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Abstract:

The radiolytic degradation of twenty-two polychlorinated biphenyl (PCB) congeners from eight
homologs, monochlorobiphenyl to octachlorobiphenyl, and complex Aroclor 1260 mixtures was
investigated in a variety of polar and nonpolar solvents using spent nuclear fuel as the gamma-ray
source. Degradation was found to occur for all of the congeners studied and is conveniently described
in terms of a pseudo-first-order rate constant expressed in terms of dose (J kg”-1) , rather than time,
and referred to as a dose constant. Dose constants were found to be dependent on the number and
substitution pattern of the chlorines in addition to the solvent used.

In polar isopropanol chlorine substitution in the para and meta position was found to increase the dose
constant while substitution in the ortho position decreases it. Dose constant trends were observed to
follow the energy level of the lowest unoccupied molecular orbital. Based on scavenging experiments,
the solvated electron was determined to be the primary reactive species responsible for PCB
degradation with some possible contribution from the a-hydroxyisopropanol radical. Previously
unreported degradation products consisting of isopropanol substituted PCBs are characterized.

The radiolytic degradation of PCBs in nonpolar isooctane, transformer oil, and hydraulic oil was also
investigated. Significant degradation was observed in each solvent studied at moderate absorbed dose.
Consistent with neutral isopropanol, scavenging studies also implicate the electron as the primary
reactive species responsible for PCB decomposition. However, surprising differences between the
radiolytic behavior of PCBs in polar isopropanol and nonpolar isooctane were discovered. PCB
degradation was found to be enhanced in isooctane relative to neutral isopropanol. Also, chlorine
number and substitution pattern influence degradation efficiency to a lesser extent in isooctane than in
isopropanol. Deviations in PCB degradation behavior between isooctane and isopropanol are
interpreted in terms of differences in electron behavior between the two solvents. The products of PCB
decomposition have not been fully characterized but appear to be in either a semivolatile or nonvolatile
form.
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ABSTRACT

' The radiolytic degradation of twenty-two
polychlorinated biphenyl (PCB) congeners from eight
homologs, monochlorobiphenyl to octachlorobiphenyl, and
complex Aroclor 1260 mixtures was investigated in a variety
of polar and nonpolar solvents using spent nuclear fuel as
the gamma-ray source. Degradation was found to occur for
all of the congeners studied and is conveniently described
in terms of a pseudo-first-order rate constant expressed in
terms of dose (J kg*), rather than time, and referred to as
a dose constant. Dose constants were found to be dependent
on the number and substitution pattern of the chlorines in
addition to the solvent used.

In polar isopropanol chlorine substitution in the para
and meta position was found to increase the dose constant
while substitution in the ortho position decreases it. Dose
constant trends were observed to follow the energy level of
the lowest unoccupied molecular orbital. Based on
scavenging experlments, the solvated electron was determined
to be the primary reactive species responsible for PCB
degradation with some possible contribution from the «-
hydroxyisopropanol radical. Previously unreported
degradation products consisting of isopropanol substituted
. PCBs are characterized.

The radiolytic degradation of PCBs in nonpolar
isooctane, transformer oil, and hydraulic oil was also
investigated. Significant degradation was observed in each
solvent studied at moderate absorbed dose. Consistent with
neutral isopropanol, scavenging studies also implicate the
electron as the primary reactive species responsible for PCB
decomposition. However, surprising differences between the
radiolytic behavior of PCBs in polar isopropanol and
nonpolar isooctane were discovered. PCB degradation was
found to be enhanced in isooctane relative to neutral
isopropanol. Also, chlorine number and substitution pattern
influence degradatlon efficiency to6 a lesser extent in
isooctane than in isopropanol. Deviations'in PCB
degradation behavior between isooctane and isopropanol are
interpreted in terms of differences in electron behavior
between the two solvents. The products of PCB decomp051tlon
have not been fully characterized but appear to be in elther
a semivolatile or nonvolatile form. :




INTRODUCTION

Polychlorinated biphenyls (PCBs) are a class of
compounds produced by the direct chlorinatioh of biphenyl
with anhydrous chlorine in the presence of iron filings or
ferric chloride as catalysts. PCBs have the empirical
formula C,,H,,.,Cl,(n=1-10) with 209 discrete congeners
possible (1). PCBs are physically and chemically stable and
exhibit many desirable propertieé such as iow vapor
pressure, low flammability, high heat capacity, low
electrical conductivity, resistance to oxidation, resistance
to acids, resistance to bases, and suitable viscosity-
temperature relationships. As a result, PCBs were found to
have a wide variety of uses in industry. In a 50-year.
period, approximately 1.4 billion pounds of PCBs were
produced and sold as heat transfer fluids, hydraulic fluids,
solvent extenders, plasticizers, flame retardants, organic
diluents, and dielectric fluids (2). Such widespread use
eventually resﬁlted in multiple releases into the
environment: Researchers as early as the mid-60s noted
spurious peaks in electron capture gas chromatograms of
environmental samples that could not be attfibuted to any
known chlorinated pesticides (3). In 1967, Widmark reported
mass spectrometric data that provided unaﬁbiguous proof‘ﬁhat

these contaminants were PCBs (4).
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It has now been established that PCBs do not readily
degrade in the environment and are ubiquitous environmental
pollutants occurring in most human and animal adipose
tissue, in milk, and in sediment. Thé‘pe:sistence of PCBs
in the environment, coupled with their apparent
toxicity (2), led to the paSSage of the-Toxic Substances
Control Act (TSCA) in 1976. This act:regulates the use and
disposal of.PCB—contaihing materials when the PCB
concentration is greater thén 50 parts per million (ppm).
Tremendous gquantities of PCB-contaminated solvents are
currently subject to the disposal requirements in the TSCA
(1)L Two cbmmonly contaminated solvents ére transformer and
hydraulic oil. For example, it is estimated that somewhere
between 300 and 600 million gallons of PCB-contaminated
transformer oil fall ﬁnder the disposal'requirements of TSCA
(5) .

Transformer oil is used in insulating the.coils of
transformers, both electrically and thermally. Transformer
oil is a generic term that encompasses two broad classes:
natural and synthetic. Natural transformer oil is a
. specially refined mineral oil derived from naphthenic base
crudes (5). The synthetic types are PCBs, gilicon oils, and
ester ligquids. The most commbn synthetic oils are neat PCBs
sold as complex mixtures knowh'as Arociors. Over 60

different congeners may be present_ih‘a single Aroclor mix.
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The major producer,‘Monsanto Corporation, maiketed PCBs
under the trade name Aroclor from 1930 to 1977 (1). -

The ﬁransformer 0il evaluated in this study is Aroclor
contaminated natural transformer oil. Aroclor contamination
of natural transformer oil typica}ly occurred because
natural transformer oil-filled transformers and PCB-filled
transfqrmefs were manufactured and repaired in a‘comﬁon 
facility. Contamination resulted when trace lévels‘of each
type'of’diéiectric found its way into the transformers of
the other type. PCB-contaminated hydraulic oil was alSo ‘
inVestigated. PCB formulations wére included in petroleum-
based hydraulic fluids and are most often contaminated with
Aroclor 1242 (1).‘

The current TSCA approved déstruction methods for'bﬁth
neat PCBs and PCB contaminated solvents”emploYs either high
temperature incineration or high efficiency boilers. High
temperature incineration, however, is costly. It is
estimated that to dispose of 55 gallonms (208;45 L) of
DCB-contaminated transformer oil ﬁsing high temperatu£é 
incineration would cost'approximately $500.00 (6). In
addition to the coSt, destruction of PCBs by incineration'is
meeting with increasing public bppoéitidﬁ.f.The public's
fear‘of incbmplete incineration and productionAof highly
toxic dibenzofurans and dioxans if the combustion
température is not held‘sufficiéntly high‘haé greatly

. ) ' . t
reduced the general acceptance of this technique. As a .
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result, the majority of the.utility industry are simply
storing their contaminated oil. |

Natura; transformer oil is a valuable product. Curreéent
production capacity is estimated to be limited to about 100
million gallons per year (5). Thus, based on the estimated
amount of PCB contaminated transformer oil in storage, three
to six years' worth of transformer oil is currently
regulated to be destroyed. As pointed out by Exner (5), if
the PCB fraction could be destroyed or removed, the
resulting PCB-free trénéformer‘oil could theoretidally be
placed back into service. 1In the case of PCB-contaminated
hydraulic oil, destroying the PCB fraction could provide a
minimum goal of allowing the fluid to be purned for heat.
Of obvious need is a solvent-based process that selectiVely
degrades the PCBs, thus aliowing the solvent to be recycled.

Significant effort has been directed at the development
of solvent-based destruction techniques (7-21). 1In addition
to recycling, solvent-based destruction techniques have
several other advantages over incineration. Liquid phase
chemical reactions are generally more easily controlled than
gas phase reactions such as_combustion (5). Therefore, the
destruction conditions can be mére easily‘duplicated,
resulting in greater reliability. Also, liquid phase
processes tend to have only small amounts of gaseoﬁs and
particulate emissions. Finally, for hazardous\waste

generators, liquid phase destruction holds the possibility
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of onsite treatment:. This would give the generaﬁor greater
control ovef the processing and handling of its own wasté.'
It would also eliminate the need for and cost of shipping
the waste to a fixed incinerator. |

- Thé difficulty in désigning a‘solvent;based destruction
process is that PCBs are very unreactive. About the.only
class of chemical reactions known to occur in thé condensed
phase at low temperatures are electron‘transfer-processés
which generally result in dissociation‘of chloride frqm the_‘
biphenyl ring (5). Because the biologicai hazard of-PCBs
increases with the number of chiorines on the biphényl ring
(2), dechlorination reduces the toxicity of a PCB mixture.
The final product from stepwise dechlorination would be -
biphenyl, which’TSCA‘does not inclﬁde when‘determiningjthe/
PCB concentration of a PCB-contaminated solvent (5) .
Therefore, to decontaminate a PCB solution, it is not
necessary to break the biphenyl ring._’Although currently
not a TSCA approved treatment method, dechlorination could
be an alternative to incineration.‘ |
| For electron transfer to occur, a suitable source of
electrons is needed. Eléctron donors which have been used
in dechlorinating PCBs are typically anion radicals or
solvated electrons. These donors can be generatéd by a
variety of‘methods,‘includiné sodium metal, ozonation,
photolysis,~and‘radiolysis. The only solveht-baéed method

that has been used on an industrial scale is sodium metal
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dechlorination. This technique has been used‘by Goodyeafl
Tire and Rubber to dechlorinate hydraulic oils‘contaminated
with PCBs in the 100 to 150 ppm range‘(5). In the process
used by -Goodyear, a deep green reacti?e complex'of
naphthalene and sodium in tetrahYdrofuran was prepared.
This mixture created naphthalene anion radicals which
reacted with the PCBs through charge transfér; A number of
variations of this ﬁrocess exist, but all are based on
metallic sodium as the initiator. A sﬁmmary of these
methods can be found in reference 5.

Gémma—ray radiolysis, the method investigated in this .
thesis, generates both solvated electrqns and anion‘radicals
and offers many advantages over other solvent-based
processes. Spinks (7) points out that radiolysis offers the
possibility of a purer product, since contamination from
incomplete removal of catalysts is not a problem. Compared -
to reactiohs initiatéd by UV light,. ionizing radiation has
the advantage of greater penetrating‘powef so that a more
uniform reaction takes place in a 1ar§er volume of reactant.
Radiation-induced reactions can also be carried out at
relatively low temperatures, resulting in lower energy cost,
less thermal‘damage té the system, and reduced danger of‘
fire or explosion (7). Acceptable destruction can be
assured by irradiating, sampling to‘éetermine if the PCB
concenfration_is at an-acceptablé level,'and, if needed,'

irradiating again.
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A number -of - studies have explored radiolysis as a
'method Cababie of‘dechlorinafing'PCBs‘and othér
organochlorine materials (8-22). The mechénism by which the
dechiorination occurred was found to be dependent on both
the nature of the target chlorinated species and the sol&ent
'system employed. in géheral, the radiolytic_degradatioh of
PCBs, as well as other halogenated material (14-16), has
been conducted in deéreated alkaline isopropanol solutions
with cobalt-60 as the gamma—ray*source (10—12). The choice
of gémma—rays is due to the need for a moré‘penetréting
source than alpha or beta sources.

In deareated‘élkaline isopropanol, the fadiolytic
dechldrination occurs via a chain reaction. The foliowing
key reactions have been‘prdposed (8);

v

2 (CH,),CHOH + y - (CH,),CHOH' + e,,, + (CH,),CHOH' (1)
(CH,),CHOH'. - (CH),COH  + H C(2)

Reactions (1), (2), and (3) show the major products
when isopropanol is subjected to high energy gamma-rays. In
the presenée of alkali, the isopropanol rad%pal undergoes

ionic dissociation to .produce the acetone radical anion:

(CH,),C0H + OH -  (CH),t0- + KO @
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This acetone radical anion reacts with the PCBs (RCln),
through charge transfer, resulting in the loss of chloride

anion.
(cH,), 00 + RC1, - (CH),CO + 'RCl,, +CI1- (5)

The PCB radical formed upon charge transfer abstracts a

hydrogen from the solvent, thus propagating the chain

reaction:
‘RC1,, + '(CH,),CHOH - (CH,),COH + HRCL,, (6)
This mechanism is discussed in detail in Singh (11). 1In

summary, the work done in alkalinelisoprppanol has
established the foilowing (11) :

1) chain dechlorination of PCBs;

2) stoichiometric equivalence of the production of
chloride, acetone, and biphenyl,.and the loss of
alkali;

‘3) inhibition of the dechlbrination by acetone,
oxygen, and nitrobenzene;

4) stepwise dechlorination of the PCB.

In neutral isopropanbl materials such as CCl, (17), DDT

(18) and hexachloroethane (19) were found to undergo |
efficient radiolytic dechlorination via a chain reaction.‘
involving the a-hydroxyisopropanol radical (CH,) ,COH,
whereas, for the‘PCBs, the radiolytic dechlorination in -

neutral isoprépanol has been observed to be.less efficient,
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with conflicting‘reports'on the identity bf‘the reactive
species responsible for iniﬁiating the dechlorinatién-(B,le
11) . Possibilities include the «a-hydroxyisopropanol
radical, hydrogen atom,‘positive ion, and solvated electron.

‘Even though a demonstrated need for the direct
dechlorinatibh of PCBs in oils e#ists; an exhaustive search
of the literature reveals only one study in transformer oil
(23) and‘no radiolysis studies in hydraﬁlic_oil. Webber |
(23) examined the radiolytic decomposition of
air-equilibrated Aroclof 1260 in transfbrmer oil and
concluded that even‘at'an‘absorbedvdose‘of,1540‘kGy there
was no evidence that dechlorination had taken place. This
conclusion was based on the absence of chloride ion in the
irradiated solution. However, radiolytic degradation of
PCBs has been demonstréted to occur‘iniﬁonpolar cyclohexane
and pétroleum ether (24,25), but no effort was madé'to
determine the reactive agent respbnsible. In addition, mass
balance information was incomplete.

In a previous study, members of my research group
demonstrated that radiolYtic degradétiOn of ?CBS~CCCurs in
neutral aerated isopropanol using spént nuclear fuel as the
gammé—ray source (8). ‘Howeﬁer, the identity of the reactive
agent or agents was unknown and the mass balance was
incomplete. . Knowledge‘bf these‘variables‘will haﬁe
important'imblications in terms of a.PCB'treatment'prOCeSs.‘ )

As a result, additional studies were undertaken in
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isopropanol'with the bbjectiﬁe of fully characterizing the
reactive species responsible for the observed‘PCB
degradation, the influence of chlorine substitution pattern
on degradation efficiency, and providing a complete mass
balance. It was believed that determining these paraméters
in isopropanol would facilitate the successful application
of this process to nonpolar solvents. If it could
successfully be demonstrated that radiolytic degradation.of
PCBs in hydraulid oil and transformer‘oil ié possible, the
potentiél benefits are significant. The majority of -
PCB-contaminated waste is present in these solvents.
Moreover, because of the penetrating ability of gamma-rays,
in situ destruction of PCBs in selected applications may.be
‘possible.

Thus, using the knowledge gained in isopropanol,
radiolytic studies were performed on a‘variety of individual
PCB congeners and Aroclor 1260 in isoocténe; hydraulic oil,
and transformer oil. Selectéd scavenging agents will be
used to identify the major reactive agent responsible fér
'the dechlorination of PCBs in the different solvent systems.
GC/MS experiménts and radiolabelied PCB compounds have been
used in an attempt to identify all of the degradation
products produced. Accurate determination of the
degradation products is of obvioué importance. Although
there are many similarities, surprising diffefences Were

discovered between the two solvents and are illustrated.
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Choosing a radiation source depends upon the state énd

size of the material to be irradiated. Because of its
penetrating ability, gamma radiation is generally chosen for
ligquid or solid samples. Spent nucleer fuel is an excellent
source of gamma-rays with an average kinetic energy of

- approximately 700 keV, and it was chosen as our irrédiation

source. To my knowledge, this is the first time spent

nuclear fuel has been used in this capacity. The use‘of
spent nuclear fuel represents a potential cost effective
source, since fuel canals are currently maintained ét many
locations around the world. This fuel, produced as a
by-product of reactor operations, does not require .
manufacturing of energy investment.' Only minof engineering
changes are needed to access the gamma-rays fer use. Many
utility companies that have significant quantities-of PCB
contaminated oils also have spent nuclear fuel that, as this
report will demonstrate, could be used‘in destroying‘PCBs.

This could convert what is now considered a major

liability--spent fuel--into an asset. - A
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THEORY

The basic physical process in radiation chemistry is
the transfer of electromagnetic energy to the electrons of
the system under study. The electromagnetic energy transfer
in radiolysis is fundamentally different than the more
familiar electromagnetic energy transfer that occurs in
photochemistry and therefore warrants a brief review.

In photochemistry, low energy qﬁanta of liéht are
absorbed in a resonance process that nearly always pertains
_to‘the solute molecules. During high eneréy——often 10%eV
quanti,lm‘1 or greater——gamma irradiation of organic liquids,‘
a nonselective absorption of radiation takes place because
the energies used are well in excess of the bond energies of
molecules. As a result, the radiation interacts with nearly
all bound electrons, irrespective of the atoms to which the
electrons belong'(ZO), As gamma-rays pass through liquid,
ions and excited molecules (which may be singlet, triplet,
or superexcited states) are formed (7). Energy deposition
is not uniform. Energy is deposited in highly localized
regions called spurs, which are about 5 nm in diameter and
from several to thousands of nanometers apart (7)m ‘The
concentration of free radicals and‘ions within the spurs is
fairly high. It has been estimated to be on the order of

10" mol L* (20). The majority of the ions and radicals
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formed undergo geminate recombination prior té‘spur.
expansion. Conductivity experiments (20) have shown that_
iny approximately 3% of the iQn‘pairs produced escape‘the
spur to become homogeneously distributed, |

The fraction of-energy absorbed by any one compohént is
roughly proportioﬁal to its concentration (mass fraction or
electron fraction). Therefore, in a dilute solution the
primary interactioﬁ will be the absorptioh‘of radiation by
the solQent. In contrast is photochemiétry, where a solﬁteg
at a low concentration may still absbrb 100% of the total
light apsérbed by the system. With high-energy radiation
the direct action of the radiation on the solute is
relatively unimportant (7). The degradation of the soluﬁe
results from the reactive intérmediateS‘produced by the |
interaction of the radiation with the solvent. Thermal
degradation of the solute does ﬁot occur because little
tempefature change occurs when a liquid is irradiated.
Spinks (7), for example, estimated the temperature rise of

an expanded spur in water to be 1°C above ambient.

Degradation Efficiency --- G Value

The figure of merit typically used when describing the
chemical effects froﬁ‘high-energy radiatién is the G value.
The G value‘relates,the‘radiation chemical yield to the
absorbed dose. Absorbed dose is the amount of enefgy

absorbed per unit mass of irradiated material (the SI unit
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is J kg? or gray (Gy); a more familiar unit is the rad
(1 rad = 0.01 Gy)). The G value‘has been arbitrarily chosen
to représent the number of molecules changed (starting
material Y changed G(-Y) or product X formed G(X)) fdr-each
100 eV absorbed (7). |

G values were originally used in the radiolysis étudies
of neat solvents and have been a useful and convenient
method‘to-quantitatively describe bothfmolecular products
and free ions. However, G values can often be‘misleading‘
when used in remediation studies because they are frequently
concentration dependent. Authors are frequently ambiguous
about stating the felationship between concentration and G
value. This can lead to difficulty when interpreting
results from différént investigators. 1In addition, a
variety of methods have been used to calculate G values.
Some researchers look for a linear portion of a product dose
curve and calculate the G value from that portion. Others
simply evaluate the unirradiated point and the first
irradiated data poiht to determine a G"value. The resulting .
degradation or product formation is then given as Gipitia: -
However, as the irradiation continues, product degradation
or formation often slows. This is hot reflected in a‘Gm“u;
value.

G values in our study were calculated using a Ginsesal
approach. Knowihg the G value does allow us to compare our

results with those obtained by others. However, the G value
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ingour.SYStem has limitations in use. @G values Were found
to be conceﬁtratidn dependent, which puts them at a
disadvantage when used to compare the results of one study
against another where analyte conéentrations may vary. For
example, a 38 mg.L‘1 solution of octachlorobiphenyl in
isopropanol decomposes with Gi.ipia= —0.033 molecules 100 eVv?
while a 150 mg L octachlorobiphenyl solution in
isopropanol gives a Giuiian = -0.144 moleCules 100 er.
Thus, if one is attempting to determine the effect bf a'
scavenging agent on destruction efficiency, the initial
concentrations would need to be equal or the G values
obtained would be difficult to inﬁerpret. Therefdre, a more
uniform method for describing radiolytically induced

degradation was sought.
Dose Congtants

A method was found that was independent of the initial
PCB concentration and thus more versatile. This méthod,
first published by our lab (9,22), adopted the use of a new
figure of merit which is referred to as a dose constant.
Determinatidn of the dose constant is based on the fact that
first order kinetics have been observed in these studies.
This is shown in Figure 1 for 2,2',3,3',5,5',6,6'
octachlorobiphenyl (Bz 200) where octachlo:obiphehYl-
concentration is plotted against absorbed dose. Exponential

decrease in octachlorobiphenyl concentration is observed
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with increasing dose. All of the congeners studied.
exhibited this kinetic behavior in the concentration rénge
used.l A discussion of possible'reésons why first order
kinetics are observed is given in the Results and Discussion
section.’

Calculatién of the dose‘constént‘is performed,by-taking
the slope of the line obtained from the plot of ﬁhe‘natural
logarithm Qf PCB concentration'versué dose, -as shéwn‘in
Figure 2. The slope of this line is a first order rate
constant but with the units of dose™. Just‘as a first
order rate constant is independent of éonCentration, the
dose constant‘is also independent of'concentratiOn-aﬁd thus
proved to be more versatile than the traditional G value.
For the éxample given where the G value varied with
octachlorobiphenyl concentration, both solutiqns decomposed
with a dose constant\of 0.024 = Q.OOl-kGy*. Use of the |
dose‘constant has allowed us ﬁo‘evalﬁate changes and trends
in degradation efficiency for indiVidual PCB.coﬁgéners‘ |

previously unreported.
Modeling

Given the fact that the disappearance of PCB congeners.
obeys first order kinetics, degradation modeling éan be
accomplished assuming homogeneous kinetics and using a dose

constant, d, in place of a rate constant. For example, the
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E.150

ABSORBED DOSE (kGy)

Figure 1. Change iIn 2,27,3,37,5,5",6,6" octachlorobiphenyl
(Bz 200) concentration versus absorbed dose. A
steady decrease in Bz 200 concentration with
increasing dose i1s observed. Note the half-life
dependency on Bz 200 in relation to absorbed dose.
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NATURAL LOGARITHM
BZ 200 CONCENTRATION

20 40 60 80 100
ABSORBED DOSE (kGy)

Figure 2. Plot of the natural logarithm of Bz 200
concentration and absorbed dose. The slope of the
line provides the dose constant. The correlation
coefficient for the above line was 0.996.
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disappearance of octachlorobiphenyl is_desoribed in

differential form as:
-d(8CB) /d (dose) =d, (8CB) ‘ : (7).

where (8CB) is the concentratlon of octachloroblphenyl at
‘the current total absorbed dose and dB is the dose constant
with units of reciprocal dose. Slnce the decomposltlon\of
octachlorobiphenyl is the only source of tne varions_
‘heptachlorobipheny1S'(7CB), and assuming heptachlorobiphenyl
decomposes essentially as does octaohlorobiphenyl, the
‘appearance and subsequent disappearance of |

heptachlorobiphenyl can‘be‘described as:
d(7CB/d(dose) = d,(8CB) - &,(7CB) - (8)

where d, and d, need not have the same value. The form of
this relatlonshlp would also apply to the lower chlorinated
homologs, hexachlorobiphenyl to chloroblphenyl
For purposes of graphing the above equatlons, these

dlfferentlals can be approximated w1th a suff1c1ently small
dose increment A{(dose) on going from step (i-1) to step (i)
to give | )

(8CB), = (8CB),.. - 4,(8CB),,A(dose) (9)

for the destruction of octachlorobiphenyl and

(7CB), = (7CB).. + d,(8CB),,A(dose) - & (7CB),.A(dose)  (10)
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for heptachlorobiphenyl. The same type of reasoning is then
applied to the rest of the 1ower‘chlorinated hemolegs. In
these experiments, the initial concentration of all lower
homologs is assumed to be zero.

The above.model may then be used to predict the
concentretion of any homolog during‘the course of an
irradiation. The predicted pattern of less chlorinated
homolog growth and destruction is similar to that measufed
in an irradiated sample, as shown in Figures 3a and 3b.
Figure 3b depicts a 190 mg L* octachlorobiphenyl solution
in isopropanol irradiated to approximately 100 kGy with
spent fuel while Figure 3a shows the predicted growth and
destruction based on the kinetic model given. - The agreement
is reasonably good for the first several homologs, after
which the model begins to break down.

Several possibie reasons exist for this divergence.

The number of different congeners capable'of being produced
is surprising. Starting with 2,2',3,3',4,5',6,6'
octachlorobiphenyl, five‘unique heptachlorobiphenyl
congeners theoretically could be produced. The number of
hexachlorobiphenyl congeners that can be produced from the
above heptachlorobiphenyl congeners would be 25. This trend
Qreatly complicates modeling. For accurate modeling, each
dose constant fer each congener would need te be known.

Therefore, the best that can be done is an estimation.
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Figure 3. a. The predicted pattern using the Kkinetic model
as described in the text. b. The experimentally
determined degradation of octachlorobiphenyl as
well as the growth of less chlorinated PCB
homologs as a function of absorbed dose. PCB
homologs are labeled as follows: (@ octa-;

() hepta-; (©) hexa-; () penta-; and
(e tetrachlorobiphenyl.
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Measured congener concentration is another potential
source of error. Accurately gquantifying the variety of
congeners produced is difficult. For . guantitative
determiﬁation, each congener's mass spectrometric response
factor must be known. This would require the use of a
chromatographic system capable of separating all 209
congeners; however, standards for all 209 congeners are not
readily available. Additionally, the model does not include
the effect of the formation'of PCB solvent adducts which‘ére
produéed during the irradiation. Identification of the PCB
adducts and their impact on mass balance is discussed in
detail in Results and Discussion. .

The model can be used to estimate the approximate‘dose
needed to reduce a given sample to below 50 mg L*--the U.S.
EPA regulatory limit. For example, if a similar kinetic
model analysis is performed starting with 190 mg L™
tetrachlorobiphenyl with a dose constant of 0.024 kGy™, the
model predicts that 219 kGy would be required to reduce the
overall PCB concentration to below 50-mg’L*. " Starting with
tetrachlorgbiphenyl is a more realistic case, since most.
real world PCB samples do not contain significant
concentrations of highly chlorinated congeners. A similar
énalysis could be done for a commercial Aroclor mixture. If
the starting concentration is known, the beginning homplog
concentrations could be calculated using published'rélative

abundances of the homologs in an Aroclor mixture. These
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- concentrations could then be used with the model to
determine the approximate dose‘reQuiréd to achieve a

concentration below the regulatory limit.

PCB-
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EXPERIMENTAL SECTION

Trradiations

A . .
Samples were gamma-ray irradiated using spent nuclear

fuel at the Advanced Test Reactor at the Idaho National
Engineering Laboratory. - Depleted fuel elements from the
‘reactdr are stored vertically ih‘grids which are under
approximately 6.5 meters of water. The fuel eléments are
then used to surround a dry'tube‘thét extends from the
surface of the water‘into the grid. A diagram of the grid
and dry tube in position is shown in Figure 4. Samples and
dosimetry are placed in a sample capsule (Figure 5) that is
placed in the dry tube and inserted into the spent fuel -
pool. This fuel, produced.as a byproduct of nuclear
operations, is an excellenﬁ source of‘gamma—rayslwith an
average energy of 700 keV.' With this fuel, a ddsé rate of
approximately 25.6 kGy hr™ is achievable. Proper
positioning of the fuel elements around‘the dry tube‘aliOW
for the selection of various dose rates. The dose rate can
vary from 25.0 to 7.5 kGy hr™ depending upon the.age‘and‘
position of the fuel.“BecauSe few neutrons are presént,lno
neutron activation of the samples occurs. Thus, the sampleé-'

were radiologically clean following gamma-ray exposﬁre.
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Figure 4. Advanced Test Reactor (ATR) gamma irradiation dry

tube.

O-Ring

Threaded Cap

Crimp-on cap

Septum
7 cm
" Stainless steel
irradiation capsule
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2 . (]
Sample vial (glass) -
Vo Rubber pad
3.2cm

Figure 5. Irradiation vessel used iIn this

study.
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For quantitative studies in radiation éhemistry the
amount of energy transferred from the gamma-rays to the
absorbing material, the absorbed dose, needs'to be known.
The chemical changes observed are generally proportional to
the amount of energy transferred from the radiation to the
absorbing material (7). Absorbed doses were measured using
FWT-60 radiachromic dye dosimeters (Far West Technology,
Goleta, CA). The FWT—GO dosimeters are nylon films
(50 pm x 1 cm’) impregnated with the colorless cyanide
derivative hexahydroxyethylaminotriphenylnitrile (26). When
this compound is exposed to ionizing radiation, it undergoes
a color change as the cyanide groﬁp is cleaved by a gamma-
ray producing a colored dye cation. The color change is
measured with an'bptical density reader and is directly
proportional td the amount of radiation absorbed. The
dosimeters used to establish a calibration curve were
calibrated with a 10,000-Ci cobalt-60 source with a known
dose rate of 3.633 kGy hr*.

The absorbed dose that a dosimeter receives is easily
measured. However, does this absorbed dose acCurately‘
reflect the absorbed dose received by the sample? The dose
abéorbed by the dosimeter may be used tb estimate the dose
absorbed by a sample by correcting the measured dose with
the mass energy absorption coefficients of the absorbing
material, averaged over the estimated photon energies (7).

The problem is that many of the mass energy absorption
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coefficients are not known and have to be estimated based
upon elemental compositions. Both regularly changing
solvents and the constantly changing‘gamma—ray dose rate of
decaying fuel make estimating the absorbed'dose‘the_sample
receives compiex. |

These problems can be minimized by surrounding the
dosimeter with solvent so that the electron equilibrium
associated with the sample is also seen by the ‘dosimeter
(27). If the nylon dosimeters used in this study are placed
in 2-propanol or oil, the cyanide derivative is leached from
the film, rendering the dosiﬁeter useless. To achieVe an
equivalent electron equilibrium, the dosimeters were
sandwiched between layers of lucite and placed into the
sample irradiation capsule. ILucite has approkimately the
same carbon/hydrogen)oxygen ratio as typical organic
solvents and therefore hes similar mass energy absorption
coefficients. Thus, the dosimeter.experiencee irradiation
conditions similar to the sample, and the absorbed doses

reported should closely reflect those actually received.
Analvtical Measurements and Reagent

,Polychlorinated bipheﬁyl congener measurements were
performed using a Hewlett;Packafd 5995 Gas
Chroﬁatograph/Mass Spectrometer fGC/MS) operated in the
électron impact‘mode. A db5-625, 30m column (J&W Scientific)

was used with a helium carrier gas at a flow of 2 mL min™.
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Samples were injected onte the coluﬁn at an initial
temperature of 80°C, held one minute, ramped at a rate of
30°C per minute to 169°C, and then ramped 3°C per minute to
310°C. '

To assure the integrity of the'qnantitative'datai-
generated,‘strict quality contrbifmeasuree were followed.
The quality control measures ueed were based on'theiU;S.
Environmenfal Protection Agency's Method 680: Determination
of Pesticides and PCBs in Water and Soil/Sediment by Gas
Chromatography/Mass Spectrometry. A five-point calibration
curve, typically bracketing the PCB‘concentration under |
study, containing eight PCB isomers (chlorobiphenyl through
octachlorobiphenyl) was constructed using each isomer's
calculated response facter. Response factors (RF) are
calculated as follows: RF = A, Q;, / A;, O, where A, ie the
integrated abundance of the Quantitation ion (pypicaily the
most abundant ion'in the mass spectra) for each PCBL‘
congener. Aﬁ‘is the-integrated‘abundance for m/z 188, the
“quantitation ion used for the internal standard
phenanthrene-d,,. Q. is the injected gquantity of_
phenanthrene-d,, and Q, is the injected quantity of the PCB
congener. | |

To be considered as e valid calibration Curve, the
percent relative standard deviation Qf the fesponSe factors
over the five calibration points Was’required‘to be less

than 20%. Prior to sample analysis, the calibration curve
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was verified on a daily basis by analyzing the midpoint
calibration standard. A percent difference'of less than 20,
between the average response factor for the initial |
calibration and the midpoint standard, was. required before
samples were quantitatively analyzed. The internal standard
was added to the sample following‘irfadiation and was used-
in the calculation of the response factor. It was also used
to evaluate potential changes in detector responsée or
injection anomalies during analysis.

Aroclor 1260 samples in transformer and hydraulic oil
were analyzed using a Hewlett-Packard 5890 Series II Gas
Chromatograph with electron capture detection. A DB-1701,
30 m column was used with a carrier flow of 7.5 mL min™ and .
a 5% argon methéne ﬁakeup gas at 45 mL‘min4¥- A one to ten
dilution was performed on the éamples‘prior to analysis.
Injections were madg using a 7673 Hewlett-Packard automatic
sampler onto the column at an initial temperature of 60°C,
ramped at a rate of 10.0°C min™* to 180°C, héld 6.00
minutes, and then ramped at 5°C min™ to a final temperature
of 250°C. Free chloride ion produced in the. irradiated
samples was measured by ion chromatography using a .
Dionex.2010i ion chromatograph and a AS4A separator column
with conductivity detection. Irradiated alcohol samples
were diluted by a factor of 10 with 18 M ohm water and
injected directly onto the column. The chlgride ion was

then eluted with a 0.002 M sodium carbonate/0.00075 M sodium
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bicarbonate eluent at a rate of 2 mL per minute and a
pressure of 1000 psi. A suppressor column eluted with
0.025 M sulfuric acid was used to minimiée contributionaof
the carbonate/bicarbonate eluent conductivity to the‘sample
signal. The chloride ion eluted at a retention time of
about 1.6 minutes, free of interferences.

Carbon-14 measurements were made using a model 2250CA
Packard Tricarb liquid scintillation counter and Ecolume
scintillation cocktail. Using calibration standards
purchased from Amersham International (ﬁ.K.), the counting
efficiency was determined to be 43% for the carbon-14 beta,
whieh has an endpoint energy of 156 keV; A carbon-14
labelled tetrachlorobiphenyl was purchased-from Sigma
Chemicals (St. Louis, MO, USA) and was labelled in all 12
positions. The radio-PCB was diluted with stable
tetrachlorobiphenyl carrier (Ultra Scientific) and
isopropanol and was irradiated in the same manner as the
other experiments in this study. Following irradiation, the"
liguid was counted for carbon-14 and cempared to the
original unirradiated solution.

Polychlorinated biphenyl solutions were purchased from
Ultra Scientific and were greater than 99% pure. Reagent
grade solvents were used as received. When discussing PCB
congeners in this report, the use of the full chemical name
was found to be cumbrous. As a result, the numbering system

proposed by Ballschmiter (28) has been adopted. The exact
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chemical composition and Ballschmiter number (Bz) for each

PCB congener used in this study are given in Table 3.
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RESULTS AND DISCUSSION

This chapter is divided into two sections. The first
contains the radiolytic studies that were conducted in polar o f
solvents, while the second section describes,the radiolytic

studies conducted in nonpolar solvents.

Radiolysis of PCBs in Polar Solvents
General Radiolytic Characterization | ‘ }

The initial aspect of this study involved further

characterizing the radiolysis of PCBs in neutral aerated

isopropanol with spent nuclear fuel. Individual‘cbngeners
rather than complex Aroclor mixtures weré ﬁsed in order to
facilitate the characterization process. The highly
chlorinated congener 2,2',3,3',4,5',6,6'-octachlorobiphenyl,
or Bz 200, was the congener origiﬁally chosen for study as a
"worst case" candidate. Aerated solutions were chosen to
minimize sample preparation. 'Inja process sitgation it is
generally desirable to limit the number'dfvadditives and
steps required to aéhieve‘a desiréd result. |

When Bz 200 was ifradiated with spent fuel to doses bf
10-100 kGy, significant degradation occurred. Figure 1, a
plot of Bz 200 in neutral aerated 2-propanol versus absorbed

dose, shows a steady decrease in Bz 200 concentration with
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increasing dose. Concurrent with the destruction of Bz 200
is the growth and destruction of less chlorinated homologs
(Figure 3b curves a,b,c,d, and e). This pattern is typical
for all of the congeners studied. The rise iIn free chloride
(Figure 6) occurs simultaneously to the production of less

chlorinated PCBs.

a 20-r

20 40 60 80 100
ABSORBED DOSE (kGy)

Figure 6. Simultaneous to the production of less chlorinated
PCBs i1s the increase iIn free chloride
concentration.
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Meghanistig Studies

Conflicting reports exist concerning the identity of
the reactive agent responsible for PCB dechlorination in
neutrai aerated isopropanol (8,10—11).‘ Possibilities
iﬁclude the isopropanol radical, hydrogen atom, positive ion-

and the solvated electron. 'Sawai‘and.Shinozaki (10)

concluded that solvated electrons_were not impertant‘in the
radiolytic'deeﬁlorination of,PCBs:in-neutral iSopropanol,‘
based on the observation that neitherO2 or‘HJL impacted-the
'decomposition efficiency. In the pfesence of oxygen or
hydrogen peroxide, solvated electrons were expeeted to be
scavenged. The difficulty in identifying the reactive
species responsible for PCB dechlorination in neutral
isopropanoi may be a result of thesdifficulties in,
interpreting the scavenging experiments. It could also
reflect potential differences in'the_dechlorination

mechanism. As a result, experiments were undertaken to

definitively identify the reactive species. ; 'j‘f}
Direct Gamma-ray Interaction "' : | R

Could the observed degradation be the result of direct
gamma-ray interaction with the PCBs themselves? Direct
action can be easily discounted. If direct action were
solely responsible for the observed destruction, the maximum

obtainable G value would be 0.0021, based on the mass
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fraction of 1 mL of a 50 mg L* solution of
octachlorobiphenyl in isopropanol.

Mass of solvent:
1 ml % 0.785g/mL = 0.785 g
Mass bf octachlorobiphenyl:
50 mg/L * 10L - 0.050 mg = 5.0 x 10° g

The fréction‘of gamma-rays absorbed by any oné component is
deﬁendent\upon its mass fraction. Assuming a bond strength
of 3.05 eV bond*, each 106 eV of abéorbed energy could
break up to 32.7 bonds. Thereforé, the maximum obtainable G

value would be:
5 x 107°/0.785 * 32.7 = 0.0021

However, measufed G valués were approximately 0.1, which is
approximately two orders -of magnitude larger than the
calculated maximum G value. This estimate deﬁonstraﬁes that
direct action is insﬁfficient‘to expiain the observed
destruction. It further illustrates thaﬁ the majority of
the gamma-ray energy is depositedkto the solvent; therefore,
the PCB degradation observed must be initiated from a

species formed upon radiolysis of the solvent.
Re ive S ies

Radiolysis produces a wide variety of reactive species

that may be involved in the observed dechlorination. Of
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main concern are those species that escape from the tracks
and spurs to become free radicals. The radiolysis chemistry
of 2-propanol has been well documeﬁted (29). The primary
reactive species that escape from the spurs in 2-propanol
are positive ions, hydrogen atoms, solvated electrons, and
the a-hydroxyisopropanol radical (29). Based on experimental
yields and theoretical considerations, Ffeeman and Russell
(29) estimated the free ion yields, expressed in terms of G
valués, to be 0.8 for the hydrogen atom and 2-propanol
radical and 1.2 for the solvated electron and positive ions.
It is at least conceivable that any of these may be involved
in the dechlorination of Bz 200. With the addition of a
judiciously chosen solute--a scavenger--that reacts rapidly
with a partiéular reactive speqies the identification of
" that reactive agents role in the radiation-induced mechanism
should be possible (30). Each reactive specie will be
addressed and the evidence for or against its participation

in degrading PCBs is presented.

Scavenging Experiments . .

Table 1 shows the effects of various scavenging agents
on the dose constant for Bz 2@0 when added to a 160 ppm
solution of Bz 200 in 2-propanol. The dose constant was
unchanged with the addition of benzene and‘cyclopropane,
while nitrobenzene reduced the dose constant by
approximately half. Addition of 1.6 M carbon tetrachloride

eliminated degradation completelyj while sparging with SF,
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Table 1. Dose Constant Obtained for Bz 200 in Isopropanol
Under Various Conditions of Irradiations using

Spent Fuel.
Dose Constant (kGy™). = Condition
0.024 + 0.002 unadulterated
0.025 + 0.005 Cyclopropane Sparged
0.023 + 0.005 160 mg L' Benzene
0.013 + 0.004 - 160 mg L'* Nitrobenzene-
No destruction 1.6 M CC1, :

0.005 + 0.002 . SF, Sparged .

reduced the dose constant apprbximately 95%. Interpretation
of these results in relation to the reactive species present

is given below.

Pogitive Tons

It has been observed that certain solutes are capable
of reacting with positive ions (31). However, the addition
‘of cyclopropane produces a set of very unreactive positive'
ions (31); When a solution of Qctachlorobiphenyl wés
sparged with éyclopropané, no reduction in the dose constant
was obtained. Therefore, positive—ion PCB reactibns, if
they occur, do not appear to be reSponsibie for the

degradation observed.

Bydrogen Radical

The hydrogen atom has a standard reduction potential of
-2.3 V (30) and readily reduces inorganic ions having a more
positive reduction potential. With this relatively large

reduction potential (just slightly lpwer than a solvated

~
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electron), one can envision the hydrogen atom participating
in a generalized dechlorination process-shoWn-in

equation 11.
H  + RCL, - H* + Cl° + 'RC1,, (11)

Scavenging experiments can be utilized to determine
whether the H- is participating in the reduction of Bz 200.
This is demonstrated by its second-order rate constants with

nitrobenzene and benzene (30).
H + CHNO, - CHNO, k = 1.7 x 10° L mol-?s™ (12)
H + CH, - CH k = 1.0-x 10° L, molis™ (13)

The rate constant for nitrobenzene scavenging the hydrogen
atom is 70% greater than benzene. ‘With nitrobenzene present

the dose constant was reduced about 43%, which could suggest

"that H' may have been 1nvolved

However, the chemlstry of the hydrogen atom can be
somewhat surprising. This can be illustrated by observing
the difference between a hydrogen atom and the solvated

electron reacting with chloroacetic acid (egs. 14 & 15).
H + ClCH,CO,H -> CHC1CO,H + H, (14)
e + CICH,COH -  CHCICO,H + CL- (15)

@Given the above behavior, it is probable that the hydrogen
~atom in our system is abstracting a hydrogen from the

solvent rather than reducing Bz 200. Confirmation of this
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is given by the work performed by Simid and Neta (32).
Simic and NetaJreported‘thatehydrogen atoms react rapidly
with 2—prepanol to form the alpha hydroxyisopropanol radical

shown in equation 16.
H- + (CH,),CHOH - H, + (CH,),COH (16)

Given this, the hydrogen atom's contribution to PCB

decomposition in relatively dilute solutions is negligible.
Solvated Electron

With a standard reduction potential:of‘-2.9 v, the
solvated electron reacts very'fapidly with compounds having
a larger reduetion potential (30). Its mode of reaction may
be represented as'a one-electron transfer process. The
solvated electron behaves as a nucleephile with organic
molecules. Its reactivity is greatly enhanced by the
preeence of eleetren-withdrawing substituents‘attached to
aeratid-rings (30), which is exactly_the case with PCBs.
Besed on scavenging experiments, Ehe.solvated electron
appears ;o.be the major”reactive3speciee‘respohsible for the
observed‘deChlorination. This is demOnStrated by observing
the second-order rate constants for behzene and nitrobenzene

with a solvated electron (30).
CH + e -~ (CH)" k = 9.0 x 10° I, mollsg™? (17)

C.HNO, + e -» (CHNO,)" k = 3.7 x 10*° L mols™ (18)
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There is a four orders of magnitude difference in the rate
constant for benzene and nitrobenzéne with the solvated.
electron. With a rate constént of 3.7 x iO”, a‘significant-
fraction of the electrons are expected to be scavenged by
nitrobenzene when present with Bz 200, éssuming the rate
constant for‘Ez 200 is similar to nitrobenzene. The
assump;ion that Bz 200 captures electrons at a rate similar
tdxnithbenzene is based upon the raﬁe‘CQHStaﬁts obServéd
with other chlorinated organics (16)."With nitrobenzéhe‘
competing with Bz 200 for the available‘electrohs, the ddse
constant is reduced by hélf. This resﬁlt‘is consistent with
nitrobenzene and Bz 200 having approxima#ely the same rate
constant, since the concentratién‘of nitrobenzene and Bz 200
are approximately equal. In the case of Bz 200 with benzene
as the additive, no change in the dose constant wés
observed. This is what one would.expect if Bz 200 captures
electrons significantly faster than beniene.

Cafboﬁ tetrach1oride is‘knoﬁnité capture eleétroné”very

rapidly, as shown in reaction 19 (30).
cCl, + e - ccl, + Cl° 1.3 x 10% (19)

When carbon tetrachloride is édded at 1.6 M, no PCB
decompqsition reaction is observed. With carbon
tetrachloride present at 1.6 M and Bz 200 at 160 ppm, a four
6rders Ofimagnitude difference exists in the concentrations.
With such‘a‘large concentration difference,-one can assumé

that ail of the electrons produced are scavenged by the
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carbon tetrachloride. With no solwvated eiectrons available

for Bz 200 no reaction would be expected.

f

Isopropanol Radical

As mentioned in the Introduction, reaction 20 is known

to occur.
(CH,),(0H + CClL, - (CH,),CO + HCL + &C1, (20)

Could a similar reaction occur for PCBs? Nitrobenzene has a
fast rate of reaction with the alpha hydroxy isopropanol
yadical,‘z x 10°, (37) and the dose donStagt was reduced by
the presence‘of.nitrobenzene. The reaction rate‘for this
alcohol radical with benzene is unknown. Therefore, the
benzene-nitrobenzene experiment is insufficient to permit a
choice between the solvated electron and the alcohol radical
as the primary agent responsible for PCB decdmposition.
Since the above scavenging experiments were inconclusive,
experimehts were performed with sulfur‘hexafluoride and

nitrous oxide.

Sulpur Hexafluoride

Sulfur hexafluoride is knowﬁ to have ajhigh rate of
reaction with electrons and is thought to be unreactive
toward the isopropanol radical. Johnson and Salmon observed
that the rate that nitrobenzene reacted with the methanol
radical (produced by the radiolysis of methanol) was five

orders of magnitude greater than that of»Sulfur‘hexafluoride 
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with the methanol radical (38). Assuming-a similér trend in
isopropanol, the‘rate of reaction of‘sulfur hexafluoride
with the alcohol radical should bé negligible. Irradiation
of sulfur hexafluoride-sparged solutions showed a réduction
of the dose constant by approkimately 95%. fThis indicates
ﬁhat the solvated eiectrOn is primarily‘responSible for the
observed dechlorination. However, dechlorinatidn is.still
observed in the absence of solvatéd‘eiectrohs and is thought
- to occur either by the alcohol radical oriffom the-PCBs
sucéeséfully cbmpeting with sulfur héxafluoride for the
solvated eiectrons. An expgriment to‘ekamine‘alcohoi
radical participation in the decomposition'mechanism was

desgired.

Nitrous Oxide Sparging

The role of the alcohol radicals was investigated
further by the addition of nitrous oxide to the radiolysis
mixture. With nitrous oxide, the following‘reaction

sequence is proposed to occur (39) during the‘radiolysis of _

2-propanol:
N0 + €u - N, + O k=9.1x 10° L mols™® (21)
O + (CH,),CHOH - OH + (CH,),C0H . - (22)

The nitrous oxide reacts with solvated electrons, converting
' them into the oxygen radicals. The oxygen radical then

reacts with the solvent, creating hydroxide and the
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reacts with the solvent, cfeating hydroxide and the
corresponding solvent radical. When nitrous oxide was
sparged into samplés containing Bz 200, the dose constant
was suppressed by a factor of 2 from 0.024 to 0.011 kGy™.
This result may be interpreted in two ways. In the absence
of splvated electrons, the alcohol radical may cause
reductive dechlorination of the PCBs by electron transfer.
If this is the case, in our system it occurs on a limited
basis as compared to that seen by Radlowski and Sherman
(17). The low G values obtained iﬁdicate‘that the alcohol
radical does not participate in a chain réacﬁiOn.

Another explanation is that‘the:PCBs are able to
compete with nitrous oxide for the available solvated
electrons. In an attempt to resolve this issue, the nitrous
oxide scavenging experiments were repeated in t-butanol.

The radicals formed by t-buﬁanol radiolysis are generally
considered to be inert toward reductive dehalogenation (39).
When this was done the dose constant waS‘réduced by a factor
of two as observed in 2-propanol. This further indicates
that solvated electrons are primarily responsible for PCB

degradation.
Effect of Dielectri nstant on the Dose nstant

A significant amount of data exists on the variation
of free ion yield, production of an electron and a positive
ion with the static dielectric constant in the radiolysis of

liquids (33,34,35). Of the parameters that influence the




44
process of free ion-pair formation in irradiated liquids,
the static dielectric constant appears to be of primary
importance (36). The influence of dielectric constant on
the dose constant obtained for Bz 200 and the free ion yield

for three alcoholic solvents is shown in Table 2.

Table 2. Dose Constant - kGy* for Bz 200, Free Ion Yield-G@
(e"), and Dielectric Constant as a Function of

Solvent.
Solvent kGy™* o G(e) Dielectric Constant
2-propanol  0.024 + 0.002 1.2 18.3
ethanol 0.080 + 0.004 1.7 24.3
methanol 0.108 + 0.006 2.0 32.6

" The above dose constants ére in gualitative agreement with
the production of solvated electrons. Given the above
information, as well as the scavenging'experiments, it is
reasonablé to suggest that the solvated electron is a major

reactive species in the observed dechlorination process.

Oxygen Sparging

The finding that the solvated electron is the principal
agent of radiolytic PCB destruction suggeéts that in the
absence of oxygen, a known free radical sca?enger, the
decomposition rate may be higher. 1In alkaline conditions
the presence of oxygen eliminated the chain reaction.

Oxygen was thought to accept the electron from the acetone

anion but not transfer it to PCBs. Because of this, the
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majority of the radiolysis studies ha&e been~performed in
deaerated solutions (15). When Bz 202 was sparged with
oxygen in our system, the dose constant was indeed
suppressed by approximately 25%, from 0.019 ;”0.002 kGy™*
to 0.014 + 0.001 kGy*. These results indicate that high
concentrations of oxygen~do suppress the‘decomposition of
PCBs in isopropanol, probably by electron capturé.‘

When solutions of Bz 200 Were irradiated in nitrogen
sparged, neutral isopropanol no observable change in the
dose constant occurréd, given the uncertainties at the 90%
confidence interval. The dose constant obtained was 0.024 =+
0.006. In air-equilibrated Solutions the dose constant'was‘
0.024 + 0.002. Similarly, the nitrogen sparged Bz 202
samﬁle decomposed with a dose constant of 0.021 +
0.003 kGy?*, and the unsparged Bz 202 saﬁple‘decomposed Withi.
a dose constant of 0.019 + 0.002 kGy'. - These resuits mayi . ,
be due to the‘possibility-of eleétroq‘transfer, When 0,
éaptures an electroﬁ to becomé 0,”, it may react with PCBs
through charge transfer at a lowér rate. The guperoxide . ;
ion is suspected to dehalogénate chlorinated benzenes (40);‘.
Although the lifetime of the superoxide in aicoholic
- solvents is unknown, it is probably quite shqrt and its
contribution to PCB degradation is probably limited,

Another explanation for these results is the
possibility that the dissolved oxygen is deﬁleted in the
.early stages of irradiation. It isiknown that appfdiimately ""ﬁf

1 kGy is required to consume dissolved okYgen completely in ‘-”-;'gjﬁ
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aqueous solution, after which solvated electrons are free to
participate in other reactions (7). This is coﬁsistent with
the experimental results we obtained. Our deétructibn
curves appeared to include an induction period--that is, the
second data point appeared to be slightly higher than what
would have béeh predicted.‘ The'remaining points'then follow:

exponential decay.

Partial Mechanism

Based on the scavenging results obtéined, a partial
" mechanism can now be proposed in ﬁeutral aerated
isopropanol. Radiolysis of the alcohol proceeds as
previously described in reactions (1-3) yielding isopropanol
rédicals, solvated electrons, and hydfogen'atoms. The
hydrogen atoms react rapidly with the alpha hydrogen: of the
solvent, reaction 16, yielding H, and additionél isopropanol
radicals. | |

Starting with octachlorobipﬁenyl, représented as 8CB,
the solvated electrons react with PCBs to producé free

chloride and a heptachlorobiphenyl radical.
8CB + e - “7CB + Cl° (23)

The'heptachlorobiphenyl radical created stabilizes by
abstracting a hydrogen from thé solvent, producing

heptachlorobiphenyl (7CB).

‘7CB  + (CH,),CHOH - - H7CB + (CH,),COH (24)
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Both heptachlorobiphenyl and free chloride ion are measured
products. Heptachlorobiphenyl then captures an electron and
produces the hexachiorobiphenyl radical, which can then
repeat the process. This process could repeat until
biphenyl is reached.

| Reductive'dechlorination by the ashyaroxyisopropénol
radical is ah‘additidnal‘pathway Which‘is.consistent with

the observed dechlorination.
8CB + (CH,),COH - "7CB  + (CH,),CO + HC1 (25)

If reaction 24 is slow, then with the existence of PCB
radicals -and isopropanol radicals one might expect radical-.
radical recombination to occur, resulting in an iSOpropanol—

PCB adduct as shown in reaction 26.
7CB + (CH,),C0H - 7CB[ (CH,) ,COH] ‘ (26)

Isopropanol-PCB adducts have been observed indicating that
reaction 26 is occurring. The identification of adducts as
well as their contribution~to the overall méSé balance 1is
discussed in detail in the Mass Balanée.section. A more
complete discussion of the mechanism and the 6bserved
kinetics is given in the section entit;ed‘Reactién Mechanism

" and Kinetics.
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Chlorine Substitution Pattern and Dose Constant

To determing how chlorine number and chlorine posiﬁion
affect radioly;ic.degradatién; 25 individual PCB congeners
were irradiated. Not all PCB congeners fbundxin an Aroclor
mixture exhibit the same biologicai and toxic aétivity.
Congeners that are non-ortho substituted and are substituted
in both para‘positions and at least tWo meta positions are
the most_biochémically active, as well as the . most toxic
(2) . Congeners that meet the above requireménts are the
planar or co-planar PCBs and were included in the 25
- congeners studied. The rédiolytic degradation efficiency or
dose“cohstants for thése 25 cdngeners afe'reborted in'

Table 3. If dose constant is plotted against‘Chlorine
number, as shown in Figure 7, a general incfease in the dose
constant is observed as the number of chlorine atoms on the
molecule increases. Within a homolog‘series, as shown in
Figure 7, considerable variability existé,.demonstrating
that the positions of the chlorine atoﬁs also have a
significant impact on_thé observed dose constant. For
example, if the dose constants obtéined for the
hexachlorobiphehyl congeners are evaluated, it can be seen
that the dose constant for Bz 169 is over 2.5 times larger
than that obtained-for Bz 155. Careful,reQiew of Table 3
shows that those compounds found to have the largest dose

constants for their respective homologs are para/meta
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*

= biochemically wmost active.
confidence level and were calculated according to Noggle (53).

The uncertainties shown in Table 3 are

Table 3. Ballschmiter Numbers, Observed Dose Constants (kGy™*), and Structure of PCBs
" Bz _ (kGyﬂ)'in‘ Bz ' (kGy™*) in
No. Structure Isopropanol  Type No. Structure Isopropanol Type
Monochiéiobiphenyl 7 'Pentachiorobiphenyl
1 2 . 0.006 + 0.001 M 101 2,2',4,5,5" 0.014 + 0.002 D
2 3 ’ , 0.003 + 0.002 118 2,3',4,4',5 0.015 + 0.002 M
3 4 ' 0.008 +.0.002 ;26 3.3',4,4',5 0.028 + 0.003 b*
chhloroblphenyl : Hexachlorobiphenyl
4 2,2" ' 0.009 £ 0.001 D 155 2,2',4,4',6,6 0.014 + 0.002 T
6 2,3 ' 0.007 £ 0.002 M 167 2,3',4,4',5,5 0.025 + 0.002 M
11 3,3' 0.005 £ 0.001. 169 3,3',4,4',5,5 0.036 + 0.004 b*
Trichlorobiphenyl' o _ : Heptachlorobiphenyl
33 2‘,3,4 T 0.010 + 0.003 M 183 2,2',3,4,4',5',6 0.019 + 0.002 Tr
35 3,3',4 0.017 + 0.001
: Tetrachloroblphenyl Octachlorobiphenyl
47 2,2',4,4" 0.009 + 0.002 D - 1% 2,2',3,3',4,4';5,5'" 0.025 + 0.002 D
54 2,2',6,6' 0.008 + 0.001 T 200 2,2',3,3',4,5',6,6 0.024 + 0.002 T
60 2,3,4,4" 0.009 + 0.001 M 202 2,2 ;3,3',5,5',6,6 0.019 + 0.002 T
70 2,3',4',5 0.015 % 0.003 M 7
77 3,3',4,4" 0.019 + 0.002 P - Decachlorobiphenyl : _
81 3,4,4',5 0.018 + 0.004 P 209 C ' 0.042 + 0.007
P = planaf, M - mono-ortho, D = di-ortho, Tr - tri—Ortﬁo, T - tetra-ortho.

at the 90%

0s
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substituted only. It appears that chlorine substitution in
the ortho position decreases the dose constant.

Based on the scavenging results, PCB degradafion was
proposed to occur by a reductive electron capture process.
It is well known that, upon electron capture, the captured

‘electron resides in the lowest unoccupied molecular orbital
(LUMO)‘(41). Thus,‘a correlation between the observed dose
constants and the énergy level or availability of the LUMO
may exist. LUMO energies for all 209 PCB congeners have
been estimated by Greaves (42—43) using a semiempirical
general molecular orbital program referred to as MOPAC (the
data generated by Greaves was based on in vacuo conditions
and at 0 K). When the dése constants are plotted against
LUMO energy, as shown in Figure 8, a strong correlation
exists. Further inspection of Figure 8 reveals that a
decrease in the‘energy level of the LUMO'correspondé to an
increase in'the dose constant.

A more complete understanding of the trends showh in..
Figure 7 is now possible by considering the energy of the
PCB LUMOs. Calculations performed by Greaves (42)‘showed a
general decrease in the energy of the LUMO with increasiﬁg -
chlorine content. Organic compounds with positive‘electron
affinities possess conjugated bonds (41) which lead to a
relatively low-lying LUMO. The presence of electron
withdrawing groups such as chlorine lead to additional
lowering of the LUMO.:  Thus, as the number of chlorines .

increases, a concomitant increase in the electron affinity




52

12 — _ _
194 .
169 + 209 I
1 167 S 126
1. o
118 81 (p
0.8 A 183
g>13, . 6 Oe 70 2 N
. 101** *35
a
BD: 0.6- . 155
W
= - }1 47
33
o 0.4~
=
D 2 6**3
- . e
0.2
< <
1#
O i |ommmmmmmm s — e -

0.01 0.02 0.03 0.04 0.05

DOSE CONSTANT (kG y'1)

Figure 8. Calculated LUMO energy versus observed dose
constants. Ballschmiter numbers are also given.



53
(or lowéring of the LUMO) results and is reflected
experimentally in the form of a larger dose constant.

Congeners that are para/meta substituted only, or the
'planar PCBs, were observed to have the largest dose constant
within their respective hémolog series as shown in Table 3.
.Calculated,;UMO‘energy was also found to be lowest for the
'ﬁlanarrcongenerS-withih a hoﬁolog seriés (42). In the
planar configuration, conjugation can extend between the two
phenyl rings resulting in an increase in electron affinity
and thus the dose constant.

Chlorine substitution in the ortho position was found
to decrease the dose constant. PCB congeners that contain
ortho chlorine substituents are restricted from free
rotation about the central phenyl-phenyl bond, and the
planar configuration cannot be easily adopted. This ortho
. effect can be explained by observing the twist angles
between the biphenyl ringé as a function of the number of
ortho chlorines. The twist angle measured in degrees
between phenyl rings has been calculated (42). With no
- ortho chlorine atom the calculated twiét angle was
approximately 41°. With the addition of one ortho chlorine
the angle was increased to 56°. Successive additions of
ortho chlorine atoms increased bond angles to 76°, 86°, and
87° for two, three, and four chlorine atoms, respectively.
Using MOPAC calculations (42), the LUMO was the orbital
whose energy was most affected by increasing the number of

ortho chlorine atoms. As a general rule, shown in Table 3,
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incréasihg_thé number of ortho substituents did decrease the
observed dose constants. |

GiVen‘ﬁhe above considerations, an unexpecfed'result
was obﬁained &hen the dose constants were compared to LUMO
eneréy fof‘di and mono substituted congeners. A reversal of
this ortho effect appears to have occurred when PCB
congeﬁers contain two;chlorine atoms or less. Oftho
Substituted'monqchlofobipheny1 and dichlorobiphenyl
congeners did not have ﬁhe lowést'dose constapt,for their
respective homologs. Refereﬁce to Table 3 shows that the
dose‘constant obtained for the ortho—substituted congeners.
were highef.than.for meta—sﬁbstituted congeners. Consistent
with other.ortho-substituted congeners, calculated LUMO
énergies‘are higher than for‘meta—substituted COnQeners.
\This would have predicted‘a reversal in the observed dose
constants. It is currently not understood why this occurs,
but this trend has also been observed in the gas phase
électron capture responses by mono- and dichlorobiphenyls.
The relative gléctron Capture response has been determined
empirically;fOr a'variety'of PCB congenérs in the gas phase
(2) by'measuring the response‘of individual PCB congeners in
an electron capture detector. Table 4 gives: the variation‘
in the relative molar electroﬁ capture response observeé for
individuallPCB congeners‘and their relative dose constants.
The trend is qualitatively the same. Consistent with our
dose‘constants,‘ortho—SubStituted congeners reSPOnded better

in an ECD than meta-substituted congeners.
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Table 4. Relative PCB Response in an Electron Capture
Detector and Dose Constant.

Chlorobiphenyl ' Relative Response

Electron Capture Dose Constant
2- a 1.0 ' 1.0
3- o ‘ 0.20 0.5
a- 1.10 1.3
3,3'- o o 6.1 0.83
1.5

2,2'- ‘ 5.16

Toxicity and Dose ConStant

As reportedsby De Voogt et_all (44), the adverse
effects of PCBs, particularly the planar PCBs, on wildlife
have been documented for 20 years. Some of the more common
biological effects, typically eXpressed in terrestrial |
animals, include hepatic damage, dermal disorders,
‘reproductive toxicity, body Weight loss, and teratogenicity
(45-46) . Dembnstrating that these toxic planar PCBs are
susceptible torradielytic degradation‘is of obvious |
importance. PCB congeners 77, 81, 126, and 169 are the so-
called planar or co-planar PCBs. It has been estimated that
the planar PCBs, taken in conjunction with the trace levels
of polychlorodibenzo—p—dioxins aﬁd polychlorodibenzdfuraas
.typically present, accoant for most of the observed toxicity
of commercial Aroclor mixtures (44).
| As mentioned, planaerCBs each exhibit the largest dose

~. constant for their respective.homolog series. In terms of a
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treatment pfocess, these high dose ¢onstants for planar PCBs
are fortunate. Less dose is needed to-achieve significant
levels of destruction. For example, the dose needed to
reduce a given congener concentration in half is réadily

calculated using the relationship:
‘dose = 0.693 / dose constant (27)

Planar pentachlorobiphenyl Bz 126 has a dose constant of
0.028 kGy*, while ortho-substituted pentachlorobiphenyl
Bz 101 has a dose constant of 0.014 kGy™. The dose needed
to reduce the conéentration of these congeners in half would

be 24.75 kGy for Bz 126 and for Bz 101 exactly twice that
dose, or 49.5 kGy.

Many of the mono-ortho substituted PCBs and some of the
di-ortho substitﬁted PCBs exhibit biochemical activities
comparable to that of the planar congeners: (44).

- Destruction of these compounds is also possible. Dose
constants for mono—oftho congeners are, as a rule, slightly
higher than di-ortho PCBs but lower than méta- and para-
substituted céngeners. “Although the dqsé constants are
lowest for PCBs With three chlorines or less, these
congeners are unable to meet thé basic requirements for a
toxic, planar‘molecuie: non-ortho substituted and
substituted.in both para positions and in at least two meta

 positions. ‘It should be pointed out that Bz 118, a mono-
ortho congener, is the most widely measured congéner in the

environment that can adoptran almost planar structure (44).




57
Its dose constant is also high, belng only slightly lower

than that of Bz 126
Mass Balance Studi

In'any tfeatment[process, identifylnj the degradation
products is essential. Exhaustive studies were undertaken
to determine the degradation products produced and to
proﬁide an aceurate'carbon and ehlorine mass balance. The
expected products, assuming dissociative‘electron capture,

: would_be‘less;chlorlnated homolegs and free chloride ion.

As amply demenetrated; in fact, these products are |
observed. Figure 9.shows an‘electron‘impact (EI) total ion
chromatogram for a solution of BZ 200, labeled OCB, in
neutral 2- propanol after receiving a 120 kGy dose. The
envelope of peéaks hav1ngtretent10n times shorter than Bz 200
.are due to less ehlorinated congenere ranging from |
heptachloroblphenyl to trlchloroblphenyl The peaks having
a retentlon tlme larger than that of Bz 200 are due to the
~presence of a series of solvent-altered PCB congeners.
.Solvent altered congeners were also observed for congeners
containing six, five, four, three, and two chlorines. These
PCB-solvent adducts were idéntified by a combination of mass -

' spectrometric measurements and derivatization techniques.
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PCB SOLVENT ADDUCTS

Time (Mmin)

Electron impact total i1on chromatogram for a
solution initially containing Bz 200 (OCB) after
receiving a dose of 120 kGy. Peaks are labelled
to indicate the level of chlorination on the
biphenyl ring. Peaks with retention times longer
than Bz 200 are solvent altered congeners. The
mass spectrum for the adduct identified with the
arrow is given in Figure 10.
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Adduct Tdentification

The generalized structure of this PCB-solvent adduct is
shown as an insert in Figure 10. \This conclusion was baeed
in part by the mass spectra obtained (Figure 10).[
Inspection of Figure 10 reveals the two major ffagment ions:
m/z 59 and an isotopic cluster starting at:m/z 435;443. Low
ien intensity‘is observed for massesucorresponding to the
moleculer ion where a weak molecular,cluster at m/z 450—458
was observed. This spectrum is consistent with the proposed
structure.‘ Confirmation that the isopropanol group is-
attached to the biphenyl ring via the alpha carbon as shown _
in Figure 10 was verified by chemical derivatization with
N,O—,bis(Trimethylsilyl)acetimide (BSA). An aliquot of
irradiated sample was blown dry and then reconstituted in
pyridinew A small amount of BSA was added and refluxed
for 10 minutes. BSA converts free alcoholﬂgroups to their
corresponding ﬁrimethylsilyl\(TMS)"denivatives. ~ Figure 11
shows a partial‘mass spectrum of_the'compound shown in o
fiéure 10 after derivatization. " The formation of the TMS
derivative is confirmed by the presence of the isotopic
cluster starting at m/z 507 which corresponds to the loss of
a methyl group from the TMS derivative. TMS derivatives
were observed for all of the adducts identified.

If a mass balance ie performed on Figure 9} not all of
the beginning carbon and chlorine cen be accounted for as

free chloride, less chlorinated homologs and PCB solvent
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adducts. Approximately 60% of the beginning carbon and
chlorine can be accounted for as.either less chlorinated
homologs or as. free chloride. Accurate quantitation of the
observed PCB adduéts is not currently possible because of

- the lack of standards. However, if typical response factors
obtained from the PCBs themselves ére used, it has been
eétimated that the adducts could aécount'for no more than

10% of the missing carbon or chlorine.

Missing Carbon and Chloride Mass

Mass balance results for 19 PCB congeners when 50%
percent of thé original'méterial has been destroyed appears
to vary from congener to congener.- An‘excellent‘example of
this variability is demonstrated by PCB 3 and PCBvl, both
monochlorobiphenyl congeners. The percgntagevof-carboh and
chlorine recovered is.shown‘inﬁTéble 5. Approximately:QS%‘
of the carbop‘and chlorine is recovered as residual parent .
PCB, biphenyl, or free chloridérﬁor Bz 3, while |
approximately eighty percent_can be reéovered for Bz 1. The
amount of recoverable mass does not appear to felated
directly to absorbed dose but appears to be a function of
the individual chemistry of each congener. The majority of
the percent recoveries for carbon and chlorine afe wiﬁhin _
one to five percentage points‘df each other. This is an
indication that the unidentified material contains both the

carbon and the chlorine.
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TMS derivatized mass spectrum of Figure 10.
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Table 5. Carbon and Chlorine Mass Balance when Fifty’
Percent of the Beginning Material is Destroyed.
Also Presented is the Dose Needed to Achieve Fifty
Percent Destruction.

o o o o

Bz Dose Carbon Chlor. Bz Dose Carbon Chlor.
No. kGy™* Rec. Rec. No. kGy™* Rec. Rec.
Monochlorobiphenyl : Pentachlorobiphenyl

1 115.5 88 80 101 49.5 96" 100 -

2 231.0 101 118 46 .2 95 98

3 . 86.6 - 99 95 126 24 .8 88 80
Dichlorobiphenyl

4 77.0 111 . Hexachlorobiphenyl

6 99.0 111 91 155 49.5 93 - 95
Trichlorobiphenyl 167 27.7 95 93
33 69.3 94 90 169 19.3 93 92
35 40.8 106 99 :
Tetrachlorobiphenyl Heptachlorobiphenyl

54 86.6 84 89 183 36.5 97 101
60 77.0 100 96 _

77 36.5 83 81 Octachlorobiphenyl

81 38.5 - 80 81 194 27.7 82 92

Carbon 14 Labeled Tetrachlorobiphenyl

For those congeneré which had the poorest recovery of
starting material, a variety of mass spectrometric
techniques such as GC/MS and LC/MS in positive and negative
chemical ioniiation modes were used to search for the
missing mass. Volatile, semivolatile, and nonvolatiie
fractions were each evaluated in an unsuccessful attempt to
identify the missing mass. Finally, a carbon-14 labeled
tetrachlorobiphenyl congener Bz 47 was irradiated.
Following a series of absorbed doses with a maximum of

149 kGy, 100% of the activity was determined to be in the
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bulk irradiéted solutioh. This is in contrast.to what'was‘
found usingvmaés spectrometric techniques where only 78% of
the original‘material could bé identified as originaliparent .
Material, less chlorinatéd congeners, PCB?sélvent adducté;‘
and biphenyl. 'The idéntity of the missing mass is unknoWn;‘
and its detection may be hindered by the fact that products:
ﬁhich are many steps down a chain of reactions are often
present in very small concentrations; ‘"To further define the
fraction in which the carbon-14 labelled product resides, an
aliquot was distilled at 93°C. No activity was removéd-at
that température. Thus, the unidentified material appears
to be in a semivolatile or nonvolatile‘fraction,yet to be
identified. Since the experiments using carbon-14 suggest
that the degradation products could be present in the
semivolatile fraction, samples were analyzed by EPA Method
8270 for semivolatile analytes. No EPA regulated 8270
compognds, such as chlorinated benzenes, Were identified.
While this is negative evidence, it is significant in that
the degradation products formed are not EPA regulated
compounds. Also, it should Be pointed out that no evidence
of chlorinated dioxans or dibenzofurans was found. Based on
the results that we have obtained, the mostAlikely,location"
of the missing mass is in solvent based adducts which have |
not yet‘been identified. This was confirmed by eliminating

the adducts. This work is discussed below.
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Adduct Elimination

With the addition of 160 mg L™* nitrobenzene to a
160 mg L* solution of octachlorobiphenyl adduct formation
was eliminated as shown in Figure 12. Figure 12 contains
extracted ion‘chromatogram‘for‘mass-59 for Bz 200, Bz 200
with benzene, and Bz 200 with nitrobenzene after receiving a
dose Of 60 kGy. Mass 59 is a common fragment ion for all of
the PCB,adducts.observed_. As can be seen, a significant:
fraction of adducts are present in the solutions of Bz 200
and Bz 200 with benzene. However, with the addition of
nitrobenzene, mass 59 is eliminated, indicating the absence
of PCB solvent adducts. ‘In the absence of adducts, carbon
and chlorine mass balance is sigﬁificantly improved. When
70% . of the octachlorobiphenyl was destroyed in the presence
of nitrobenzene, approximately‘97% of the beginning carbon
and chloride was identified as"octachlprobiphenyl, less
chlorinatéd congeners, and free thoride. In the absence of
nitrobenzene,)when 70% of the beginnihg octachlorobiphenyl
was destroyed, only 72% of the beginning carbon and chloride

could be identified.

Biphenyl

The final product from the stepwise dechlorination of
polychlorinated biphenyls would be biphenyl. Shown in
”Figure 13 is a graph showing the production of biphenyl as a

function of chlorine loss from 4—éhlorobiphenyl. Biphenyl
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Figure 12. Extracted i1on chromatogram for m/z 59 a

common i1on for all of the adducts under three
conditions. The top extracted ion
chromatogram (EIC) 1i1s for a solution of Bz
200 while the middle EIC is Bz 200 and
benzene and the bottom EIC is Bz 200 and
nitrobenzene. Note the abundance scale.
Adducts are eliminated in the presence of
nitrobenzene.
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Figure 13 Production of biphenyl from 4-chlorobiphenyl.
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itself was irrédiated and its_concentration was measured as
a function of dose (Figure 14). As shown, there was no
change in biphenyl concentration. Biphenyl is particularly
resistant to radiation_damage and haé been suggested for use
in nuclear reactors as a coolant (7).

It is not necessary to break the biphenyl ring (3) in
order to chemically destroy PCBs. In fact, biphenyl is not
régulated by TSCA and is not included in the guantification
of a PCB sample. This is fortunate because cleavage of the
aromatic biphenyl requires a high energy of activation that
can be accomplished most readily uéing some form of

combustion (5).

PCB Degradation in Nonpolar Solvents

Three nonpolér solvents were studied, tranSformer oil,
hydraulic oil and isooctane. Isooctane is more amenable to
mass spectrométric analysis than transformer and'hydrauiic
oil, which require'extensivevgleanup to remove high
molecular weight hydrocarbons from the PCB elution window.
Thus, the majority .of this work was performéd in isooctane,
ﬁhiCh greatly facilitated mass spectrometric identification
of the degradation prodﬁcts. Significant differences
befween the radiolytic behavior of PCBs in nonpolar
isooctane and polar 2-propanol were discovered and are

illustrated.
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Figure 14. Concentration of biphenyl as a function of
absorbed dose.
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PCB Radiolysis in Isooctane

Figure 15 shows a plot of Bz 200 in isooctane as a
function of absorbed dose. As‘shown,‘the oc¢tachlorobiphenyl
concentration steadily decreases with increasing dose. The
degradation of octachlorobiphenyl is accompanied by the
simultaneous growth énd destruction of heﬁta, hexa, penté,
tétra, tri, and dichlorobiphenyl, as shown in Figure 16. At
the max1mum absorbed dose in Figure 16, negligible amounts
of monochlorobiphenyl and biphenyl were observed. This
degradation pattern was observed with all of the congeners
studied in isooctane; transformer oil, and hydraulic oil,
and is similar to that obtained in isopropanol (22). In an
attempt to understand the radiolytic dechlorination
mechanism in these solvents, sdavenging experiments were
undertakén. However, before discussing these results, the
use of the dose constant as measure of degradation needs to
be reexamined. The dose constant in isooctane was found to

be concentration dependent.

Determination of Degradation Efficiency

In isooctane individual congener degfadation exhibits
apparent first-order kinetics analogous to what was observed
in isopropanol. In contrast to isopropanol, the dose
constant in isboctane was observed to vary with initial PCB
¢oncentration. This phenomenon was investigated further by

preparing a series Bz 155 solutions at approximately 1800,
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Figure 15. Observed destruction from the irradiation of
BZ 200 in isooctane. Note the exponential
decay of Bz 200 in relation to absorbed dose.
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Figure 16. Degradation products produced from Bz 200.

Curves a-e correspond to hepta-, hexa-,
penta-, tetra-, tri-, and dichlorobiphenyl,
respectively.
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750, 250 and 125 mg L'*. Other factors, such as dose rate
or solvent pﬁrity, could result in varyihg dose constants.
Therefore, to ensure that the variation in dose constant was
due solely to differences in PCB concentrations, the above
samples were prepared with the same solvent and irradiated
at the same dose rate. The results oflthis study are shown
in Figure 17. A concentration dependence is clearly shown,
which complicates the comparison of congeners under various
conditions. A discussion of the concentration dependence
-and dose constant is given on page 95.

The use of Gi,i.:.x values does not provide any
significant improvement over the use 6f dose constants. For
Ginitiar vaiues, the dose each samble receivés should be
idehtical because, as shown, degradation is exponential with‘
absorbed dose. Using spent nuclear fuel with its |
constantly changing dose rate led to poor reproducibility
in delivering precise amounts of dose. G values are also
concentration dependent where increasing solute
concentration increases the G value.

Despite its concentration dependence, the dose constant
was ultimately chosen as our figure of merit because it
eliminated the precise dose requirements necessary for use
with the G vaiue. However, to allow for‘congener
degradation comparison, the beginning PCB concentrations was

kept approximately equal.
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Figure 17. Beginning PCB concentration versus the dose
constants obtained.
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Reactive Species

- The yield and identity of the radicals produced when
hydrocarbons are irradiated has been studied extensively
(31,38,47) . The major radicals produced are hydrogen atoms,
various alkane radicals, positive ions, and solvated
‘electrons (38). It is known that the total free ion yield
varies little with increasing chain length (38). Thus, the
radicals discussed above should predominate in transformer
0il, hydraulic oil,.end isooctane‘with approximately the
same free ion yield;‘ It is‘conceivable that‘any.of the
above reactive agents could.be'respensible_for_PCB
degradation. Deternining tne.reactive_agent responsible
should be possible by the‘addition of judicionely.chesen

scavenging agents..
Scavenging Experiments

The effect various scavenging agents have on the dose
constants obtained for Bz 1 and 200 in iéoectane is shown in
Table 6. The data are expressed as relative values with the
scavenger free congener having been assigned a value Qf one.
Normalizing the doSe constants allows for. easy comparison of
scavenging agent effects. The addition of nitrobenzene
‘significantly reduced,the degradation of Bz 200 and Bz 1,
while benzene.had no effect. Nitrobenzene has a diffusion
controlled rete ofvreaction with agqueous electrons, while

. benzene has a reaction rate with agueous electrons that is

.
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Table 6. Relative Destruction for a 250 mg L' Solution of
Bz 1 and Bz 200 in Isooctane With and Without the
Addition of Radical Scavengers.

PCB Bz# Relative Destruction Raté . Condition
200 1 ‘ No additive
200 1 ) 400 mg L' Benzene
200 0.18 | 400:mg'L? Nitrobenzene
200 0.052 » SF, Sparged
200 0.72 Cyclopropane Sparged
1 1 ‘ ' 'No additive
1 1 | - 400 mg L' Benzene
1 0.19 , 400 mg L' Nitrobenzene
1 0.081 SE‘6 Sparged ' |
1 1 - . Cyclopropane Sparged
1 1.3 EgvSparged)
over three orders of magnitude smaller (22). Both benzene

and nitrobenzene have similar reaction rates with hydrogen
atoms (22). Given this, it is reasonable to conclude that
hydrogen atomé do not contribute to PCB degfadation in
isooctane. B |

The above experiment is nbtvdefinitive towards solvated
electrons because ﬁitrobenzene_ié also known to scavenge
alkane radicals (31). However, suifur_hexafluoride,‘known

to have a high rate of reaction with electrons, is believed
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to have a reaction rate significantly less for alkane and’
hydrogen radicals. This‘conclusion is based upon work
performed by Johnson and Salmoh~(38). Johnson and Salmon
found that the rate of nitrobenzene reacting with a methanol
radical was five orders‘of magnitude greaﬁer than was the
rate for sulfur hexafluoride. Assuming a similar trend with
other radicals, the reaction 6f.alkane radicals with sulfur
hexafluoride should be negligible. When samples were
sparged with sulfur hexafluoride, the dose constants were
greatly reduced, implicating the solvated electron as a
major reactive species. The effect dissolved oxygen has on
degradation also implicates solvated electrons. Oxygen is a
known free radical scavenger capable of efficiently
scavenging solvated electrons (7). In the absence of
oxygen, degradation should be enhanced. As shbwn in
Table 6, sparging a solution of Bz 1 with nitrogen increased
degradation whiie'sparging with oxygen reduced Bz 1 | |
degradation. ' |

Radiolysis literature identifies cyclopropane as an
efficient positive ion scavenger (31f. A mbdest reduction
in degradation was observed for Bz 200 when spargéd with
cyclopropane, while no reduqﬁidn in degradation for Bz 1 was
observed. This result required further investigation. PCB
congeners 169, 155, and 77 were evaluated with and without
cyclopropane. No observable.reduction in degradation due to
the presence of cyclopropane oééurred. Positive-ion PCB

reactions, if they occur, do not appear to be significant.
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Consequently, it is reasonable to conclude that dissociative
electron capture ig responsible for the degradation pattern
shown in Figure 16. This conclusion is supported by work
performed by Warman, Asmus, and Schuler (31f. In their
study, chlorinated and brominated hydrocarbons were found to
efficiently capture eleetrons in nonpolar‘CYClohexane. In
fact, dissociative electron capture was found to be the
major pathway for dechlorination. These results are also
consistent with the scavenging experiments in isopropanol
conducted by our lab (9) in which the solvated electron was
the primary reactive species. At the concentration of
sulfur hexafluoride and nitrobenzene used; PCBs are capeble
of competing with these scavengers for the available
electrons, and thus neither completely eliminated

degradation.

Degradation Efficiency

To quantitate the destruction efficiency, dose
constants were evaluated for individual cohgeners in
isooctane where the initial PCB congener'concentration was
approximétely 250 mg L*. The larger the dose constant/the
greater the susceptibility toward radiolytic degradatioh.
Dose constants for 18 PCB congeners obtained in isooctane,
as well as those previously measured in isopropanol, are
given in Table 7. All of the congeners studied were found
to have 1.4 to 9 timesilarger’dose constants in isooctane

than the corresponding dose constant in igopropanocl. Given




Table »7'; Ballschmiter Numbers and Structure, Dose Constants (kGy“) in Isooctane and lsopr‘opar}dlr

Bz No.

-

33
35

. a7
" 54

77% .

Structure

Monochlorobiphenyl
2
4

Dichlorobiphenyl
2,2
3,3

Trichlorobipheny!
2',3,4
3,34

Tetrachlorobiphenyl
2,2'4.4
2,2',6,6'
3,344

{kGy*") in Isooctane

0.034 + 0.004

0.036 + 0.008

0.042 + 0.001
0.007 + 0.001

0.056 £ 0.003
0.066 + 0.015

0.065 + 0.004
0.041 + 0.004
0.068 + 0.005

0.006 + 0.001

0.008 + 0.002

0.009 + 0.001
0.005 + 0.002

0.012 & 0.003
0.017 % 0.001

0.009 + 0.002
0.008 + 0.001
0.019 % 0.002

(kGy™') in Isopropanol Bz No

101
118
126*

155
167*
169*

183

194

200

-Structure

- Pentachlorobiphenyl

2,2',4,5,5
2,3',4,4',5
3,3',4,4'5

Hexachlorobiphenyl
2,2',4,4'6,6'
2,3'4,4' 5,5
3,3,4,4',5,5

Heptachlorobiphenyl
2,2',3,4,4',5,6

Octachlorobiphenyl
2,2',3,3',4,4,5,5
2,2',3,3',4,5",6,6"

(kGy™) in Isooctane (kGy™) in Isopropanol

0.060 + 0.016
0.066 + 0.003
0.073 + 0.003

0.046 + 0.018
0.043 + 0.004
0.085 + 0.003

0.11 * 0.010

- 0.12 + 0.014

) 0.10 * 0.014

0.014 £+ 0.002
0.015 + 0.002
0.028 + 0.003

0.014 + 0.002
0.025 + 0.002
0.036 + 0.004

0.019 + 0.002

0.025 + 0.002
0.024 + 0,002

* Planar or almost planar.. The uncertainties shown are at the 90% confidenceé level and were calculated according to Noggle (53).

6L
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that electrons are the primary reactive species in both
solvent systems, the extent of degradatioﬁ in isooctane wés
initially Surpriéing. In nonpolar solvents such as
isooctane, the majority of electrons ﬁormed are expected to
undergo geminate recombination with their parent ion; thus,
the free ion electron yield available for reaction is quite
small--approximately 0.1 electrons 100 eV* (47). This
value is over an order of magnitude less thén the free
electron yield in isopropanol of 1.4 (7).

‘How.can these results be reconciled if the free ion
vield is an order of magnitude greater in isopropanol than
in isooctane? Free ion yield does not necessarily reflect
the totél electron yield available for reaction with the
PCBs. Because isopropanol has a measurable electron capture
rate, the amount of electrons available to react in this
solvent is reduced. The electron attachment raté constant-
for isopropanol is 1.5 x 166 M?!' g' (48) which, when taken in
conjunction with its high concentration-of_lB;l M, leads to
a pseudo-first-order rate constant of_2'x‘107 s*. This may
be éomparea to thé pseudo-first-order'rate constant for a
200 mg L* solution of Bz 200 of 8 x 10° s*, based on a PCB
molar concéentration of 4 x 10™* M and a very fast electron
attachment rate of 2 x 10*° M?' g™, .This shows that, at
best, only 30% of the electrons will be scavenged by the PCB
molecules, in 2-propanol. This figure will be even lower if
the PCB concentration or the electron attacﬁment rate

constant is smaller.
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In isooctane, the solvent and the PCBs do not directly
compete for electrons because the solvent does noﬁ éapture
electrons._ In fact, PCB molecules are able to scavenge
electrons which normaily would undergo geminate
recombinétion. This is confirmed by evaluating Gi,icia
values obtained for Bz 155) which varied from 0.37 to‘z.g

molecules 100 .eV* depending upon beginning Bz 155

concentration. These G values all significantly exceed thé-
free ioﬁ yield,of‘o.l; 'In fact, a G value of 2.4 is
approaching the theoretical yield of both free electrons‘and
'geminate electrons'(31). Thus,'the conclusion that the
recombination reaction is less efficient than PCB electron
capture appéars to be justified. The net effect is that
more electrons are available for reactioﬁ with the PCB
molécules in isooctane than in isopropanol, which is
reflected by the higher dose constants obsérvedl

‘Thé practical significance of these high dose constants
is that less dose is needed to achieve significant levels of
destruction in isooctane than in neutral isopropanol. This =
can be demonstrated by observing the dose needed to reduce

the concentration of a given PCB congener by 90%. This dose

can be-célculated using the relationship:
‘dose = dose constant™ * ' 1n 10 (28)

A dose constant of 0.10 kGy® was obtained for PCB 200 in

7/

isooctane. The dose needed to reduce its concentration 90%

would be 23.0 kGy,. For PCB 200 in‘isopropanol;‘the dose
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constant obtained was 0.024 kGy* (22). The dose needed to

reduce its concentration 90% would be 95.9 kGy.

Congener Subsgtitution and Degradation

Figufé 18 shows a plot of dose constant as a function
of chlorine number in isooctane. In general, the-dose
constant increases with increasing chlorine content.
Careful review of Table 7 shows that the'OVerall difference
in hémolog dose constants is smaller in isooctane relative
| to that in isopropanol. The notable exception is Bz 11
where the dose constant is essehtially identical in both
isooctane and isopropanol. As demonstrated by the
variability shown in Figure 18 and Table 7, chlorine
position within a homolog also influences the dose constants
obtaihed in isooctane, but again fo allesser extent than
isopropanol. If the high and low dose'conétant obtained for
each homolog are evaluated, greater variability exists in
isopropanol than isooctane. Once‘moré Bz 11 is the JQ;
exception. The behavior of Bz 11 is currently not
understood. ExCluding Bz 11, congener degradation appears
to be less dependent upon chlorine number and substitution
in isooctane than in isopropanol.

In isopropanol, a strong correlation was found.to exist

between the dose constant and the energy of the lowest
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Plot of observed dose constant iIn i1sooctane
as a function of chlorine content on the
biphenyl ring. Specific congeners can be
identified by their Bz numbers.
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unoccupied molecular orbital (LUMO) of the congener (8).
Decreasing LUMO energy'resulted in larger dose constants

with the planar or almost'planar congeners having the

largest dose constants. If the dose constants obtained in

isooctane are plotted against isopropanol dose constants,
Figure 19, a reasonably linear agreement exists, with the
exception of planar or almost planar Bz 169, 167, 126
congeners. Thus, a general correlation alSO exists between’
LUMO energy and the dose constants for PCB congeners in
isooctane. Because solvated electrons_are responsible for
PCB degradation in isopropanol and isooctane, it was
expected that dose constant behaviors in the two solvents
would be analogous. However, the compression of the dose
constants and the behavior of the planar or almost planar
congeners show that they are not entirely analogous.

The available reaction rate data for electron
scavenging solutes in nonpolar solvents indicates a complex
chemistry for the electron (49-52). In contrast to polar
solvents, reactions of electrons in nonpolar liquids can
bear a similarity to the reactions of electrons in the gas
phase, where the rates of reaction may depend‘upon‘the

kinetic energy of the electron. In nonpolar liquids, the

kinetic energy of the electron varies with the choice of the

solvent. 'In a study performed by Allen, Gangwer, and
Holroyd (49), electron scavengers such as sulfur
hexafluoride, carbon tetrachloride, ethylbromide and -

trichloroethylene exhibited max1ma in their measured rate
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Figure 19. Plot of dose constants obtained iIn i1sooctane
against the dose constants obtained in
isopropanol. Congeners can be identified by
their Bz numbers.
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constants at characteriStic energy levels of the electrons.
Holroyd et. al. (49) also determined that low electron
affinity solutes exhibit a greater dependence upon the
energy of the electron than compounds with high electron
affinity. This work could help in interpreting the results
obtained in isooctane.

It is well known that considerable differences in
electron affinity exist among PCB congeners within a homolog
series, particularly between the planar and nonplanar
congeners. Even greater differences in electron affinity
are found between homologs. It is conceivable that the
lower electron affinity PCBs exhibit a maxima in their
electron attachment cross section at a different energy thaﬁ
_the high electron affinity PCBs. Thus, if the energy of the
electron in isooctane occurs at or near the maxima in the
electron attachment cross section for the lower elec.tron~
affinity PCBs such as mono- and dichlorobiphenyl then the
dose constant obtained for these compounds would be
increased relative to the higher electron affinity PCBs.

The high electron affinity planar or almost planar congeners
would not experience a proportional increase in dose
constants as wduld low electron affinity compounds. The
result would be a relative compression of the dose constants
and could also help to explain the ouﬁlying congeners in
Figure 19. For example, in Figure 19 congeners 126, 167,
',and 169 appear as though their dose constants should have

been larger. .To determine definitively if this effect is
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operative, experiments designed to probe the dependence of

reaction rate on electron energetics should be performed.

Aroclor 1260 Degradation in Transformer 0il

Given the results obtained‘in isooctane, radiolytic .
degradation of PCBs in transformer oil was bélieved to be
possible with much lower doses than predicted by Webber
k23). Figure 20 sﬁows‘the‘effect of increaéing dose on the
degradation of gamma‘irrédiated Aroclor 1260 chromatograms
obtained with an electron capture detector in transformer
oil. The dose each sample received is shown as an insert on
the chromatogram. A significant‘change in the Aroclor 1260
fingerprint occurs with increasing dose. The original peaks
have been reduced, with the simultaneous appearance of
smaller peaks at shorter retention times which are taken to
be less chlorinated PCBs. The Aroclor 1260 conCenfration
has been reduced from approximately 5000 mg L™ to 1800 mg
L"* at an absorbed dose of 229 kGy. To our knowledge; this
ig the first time that radiolytic degradation of Aroclor
1260 has been demonstrated to occur at these moderate
absorbed doses in air equilibrated, unadulterated
transformer oil; To cohfirm‘the reactive agent in
transformer oil, individual congeners were sparged with
sulfur hexafluoride. As was observed in isooctane, the
presence of SF, significantly retarded the radiolytic
degradation efficiency. A reasonable conclusion is that

electrons are responsible for the radiolytically induced
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Figure 20. Aroclor 1260

in transformer oil as a function
of absorbed dose. Aroclor 1260 concentration
steadily decreases with increasing dose. The
Aroclor 1260 concentration has been reduced
from 5000 mg L1 to 1800 mg L"1.
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degradation of PCBs in transformer oil. A 230 mg L'
solution of Aroclor 1260 was also irradiated and at an
absprbed dose of 500 kGy, the concentration of the PCBs
- remaining was less than 2 mg L* which is bélow‘the‘EPA

requirement for a PCB treatment process (3).

PCB Contaminated Hydraulic 0il

Interest‘in PCB destruction in hydraulic oil Qas
generatédfby the fact that a significant amount of_
radioactively contaminated and Aroclor 1260 contaminated
'hydraulicréil exists at the Idaho National Engineering |
Laboratory. When a solvent contains both a radioactive and
an EPA regulated compound, it is referred to as "mixed
waste." Mixed waste is currently very difficult to dispose
of because of the many regulations. Existing degradation
techniques‘cannot be used because of potential radiological
contamination of thehdestroying equipment. The only
identified treatment procéss for TSCA regulated mixed waste
is the TSCA mixed waste incinerator at Oak Ridge National
Laboratories in Tennessee. The capacity‘for this
incinerator ié_ratﬁer limited. To dispose of the mixed PCB
waste already in existence is estimatedvto require over 15
years. Further, PCB mixed waste is being<generatedrat threé
times the incinerator's capacity}

If radiolytic‘degradation‘of‘nonradioacrive Aroclor -
samples in_hydrauiic‘oil could be demonstrated, then thé.

mixed PCB waste should also .be amenable to treatment.




Removal‘of‘the EPA Component would be a major'step forwerdl
in the final disposition of this waste.  After the removal.
vof the TSCA regulatedscomponent; the‘redioactive waste conid
then be dealt with using existing hot waste technologies. |
The radiolytic degradation of Aroclor 1260 in‘hydranlic oil
is shown in Figure-21. The trend observed in transformer

" 0il is also seen in hydraulic.oil;.however, the degradation
obtained in hydraulic oil is more efficient than the
degradation observed in transformer oil. In hydraulic oil,
the concentraﬁion of Aroclor 1260 was reduced from
approximately 5000 to 520 mg L' at an absorbed dose of

229 kG@Gy. The final concentration obtained in hydraulio oil
is over a factor of three smalier than what was obtained in
transformer oil. To confirm the reactive agent in hydraulio
oil, individual congeners were sparged with sulfur
hexafluoride with reductions in degradation similar to that
ocbserved in.isooctane. A reasonable conclusion is that
electrons are responsible for PCB degradation in both

hydraulic oil and transformer oil.
Mass Baignce in_ TIsooctane

To quantify the degradation products, experiments were
conducted using individual PCB congeners in isooctane. 'When
a mass balance analysis is performed on the data shown in
Figure 15 about 43% of the original carbon and chlonine
'could‘be identified as residual Bz 200 and less chlorinated .

: PCB congeners. This leaves a significant fraction of.both .
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Figure 21. Aroclor

1260 as a function of absorbed dose
in hydraulic oil. Aroclor 1260 concentration
steadily decreases with iIncreasing dose. The
Aroclor 1260 concentration has been reduced
from 5000 mg L1 to 520 mg L"1.
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the carbon and chlorine missing;- Ion‘chromatography~was'
performed in an attempt to locate the missing'chlcrine as -
chloride. The chlcride ion concentration was far‘fron‘ .
stoichiometric. Volatile analysis failed to locate‘the
missing mass as recombination products. In an attempt to
identify the missing mass, a **C-labeled Bz 47 was |
irradiated. The irradiation was run in a series of doses,
as done previously for dose'constant measurements, to a
maximum dose of 89 kGy. Following irradiation,‘liquid
scintillation counting of samble‘aliquots reveaied that the
activity level was the same'as the unirradiated solution at
ail absorbed doses. No activity was deposited on the walls
of the glass sample vials. To determine in which fraction
the *C-labelled products reside, aliquots were nitrogen
sparged -at room temperature with no reduction in activity.
Aliguots were also distilled at 100°C and 150°C. No
activity was removed at either temperature. This is
significant evidence that the degradation products are
present in either semivolatile or nonvolatiie fractions.
When analyzed with electron impact GC/MS only 40% of the
original carbon could be identified as PCBs. While
apparently still in solution the identity of the missingi

mass is unknown.
R jon Mechanism and Kinetics

Scavenging experiments indicated solvated electrons as

the major reactive species responsible for the observed
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degradation of PCBs in isooctane and isopropanol; therefore,
only reactions involving the production and loss of
electrons are illustrated in the mechanism. Reactions other
~ than those listed below involve PCBs but‘arg not important
under low absorbed dose conditions and thus are not included
here. The following_simplified_reaction‘sequence is
:proposed to explain‘the‘observedfdegfadation‘of PCBs at low

absorbed doses.

solvent + y - [e+PpP] - e+ p ‘ (29)
[e + p'] - neutrals . (30)
e + p* - neutrals , - (31)
e + solvent » solvent negative ions (32)
e + RCl, - RC1-,., (33)
RCl',., +'sleent —>‘RVHC1,,_1 + [éolventAH]' : (34)
RHC1,, + € » RHC1l',, + Cl° - | (35)

Irradiation of the solvent-—reaction 29—-pfoduces ion pairs
whiéh are chcentrated in spurs and tracks élong'the path of
the gammafray. The majority:of these ion pairs undergo
geminate recombination--reaction 30—-bﬁt a small fraction
diffuse out of the spurs to become free or solvated
ions/electrons as éhown in the second part of reaction 29.
The production of free electrons, represented as P, is given
by the product of the free ion yieid and the absorbed dose
rate. -These free electrons are then available to

participate in the reactions shown: recombination with free

positive ions (reaction 31), electron capture by the solvent
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(reaction 32), elecfron capture by the PCBs and their
resulting destruction (reactions 33*35). As shown, the
products of the fadioiytic induced decomposition of the.
parent PCBs are less chlorinated PCBs. Dechlorination is
believed to occur in a stepwise fashion and is thought to be
the major process responsible for the production of less
chlorinated PCBs. At any given time during the coﬁrse-of
the irradiation, the initial molar PCB concentration, as
shown in equation 36, is equal to the sum of the vérious

homologs.

[PCB]O=[octachlordbiphenyl] + [heptachlorobiphenyl] + (36)

[hexachlorobiphenyl] + ===

The radiolytic degradation for the parent PCB, RCl,,.is
observed to follow first-order kinetics in both‘isopropanol
and isooctane even though the rate expression, . based on

equation 33, is clearly bimolecular.

-d[RCL,]/dt = k[RCL][e] o B BEYD

For pseudo-first-order kinetics to be observed, the electron

concentration must remain essentially constant during the
radiolysis. In order to examine how this condition can
arise, it is instructive to examine the rate equation for

the electron concentration.

dlel/dt = P - [al+]le] + k.u,[e]llsolv] + kl[e] [RC1l,] + (38)

k[e] [RCL,.]]
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Inspection of equation 38 shows that the electron.
concentration will remain cdnstant during the radiolysis
experiment'if the electron attachment rate constant for
reaction 33'and 35 are approximately equal. While the
electron capture rate constants for the‘indiﬁidual'PCBs are'
not all equal, the differences'between the wvarious rate
constants are relatively small. This conclusion is based
upon the difference between the measuréd rate. constants for
biphenyl and carbon tetrachloride 'in aqueous sblutions with
the hydrated electron. Buxton reported a second—order rate
constant for the reaction of biéhenyl with a hydrated
electron of 9.5 x :L(~).‘l9 and for carbon tetrachloride of 1.6 x
10*°. It is reasonable to assume that all of the PCBs ﬁill
have rate constants within this range. However, the |
expected difference betweeh a parent PCB congener and its

degradation product is probably smaller. f
Initial PCB Concentration and Measured Dose Constan

Interpretation of equation 38 indicates that, as the
concentration of the PCBs increases, the fraction of
electrons lost through this pathway should also iﬁcreasé,

. Thus, the observed dose constant is expécted to‘be 
cdncentration dependent up to‘the‘point where virtually ail‘
of the electrons are lost to the PCBs. A concentration"
dependénce is observed in isoogpane'but not.in‘iéOpropanol.

The isopropanol results can be explained, via equation 38,1

based on competition with the solvent--that is,’
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Kisovi > Kiocta;» which effectively controls the concentration
of the electrons;‘ This occurs because of the large
concentration of solvent and the limited PCB solubility in
isopropanol. For the highly chlofinated congeners,
coﬁcentrations higher than 300 to 400 mg L™* were diffidult
to aqhieve. If concentrations approaching those utiliéed,in
isooctane were achievable, a dose constant'concentration |
dependence may have also been observed in isopropanol. .
In isooctane, the electron capture loss rate exceeds the
free ion/electron production rate, P indicating that
geminate electrons are being scavenged. This is confirmed
by comparing the free ion yield of 0.1 molecules 100 eV™
fdr isoocﬁane to the measured degradation G values which
varied from 0.37 to 2.4 molecules 100 eV* for Bz 155
depending upon the beginning PCB concentfation with G values
increasing with increasing solute concentration. The
measured G values in isooctane significantly exceed the free
ion yield, demonstrating that.the amount of electrons
capable of being scavenged is dependent on the amount of
scavenger added and not on the free ion yield. Warman (31)
observed this for chlorinated hydrocarbons in nonpolar
solvents where his G value exceeded the free ion yield.
Given this, a concentration dependence in isooctane up to
the point where all the electrons, both geminate and free,

are lost to the PCBs is reasonable.
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SUMMARY

The radiolytic degradation of 25 PCB congeners in
neutral isopropancl using spent nuclear fuei has been
investigated. Radiolytic degradation éfficiency is
conveniently described in terms of a pseudo-first-order rate
constant expressed in terms of dose rather than time and is
referred to as a dose constant. Radiolytic PCB degradation
was suppressed by the addition of compounds capable of
scavenging electronsg, but not by the addition of hydrogen
atom or solvent radical scavengefs. In neutral aerated
isopropanol, the solvated electron appears to be the primary
species responsible for PCB degradation. |

Destruction efficiency in isopropanol was found to be
dependent on both the number and position of the chlorine
atoms on the PCBs.. Those compounas that‘are para/meta
substituted only are capable of adopting a planar
configuration and were found to have the largest doxe
constants for their respective homologs. This is attributed
to the extended conjugation between the phenyl rings in the .
planar configuration which results in an incréase in their
electron affinity and thus the dose constant. Subsﬁitution
in the ortho position decreases the dose constant. The
differences in congener susceptibility to destruction has

been explained in terms of the energy level of the LUMO that
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can accept an electron. Given the above findings,
destruction efficiencies or dose constants could be
estimated reasonably well for any of 209 PCB congeners of
interest. This would be useful in the practical application
of a treatment process. A new class of radiolyticélly
generated compounds has been definitively identified to be
an isopropanol substituted polychlorinated biphenyl. Mass
balance information is incomplete for some PCB congeners.
Carbon-14 labeled experiments were conductedvand
demonstrated that the missing mass remains in solution but
no EPA regulated compounds have been identified.

Radiolytic degradation of PCBs has also been shown to
occur in nonpolar isooctane. Scavenging experiments also
implicate the solvated electroh as the primary reactive
species in this solvent. Degradation was observed to be
more efficient in nonpolar solvents than in polar
isopropanol. Chlorine substitution pattern and chlorine
content were found to influence degradation_efficiency to a
lesser extent in isooctane than infisopropanol. A potential _
correlation between electron energetics'and electron
affinity has been pointed out as a possible explanation for
this observation. Mass balance is incomplete. However,
based on the results obtained, the degradation producté
appear to stili be in solution in éither semivolatile or
nonvolatile fractionsf |

Radiolytic degradation of Aroclor mixtures in

transformer and hydraulic oil has also been demonstrated.

f
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Aroclor degradation to below 2 mg L' using moderate (0.5-
229) kGy doses is achievable in both transformer and
hydraulic oil. Degrading Aroclor 1260 samples to below 2wmg
L' was determined to be achievable. No sample preparation
was necessary to achieve this degradation. This is
significant; limiting the number of steps in a process
situation is generally desirable because of reduced cost.
Because of the penetrating ability of gamma-rays, PCB
contaminated transformer oil could theoretically.be
remediated in-situ, allowing the o0il to be placed back inta
service. In the case of hydraulic oil, after the
destruction of the PCBs, the resulting solution could be
burned for heat. Many of the utility companies that have
significant quantities of PCB-contaminated transformer oils
also have spent nuclear fuel fhat could be ﬁsed as a
radiation éourée for‘destroying PCBs. Another‘potentialiy
useful application of this process would be the radiolytic
remediation of radioactively contaminated PCB waste.
Currently, the options available for treafing such wastes

are extremely limited.
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