator

The Co-60 irradiator, Figure 3~1, made available through
the courtesy of the Jet Propulsion Laboratofy, is a U, 8. Nuclear
Corporation Model GR-9, containing 4000 curies of Co-60 as of
February 1963, This would have decayed to about 3400 curies at
the time the irra".d-i.ator was calibrated fourteen months later.

Samples placed in the sample chamber were automatically
lowered into the irradiation position, within the lead pig, hy a drive
motor. The sample could be removed by pushing a button to raise

-the sample chamber or by a preset timer which would do this auto-
matically at the end of a predetermined time period. The timer

could be set to tenth of & minute increments.

3-2 Calibration of the Irradiator

The irradiator was calibré,ted using the Fricke ferrous sul-
fate dosimeter., Dosimétry is necessary to estimate the amount of
energy absorbed by an irradiated sample. While calorimeters are
the primary standards for radiation dosimetry, the secondary stand-
ards are numercus, employing many different concepts, Ilart, et al,
(33}, tabulates fifteen of these, covering a range from acid produc-
tion in chlorinated hydrocarbon solutions to luminescent degradation
of anthracene. The use of chemical dosimétry for aque.ous solutions
has the distinct advantage that the dosimeter geometry can be made

to duplicate the sample geometry by simply irradiating both in the
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‘same containers. In this manner, it is poséible to eliminate cor-
rec;:ions for differences in absorption due to density differences of
the solutions and the sample containers,

The most universally accepted chemical dosimeter is the
Fricke ferrous sulfate dosimeter, named for Hugo Fricke, the
developer. This dosimeter is composéd of an air-saturated solution
of ferrous sulfate and sodium .ch'loride in 0.8N sulfuric acid prepared
by diluting a solution containing 2 g of FeSO4- 7H20, 0.3 g of NaCl,
and 110 cc, of concentrated sulfuric acid to five liters, with dis- |
tilled water. The chloride jon is added for the purpuse of inhibiting
~ the effect of impurities, |
Under the action of ionizing radiation the following reactions

have been assumed (12)

H,0, + Fo' | — FeOH'' + .0H o (1~14)
.0H + Fe't — Feou™ (1-15)
and in the presence of oxygent
H. + OZ —-If{oz- (1-9)
HO,+ + Fe'  + H' —H,0, +Fe''' (1-16)

Therefore, each peroxide molecﬁle accounts for the oxidation of
two ferrous ions from reactions (1-14) and (1-15). Each hydroxyl
radical will oxidize one ferrous ion in (1-15) and each hydrogen
radical will loxidize three ferrous ions., The yield of the dosimeter

can be written
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Lo | |
G (Fe' ') = 3Gy + %Gy o,

+ Gopy (3-1)

This yield has been studied over a wide range of X- and
gamma-ray energies and the accepted yield (G) for energies above
1 Mev is 15,6 % {0, 2 molecules per 100 ev,

Since the ferric ion has an ultraviolet absorption peak at 304
mp the yield of the dosimeter is readily measured. The molar ab-
sorption coeifficient for the ferric ion was determined by dis so].\-ring
a known amount of iron wire, used especially for iron standards, in
6N sulfuric acid, and measuring the absorbance of several different
concentrations in 0.8N sulfuric acid., The value of 2200 liters per

mole-cm, at 24° C is in good agreement with the work of others {12).

3-3 Chemical Synthesis

Several organic compounds required for comparison with
the degradation products could not be obtained commercially, making
synthesis necessary, The various methods follow,

3-3-1 Ortho-phenolsuifonic Acid

Ortho-phenolsulionic acid was prepared by the method of
Chase and McKeown (34}, This entails mixing equimolar quantities
of phepol and concentrated (98%) sulfuric acid while cooling the mix-
ture in a refrigerated water. bath, The mixture is allowed to stand
at room temperature for 48 hours, after which it is dissolved in
water aﬁd neutralized to pH 7 with sodium hydroxide. Carbon dioxide
is bubbled through the solution to iOWer the pH, after which the phe-
nol is extracted with ether and the solution evaporated to dryness,

The phenolsulfonate is extracted into boiling‘ methanol where
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conceniration of the ex_tfact will precipitate sodium phenolsulfonate
containing apprpximately 80 per cent of the ortho isomer, the re-
mainder being the para isomer. Three further crystallizations
shbuld give the pure sodium o-phenolsulfonate.

The purity of the product was estimated to be 93 per cent
from the absorption spectra of its ferric chloride complex at 535 mp.
By .adding an equal volume of one per cent solution of anhydrous fer-
ric chloride in water to a ., 001IM solution of the phenolsulfonate and
measuring absorbance against a ferric chloride blank, between 5-30
minutes after mixing, it was possible to compare the value observed
with data presented by the authors. These data were based on molar
.absorption coefficients of 808 and 76 liters per mole~cm for the
ortho- and para-phenolsulfonic acids,

3-3-2 1-Methyl-2-hydroxy-4-benzenesulfonic Acid (I)

This compound was prepared by the method presented by
Tatibouet and Setton (35) 11‘1 which one mole (108 g) of o-cresol is
mixed witfx 300 g of concentrated sulfuric acid and heated for one
hour at 150° C. The mixture is then poured over one kg of ice and
- neutralized with calcium carbonate until ca.rbc;n dioxide production
stops, The solution is filtered and the calcium sulfate precipitate
washed, by boiling in one liter of water, This solution is filtered
and the cake washed on the {filter with an additional one-half liter
of water., The filtrates are combined and concentrated under a
vacuum until the appearance of calcium sulfate crystals, A half
mole (49 g) of concentrated sulfuric acid is added, precipitating

the remaining calcium sulfate, The mixture is filtered and the filter
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cgke washed, This operation leaves a ﬁltraté. containing the sulfonic
acid and a slight excess of sulfuric acid. It is necessary to eliminate
this excess, which would give a slightly soluble aniline sulfate, since
the aniline would contaminate the sulfonates.

The excess sulfate is .determined by titrating a sample of the
filtrate with a barium hydroxide solution, using potassium rhodizo-
nite as an indicator. The reguired amount of barium hydroxide is
added to the solution which is then filtered, The barium sulfate
filter cake is washed and discarded.

The amount of barium hydroxide added permits calculation
of the efficiency of the sulfonation, since the excess sulfuric acid
_corresponds to fhe unreacted amount of o-cresol, At 100 per cent
efficiency one mole of the o-cresol would yield one mole of the anl-

' fonate, as the calcium salt, Addition of the one-half mole of sulfuric
acid should precipitate essentially all the calcium sulfate. Any
excess sulfate results from the lack of calcium attributable to un-
reacted o-cresol,

The amount of aniline necessary to produce the aniline salt
of the sulfonic acid, calculated from the efficiency, is added to the
filtrate and th.e mixture boiled for 30 minutes with 20 g of activated
carbon. The solution is filtered while warm, yielding a clear yellow
filtrate, The filtrate is concentrated at reduced pressure until the
appearance of crystals, at which time it is quickly cooled. Rapid
cooling results in precipitatién of the aniline salt of l-methyl~2~
. hydroxy-5-benzenesulfonic acid -(II) which is filtered and washed,

A second concentration yields a combination of I and II while the



-34-
third concentration yields only the aniline salt of I, The sodium
salt is obtained by mixing equimolar quantities of the aniline salt
of -I with sodium hydroxide, extracting the aniline with ether and
crystallizing the salt under reduced pressure.

3-3~3 l-Methyl«3-hydroxy-4-benzenesulfonic Acid (III)

The compound was prepared by heating equimolar guantities
of m=-cresol and concentrated sulfuric acid ona steam bath for one
hour, after whicﬁ the solution is diluted with water and made alka-
line with barium hydroxide. The mixture is filtered and the barium
sulfate precipitate washed and discarded. The solution is neutra-
lized with carbon dioxide or sulfuric acia and concentrated, On
- cooling, the barium salt of III precipitates and is purified by one
recrystallization. This method, developed by Haworth and Lap-
worth (36), enables separation of III from l-methyl-3-hydroxy-6-
benzenesulfonic acid (IV) on the basis of the solubilities of the barium

salts, since IIIl was reported to have the much lower solubility, 4.5 g
in 100 ml at 20° C. Zehenter, et al. (37), however, indicated that
the barium salt of IV was the less soluble of the two. A later study
of this separation by Tchitchibabine and Barkovsky (38) reaffirmed
the work of Haworth and Lapworth, but indicated that repurification
of III lowered the solubility at 20° C to 3.1 g in 100 ml, They re-

ported the solubility at 100° C to be 17.5 g per 100 ml.

3-3-4 Meta-phenolsulfonic Acid
This compound cannot be formed by sulfonation of phenols at
other than very high temperatures. Instead, a method recently pre-

sented by Karavaev and Spryskov (39) was found to be applicable for,
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the synthesis of any of the phenolsulfonic acids and could have been
used to p'repare the ortho ispmer, which had been synthesized before
this method appeared in the literature,
Metanilic acid is diazotized using the "inverted method,"

By dissolving this compound in as little water as necessary through
neutralization with a concentratéd sodium hydroxide solution. {Or-
thanilic and sulfanilic acids would be used to synthesize the ortho
and para isomers.) An equimolar quantity of sodium nitrite is dis-
solved in this solution to provide the nitrous acid necessary for the
diazotization, A sulfuric acid solution (170 cc, concentrated I—IZSO4
per mole of metanilic acid, diluted with 500 rnl water) is cooled to
0° ¢ along with the first solution. After cooling, the metanilic acid
solution is stirred into the sﬁlfuric acid, while the temperature is
ma.intained below 5° C, Thia reaction precipitates the diazonium
salt, m~diazobenzenesulfonic acid. The mixture is filtered to collect
the precipitate. The precipitate is carefully mixed with water, since
the dry salt is explosive, and jetted into a boiling- solution of sulfuric
acid in water. This action decomposes the diazonium salt producing
m-phenolsulfonic acid. The solution is treated with lead carbonate

to neutralize the sulfuric acid, and then filtered., The filtrate is
treated with purified hydrogen sulfide and ﬂltered again. The result-
ing clear, colorless filtrate is evaporated under a vacuum until

crystallization of the m-=-phenolsulfonic acid.

3-4 Distilled Water

Distilled water used for irradiation was obtained from the

distilled water system serving the Keck Laboratories. This water
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was redistilledﬂ from an alkaline solution of potassium permanganate,
in an all-glass system, containing either a platinum gauze or glass
wool filter, The distillate was stored in a closed glass carboy for

reuse,

3-5 Other Reagents

Benzenesulfonic acid sodium salt - Eastman Organic Chemi-
cals Ne, 324, recrystallized from methanol.

p-Toluenesulfonic acid sodium salt - Eastman Organic Chem-
icals No. 524,

p-Phenolsulfonic acid sedium salt - Eastman Organic Chemi-
cals No. 2184,

Alkylbenzenesulfonic acid sodium salt - courtesy of the Soap
and Detergent Association, The compound was synthesized from

dodecene~1 and had the following assay;

ABS ~ 90,29 per cent
l‘sIa,}:SO4 - 7.86
Free oil - 0,69

Water - 1,16
Since this compound containg a straight alkyl chain, it corresponds
to the degradable detergent now called linear alkylate sulfonate

(ILAS) by the soap and detergent industry.

3-6 Dissolved Oxygen Determination

Analyses for dissolved oxygen were accomplished polaro-
graphically with a Jarrell-Ash model 26-60] Dissolved Oxygen

Analyzer. The analyzer uses a temperature-compensated, platinum
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Ia.nd silver-silver oxide, bi-metallic elecirode, immersed in a potas -
sium hydroxide soluﬁon and covered with a teflon membrane, perme-
able only to dissolved oxygen, This method has an advantage over
ofher lmethods for dissolved oxygen analysis in that it is not affected
by hydrogen peroxide and the sample is not altered during the deter-
mination.

The instrument is calibrated against an air-saturated solution
and a solution deaerated with nitrogen gas. Measurements of sample
temperature and per cent saturation can then be used to calculate the

oxygen concentration of the solution.

3-7 Sulfate Determination

Sulfate production was determined in irradiated solutions of
benzenesulfonic acid and p-toluenesulfonic acid by a modification of
the turbidimetric procedure in Standard Methods (40). A 50,0-ml
sample was pipetted into a 100-ml beaker after which 1.00 ml of
concentrated hydrochloric acid was added, The acid was necessary
to prevenl preclpitation of barium carbonate in those cas es where
the bicarbonate buffer system was used. The solution was stirred
at a constant speed, using a magnetic stirrer, during the additi&n of
3.00 ml of conditioning agent. Thc conditioning agent was prepared
by dissolving 75 g of sodium chloride in a solution containing 300 ml
of distilied water and 30 ml of concentrated hydrochloric acid, fol~-
lowed by the addition of 100 ml of isopropyl alcohol and 50 ml of
glycerine.

After addition of the conditioning solution, a spoonful of 20-30
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fnesh barium chloride ci‘ystals was added to precipitate barium
sulfate, The solutio.n was stirred for exactly one minute, after
which time the solution was allowed to stand for thirty minutes.
’I'ﬁe mixture was then placed in a 10-cm cell and the absorbance |
resulting from turbidity was measured at a wave length of 420 my,
against a distilled water blank., Unirradiated samples were also
analyzed in order to correct for the slight turbidity produced by
the barium salt of the solute, The corrected readings were then

compared to a standard curve prepared from solutions of sodium
sulfate, The a;:curacy of this method has been estimated (40) to
be abouf # 10 per cent uﬁder the best laboratory cbnditions.

This method was not suitable for solutions containing AB_S,
8ince the barium sait of ADS is only slightly soluble and interferes
with the analyé'ls. Several methods were tried to circumvent this
difficulty. Contiuétimetric titration with barium chloride did not
give zlx sharp enough break between the two salts, while passage
through a column of Pittsburgh Chemical Co. Type SGL activated
carbon, having an 8 X 30 mesh particle size, removed both sulfates
and ABS from the samples,.

It was finally decided to remove the ABS from 25, 0-ml
samples by adding 5 ml of safura.ted methylene blue solution, 1
ml of hydrochloric acid and then extracting th fea times with 10 ml~
' additions of chloroform, The extracted solution-was‘ washed into a
50-ml volumetric flask, 3 ml of conditioner was added, and the
golution was diluted to 50 ml. The solution was then placed in

a plastic centrifuge tube and centrifuged for approximately five
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minutes to remove any ~chlor.oforrn that may have remained in sus-
pension. The absorbance of the solution was measured at 424 mp,
in 10~cm cells, against a distilled water blank. The solution was
then placed in a beaker, a spoonful of barium chloride was added,
and the solution was stirred with a magnetic stirrer for one minute.
After standing for thirty minutes the absorbance was read again,
The differenc;.e between the initial and final readings was attributed
to sulfates. This method could indicate 1 X 10"5 M sulfate concen~
trations, while the original procedure was approximafely twice as

sensitive,

3-8 Ultraviolet Spectro sco_Qy

All ultraviolet spectroscopy was conducted with the dual
beam, Beckman Model DK~2 Recording Spectrophotometer, using
silica cells,

As no chemical methods were found for the quantitative
determination of benzene- and pmfoluenesulfonic acid in aqueous
solutions, it was necessary to utilize their spectral properfies.
Both compounds have well-defined absorbance peaks in the ultra-
violet region that obey Beer's Law, DBenzenesulfonic acid has a
maxima at 216 mp with a molar absorption coefficient of 8300 liters
per mole-cm while p~toluenesulfonic acid has a peak at 221 mp
having d coef.ﬁci.ent of 11,000 liters per mole-cm. These peaks
were used as an indication of the rate at which these compounds
degraded during irradia.tion. It was realized, however, that the
absorbance of the reactio.n products would interfere with the abso-

lute determination of the amount of solute remaining after irradiation,
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3-9 Hydrogen Peroxide Determination

This determination follows the procedure outlined by
Hochanadel (41}, in which the iodide ion is oxidized by hydrogen
peroxide, or organic peroxides, in neutral or slightly acid so-

lution
+ -
2H + 21 + HZOZ I2 + ZHzO (3-2)
I2 +I - I3 (3-3)

The I; can be measured by its ultraviolet absorption peak
at 350 mp. From the reactions it can be seen that one mole of
hydrogen peroxide will oxidize one mole of lodide to I_;,'

The necessary reagent is prepared immediately before
use by mixing equal volumes of two solutions. The first solution
is prepaved by diluting 66 g of potassium iodide, 2 g of sodium
hydroxide and 0.2 g of ammonium molybdate to one liter, The
second solution is obtained by diluting 20 g of potassium phthalate
to one liter, The solutions are stable until mixed, after which
the iocide is slowly oxidized by dissolved oxygen.

Hydrogen peroxide was measured by pipetting 10. 0 ml of
the mixed reagent into a 10.0-ml sample znd measuring the ab-
sorbance of the resulting solution at 350 mp.

The molar absorption coefficient was determined using a
standard potassium iodate solution reduced in the presence of

potassium iodide and acetic acid to I;,
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+ - -
6H' + 10, + 51" — 31, + 3H,0 (3-4)
31, + 317 — 315 (3-5)

one mole of IOE; producing three of I;. The coefficient for I; was
found to be 25,000 liters per mole-cm, The accuracy of this pro-

cedure is estimated to be better than * 5 per cent.

3-10 ABS Determinaticn

ABS was determined using a methylene blue extraction pro-
cedure (42}, Tke method is based on the fact that the ABS-methylene
biue complex can be extracted by chloroform and the absorbance

.measured at 660 mpu. Methylene blue will complex with alkylben-
zenesulfonates having alkyl chains containing more than six or seven
carbon atoms. For this reason the method is not satisfactory for
the other homologs investigated, The complex followed Beer's Law
to 2.5 X 10-7 moles, the maximum quantity standardized, indicating
an absorption coefficient of 97,000 liters per mole-cm,

In the procedure adopted a sample containing approximately
10_7 moles of ADS is pipetted into a Z50-ml separatory funnel and
ciluted to 100 ml., One ml of BN sulfuric acid and 5.0 ml of methy-
iene blue solution are added and mixed. The methylene biue solution
was prepared by adding 0, 35 g of methylens blue to one liter of 0,011
sulfuric acid, Ten ml of chlorofarm are added to the solution which
is then shaken once a second for 25 seconds and allowed to separate.
The chloroform is withdrawn into a 50-ml volumetric flask through

an absorbent cotton plug, The extraction procedure is repeated
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twice more, the cofton rinsed with additionai chloroform and the
flask filled to the mark. The solution is allowed to stand for
approximately 5 minutes after which the absorbance is measured
at 660 my, against a chloroform blank, using 2-cm. cells.

The absorbance is co'mpared to a standard curve prepared
by running duplicate determinationé with 0.5, 1.0, 1.5, 2.0 and
2.5 X 1077 moles of ABS. Standard Methods (40) indicates an

accuracy of about £ 10 per cent for this procedure.

3-11 Hydroxyl Group Determination

" Two methods were used for the determination of hydroxy-
lation by ionizing radiation. Both are modifications of the amino-
-antipyrine methods for phenol determination, aﬁ recommended in
Standard Methods (40), The same reagents were required in each
of the methods of analysis, the major difference being that in one
procedure the complex is extracted into chloroform before measuring
the absorption while this extraction is not required in the other. The
procedures are based on the ohservation that in alkaline solutions
certain phenolic compounds will react guantitatively with 4-amino-

antipyrine in the preseﬁce of ferricyanide to form an antipyrine

-dye. If desired, this dye may be concentrated by extraction into
chloroform. In either case the absorption may be determined spec~
tromefrically, although the absorption peaks will shift depending
upon the particular phénolic compound and whether the complex is
in water or chloroform. It was found during the course of this study

that some enols cannot be extracted into chloroform.



43
The reagents required are: an aminoantipyrine solution,
prepar'ed. daily by dissolving 2.0 g of the: <‘;ompound in distilled water
and diluting to 100 ml; a solution of potassium ferricyanide prepared
weekly by dissolving 8 g in water and diluting to 160 ml; and a buffer
gsolution containing 50 g of ammonium chlblride dissolved in water and

diluted to one liter.

3-11-1 Modificd Phenol Dotcrmination

Pipette a 15, 0~-ml sample into a beaker, add 0.5 ml of
ammonium chloride solution and adjust the pH to 10.0 = 0,2 with
conceﬁtrateAd ammonium hydroxide, Wash the sclution into a 25-ml
volumetric flask. Add 1.00 ml of aminoantipyrine solutior;, mix,
~add 1.00 ml of potassium ferricyanide solution and dilute to the
mark. Measure absarbance against an unirradiated sa.mpie blank

at the absorbance peak‘, with 5-~cm cells. The absorbance can then
be compared to a standard curve or set of samples run concurrently
with known amounts of the phenolic compound of interest. The molar
absorption coefficients (a_.) found for several of the compounds of
interest have been listed in Table 3-1, below. Since these values
will depend on the age and strength of the solutions being used, they
will vary slightly from day to day. They are presented to indicate
the range of values that may be anticipated.

3-.11~2 Phenol Determination

This analysis is conducted by pipetting a 100.0-ml sample
into a béaker, adding 2 ml of ammonium chloride solution and adjust-
ing the pH to 10 % 0.2 with c_oncentrated ammonium hydroxide. The

solution is then washed into a 250-ml separatory funnel and 3,00 ml
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Table 3-1

Molar Absorption Coefficients in
Modified FPhenol Determination

Compound a-liters/mole-cm Peak wavelength-mp
phenol - 13,000 510
o-phenolsulionic 18,000 505
acid
m-phenolsulfonic 9,900 500
acid '
p=phenolsulionic 950 500
acid
i 6,300 500
II1 4,900 500

of aminoantipyrine solution is added. Immediately after mixing,
3.00 ml of potassium ferricyanide solution is introduced. The solu-
tion is mixed again and extracted twice with 10-ml portions of
chloroform and once with a 7-ml portion. The extract is filtered
into a 25-ml volumetric flésk through a fritted glass funnel con-
taining a layer of anhydrous, granular, sodium sulfate. ‘Lhe
chloroform is diluted to the mark and the absorbance measured
against an unirradiated sample blank in 5-cm cells. The absorbance
. can be compared to those of standards run concurrently. The molar _
absorption coefficients for some of the compounds used are pre~-
sented in Table 3~2, below. Again, it should be noted that these
will suffer daily variations,

Comparison of the coeifficients in bo.th tabulations shows
that the compounds behave differently in the two solvents, The

most striking differences are the complexes with m- and o-phenol-
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sulfonic acid which do not extract into the chloroform.

Table 3-2

Molar Absorption Coefficients in Phenol Determination

Compound a-liters/mole-cm  Peak wavelength-mp.
phenol 20,000 | 460
o~phenolsulfonic 0 -
acid
m-~-phenolsulfonic 0 -
acid
{
p-phenolsulfonic 800 460
acid
I 2,300 455

o 4,500 455

3~11-3 Hydroxylation of Benzenesulfonic Acid

In the discussion of possible reactions into which the benzene~-
sulfonate ion would be expected to enter, it was indicated that the
three monohydroxy isomers, phenol, and some of the dihydroxy
isomers should be anticipated. The two phenol tests cannot be ex-~
pected to give quantitative information on all of these products. They
should be useful in obtaining rough estimates assuming that the mono-
hydroxy compounds are predominé.nt.

Table 3-2 shows that the phénol determination will indicate
an absorbance resulting from the phenol and p-phenolsulionic acid
produced &uring irradiation (ignoring the dihydric compounds),
Assuming that for. each mole of sulfate produced, an equivalent

amount of phenol is also produced, these data can be corrected to
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indicate p-phenolsulfonic acid alone by subtré.cting the absorbance
of the phenol as estimated from the sulfate determinations.

In a similar manner the data from the modiﬁed phenol deter-
mination should be corrected to indicate the absorbance of the m-
and o-phenolsulfonic acid together., Unﬁortuné’cely, no method was
found to separate these two compounds since even their ultraviolet
spectra are almost identical. This fact prohibited estimation of
the oim!p ratio for the formation of the phenolsulfonic acids, 'The
three isomers may have been separable by paper chromatography,
possibly using carbon-14 tagged benzenesulfonic acid to locate the
isomers, but this method was not attempted.

3-11-4 Hydroxylation of p-Toluenesulfonic Acid

From the data in Tables 3-1 and 3-2, it can be seen that
if I and III are present in a solution it should be possible to analyze
for bofh by using the two phenol determinations. This separation
is accomplished by analyzing irradiated samples by both methods.
Standards of both I and III can be analyzed by both methods at the
same time. This method would provide a set of simultanecus equa~
tions that should enable the calculation of the amount of the two
constituents formed by irradiation, In Chapter 2 it was proposed
that, in addition te I and III, p~c;n'csol, pﬂphenolsu-.HOnic acid,
several dihydric p~toluenesulfonic acids, and some hydroxylated
dimers might ’be expected to occur from the irradiation of p-toluene-
sulfonic .:cl.cid. Since these analytical methods are insensitive to
para-substituted phenols with the exception of such substituents as

carboxyl, halogen, metho:iyl, hydroxyl or suifonic acid groups,
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p-cresol and similar para-substituted derivatives will not interfere
with thié determination. Since a for p-phenolsulfonic acid is so much
smaller than thaf for I or III neglécting this compound should have
only a small effect on the results. The effects of the other com-
pounds cannot be estimated without experimental data.

3-11-5 Hydroxylation of ABS

No attempt has been made to determine the amount of each of
the ten monohydroxy and numercus dihydroxy isomers that may arise
from i(rradiating ABS, However, a relative indication of the eifect
of pH, dissolved oxygen and irradiation dose is desirable. To obtain
this information, irradiated samples were analyzed by the modified
'phenol method. This test gives a relative value, since no standard
is available. To account for the day-to-day variations, as all
samples could not be analyzed at once, an o~phenolsulfonic acid
standard was also analyzed each day. Samples could then be con-
verted to a common base, using variations in the o-phenolsulfonic

acid as a .multiplier.

3-12 Aldehyde Analysis

A specific rhethod does not exist for the identification of
mucondialdehyde, either with or without substituent groups, A
n;lodification of a method presented by Critchfiéld (43), however,
was used as an indication of the existence of an aldehyde or dialde-~
hyde group.' ''he method is based on the reaction of 2,4-dinitr.o-

phenylhydrazine with a carbonyl compound o form the hydrazone:



NHNH, NHN=C
NO, R No,

2+ Jc=0- 2 +H,0

R (3-10)

R

NOz NOz
The addition of potassium hydroxide produces a brown-red color,

absorbing in the vicinity of 480 mp, which is presumed to result

from a resonating quinoidal iont

NHN'-:C\ N-N=G
R R
Nc)2 : KOH
- (3~11)
NOz ‘/N\
C O

The procedure requires carbonyl~free methanol, prepared by re-
fluxing a solution containing 1 liter of methanol, 3 g of 2, 4~dinitro~
phenylhydrazine, and 1 ml of hydrochloric acid, for four hours.

The fraction distilling over to 64,8° C is collected. To 25 ml of

the carbonyl-free methanol, 50 mg of 2, 4-dinitrophenylhydrazine
and two ml of hydrochloric acid are added. The solution is diluted
to 50 ml with distllled water. Threc ml of this solution, which
should be prepared daily, is added to a 5,00~-ml sample in a 25-ml
volumetric flask, The mixture is allowed to react for 90 minutes,
after which 10 ml of distilled water is added. This is followed by
the addition of 1.00 ml of a 33 per cent potassium hydroxide solution.,
The solution is diluted to the mark and the absorbance measured,
after 10 minutes, against an unirradiated reagent blank, in 5-cm
cells. Using this procedure with 2, 4-hexadienal, the color produced
did not follow Beer's Law, but yielded the following absorbance~

concentration data!



Concentration : Absorbance
10°M 440 mu 475 mp 560 mu
0.26 236,430 210
0.51 (331 .640 .323
0.77. . .435 . 844 417
1.03 . 495 .993 . 491
1,29 .512 1,102 .555

The spectra of the hydrazones of p-benzoquinone were quite different.
While the 2,4-hexadienal had a sharp peak at 475 mp, the p-benzo~
quinone peak decreased slowly with increasing wavelengths, giving
~ the impression of the existance of two adjacent peaks, one at 460 mu
having a molar absofption coefficient, (a), of 8900 liters per mole-cm
and another, less pronounced, at about 520 mp, with 2 equai to 7400,
Loeff and Stein {21) using a more com‘plicated analytical pro-
cedqre determined the molar absorption coefficient of the di-p=~nitro-
phéﬁylhydrazone, resulting from synthetic mucondialdehyde, to be
8240 liters per mole~cm at 390 mp.. Their procedure also was used
to determine ortho- and para-quinonse slnce these compounds gave
derivatives with p-nitrophenylhydrazine having coefficients of 7000
liters per mole~cm at 510 mp, and 24,000 liter per mole-cm at 470 -

mp, respectively.

3-13 Carbon Dioxide Determination

Carbon dioxide was determined manometrically with an Amer-
ican Instrument Company Rotary Warburg apparatus. In this pro-

cedure a 100-ml sampie is pipetted into a flask which is then attached
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i?o a differential manometer. The flask is plé.ced in a constant
temperature water bath set at 20° C and allowed to reach equi-
librium. When the sample has reached 20° C the sample is acidified
with 1 ml of 6N sulfuric acid., After several hours‘, when the gas

has come to equilibriurﬁ, the manometer is adjusted to bring the
system to a precalibrated volume, and the height of the column is
read. The change in pressure can then be used to calcuiate the
number of moles of gas removed from solution, assuming the perfect
gas law is applicable. When the calculated value is corrected for

the changes observed in an unirradiated sample the effect of irvadi-
ation can be estimated. The technique will not remove all the carbon

dioxide from solution, as the gas is very soluble in water,

3-14 Other Analytical Technigues

Many of the analytical procedures presented in this chapter
are for the purpose of determining the presence of functional groups,
rather than specific compounds. -Additional procedures were inves-
tigated but could not be applied to this particular study. Methods for
the determination of unsaturation, which would have proved useful
in determining whether aromatic ring opening actually occurred,
were all affected by the presence of enol groups. A colorimetric
rﬁethod for the determination of alcohol, was of no value since the
rolar absorption coefiiéient was too small in comparison to the con-
centrations that were expected.

Analytical procedures for the identification of such specific

compounds as biphenyldisulfonic acid and other dimexrs, as well as
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the dihydric benzene- and p~toluenesulionic acids would have been
welcome additions to this chapter. Unfortunately procedures are

not available that have the sensitivity required for analysis of small

samples at low concentrations,
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CHAPTER 4

EXPERIMENTAL PROCEDURES

4~]1 Calibration of Irradiator

The irradiator was calibrated using the Fricke dosimeter
solution discussed in Section 3-2. This solution and all subsequent
solutions were irradiated in four-ounce, narrow-mouth bottles sealed
with a melded plastic cap containing a conical polyethylene liner.
Twenty dosimeter solutions were irradiatec, for periods from eighteen
seconds up to five minutes, to determine the absorbec dose rate,
From the ferric ion analysis it was determinec that the solution was
absorbing 6.18 X 1020 ev per iiter per minute or 98%0 rads per min-
ute, at the time of calibration. As a result of radioactive decay of
Co-60, the absorbed dose will decrease by approximately 105 rads
per minute per month. This decay resulted in a decrease in dose

rate of approximately nine per cent during the course of the study.

4.2 Dose Effects

The effect of absorbed dose on the various solutions being
irradiated wase easily examined, by varying the time a sample re-
mained in the irradiator. Samples were irradiated for periods up
to five minutes, at one-minute intervals, to obtain this information.
Two factors influenced the decision as to the ma.:;::imum time the
samples were irradiated: the rate of oxygen consumption, in order
that all the oxygen not be consumed in aerated samples, and the
rate at which the compounds degraded. The second factor was im-
portant since secondary reactions would become significant if the

quantity of the reaction products became too large,
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4-3 pH Effects

Three buffer systems were used .during the study to determine
the effect of pH on the rate of degradation, The 0, 1M potassium dihy-
drogen phosphate (KHZPO4) solution gave a pH of approximately 4.5
and provided a buffer capacity of 4 X 10_4M H per unit pH change.
The 0, 1M sodium bicarbonate system yielded a pH of about 8.2 and
the system containing 0.01M each, of the potassium mono- and dihy-~
drogen phosphate, produced a pH of about 6,9. These systems had

4 3M H+ per unit pH change,

buffer capacities of 7X 10° " and 2 X 10~
respectively. No attempt was made to adjust the pH of the solutions
to a particular value after the solutions had been prepared.

The buffer solutions were each irradiated without any sulfo-
nates being added in order tc: determine changes that occur owing to
the buifer system alone. These data provide a base line from which
to examine the changes resulting from the addition of the aromatic
| sulfonates. |

A short study was also conducted on the effect of the molarity

of a buffer system on the yield of the reaction products.

4-4 Effects of Solute Concentration

The majority of the reactions occurring in aqueous solutions
are indirect; that is, reactions in which fhe solvent concentration is
so much greater than the concentration of the solute that the radiation

‘reacts mainly with the solvent. The indirect reaction would naturally
ba e;cpected in the present studies since the concentration of the water
was about 55.6M, while the highest concentration of solute irradiated

was 2.5 X 107>M, with the majority being irradiated at 2.5 X 107 M
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concentrations. In general fhe difference between results of irradia-
tions cau.sing a direct or an indirect reaction is illustrated by Figure
4-1 where S is a solute that will react efficiently with free radicals
{one having a rate constant of about 107 liters per mole~cm}. In the
direct reaction, as the concentration increases the degradation of
the solute G(-S), for any {ixed dose and dose rate, will also increase,.
In the indirect reaction, this effect will not be observed, After a
certain solute concentration is reached, the solute concentration
will no longer affect G(-S), since the radiation is reacting with the |

same amount of solvent in all cases. It is the reaction products
from the solvent 'reacti.ng with the solute that causes the degradation.

Allen {12) indicates that this plateau occurs at a solute concentration
3

of about 10”2 to 107 M.

G{-S) | G(-5) -

Concentration Concentration
{a) : (b)

Figure 4-1. Effects of irradiation at a fixed dose on degradation of
solute, (a) Direct action} A(b) Indirect action.

The major portion of the samples irradiated were at 2.5 X 107%M

_concentrations, Limited studies were also conducted at higher concen-

3 and 2.5 X IO“BM and at a lower concentration of

5

trations of 1.0 X 10~

5

2.5 X 107°M. At 2.5 X 107 "M it becomes very difficult to measure
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the presence of reaction products since the original concentration is
very low, The higher concentrations, while making analytical pro-
cedures much easier, are ﬁ.sually much higher than would be of

interest in water and wastewater treatment.

4-5 Effects of Dissolved Oxygen

Iu Chapler 1 il was indicated that dis s-olved oxygen plays an
important part in the irradiation of water, since it reacts with the

hydrogen radical to give the perhydroxyl radical

He + O, ~~ HO,: {(1-9)

This combination préventa_ the hydrogen radical from entering into
reactions with other solutes that may be present, The effect of oxy~
gen concentration Was investigated using saturated solutions, corres-~
ponding to about 8.7 mg/1 or 2,7 X 10-4M, solutions of about 40 per

- cent saturation and deaerated solutions, The entire range is of
interest since fresh-water treatxﬁent usually occurs with saturated
or near saturated solutions while wastewater is frequently devoid of
dissolved oxygen,

Deaeration of solutions of benzene~ and p~toluenesulfonic acid
was accomplished using nitrogen which was bubbled through a gas-
washing bottle containing distilled water. Increasing the moisture
content of the gas eliminated evaporation losses, thereby maintain-
ing a constant solutc concentration. The gas was then passed through
a fritted glass diffuser into the sclution. The oxygen concentration
was measured at interrvals until the desired per cent saturation was

obtained., The solution was then siphoned or pipetted into the sample
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-bottles, The samples on wﬁich oxygen determinations were to be
conducted were filled with the siphon to .overflowing and then capped,
making sure that no ailr bubbles were trapped within the bottle,

The ABS solutioﬁs could not be deaerated by the above pro-
cedure since excesaive foaming would have resulted. These solu-
tions wexe prepared by adding -distilled water to the volumetric
flasks, deaerating the water and then pipetting the detexgent solution
into the flask, The solutions were mixed carefully and siphoned into

the bottles to be irradiated,

4-6 Analysis of Saimples

After irradiation, samples were analyzed for dissolved
 oxygen immediately upon being returned to the laboratory, The
measurement was made as soon as the bottle was opened. Any
oxygen transferred to the sample as the bottle was first opened

- 'was removed when insertion of the probe caused the bottle to over-.
flow, This analysis was immediately followed by the hydrogen
peroxide determination since this compound would be expected to
deteriorate. The remaining analyses were conducted as time per-
mitted under the assumption that more stable compounds were

 involved,
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CHAPTER 5
RESULTS AND DISCUSSION

5-1 Irradiation of Buffer Systems

'The results from irradiation of aerated solutions of the three -
buffer systems are presented in Table 5-1 and Figures 5-1 and 5‘-2.'
The productidn of hydrogen peroxide was greatest in the pH45 buffer
system and lowest in the pH 8.2 system. Similarly oxygyén depletion
was most pronounced at pH 4.5 and least evident at’ pH 8.,2. The oxy-
gen depletion, after absorbing 29,6 X 102‘0 ev/l, and the initial
observed yield of hydrogen peroxide, G(I—Izoz), are listed below,

Both decrease almost linearly with increasing pH.

E.I_:I Oxygen Depletion G(H,0,)
4.5 - 3,9 X 10™°M 1.33

6.7 2,5 X 10°°M . 1.03

8.2 1.3x107°m 0.80

The oxygen depletion, resulting from the reactions
H. + O, — HO,- {1-9)

2HO,. —~H,0, + O, (1-11)

was less tha1;1 the hydrogen peroxide produced in all cases. Additional
hydrogen peroxide arises from the decomposition of water,

Assuming that the buffer dves nol reacl wiith Lthe free radicals,
the system will be governed by reactions .(1-5) through (1-11}. In the

case of the irradiation of aerated water it is possible to estimate the
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No.

7-30-6

X
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Table 5-1

. Irradiation of Aerated Buffer Systems

Absorbped Hzoz pH D.O, Buifer
Energy
1020 oy /1 107°M 10” %M
0.0 0,00 6,70 -~ 0.01M KH,PO,
5.9 1,26 6.73 - 0.0IM KZHPQ4
11.8 2,06 6,70 -
17.7 2,77 6.70 -
23.6 3,45 6,71 -
29.5 4,01 6.71 -
0.0 - - 2.80
5.8 - - 2.68
11.7 - - 2.64
17.5 - - 2.64
23.4 - - 2.59
29,2 - - 2.55
0.0 0,00  4.50 - 0.10M KH,PO,
5.9 1,52 = 4.47 -
11.8 2.46 4.44 -
17.7 3,34 4,45 -
23.6 4,23 4, 44 -
29.5 4,42 -

4.86



. 9-03-0

-59-

Table 5-1 (Cont'd)

29,2

Absorbed H,0, pH D.O, Buffer
Energy
10%%v/1 107°M 10"%4Mm
0.0 - - 3.00  0,10M KH,PO,
5.8 . - 2,96
11.7 - - 2,94
17.5 - - 2,91
23,4 - - 2.89
29.2 - - 2,87
0.0 0,00 8,21 - 0.10M NaHCO,
5.9 0.74  8.18 -
11.8 1.51 8.19 -
17,7 2,17  8.19" -
23.6 2.76 8,18 -
29.5 3.23 8.19 -
0.0 - - 3,00
5.8 - - 2.96
11.7 - - 2,94
17.5 - - 2,91
23,4 - - 2.89
- - 2.87
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Figure 5-1. Dissolved oxygen depletion vs,
absorbed energy, in buffered water.
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Figure 5-2., Hydrogen peroxide vs. absorbed

energy, in buffered water,
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initial G(HZOZ) on the asswmption that in the early stages of irradi-
ation the hydrogen fadical reacts only with oxygen since the rate
constant for this reaction is higher than for the reaction with hydro~
gen ﬁeroxide which is not present initially. It is also assumed that
the hydroxyl radical reacts with both molecular hydrogen and hydro-
gen peroxide., Under these circumstances the reactions governing.

the system will be

 H,0= H* (or e;q),'OH, H,, H,0, (1-5)
.-0H+-H2-H-1-H20 (1-6).
“OH + H,0,~ H,0 + HO,- (1-7)
H* + O, HO," | (1-9)
2HO,* ~ H,0, + O, | (1-11)

Since all free radicals produced must recombine to form stable
pProducts, it is possible to construct a material balance from the
above relations. The number of molecules per 100 ev produced

or depleted 'by a reaction will be indicated by that reaction number.

Thus
Gopg = (6)+(T) (5-1)

Relation (5-1) indicates that the hydroxyl radicals produced from
the decomposition of water, (1-5) will be used completely in reac-.
tions (1-6) and (1-7)., In a similar rria.nner for the hydrogen ox

reducing radical
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GH+(6) = (9) (5-2)

and for HO2

(7)+(9) = 2(11) (5-3)

Another relationship exists since both molecular hydrogen and
hydrogen peroxide are competing for the hydroxyl radicals in
reactions (1-6) and (1-7), This equation is

k6 (HZ) _

{6)
051 - () (5-4)

2
where k represents the rate constant for the reaction. 'The com-
pounds in parentheses connote their molar concentrations. The
observed yields should be

G(Hzoz) = GHZOZ + {11) - (7) (5-5)

and G(H,) = Gy = (6) (5-6)

while the oxygen depletion will be given by

G(-0,) = (9) - (11) (5-7)

Substitution into equations (5-5), (5-6) and (5-7) yields

GH+ Go G

} H oH )
G(H,0,) = GHZOZ + > - R () (5-8)
| L4 ol
7{H0,)
G
) oH | )
G(H,) = C‘H2 - Gop *- "I (H) ' (5-9)
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G(-0, =B Zon _ Son (5-10)
2 ) k, (H,) | |
1t w09
V22
Addition of equation (5-8} to (5-9) gives
Gy - G
_ 11 " You
G{H,) + G(H,0,) = GHZOZ + GHZ T

indicating that this sum is a constant., Allen (12) int'egrates the
quoticnt G(I—IZOZ)/G(I—IZ) and finds that HZOZ/HZ is a constant, thus
making G(I—IZOZ), G(HZ) and G(-Oz) constants. Using a reported
value for 1&6/1«—.7 of 1.0 he finds I—IZOZ/HZ = 7.45, If this value is
substituted into equations (5-8) and (5-10) along with the following

~values for the yields of degradation products

G, = 2,9 G =0.71

H H202
GOH = 2,2 | GHZ = 0,45

G(HZOZ) and G(—OZ) are found to be 1.3 and 0,6 molecules per 100
ev respectively. If the rate of oxygen depletion is constant, a de~

2

pletion of 2.9 X IO_SM would be expected for 29.6 X 10 0 ev/1. This

‘value is quite close to the 2.5 X 10"5M that was found for the deple-
tion at pH 6.7, |
Although the data are not at great variance with this simple
model, the model _does not explain thé initial variation in G(HZOZ)
apparently attributable to pH. This variation might result from

several different effects which will be presented although not exam-~

ined further:
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(a) The high dose rate, from the 3400-curie source, may
have caused .absorbed doses that were too large for valid application
of this simple model, even with short irradiation times.

(b} Little is known as to the variation of kb/k7 with pH or
other effects.

{c) The yields of the radicals and the molecular degradation
products as well as the form of the réducing radicals are known to
change with pH, and thus could be expected to show some variation
over the range from pH 4.5 to pH 8.2, |

(d) The assumption has been made that the buffer compound
will not enter into the reaction, Jortnexr, et al. (60), however, have
- indicated that the solvated electron will react with dihydrogen phos~

phate yielding the hydrogen radical by

eaqt Hy PO~ H + HPO, (5-11)

Hasselstrom and Henry (44) observed the formation of oxalic acid
from the irradiation of a 0.1 per cent solution of sodium bicarbonate,
Although there was no indication as to whether this was the result of
a direct or an indirect reaction, the degradation of the bicarbonate
ion by indirect action would require additional reactions in the model,
This has been studied more closely in the presence of bf_anzenesulfonic
acid, The results, which indicate buffer effercts from the sodium
bicarbonate, are discussed further in Section 5-2-2,

(e) Loeff and Stein (21} indicate that the perhydroxyl radical
is affected by changes in pH. They indicate its PK value to be approx-

imately 4, Therefore the equilibrium
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[ S
HO,+ =H' + O; (5-12)

may affect the yield of reaction {1-11) if the possibility of an elec-

tron transfer process such as
Oé + «OH — O2 + OH" (5-~13)

is considered. This equilibrium could account for a difference in
results between pH 4.5 and the higher values, but would not be
expected to contribute to the differences .observed between pH 6.7

and 8, 2,

5-2 Irradiation of Benzenesulionic Acid Solutions

Ba2-1 Aerated Solutions at Different pH Values

Benzenesulionic acid was irradiated in the three buffer
systems discussed earlier. The majority of the investigation
was conducted using a 2.5 X 10“4_M solute concentration, Table
5-2 and Figures 5-3 and 5-4 present the data on hydrogen peroxide
production and vxygen depletion in aerated solutions, In each
case the addition of the solute has resulted in a small increase
in the production of hydrogen peroxide over that observed in the
buffered solutions without solute present, This increase in
hydrogen peroxide production was accompanied by a much larger
increase in oxygen utilization which was not observed in the
buffer solution.s and was not accounted for as hy-drugén peroxide,
Below, the oxygen depletion in the buffer system is compared to

that of the benzenesulfonic acid solutions for an absorbed dose of
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Table 5-2
Irradiation of Aerated Solutions of

2,5 X 10-4M Benzenesulfonic Acid

Sample Absorbed I—IzO2 pH - D.O,
No. Energy
102%ev/1  107%M 10" %M
7-27-0 0,0 0.00 4.53 -
-1 5.9 1.73 4,52 -
-2 11.8 3,29 4,53 -
-3 17.7 4,68  4.51 -
-4 23.6 5,30 4,51 -
-5 29.5 6.23 4,51 -
9-01~10 0.0 - - 2.72
-11 5.9 - - 2,49
~-12 11.7 - - 2. 17
-13  17.5 . - 1.79
-14  23.4 - ~ 1,56
~15 29.3 - - 1,17
7-29~0 0.0 0.00 6.85 -
-1 5.9 1,52 6.85 -
-2 11.8 2.53 6,85 -
-3 17.7 3,10 6,85 -
-4 23.6 3,79  6.85 -
-5 29.5 4,15 6,85 .

Buffer

0.10M KHZPO

0.01M KH,PO
0.01M KZHPO

4

4

4
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Table 5-2 {Cont'd)

4

Sample Absorbed H,0, pH D.O. Buffer
No. Energy
102%v/1  107°M 107%Mm
9-01-20 0.0 - - 2,72 0.01M K,HPO
-21 5.9 - - 2.49 0.01M KH,PO,
~22 11,7 - - 2.17
-23 17.5 - - 1,85
~24  23.4 - - 1,53
-25 29.3 - - 1.11
7-31-0 0.0 0.00 8.14 - 0. 1M NaHCO,
-1 5.9 1.02 8.20 -
-2 11.8 1.86 8,12 -
-3 17,7 2.70 8,12 -
-4 23.6 3. 66 8,12 -
-5 29.5 4,35 8.15 -
9-01-30 0.0 - - 2.70
~31 5.9 - - 2.50
-32 11,7 - - 2.33
-33 17.5 - - 2.14
-34  23.4 - - 2,02
-35 29.3 - - 1.76
11-13-0 0.0 0. 00 - 2,90
-1 5.7 1.08 - 2.95
-2 11.4 1.90 - 2.81
-3 17.1 2,85 - 2,55
-4 22.8 3.66 - 2.31
28.5 4,35 - 2,09
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e 20
approximately 29,5 X 10" ev/I,

Oxygen depletion, 10~ M

pH Buffer only Buffer + Solute G(-Oz)
4.5 : 3.9 15.5 3.2
6.7 2.5 16.1 3.2
‘8.1 1.3 8.9 2.0

The average G(-VOZ) was calculated using the curves in Figure 5-4,
The discussion of possible reaction products in Chapter 2 anticipated
" the utilization of oxygen in the formation of aldehydes associated |
with the ring opening in reaction {2~5), In that reaction one mole

of oxygen would result in one mole of aldehyde, but would not be
expected to account for such a large oxygen depletion. The other
source of oxygen depletion would be expected to occur in the pro-

duction of hydrogen peroxide by

Ho + O2 "'"HOZ' (1-9)

ZHOZ' "-"H202+O2 {(1-11)

In these reactions the oxygen loss can be accounted for in the for-

mation of hydrogen peroxide where a material balance would indicate
G(-0,) = (9) - {11) (5-14)

Even on the basis of a Gyp @s high as the 3.6 indicated by Allen (56),
_G(-Oz) would only be 0,5 GH’ or 1.8 molecules per 100 ev, much
less than observed., Kven with an aldehyde yield of 0,8, as reported

by Loeff and Stein (21), G(-Oz) would only be about 2.6 malecules
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per 100 ev. This cofnﬁarison would tend to indicate that some step
or steps in ‘the reéction ri;lechanism are causing the reduction of
oxygen, possibly to water, Figure 5-4 also indicates that in the
case of the phosphate buffer systems the rate of oxygen depletion
becomeé greater as the oxygen concentration is lowered. This fact
is.not observed with the bicarbonate buffer system, which gives the
appearance of undergoing a linear oxygen depletion during irradia-
tion, _

In Figure 5-3 the high pH solution again indicates a rela-
tionship that is almost linear. | The ofher systems, l:{owever, show
a decreasing rate of hydrégen peroxide producﬁon and appear to be
" leveling off to a maximum value. These figures thus indicate that
molecular oxygen 18 being withdrawn from the system at a steadily
increasing rate, In fact, Phung and Burton (17} on irradiating
benzene found G(-—Oz) to be 5.3 in aerated solutions. Investigations
by others, cited earlier (26-31), on the irradiation of substituted
benzenes, did not follow the progress of peroxide formation or
oxygen depletion c;loSely. These studies were primarily interested
in identifying and measuring the formation of degradation products
and as such only proposed reaction mechanisms to account for the
formation of the products examined.

The sulfate determination indicated the presence of this
anion in aerated solutions that had been irradiated,while none was
found il?. deaerated solutions, The data are presented in Table 5~3
a,ndr Figure 5-5, The absorbance of the deaerated samples actually

showed a slight decrease in turbidity with absorbed energy,
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Table 5-3
Sulfate Production from Irradiated

2.5 X 10_4M Benzenesulfonic Acid Sclutions

A£sorbed s SulfateHPgo;luction e

ner . E o P .

1020 eiy/l 1075M 107°M 10"°M
5.9 0.5 0.2 ¢.0
11,8 0.9 0.6 0.0
17.7 1.2 1.0 0.9
23.6 1.6 1.3 ' 1.0
29.5 3,1 2.1 3.2

’ indicating the decrease in benzenesulfonic acid by a decrease in the
amount of barium salt precipitating. These data would seem to
indicatc that desulfonation is duc te the perhydroxyl radical rather
than the hydroxyl radical, since the former would be present only
in aerated solutions as a result of reaction (1-9), while the latter
ig formed as a primary product in the decomposition of water.

Under these circumstances the reaction could be

-

4 (5-15)

Phso3" + HO,+ — PhO- + HSO

where Ph represents the phenyl radical. This mechanism, which
accounts for the formation of the sulfate ion, does not involve a
change in the oxidation state of the sulfur from +6, Figure 5-5
indicates an increasing rate of sulfate production, similar to that
ébsarved in the case of oxygen depletion. This reiatibnship will be

discussed further in Section 5-2-3, Again the results in the
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bicarbonate system are found to differ with the other buffer systems,
with no sulfate prodﬁction being indicated until after the system had
absorbed a dose of over 11 X 1020 ev/1.

This difference in the bicarbonate system is again observed
in Figure 5-6, which indicates the behavior of the 216 myu benzene-
sulfonate absorption peak., The decreases in the absorption peak at
the.tw‘o lower pH values are in good agreement, but completely dif-
ferent from that 6bserved in the .bicarbonate system. This decrease,
which appears linear in the phosphate systems, is not directly pro-
portional to the arnouni of benzenesullonate present,. since the reac-

tion products formed by the addition of a hydroxyl group to the benzene
| ring will also absorb at this wavelength. Thus what is actually being
measured is the diffcrence between the absorbance of the reactant

and the products,

The observed change in absorbance would not be expected to
be very great since benzenesulfonic acid has a molar absorption
coefficlent of 8300 iiters per mole-cm at 216 myp compared to 7000
and 4800 liters per mole~cm . fox the para- and ortho-phenclsulfonic
acids. If all the reactant degraded by hydroxylation alone, the
absorbance would not be reduced by 50 per cent at this wavelength.
The linear decrease in absorbance does indicate that the rate of
degradation of the reactant 18 linear or very néarly linear,

- The ultraviolet spectra of a series of samples, between 209
.and 300 mp, are illustrated in Figure 5~7., These samples, irradi-
ated at pH 6.7, and diluted to bring the speétra within an absorbance

range of one unit, show that below approximately 222 my the
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absorbance decreases while above this wavelength the absorbance

is increasing, A major part of this effect results from the forma-
tion of the enols which have much higher abaorbances at the longer
wavelengths than does benzenesulfonic acid. This effect is more
obvious in Figure 5~8, a series of undiluted samples, also presented
as a function of absorbed energy, The influence of ring opening on
these spectra cannot be estimated since sulfonated mucondialdehydes
could not be synthesized.

The peaks being formed at approximately 280 mp are the
minor peaks of the m~ and o~phenolsulfonic acids while the increases
in the vicinity of 230 mp would result from the formation of the
p-phenolsulfonic acids, The increase in absorption at 280 mp gives
the appearance of being linear. No information can be obtained
from the major 'pea.ks of the m~ and o~phenolpulionic acids since
these fall in the same region as the major peak of the benzenesul-
foniec acid.

Examination of the data resulting from the two phenol tests
indicated that the amount of absorbance that would be expected to
vccur from phenol, if this were formed when the benzenesulfonate
ion was desulfonated, was not cbserved., Drying and reconstituting
samples to volatilize the phenol did not show a decrease in the
ultraviolet absorption spectra resulting from the removal of this
product, Reexamination. of the analytical procedure, for the pur-
pose of determining if the presence of an inorganic salt such as
potassium phosphate would reduce the absorbance of a hydroxyl

group; provided no additional information, Extraction of an
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irradiated sample with ether to concentrate any phenols that might
be present did not yield the ultraviolet spectr.u,m of phenol when
examined spectrophotometrically. On the basis of these facts it is
concluded that phenol, if formed at all, is certainly not produced
in an amount equivalent to that of the sulfates formed. Therefore,
the production of p~phenolsulfonic acid indicated in Table 5-4 is
based on the assumption that no phenol is present and the amount
of the dihydroxy compounds is negligible, which may not necessarily
be the case.

The sum of the m~ and o~phencolsulfonic acids, also pre-
sented in Table 5-4, are conservative figures. These figures were
.arrived at by subtracting out the effect of the p-phenolsulionic acids,
as calculated from the phencol deternﬁnation, and then using thc

absorption coefficient of the ortho isomer. Since there was no

Table 5-4
Phenolsulfonic Acid Isomers from Irradiation of

2.5 X 10'4M Benzenesulfonic Acid Solutions

Absorbed pH 4,5 pH 6.9 pH 8.1
Energy o+m P ot+m P o+m P
20 -5 -5 -5
10 ev{l 10 "M 10 "M 10 "M
5.9 0.31 0.7b 0.47 1.06 0,12 0,28
11.8 Q.55 1,46 0.76 2.34 0.23 0,28
17.7 ‘ 0,71 2.52 1.04 3.51 0.33 0.65
23.6 0.82 2.91  1.35  4.52  0.40 0,75

29.5 ' 0.97 3.62 1.37 6,24 0,47 0.93
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practical method for separating the ortho from the meta isomer, the
use of th_ié coefiicieﬁt which is higher than that of the meta isémer
gives the most conservative estimate, Again, the assumption of
negligible phenols and dihydroxy -compounds has been made.

In the three buffer systems the yield of the para isomer is
larger than the sum of the ortho and meta isomers and is approxi-
mafely linear with dose, The G values for the p-phenclsulionic acid,
in order of increasing pH were found to be 0. 7l, 1.2 and 0.2 mole-
cules per 100 ev, respectively. The increase in the ortho and meta
isomers was not lineé..r with‘ dose, but decreased slightly as the ab-
sorbed ehergy increased, The initial G values for the sum of thesge
isomers, again in order of increasing pH, were 0,3, 0.5 and 0,14
respectively.

Analyses for the formation of aldehydes (see Section 3-12)
revealed that the shape of the spec.tra. more closely resembled that
of p-benzogquinone than the 2, 4-hexadienal., Admittedly a saﬁ]ple of
the exact aldehyde that was expected (a sulfonated mucondialdehyde)
was not available, but, in view of the fact that phenol was not found
in the quantity anticipated, it would appear that the PhO+ radical
proposed to arise from reaction (5._ 1.5) may yield a quinone, The
reaction, proposed by Stein and Weiss (28) in their study of the

irradiation of phenol is repeated balow.

o 0-0-0H o

o (1-~34)
' +H02':‘" > +H20 -
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Reaction (1-34) could account for the formation of either o-
or p-benzoquinone and would also account for the disappearance of
additional quantities of oxygen. Stein and Weiss found that in acid
solution the ortho isomer was produced in place of the para isomer
and catechol, This factor could account for changes in the specira
observed in the different buffer systems, with the closest agreement
being at the highest pH, where the para, rather than the ortho isomer,
would be formed. Unfortunately, o-quinone is not available commer-
cially, so this hypothesis could not be examined more closely,

The absorbance peak of the 2,4-dinitrophenylhydrazones from
the alkaline samples and from the p-benzoquinones, occurred at 460
mp., Loeff and Stein (21) reported the p-benzoquinone peak at 470 mp.,
although they used p-nitro- rather than 2, 4-dinitrophenylhydrazine.
In jrradiated acid solutions, the hydrazone peak shifts from 510 to
490 mp with increasing irradiation time. They also report the o~
quinone peak occurring at 510 mp. In the neutral sclutions the pra-
dominant peak was at 490 mp with the spectra appearing to be a
compromise of those observed in the acid and alkaline solutions.

On t‘he basis of the molar absorption coefficlent of 8900
liters per mole-cm for the para isomer, the yield in alkaline solu~
tions would be

Abs. Energy p-Benzoquinone

1020 ev/1 10°°M
5.7 0.4
11,4 0.6
17,1 0,9
22,8 - 1.2

28,5 1.3
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This yield is slightly higher than the sulfate production, but in view
of the fact that ring opening was also hypothesized, higher values
should be expected., The absorbance in the acid solutions was
greater than in the neutral solutions, with both being higher than
the alkaline solutions, The sulfate production also followed this
pattern as has the reported production of mucondialdehyde (21),
A higher absorption coefficlent fox the hydrazone of the o~guinone
could also have caused the observed increase,

In an attempt to extract irradiation products into an organic
solvent, a series of samples were dried over a ateam bath., Exam-
ination of the residue indicated that irradiation caused the solute
to take on a brownish color which increased in intensity with the
amount of absorbed energy. Pursuing this phenomenon further,
it was found that the changes observed in the ultraviolet spectrum
of benzenegulfonic acid in Figures 5-7 and 5-8 could also be brought
about by the addition of hydrogen peroxide to a golution containing
benzenegulfonic acid. This action aleo resulted in the formation
of a brown residue. Hookway and Selton (45) have found that
benzene-, p-toluene-, and othexr sulfonic acids would decompose
in the presence of hydrogen peroxide, without the addition of
metallic ions, producing sulfuric acid, carboxylic acid and carbon
dioxide, Merz and Waters (46) oxidized benzenesulfonic acid with
hydrogen peroxide in the‘presence of ferrous lons and were able
to demonstrate the formation of phenclsulfonate, by bromination,
Bottomly and Blackman (47) oxidized a wide variety of aromatics

to G‘.‘Jv‘2 and water with hydrogen peroxide in hot, dilute, agqueous
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golutions in the presence of either cupric or ferric ions. When
heated to 90* C, the solution darikkened to a dense brown celor with
" the evolution of carbon dioxide and oxygen, With this treatment,
benzene was converted into graphitic acid possibly by addition, or
palymerization of aromatie radicals, into a twoa~dimenaional strucs
ture between which oxygen atoms are trapped.

The production of a form of graphitic acid could explain the
increased oxygen consumption,; brown residue and increase in ab-
sorbance at the wavelengths longer than 300 mp.,

5-2.2 Ef:[e>ct of Sodium Bicarbonate Buffer

A short study was conducted on the effects of varying the

. concentration of the aodium bicarbonate buffer system, since the
changes observed with this systern appear to be significantly dif-
ferent from those observed in the phosphate systems, Some of the |
effects of decreasing the concentration of the buifer, while main-
taining the concentration of benzenepulfonic acld constant at

2.5 X 10"%M are shown in Table 5-5. All samples were irradiated
to an absoxrbed dose of 23,4 X 1020 ev/l. A marked effect can be

Table 5-5

Effect of NaI]C03 Buffer Concentration on
2.5 X 104M Benzenesulfonic Acid Solutions

NallCO Initial H,O, AD,O, p-HOC H SO,
3 22 "4 g 47%3
M pH 10-5M 107°M 107°M
0.10 8.2 2.9 -0,7 . 0.5
0,05 3.2 316 -0'8 103
0.01 8.1 3.8 1.2 2.1

0.001 7.7 4.2 “‘1.3 ] 2.6
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observed as the buffer concentrafion is lowered; the hydrogen peroxide
production Increases, oxygen depletion increases and the yield of p-
Phenclsulfonic acid also increases., At the low bicarbonate concen~
trations, the pH does not reach the 8,2 that can be obtained with the
highe» buffer concentrations,

A semi-logarithmic plot of these data suggests that the
changes in the above parameters could be considered to vary ex-
ponentially with buffer concentration. Additional information would
be necessary before this relationship could be shown definitely to be
the case. However, in view of the findings of Hasselstrom and
Henry (44) that radiation does affect sodium bicarbonate, it appears

“that there is a competition between this buffer and the benzenesul-
fonic acid for the free radicals. Since the buffer concentration was
several orders of magnitude higher in the first studies discussed,
!the effects being observed were those of a predominantly sodium
bica.rbozgate system, In this system, the hydrogen peroxide being
formed and the oxygen depletion were most probably a result of the
reactions 1eading to the formation of oxalic acid, rather than those
of interest here. Thus, as the sodium bicarbonate concentration
decreased the system was moving along a 1i‘n'e similar to that of

Figure 4~1(b) which has the form

-k(S))

G{-8) = G{-So) (1-e (5-16)

In this equation G{-So) would be the maximum degradation rate at
some solute concentration (S0); above which additional solute has

no effect,
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Since there is certainly not enough information to substan-
tiate the reactions occurring in the sodium bicarbonate system,
other data have not been corrected for this effect, However, if the
data are extrapc;lated to zero buffer concentration, the following
extrapolated values are in much cleser agreement with results ob-

tained at the other pH values,

PH  H,0, 4D, 0. p-HOC (H SO
. 107°M 10" %M 107°m
8.2 4.25 -1.30 2.70
6.7 3.79 -1.19 4.50
4.5 5,30 -1.16 2.91

5-.2-3 Effect of Dissolved Oxygen

The effect of the variation in dissolved oxygen was examined
at pH 6.9 using 2.5 X 10-4M benzenesulfonic acid solutions at three
different initial oxygen concentrations. The concentrations corres=-
ponded to fully‘saturated, 40 per cent saturated, and deaerated
solutions, The results of irradiation are presented in‘Table 5-6
and the hydrogen peroxide production and absorbance at 216 my are
plotted in Figures 5-~9 and 5-10 respectively. In Figure 5-9 the
hydrogen peroxide productioh reaches a maximum in both the 40
per ceﬁt and the deaerated sclutions. This pouint corresponds to
G(HZOZ) equal to zero. T};.e effect of oxygen concentration is clearly
seen in the figure. In order for the hydrogen peroxide yield to reach
a maximum, a reaction must be in progress that is cdhsuming the

. compound at a rate that is greater than its yield of 0.71 molecules
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Table 5-6

Disgolved Oxygen Effect on Irradiation

of Benzenesulfonic Acid at pH 6.9

Absorbed
113:’?1\:1 1%58153/ 1 1}: %(5)324
2.72 0.0 a,00
2,49 5.9 1.52
2,17 11.8 2,53
1.85 17.17 3,10
1.53 23.6 3.79
1.11 29.5 4.15
1.06 0.0 0.00
.65 5.8 1,04
.22 11.6 1.38
.00 17.5 1,42
.00 23,3 1.11
.00 29.1 0.96
.09 0,90 0. 00
. 00 5.8 0.31
. 00 11.6 0.31
.00 17.5 0,22
~00 23.3 0.15
.00 29.1 0.08

804= Absorbance
10-5M 216 mp 500 mp

0,0 . 418 . 000
0.5 . 385 . 288
0.9 . 369 .478
1.2 . 357 . 665
1.6 . 336 .857
2.1 .316 .916
0.0 . 440 . 000
0.8 .383 . 240
1.6 . 376 . 440
3.2 . 373 531
3.6 . 360 . 600

- .304 . 558
0.0 .418 . 000
0.0 . 377 . 066
0.0 . 350 . 100
0.0 . 310 .134
0.0 . 285 . 165
0.0 . 255 . 205
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per 100 ev, from the decomposition of water. This reaction would be

H. + HZOZ —"HZO + - OH (1-8)

In Figure 5-9, the comparison of the reduction in absorbance
between aerated and deaerated solutions indicates that the rate of
decrease is greater in the deaerated solutions, although the results
from the 40 per cent samples were quite erratic. Seyveral different
factors could account for this decrease in absorbance which still
appears quite linear, Assuming that the products and the reactant |

" obey Beer's Law, then the absorbance would be
A =a'bc' + al'he"! (5~17)

- where a' is the absorption coefficient for the reactant and a'' is some
average absorption coefficient for the reaction products. If the cell
length, b, is considered to be 1 cm, then the rate of change of the

absorbance with absorbed energy would be

? 1 by 11
- o9

On examining equation (5-18) term by term, it is seen that
a' will remain constant while %%- + which is proportional tc G{-BH),
BH symbolizing the solute, may change. This change can occur as
a result of the absence of the perhydroxyl radical, since the hydroxyl

radical will still react with the solute by

BH + *CH — B+ + HZO (5-19)

The hydrogen radical, however, must vanish via another mechanism.
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The reaction

BH + He — B+ + H, (5-20)

is rejected, as Phung and Burton (17) observed that molecular hydro-
gen production waa not increased by irradiation of deaerated benzene
solutions. The decrease in the production of hydrogen peroxide,
however, indicates that some of the hydrogen radicals react with
hydrogen peroxide while still others could react with the phenylsul-
fonate radical, returning them to their original state, The overall

_effect should be to decrease -g—%— and to also decrease phenolsulfonate

production,
In addition to the phenylsulfonate radical entering reaction
(2-2) to produce the phenolsulfonate, it will alsc be expected to

dimerize in deaerated solutions
B. + B+ —+ BB (5-21})

resulting in biphenyldisulfonic acid, thus reducing the number of
radicals available for hydroxylation, The reduction in the formation
of phenols can be seen in Figure 5-11, where the absorbance result-
ing from the modified phenol determination has been plotted, The

reduction is first scen to occur after irradiation causes depletion

of the dissolved oxygen in the samples oxriginally ata 1.1 X 10"4M

concentration. The samples originally containing 0.1 X 10‘4M dis-

solved oxygen develop less than 25 per cent of the absorbancec of the

saturated samples.

11
Reaction (5-21) will reduce -g%—- since one mole of reactant
n

now goes to one half mole of product. In aerated solutions %
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was probably approximately equal to —g—% y since most of the reaction
products would absorb to some extent at the 216 mp wavelength,
The reduction in %—%—1 will be oifset to some extent by the fact that
the molar absorption coefficient for biphenyldisulfonic acid is
larger than that of the phenolsulfonic acids it is replacing.

Figure 5-12Z shows that the rate of oxygen depletion increases
as the oxygen concentration decreases. The initial rate of oxygen
depletion for the saturated seolutions was G(-OZ) equal 2,0, In the
solutions at only 40 per cent saturation, this value has increased
to 4.3. Figure 5-13 indicates, as did Figure 5-5, that the rate of
sulfate production is also increasing as oxygen content decreases,

The observed decrease in the rate of hydrogen peroxide

formation at reduced oxygen concentrations could result in part

irom reaction {1-8)

He +H202—"0H+H20 {1-8)

This reaction along with the reaction (1-7)
+OH + Hzoz """HOZ' +H20 {(1-7)

could account for reduced hydrogen peroxide concentrations, and
if the rate of (1-7) is high enough, for an increase in the perhydroxyl
radical concentration as well, This increase could account for the

increased rate of sulfate production via

PhSO,” + Hoz‘o ~ PhO* + HSO, {5-15)
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However, this increased rate of sulfate production was also observed
at the low hydrogen peroxide concentrations in the solutions irradiated
at 40 per cent saturation.

As an alternative, the effect could be explained on the as-
sumption that the perhydroxyl radical, HO,+, is the only form of
the radical entering into reaction (5-15), Then it is possible that
as the oxygen concentration is reduced, more of the sclvated elec~
trons have an opportunity to‘be converted to the hydrogen radical via

the reaction

H

+ -
3O + ea'c1 H + HZO (5-22)

This reaction would increase the number of hydrogen radicals,
thereby increasing the number of HOZ' radicals, This increase
woitld be at the expense of the perhydroxyl radicals of the form O;
resulting from the reaction of oxygen with the solvated electron.
The additional perhydroxyl radicals would now be available to react
with the asolute which would result in the observed increase in sul-
fate ions by reaction (5-15),

if the rate of sulfate production is a function of the oxygen
concentration, it would be expected that the relationship would be

of a form similar to equations (5-9) or {5~10}, that is

= b
G(SO4 ) =at -m-c)—z-)- (5-23)

where ''a'' and "'b'' are constants relating to the initial yield of free
radicals and ''k'' is proportional to the reaction rate constant, If

"2l ig assumed equal to zero, as the term does not arise in many
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cases, a plot of oxygen concentration vs. G(SO4=)~1 should be linear
in cases where relationship (5~23) exists, The G(SO4=) determined
from the slope of the curves in Figure 5-13 and corresponding oxy-
gen concentrations are tlabulated below, and plotted in Figure 5-14,

for the two cases where sulfates were found. Both groups of data

D.“ci. G(SO ,;) D: ;). G{S0 %)
107°M - 107°M

2.72 .28 1.06 .81
2,49 .31 .65 .85
2.1 .35 .22 .91
1.85 41 - -

1,53 .53 - -

1.11 .79 - -

indicate that the relationship does exist, although data for the case
of the lower original oxygen concentration is meager and the curve
quite steep; The break in the curve results from the fact that the .
reactions producing sulfates are bimolecular and thus will reflect
variations in the initial oxygen concentrations,

The rate of oxygen consumption still exceeds the amount
being c.onverted to hydrogen peroxide, sulfates or quinones by the
reactions already considered, One additional possibility, not
usually examined in studies of radiation induced degradation in
aq\ieous solutions, is that oxygen is8 converted to carbon dioxide.
This reaction might occur either as a result of direct interaction

of the radiation with the solute or as a result of oxidation after
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opening of the aromatic ring., As a last 'attenipt to explain this loss
of oxygezi a geries of samples é.t a 2.,5X% 10-4M benzenesulfonic acid
-concentration were irradiated in a neutral solution. The samples
were analyzed by the technique presented in Section 3-13. The con~

centration of gas found was on the order of 0,3 X 10"4M for the

samples irradiated to a total dose of 27,2 X 1020

ev/l, Unfortunately,
this concentration is at the lower limit of the sensitivity of this method
so that the evidence is not very conclusive.

The oxidation of carbon to carbon dioxide would account for
the observed increase in the rate of oxygen depletion. Since the
carbon would be oxidized to carbon dioxide at a much slower rate than
' that of the frée radical feactio_ns, the amount of carbon available for
oxidation will increase with time. The carbon would become avail-
able as additional direct interactions occurred or additional rings
opened., This increase in concentration would resuli in a corres-
ponding increase In the rate ofroxygen depletion. Had the possibility
of carbon dioxide formation been considered in studies by earlier
‘investigators, this production would have been examined in greater
detail during the course of the investigation, An investigation would
also have been conducted into more sensitive measuring techniques.

5-2~-4 Effect of Solute Concentration

The solute concentration was vafiedrover three orders of
‘magnitude to estimate the relative position of the 2.5 X 10"*M con-
centr.ation used in most of the study, with respect to that needed to
eliminate concentration effects, ‘The pH 6.§ samples were each

irradiated for four minutes, thus absorbing a dose of 23.6 X 1020 ev/1.
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The data in Table 5-7 indica.té that the 2.5 X 10"31\/{ concentration ia
approaching the region where concentration effects can be neglected
since the changes that occur with increasing concentration are becom-
iﬁg pmaller. The hydrogen peroxide data are Interesting in that the

concentration reaches a maximum at 2.5 X 10"5

M with a sharp

decrease belng observed at the highest solute concentration, The
difference between the three lower concentrations is so small that
it may be only experimental variation. However, the decrease in

the solution containing the highest concentration 1s tvo large to be

‘:lgnorec-l. Increases in the oxygen depletion and sulfate production

Table 5-7
Effect of Solute Concentration
at a Constant Absorbed Energy of 23,6 ev/]

Solute H,O AD, O, sO - Absorbance
‘ 2°2 4
Conc. -5 -4 -5
M 107°M 107 M 107°M 500 my

2.5x 107> 1.77 -1.3 6.0 .72
2.5 % 10" % 3.98 -1.9 2.1 .55
2.5% 1072 4.16 0.6 1.2 .10
2.5 % 107° 3.80 -0.5 . -
0.0 3.45 -0.2 - -

would indicate that when the solute concentration reaches this
magnitude there are a sufficient number of solute molecules pres-
ent to prevent significant radical recombination, Thug the reac-

tions
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*OH+ -OH - H,0, {(5-24)

2H02- "“HZOZ-}- Oz (1~11)

would be minimized under the scavenging action of the solute, To
obtain additional information, a series of samples was irradiated

3

at the higher solute concentration of 2.5 X 10 °M. The results,

pre‘sented in Table 5-8, are similar to those in Table 5-7.

Table 5-8

Irradiation of 2.5 X 10-3M Benzenesulfonic Acid

| at pH 6.9

Sample Aﬁiiigid - Hy0, D.o. SO,
No. 10 ev/i 10°°M 107%M 10°°M
12-8-10 0,0 0,00 2.89 0.0
~11 5.6 1,08 2,55 2.0

-12 11,3 1.84 2,19 4,5

-13 16.9 2,20 1,78 3,8

~14 22,5 2,56 1,44 6.0

-15 28,2 3,00 0,98 6.7

Comparison of these results with Figﬁres 5~3, 5-4, and 5-5
indicates a lower hydrogen peroxide production, more desulfonation,
and greater oxygen depletion. All of these facts would substantiate
the indications of decreasing radical recombination. The sulfate
production appears quite erratic although it should be noted that

pa'rt of this effect may be a result of decreased oxygen concentration,
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An increase in G(—OZ) as the concentration decreases is again in
evidence, - The initial G(-OZ) i8 3.5 compared to the 2,0 observed

at the lower solute concentration of 2.5 X 10-4M. The hydrogen

peroxide concentration at an absorbed does of 22.5 X 1020

ev/1 is
larger than the comparable value in Table 5-7, Since the other data
at this dose are in much closer agreement, it would be assumed that

the value in Table 5-7 suffers from experimental error,

5-3 Irradiation of p-Toluenesulfonic Acid

5=3-1 Dissgolved Ongen Effects

The majority of the.irraldiations of p-toluenesulfonic acid
were conducted at pH 6.9 with 2.5 X 10"4M solute concentrations.,
'The results are presented in Table 5-9, Figure 5-15 indicatea the
manner in which hydrogen peroxide production progressed as a
function of absorbed dose. A comparison with resuits from the
irradiation of benzenésulfonic acid shows that the rate of hydrogen
peroxide production 18 much lower in this case, The maximum
concentrations reached are less than 50 per cent of those obtained
with benzenesulfonic acid, The initial yields, G(HZOZ) y are also
in this proportion, being 1,92 and 0, 96 respectively, as compared

to that arising irom the decomposition of water, G

s equal to
HZO _

2
0.71,

The absorbance of the p-toluenesulfonic acid peak at 221 mp,
illustrated in Figure 516, shows the same effect observed earlier,
that as the original oxygen concentration decreases, ti_1e rate of

decrease in absorbance becomes greater, The per cent decrease
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Table 5-9

4

Irradiation of 2.5 X 10 "M Solutions of

p~Toluenesulfonic Acid at pH 6,9

Sampie . Absorbed H,0, D.O. | 804: Absorbance
No, Energy 221 mp
10%v/1  10°M  107%*M 107Mm

'9-08-0 0.0 0.00 2.82 0.0 - .551
-1 5.8 0.81 2,38 1.2 . 490
-2 11.6 1.21 2,06 - 2,0 . 450
-3 17.4 1. 41 1.53 2.9 .392
-4 23,2 0.94 0.97 4,9 .383
-5 29,0 0.92 0.22 5.9 .350

9150 0.0 0,00 1,07 . 0.0 .557
-1 5.8 0.49 0,42 1.7 .505
"2 11,6 0,36 0.02 2,7 .450
-3 17.4 06,21  0.00 3.2 410 -
-4 23,2 0.00 0,00 5.0 .374
-5 29,0 0.00 0.00 3,5 .325

9-15-10 0.0 0.00  0.08 0.0 566
T 5.8 0,00 0.06 - 0,0 ,488
12 11.6 . 0.00 0,05 0.0 . 430
13 17,4 0,00 0,03 0,0 384
~14 . 23,2 0,00 0,01 0.0 +348

-15 29,0 0.00 0.00 0.0 .309
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in absorbance is also greater than that observed with benzenesulfonic
acid but could repult from the products exhibiting 1owe¥: absorbance
- coefficients, Figure 5-17 shows the change in the ultraviolet spec-
trum of the solute as a function of absorbed energy between the 209
and 300 mp. wavelengths. “

The oxygen concentration plotted in Figure 5-18 indicates a
much greater rate of depletion than was observed in Figure 5-11,
When these data a;re related to the much larger sulfate production
shown in Figure 5-19, the overall picture is one of reactions similar
to those observed with benzenesulfonic acid only progressing at a
much faster rate. The original rate of oxygen depletion, G(—Oz),
in air-saturated solutions was shown to be 2.0 in benzenesulfonic
acid while with the present solute this has risen to 3.1, an increase
of 50 per cent. Thie increase cannot be attributed solely to reaction
with the additional methyl group possessed by the solute, as pro-
posed by Jéhnson and Weiss (32)., Here, the formation of the methyl

hydroperoxide radical
| CH3- + OZ-—-' CH3OO- (2~13)

could account for some of the additional oxygen depletion, but the
increase in sulfates indicates that the attack at the sulfonate position
has alsc increased, The amount of methyl hydroperoxide that may
have formed would appear to be small since this product would have
been determined with hydrogen perbxide.

Unusual results were obtained from the two phenol determi-

nations. The original intention was to use both determinations to
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obtain the data necessary to estimate the a.mc;\unt of hydroxylation,
ortho- anci meta- to fhe methyl group., This attempt was unsuccess-
ful, however, sinc:e a much higher absorbance was obtained in the
_modified determination than in the method requiring the extraction
inte chloreform. The modified pher;ol determination produced re-
sults that were an order of magnitude higher than those from the
other test. This fact in&icates that at least one other hydroxylated
compound is being formed. The componnd or group of compounds
has a much stronger absorbance in water and may not even extract
into chloroform. Therefore, in addition to l1-methyl-2-hydroxy-
and I-methyl-3-hydroxy-4-benzenesulfonic acid, some or zll of the
five dihydroxy compounds are being formed.

The molar absorption coefficient for the l-methyl-2-hydroxy-
and l-methyl-3-hydroxy-4-benzenesulfonic acid complexes were
2,300 and 4,500 liters per mole-cm respectively. Using the coeffi-
cient for the latter, to be conservative, the production of monchy-

droxy p-toluenesulfonic acid would be

Absorbed Energy Monohydroxy Compound

10%° ev /1 1_0;311&_
5.8 0.1
11.6 - 0.8
17.4 1.5
23.2 1.9

29,0 2.1

These figures, which indicate a yield of 0,05 molecules per 100 ev,



~103.
are lower than those resulting from hydroxylaiﬁon in the ortho
an.d‘ meta positions of the benzenesulfonic acid,

The spectra of the hydrozones, obtained in the aldehyde
analysis of air-saturated samples, differed from that observed
with the previous solute. In this case, the spectra closely re~
sembled those of the 2,4-hexadienal, although the peak was
shifted to a wavelength of about 490 mp, as compared to 475
my for the 2,4~hexadienal, In addition, as the absorbance of
the peak increased, a slight shift in the peak to longer wave=~
lengths was observed., Whether the absorbance data presented
below resulted from dialdehydes formed by ring opening, a
- toluquinone resulting from desulfonation of the solute, as was

hypothesized earlier, or a combination of both, was not deter-

mined,

Absorbed Energy Aldehyde

20 Absorbance
107" ev/1
5.7 0.12

11.3 0. 42
17,0 0.69
22,6 0,83
28,3 1,10

-5~-3~2 Variation of Solute Concentration

The solute concentration, at pH 6.9, was varied in the
' same manner as with the benzenesulfonic acid, and the effects

observed were about the same, The results presented in Table



-104-
5-10 show the same increase in desulfonation and oxygen utilization

as the concentration of the solute increases, As before,; there is a

Table 5-~10
Effect qf Solute Concentration

at a Constant Absorbed Energy of 23.2 X 1.02'0 ev/1

Solute HZO AD,O, 804: , Absorbance
Conc ‘ 2
. _5 _.4 _5
M 107°M 107 %M 10"°M 500 my
2.5% 1073 0.46 -2.21 11.7 .808
1.0X 103 0.67 ~2.11 8.4 722
2.5%x10°%  0.94 ~1,85 4.9 © .538
2.5%X107°  2.84 -0,70 2.3 .003
0 3-45 "0‘20 bl ~

decrease in hydrogen peroxide accompanying the increase in solute
concentration. All the effiects observed with benzenesulfonic acid
can be seen with p-toluenesulfonic acid, the only difference being

that in this case all these effects are greater. At the 2.5 X 1073M
solute concentrations the oxygen utilization is 70 per cent greater,
sulfate production almost 100 per cent greater, while hydrogen
peroxide has dropped to approximately 25 per cent of that observed
with benzenesulfonic acid, The production of hydrogen peroxide may
be misleading, since the yield in Figure 5-15 was seen to be decreas~

0

ing at a dose of 23,2 X 10% ev/1 after having reached a2 maximum

concentration of 1,41 X 10"5M. The low hydrogen peroxide concen~-
trations observed at the higher solute concentrations are probably

the result of decreaging yields following some maximum value.
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5-3-3 Hydrogen Ion Effects

An examination was made of the effects the three buffer sys~
tems would exhihit when irradiated with the p~toluenesulfonate ion.
- Samples in the three syatemslwere irradiated to a total dose of

23.2 X 1020 ev/1 before examination. The results are indicated in
the short table below.

Table 5-11

20

Effect of 23.2 X 10“" ev/1 Absorbed Energy on Buffered

Solutions of 2,5 X 10"4M p-Toluenesulfonic Acid

H,O AD,O, 50,° Absorbance
272 4 500
: -5 -4 -5 mp
pH 10 "M 10 "M 10 “M
4,5 2.76 ~-1,78 5.7 T .410
. 6.9 0. 94 ’ ""1-85 ‘ 4-9 .540
8,3 - 2,16 -0,79 1,6 . 105

The dissolved oxygen depletion in bofh phosphate buffer
sysfems are quité similar and much larger than observed to occur
with the bicarbonate buffer system. They bear the same relation~
ship to each other as was observed with the benzenesulfonate ion.
.Suifate production increased by almost 100 pex cent over that ob~
served with the previous solute, This increased production could
account for the high absorbance observed in the aldehyde analyses
preéented earlier, The absorbance at 500 mp, resulting from enol
formation, varied in the same manner as in the formation of phenol~
sulfonates with the-'la‘rgest‘ production occurring in the neutral

solution and the smallest in the alkaline solution, It must be
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realized that other than pH effects probably éaused the low yields
in the alkaline solutions.

I—Iydrogeﬁ péroxid_e formation in the phosphate systems is
less thé,n half of fhat observed with benzenesulfonic acid although
the decrease was not as large in the case of the bicarbonate buffer.
It'appears that while the solute is having some effect on the system,
the bicarbonate buffer, at a much higher concentration, is still the
predominant ion in that system. In the neutral solution, the lower
hydrogep per‘oxide and sulfate yields may be attributable in part
to the form of the perhydroxyl radical inhibiting both desulfona.tion_

and a certain amount of radical recombination,

"5-4 Irradiation of Alkylbenienesulfonate

5-4~1 Variation of pH in Aerated Solutions

ABS was irradiated in the gsame buffer systems as benzene-
sulfonic aéid. The 2.5 X 1'0-—41\/1 solute concentration, at which the
gsolutions were irradiated, is an brder of magnitude higher than
would be expected in average waste water, but was considered neces~
sary in order to obtain data as to the possible reaction mechanisms
by forming measurable amounts of reaction products. The results
of thege irradiations are presented in Tahble 5-12, The dissolved
oxygen depletion, plotted in Figure 5-20, is quite éimilar to that
observed with benzenesulfonic acid. The depletion in the bicarbo-
nate system is almost linear but less than that found with the first
solute discussed. In the phosphate buffer systems the total oxygen

4

utilization was 1.6 and 1,5 X 10 "M at pH 4.6 and 6,7 respectively

while the corresponding losses in the benzenesulfonic acid system
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were both 1.6 X 10—4. A difference does exiét in that, in each case,
the initial- G(-OZ) is iess fpr this. solute.

Data on hydrogen peroxide production are illustrated in
F_iguré 5-21, The results at pH 4,6 could be superimposed on those
found for benzenesulfonic acid. The data at pH. 6.7 is also quite
similar to the earlier findings. In the bicarbonate system the curve
shows the same slight change in yield with increasing dose observed
with the benzenesulfonic acid but the initial yield, G(HZOZ), is
greater than was found previously. The slight decrease in pH,
attributable to sulfate production, observed at the high and low pH,
13 also seen to occur in both solute systems.l Comparison of these
_data indicates that both solutes are experiencing the same effects
from the free radicals preoduced by the radiation, as well as the
same oY close to the same amount of radical recombination.

In the case of ABS, two methods are available for estimating
the rate at which the molecule is being degraded: the absorbance
peak at 224 r;lp, and the methylene blue test. The data from these
determinations have been plotted in Figures 5-22 and 5-23 and the
curves fitted by eye, The rate of decrease in absorbance shown in
Figure 5-22 is much smaller than observed in the other solutes
examined. This effect could result from impurities added with the
ABS, a lqw yield of enol compounds, or the production of envls |
.having molar absorption coefficients comparable to ABS in this
region of the UV spectrum. The rates of decrease of absorbance in
the phoapﬁate buffer systems are similar, while the bicarbonate

system may be decreasing at a slightly faster rate with absorbed:
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‘dose,

Results of the methylene blue determination are probably a
better indication of the rate of sulfate production than the sulfate
data in Table 5w12. The latter are too erratic to be given much
credence, The analytical method required that a large quantity of
ABS be removed by extraction into chloroform, since the barium
galt of ABS has a low solﬁbility product, This requirement was
probably too stringent to be attained with any great degree of pre-
cision, as can be seen from the results. While it is not known for
certain, it ia felt that the methylene blue-ABS complex will probably
form even if a hydroxyl group has been added to the benzeﬁe ring,
Even if this is not the case, the amount of hydroxylation occurring
with the other solutes was so small as to be neg‘iigible when com-
pared to experimental errors. Under these circumstances the
suliate production would be comparable to that observed for ben-
zenesulfonic acid.

The absorbance of the antipyrine dye at 500 mp, as an
indication of enol formation, is much less than observed in solutions
containing the other solutes, with the bicarbonate system again
showing the lowest results, This low absorbance could result from
a low yield which would be consistent with the small change in
absorbance at the 224 mp ABS peak, or from a low molar absorp-
tivity coefficient for the aminocantipyrine complex. A third possi-
bility is that this method,; not being sensitive to compounds similar
to para~-cresols, is not indicating what could be a significant portion

of the hydroxyl compounds,
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On the basis of the results of the methylene blue procedure,
the rate of degradafion of the ABS molecule is very low, about 0,7
molecules per 100 ev, This figure is in agreement with results
obtaiﬁed by Bio Sciences Liaboratories (9}, however neither their
dose rates nor solute concentrations were as high as was used in
this study.

The aldehyde analysis, conducted on a series of samples in
neutral solution,r gave positive results, increasing with absorbed
dose, indicating the presence of an aldehyde or quinone, The
spectrum closely approximated that described for the p-benzoquinone,
with the major peak at about 470 mp.
5-4-~2 Dissolved Oxygen Effects at pH 6.7

The dissolved oxygen concentration of 2.5 X 10"4M ABS

solution was varied at a neutral pH as was done with the other
solutes, The solution was not completely deaerated, since it was
;'l.mp.r:ra.ctical to bubble nitrogen gas through the solution prior to
irradiation., The high detergent concentration would have caused
excessive foaming accompanied by the loss of a disproportionate
part of the solute in the foam. Instead, the distilled water was
deaerated and the ABS added to this solution, Table 5-13 indicates
the significant part of the data obtained from solutions originally
conté,ining 2.7-and 0.3 X 10”4M of dissolved oxygen.

The data plotted in Figure 5-24 again illustrate what has
been observed to occur with the other solutes, that the absorbance
will decrease at a more rapid rate in deaerated solutions. This

- same effect can be noted in Figure 5-25 where the results of the
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Table 5~13

Dissolved 0}-:yg(an Effects on 2.5 X 10-4M ABS Solutions

D.O. | Absorbed ‘ I—IZO2 _ ABS Absorbance

- -Energy

107 %M 1029 ev /1 10"°M 107 %M 224 my
2.72 0.0 0.00 2.30 . 655
2.53 5.8 1,22 2,28 .649
2,31 11.6 2,32 2,18 . 649
2,00 17.4 3.58 2.10 .639
1,63 23,3 4,14 2.00 .624
1,22 29.1 4,34 1.98 622
0.27 0,0 0,00 2,34 L 66T
0.03 5,8 0.32 2.30 . .633
0,00 11.6 0.15 2,04 . 609
0.00 17.4 - 0.09 1,94 .581
0.00 23.3 - 0.00 1.90 .566

0.00 29,1 0.00 1.68 . 545

methylene blue procedure have been presented. The rate of degra-
dation in the deaerated solutions, 1.4 molecules per 100 év, is twice
that observed in aerated szolutions. Assuming that addition of a
hydroxyl group to the aromatic ring will not preveﬁt the formation

of the methylene blue complex, G{-BH) of 1.4 would represent the
rate of dimer or polymer formation. This value is in good agree~
ment with a rate of diphenyl production of 1.2Z2 molecules per 100

ev observed by Phung and Burton (17) on irradiating neutral, air-

free, solutions of benzene.
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Hydrogen peroxide production in the deaerated solutions

is very low, becoming zero after absorbing 23.3 X 102

0 év/l. Had
the sclution been completely air-free, even this small amount may
not have been observed, since Phung and Burton reported their
inifial G({H,0,) as zero,

- Bb~4-3 Variations in Solute Concentration

As was done with the other homologs, several samples were
irradiated in neutral solutions at a variety of solute concentrations. '
The data are presented in Table 5-14, The methylene blue data
for the higher solute concentrations are not very significant, since
the analytical procedure requires that the original samples be
diluted to concentrations which would make experimental error
quite appreciable. Thus, at the highest concentration, the three
per cent degradation is less than the accuracy of about * 5 per cent,

What is significant is the degradation of the 2.5 X 10-5M sample,

Table 5-14
Effect of ABS Concentration at a

Constant Absorbed Energy of 23.3 X 1020 ev/1

Solute I—IZO2 ' AD,O, A Solute
Conc, , -5 4 Conc,

M 107°M 10" M - M
2,5% 1073 4.70 ~1.07  =0.06 %1073
1.0x 1073 4,28 -1,03  =0.08 x10°2
2.5 X 10’4 4,14 -1,09 -0,30 X 10'4
2.5X 107> 4,04 -0.85  -2,20% 1077

" 0.0 - 3,42 -0,20 -
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which has been reduced 88 per cent by a dose of 23,3 X 102°'ev/1,
In the four minutes required for the soluti‘on to absorb this amount
of éﬁergy the ABS concentration was reduced frorﬁ 8.8 mg/l to
1.1 mg/1,

Hydrogen peroxide formation is much greater than was ob-
served with the p~toluenesulfonic acid, At the highest concentration
it is about 50 per cent higher than that produced in the comparable
benzenesulfonic acid solution. Oxygen depletion on the other hand
is less than observed with the other solutes. The high hydrogen
peroxide yields, found at the higher solute concentrations, could
be indicative of the formation of 2 small amount of peroxide on the
alkyl chain of the ABS molecule. However, one might expect to see
a larger oxygen depletion, as compared to the benzencsulfonatc ion,
if alkyl peroxides were formed by the mechanism propose.d by John~
son and Weiss (32), The oxygen and solute depletion data, together,
give the appearance that the point at which solute concentration is
no longer a factor would be at a lower concentration than appeared
to be the case with the other solutes, These data would also indi-
~cate a G(~-BH) of 1,6 molecules per 100 ev for the degradation of

" ABS at high solute concentrations,



-117-
CHAPTER 6
CONCLUSIONS

6-1 Degradation Mechanisms

From the discussion in Chapter 5 and the summary, Table
6~-1, it is seen that the three compounds studied, benzenesulfonic
acid, p-toluenesulfonic acid and ABS, will yield the same classes .
of réaction products, although the quantities produced were different,
In aerated solutions hydroxylation was observed to occur to ea.ch_of
the three homologs, with p~toluenegulfonic acid showing evidence
of accepting a second hydroxyl radical to form the dihydroxytoluene-
sulfonic acids,

Sulfates were also produced by desulfonation of the solutes,
with p-toluenesulfonic acid appearing the most susceptible. In the
case of benzenesulfonic acid, the amount of sulfate and phenolsul-
-fonates produced was about the same order of magnitude. Results
of the phenol and aldehyde analyses, as well as other factors dis-
cussed in Chapter 5, gave indicé.tions ;ha.t the product that remained
after desulfonation of benzenesulfonic acid was a quinone, rather
than phenol,

In addition to fhe above products, the ABS solutions indicated
a higher peroxide yield than the buffer solutions. This yield, shown
in Table 6-1, but more obvious at high ABS concentrations, gave
indications that peroxides may have been formed on the alkyl chain
' of that compound.

The effecta of the variation in the hydrogen ion concentration

were observed in the rates of hydrogen peroxide, sulfate, and enol
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formation. The pH did not apéear to affect the rate of oxygen deple-
tion, or solute degradation, in the phosphé.te buffer systema., How-
ever, much of the variation obsérved in the bicarbonate buffer system
resulted from this choice of buffer, rather than the pH it produced.
The data would thus indicate that the degradation of the

solutes by the irradiation of aerated solutions was affected by the

following reactions:

HZO -~ He {or eaq)' +OH, H

29 HZOZ {15}
would produce the free radicals and molecular products,
He + O, ~ HO,* (1-9)
BH+ «OH — B» + HZO (5-19)
BH + HOZ' —+ B+ + HZOZ (6-1)

where B* would be any of the three dehydrogenated radicals, and
Bs + «OH — BOH (6-2)

would i:oroduce the enols. These reactions had been anticipated in

Chapter 2, The reaction

~

4 (5~15)

Phso3‘ + HOZ- -+ PLHO* + HSO

would account for the desulfonation, where PhO+ would represent

any one of the homologs .after desulfonation, and
PhO+ + HO,+ - QO, + H,0 {6-3)

where the QOz would represent any of the quinones formed from the
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three compounds, This meché.nism was not aﬁticipated originally,
however, the fact_s. that desulfonation was ‘nnt @bserved in deaerated
solutions, that phenols were not in evidence and that sulfate produc-
ti;)n was pH sensitive would indicate that these reactions are
occurring.

As the oxygen concentration decreases, reduction in the

-rate of hydrogen peroxide production indicated that

H* + HZOZ — HZO + +0H : (1-8)

becomes important,

Reaction (1-9) alone cannot account for the losses in oxygen
that have been observed, nor do reactions {(5-19} and {6-2) account
for all the hydroxyl radicals that have been produced as primary
decomposition products of water. However, some of these hydroxyl

radicals will combine to form peroxides via reaction (5-24)
OH+ «OH — H,0, (5-24)
some will react with hydrogen peroxide by

O + HO., e | (1-7)

*OH+ H, O, ~ H 2

272 2

and others may be eliminated via a reaction equivalent to reaction

(1"'23)-

H

| OH
2 @L ~ GHyOH + H,0 + CgHy  (1-23)
1 _
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" The facts that a significant amount of éxygen has not been

accounted for by iree radical reactions, that carbon dioxide was
.0bserved in irradiated benzenesulfonic acid solutions, and that
larger oxygen depletions were observed to occur in p-toluene~
rather than in benzenesulfonic acid, indicate the. poésibility of oxi~-
dation of a small quantity of the solute. This oxidation would occur
as a result of a small number of direct interactions of the radiation
with the solute, rather than with the water or after ring opening by
the free radicals. Thus, benzenesulfonic acid could experience o

oxidation via

06H5803 + 70, — 6CO, + H, S0

+
5 , + Hy80, + H O+ H (6-4)

while the p-toluenesulfonic acid would be oxidized by

-, 11 . +
‘CH306H4SC)3 + = OZ 70024—1—128044- ZHZO-!-H (6-5})

Reactions (6-4) and {6-5) would indicate that a small number of
" molecules undergoing these reactions would consume a much larger
amount of oxygen even though any one molecule may neyver be com~
pletely oxidized. The reactions would also account for the lavger
"~ depletions observed in the p~toluenesulfonic acid solutions., If it is
assumed that the 12~carbon alkyl chain is not degraded when the
ring is oxidized, the lower initial rate of oxygen consumption ob-
served in the irradiated ABS solutions would be explained,

In deaerated solutions enols were still produced by reactions
(5~17) and {6-2), although no sulfaté Was formed.. Decreases in the

ultraviolet absorbance peaks of the three compounds were accelerated
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in deaerated solutions, -This decrease was iﬁterpreted to indicate

the formation of dimers and polymers by
‘Be + Be — BB (5-21)

These compounds were not actually observed since analytical

methods were not available for the dimers that were expected.

6-2 Environmental Engineering Significance

If irradiation is to be considered as a method of treating
water and wastewater, prior to its introduction into a potable water
supply, or the environment, as the case may be, the purpose of the
irradiation must be considered. The bactericidal aspects were
"discussed in Chapter 1, along with the effects of irradiation on
the settling properties of sewage, This study, however, was
concerned with another facet of the water and waste treatment
problem, that is, to determine the factors which will effect the
degradation of organic molecules- that may appear in the water
‘environment,

In the case of the sulfonatéd compounds studied, the reac~
tlons which are of the most interest are those leading to desulfonation
of the molecule. There is no immediately obvious reason for the
formation of enols or dimers to have any significant effect on the
treatability of the compounds studied or on those formed. Opening
of the benzene ring could be important in biological treatment
since this action would overcome the stability associated with the
benzene ring. Desulfonation, however, converts these molecules

from non=~volatile organic lons to volatile organic molecules which,



~123~
as quinones, have lost the stébility of the benzene ring.

The fact that desulfonation » or removal of other substituent
groﬁps, will not occur in deaerated solutions would limit the loca-~
tion of an irradiator, in a sewage treatment facility, to an aeration
tank, where oxygen can be provided. Even though Figure 5-25
indicates a higher rate of ABS reduétion in deaerated solutions,
this rate probably results from the dimers not reacting with
methylene blue, The fact that oxygen is consumed so quickly
would affect the economics of the plant, since additional aeration
would reqguire larger physical and mechanical facilities. If irradi-
ation wére to be used as a wastewater treatment process, it would
be more economical to use a fission product such as cesium-137
Ja.s opposed to cobalt-60, In addition to beihg cheaper, since it is
a waste product, cesium=-137 has a longer half-life, 26,6 years,
as compared to the 5.2 year half-life of cobalt-60, This difference
would allow the material to remain in place for a much longer
period, probably for the life of the treatment plant.

Installation of the radioactive material on the bottom of
an aeration tank would have secveral advantages in addition to the
availability of oxygen. The nine to fifteen foot sewage depths
common to aeration tanks are sufficient to reduce the radiation
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intensities by factors of from 10 to 10°

conegidering the floox
of the tank as an infinite plane source. This attenuation would
protect the plant worker while absorbing essentially all of the

radiation. Also, the circulation set up by the diffused-air aera-

tors enables the entire system to come into close contact with the



~124-
radioactive source during detention in the tank. A further advantage
would be that the process is readily adaptable_' to existing treatment
facilities since no additional equipment is required.

If a ten~foot-deep tank contained a cesium-137 base having
a source strength of one curie per square foot, the sewage would
be absorbing a dose of approximateiy 4 X 1022 ev per liter per
minute, The dose per unit volume would be determined from the
detention time in the aerator,

Use of an irradiator in a water treatment plant could result
in a more economical operation. Fresh water initially contains a
higher oxygen concentration than does wastewater, and may even
be saturated. The treated water is usually placed in a reservoir

.- after treatment. This retention would allow the oxygen conccntra-
tion to return to its orxiginal level without the aid of artificial reaera-
tion. Another benefit that would accrue from the use of the irradia-
tor would be the bactericidal effects, discussed earlier. Usge of
radiation could reduce or eliminate the necessity of chlorination
since X-rays have been shown to be an effective means of reducing
a hacterial population.

The use of radiation might be further complicated by the
pPresence of bicarbonates and carbdnates, although not in the quan~
tities that are usually found in natural waters, Here a typical value
for bicarbonate concentration of about 120 mg/1 or 0,002M should
exhibit little effect during irradiation, However, this rhay- not be
the case in wastewater which may contain significant amounts of

industrial wastes, DBicarbonates and other ions which reé,(it with



~ 125+
free radicals could minimize the effectiveness of the ionizing radia-

tion, if present in high concentrations.

6-3 Areas for Further Study

A most interesting question, raised by this and similar
studies where oxygen concentrations have been measured, regards
the fate of the oxygen utilized during irradiation by what appears to
be direct, rather than indirect, degradation mechanisms. Utilizing

" stable isotopes of-Oxygen, it should be possible to determine if the =~
oxygen has been reduced to water and in what quantity this has
occurred, This question could be answered by distilling the water
after irradiation and then determining the concentration of the
heavier oxygen in the water using a mass spectrometer. ﬁistilla-
tion would de-gas the water while concentrating the salts. The
use of organics, tagged with radioactive carbon-14, would enable
the measurement of changes in solutes by measuring the radio-

- activity of an alkaline solution affer de-gassing an irradiated
sample into that solution. This method would indicate the amount
of carbon dioxide formed by the amount of radioactive carbonate
resulting from this procedure.

| Another interesting study would be an examination of the
degradation of okrga.nics and possibly bacterial populations in
natural waters, rather than in.the high purity distilled water
usually used., These results would indicate what protective effects,
if any, would be afforded to the bacteria and organic solutes by

the scavenging action of the salts present in natural waters,
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Since bicarbonates a.n-d carbonates are common to natural
\x}aters, a study of the radiation chemistry of these anions would
provide additional data as to the economic feasibility of radiation
as a means of providing a high degree of water treatment,

Finally, if equipment were available, the effect of dose
rate on degradation should be studiéd, since, in aqueous solutions,
higher rates of degradation are usually observed at lower dose
. rates. This type of study would provide the data required for
.optimizing the size of structures providing detention times for
water belng irradiated, since consiruciion and isotope costs must

be considered in this case,
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