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1.0 INTRODUCTION

Nuclear fuel is reprocessed to recover fissile and fertile species
such as uranium, plutonium, and thorium from the accumulated fission pro-
ducts. Solvent extraction, ion exchange, and pyrometallurgical procosses
are three reprocessing techniques. Of the three, solvent extraction is
the best developed and most common.

A solvent extraction is the separation of various chemical species
dissolved in a sclvent, by the transfer of certain chemiczl species to
ancther solvent, immiscible with the first solvent. The transfer takes
place due to the greater solubility of the transferred constituents in
the second solvent than in the first solvent.

Dilute nitric acid is typically used to dissolve the spent fuzl and
tributyl phosphate (TBP) is used as the second immiscible solvent in the
Purcx system [5]. TBP is used as the solvent due to its ability to form a
complex with uranium, plutonium, eund thorium in the forms, Uoz(NOB)z' ZTRBP,
Pu(NOB)4 *+ 2TLBP, and Th(N03)4 * 2TBP. These complexes are more soluble
in the organic phase, TBP, than in the inorganic phase.

TBP is an organic ester of phosphoric acid and the structure is shown
in Fig. 1. TBP has tetrahedral symmetry with one double oxygen-phosphorous
bond end three single butoxy-phosphorous bonds. Physical proporties of TBP
are listed in Appendix A. TBP is stable toward oxidation and nitric acid,
the usual aqueous phase, and undergocs slkaline hydrolysis [1,2]. The
hydrolysis produces dibutyl phosphate (DBP), and monobutyl phosphate (MRP),
and phosphoric acid. Since this hydrolysis reactiocn is slow, it is a minor
problem. Pure TBP is viscous and the density is within 3% of water, therefore

it rmust be diluted for solvent extraction use.



The most commonly used diluent is dodecane, generally industrial grade
of about 90% purity. Dodecane is used because it is economical, has a density
of 0.75 g/cm3, and its radiolytic degradation products don't significantly
complex with materials such as zirconium [3]. The physical properties
of dodecane are also listed in Appendix A.

The Purex solvent extraction process, using a mixture of dodecane
and TBP, dates back to the early post World War II development work to
find a replacement for the Hanford bismuth precipation process [4,5].

Due to its use in the preoduction of plutonium for the weapons program, a
great deal of experience is available. However, this expericnce is with

low burnup fuel, typically less than 1000 Mwd/tonae. Very little experience
is available with high burnup fuel, 30,000 Mwd/tonne or greater, that is
produced by current generation light water reacters (LWR). Even less
experience is available concerning light water thermal breeder reactors or
liquid metal fast breeder reactor fuels, where burnups of grezter than

100,000 Mwd/tonne are foreseen.

spent fuel, but also cause an increase in the fraction of energy releascd
in the form of alpha particles. Alpha particles have a higher Linear
Energy Transfer (L.E.T.) than beta or gzmma radiation, where L.E.T. is
defined as the energy deposited per unit length of track [6]. Since high
L.E.T. irradiation causes the damage to a mediur to be more localized and
concentrated, there is the possibility for sigrnificantly different chemical
reactions to dominate, than dominate for low L.E.T. irradiations.

For low L.E.T. experimental results to be meaningful to the reprocessing
problems for the near future, the emphasis should be placed on basic under-

standing of the chemical mechanism and the reaction rates. This kind of



basic knowledge is necessary to allow reascnable extrapolation to the condi-
tions to be encountered, as opposed to the typical reprocessing literature
which is a tabulation of radiolysis products with little informaticn about
reaction mechanisms.

In this work irradiations of dodecane, TBP, and mixtures of the two
were made and analyzed. Gaseous products were measured by a combination
of gas chromatography and pressure-volume-temperature analysis. Acid pro-
ducts were determined by potenticmetric titration. This work was performed
as a first step in the understanding of the physical and chemical reactions

involved in the degradation of reprocessing solvents.



Fig. 1: Moleccular Styucture of TBP.



2.0 THEORY

2.1 Types of Radiation

Radiation encountered in the reprocessing of spent nuclear fuel will
be gamma, beta, and alpha. In the following, the types and significance

of primary interactions of these radiations will be discussed.

2.1.1 Beta Particles

Beta particles are energetic electrons produced by the decay of an
unstable nucleus. The betas encountered in nuclear fuel reprocessing have
an average energy of about 0.5 MeV and are the result cof fission product

decay. Due to the low penetrating capability of beta particles, essentially

[N

all the enerzy of the beta particles is deposited in the processing stream,

The three major tyoves of interaction of an electron with matter are
bremstrahlung, elastic scatteringz, =znd inelastic scattering. The atomic
mass of dodecane or tributyl phocphate (TBP) is too low for significant
bremstrahlung and too high for significant elastic scattering. Inelastic
scattering wiil deminace.

nelastic scattering ocecurs when an electron undergoes a coulombic
interaction with the electrons in the irradiated material, producing ionized
and excited molecular states. The electron ejected from thé molecules by
the beta particle will have sufficient energy to cause further ionization
and excitation. Cascades of second, third, aund higher order electrons can
be produced [7]. The excited states produced by the beta particles and sub-
scquent electrons ave similar to those produced by optical transitions,
Lowever more triplet states are chserved due to a relaxation of the optical

selection rules [§].



2.1.2 Gamma Rays

Since the source of gamma radiation in nuclear fuel reprocessing is
fission product decay, almost all gamma rays produced will‘have an energy
of less than 10 MeV [9]. Below 10 MeV the two major photon interaction
mechanisms are Compton scattering and the photoelectric effect.

In Compton scattering, the incident photon interacts with an electron
of the medium, causing the electron to be accelerated and the incident
photon to be scattered at a lower emergy. The energy of the scattered
photon and electron can be calculated from the energy of the incident photon
(see almost any introductory physics text such as "Nuclear Physics," by
I. Kaplan). For example, a 0.661 MeV incident gamma ray will produce a
scattered electron of approximately 0.5 MeV maximum energy. This scattered
electron undergoss inelastic scattering with the electrons of the medium.

Photoelectric effect is the process of absorption of an incident
photon'by an atom which then ejects an inner shell electron with an energy
equal to the incident photon energy minus the electron binding energy. This
leaves the atom ionized and in an excited state. However this mechanism is
of secondary importance to Compton scattering except for photon energies of
less than 100 keV [7,10].

The result of photon absorption is the sawe for both Compton scattering
and photoelectric effect, energetic electrons, ionization, and excited states.
Beta particles produce these same species, tlierefore beta radiation can be
simulated by gamma radiation. However, gamma and beta radiation can not be
treated identically due to the much greater penetrating powver of garma radi-

ation, which allows significant enargy to escape the reprocessing stream.



2.1.3 Alpha Particles

Alpha particles are heavy, energetic, charged particles (He2+),
produced from the decay of an unstable nucleus. They interact with matter
much the same way as beta particles, bremstrahlung, elastic scattering,
and inelastic scattering. However, since the alpha particle is more
massive than a beta particle, the alpha particles move more slowly and
inelastic scattering is the only significant interaction.

The alpha particle has a much higher Linear Energy Transfer (L.E.T.)
resulting in a shorter interaction track and a higher density of inter-—
actions than a beta or gamma. These interactions have the same intermediate
products as beta or gamma particles, but the much hiéher density can lead

to a different distribution of final reaction products.

2.1.4 Relative Imnortance

Traditionally, the only signifizant radiation encountered in nuclear
fuel reprocessing was beta and gamma rays. High burnup fuel however, has
significant transuranic isotopes present that are very active alpha

emmitters, so the effect of high L.E.T. radiation should be considered.

2.2 Radiolysis Products

Alkane radiclysis results in hydrogen production, clefin generation,

dimerization, and generation of fragments (. to Cn which can then combine

1
in pairs. The major species evolved are hydrogen, dimer, and olefin.

Hexane, CGH14’ has been studied in considerable detail and the following,
Table 1, is a tabulation of radiolysis products [11]. The G value is defined

as the number of that species produced per 100 eV of absorbed energy. These

types of results are typical for alkane radiolysis. However, zlkane structure



Table 1. Radiclysis Products from Liquid Hexane (C6H14)

Product G Value
HZ 5.0
CH4 0.12
CZHZ 0.3
C2H4 0.3
C3H6 0.13
C3H8 0.42
CAHS 0.03
04H10 0.50
i_chHlD 0
CSHIZ ) 0.30
trans~CBle 0.2
i_CﬁHla 0

C7 0.15
CS 0.53
89 0.45
C10 0.43
Cll 0.02
Cl2 2.0

does effect the final product yield. Branched alkanes with more tertiary
carbon hydrogen bonds generally have greater methane yields and long chain
alkanes have a definite tendency to cleave carbon-carbon bonds toward the
middle of the chain. This leads to a final radiolysis product yield shifted
toward species with a greater number of carbon atoms than the parent.
Numerous mechanisms have been proposed to account for these observed
results, the one currently favored is a sequence of radical reactions.
Excited states, produced directly by ionizing radiation or as a result of

geminate jion recombination, are the source of radical species., Ion



mechanisms in a nonpolar medium, such as an alkane, are thought to be
quite limited due to the rapid geminate recombination rate. Conductivity
measurements on aliphatic hydrocarbons indicate that less than 3% of
the electrons produced as a result of ionization, diffuse into the bulk
medivm before recombination with the parent ion [12].

The radical reaction mechanism can be represented by the following

reaction sequence:

fi ol BT A

3
rm —¥Y— pyg

s *
RE' + & -——-> RH

*

RH ----> R® + H°®
*®

Rl{ i R‘O + R'IO
*

RH -———>R''"' + H

2
H® + §° ———-> H,
R® + H® —-—--> RH
RH + H® --—> R® + H,
R°® + R® ————> ER
R'® + R"" =——-> R'R""

R|0+Rl!____> RIII°+R'|||°

Where R, R', R'", R''", and R'''' are alkyl groups of differing length.

Product yields (Gm) from the irradiation of a homogeneous mixture of
two materials would be expected to be equal to the yield from a single
component (Ga) times its electron fraction (Ea) plus the yield from the
second component (Gb) times its electron fracticn (Eb), this is called
the mixture law.* However, significant deviation from this situation

has been observed in binary solutions such as cyclohexane/benzene.

*Mathematical =G E
Ma matically, Gm CAEA + GB B



10

The cyclohexane/benzene system is one of the best studied mixture
law deviations and there is still considerable disagreement concerning
the mechanism. The deviation mechanism has been suggested to be
excitation transfer, chemical scavenging, or charge transfer.

The presence of benzene suppresses the yield of hydrogen, cyclohexyl
radical, and the dicyclchexyl radical [13]. This result can be interpeted
as excitation transfer from excited cyclohexane to benzene, which would
undergo a radiative or a nonradiative transition to the ground state. This
excitation transfer would have prevented the formation of radical species from
the excited state of cyclohexane [13,14,15]. Since benzene can undergo
electronic transition without breaking chemical bonds, the total number of
radical species has decreased. Another interpstation is that of Dyne [13],
who suggested that the benzene quenched C6H12 and e prior to geminate
rccombination of the ions which would lead to excited state cyclohexane.

A case can be made for chemical quenching by radical addition to benzene,
since phenylcyclohexane and dicyclohexadienyl have been observed [13] in
cyclohexane/benzene mixtures and not in irradiations of the pure components.

The mixture of TBP and dodecane has considerable potential for
deviation from mixture law. The combination of nonpolar dodecane and polar
TBP opens the possibility of significant ion reactions since the increased
polarity of the solute could reduce the geminate recombinatiocn rate of the
parent alkan= ions.

The literature concerning TBP/dodecane mixture law deviations is
limited and conflicting. Barelko [16] and Williams [17] observed mixture
law deviations. However Burger [18] did not observe deviation from the mix-
ture law with a mixture of TBP and iso-octane. Differences in experimental
techniques of dosimetry, sample purification, and duration and rate of

radiation cxposure makes evaluation of the literature difficult.
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Another difficulty in looking at mixture law deviations of the
TBP/dcdecane system is that the literature of the single components is
poor. For example, the reported radiolysis yields of gascous products
from TBP range from a G value (numher of molecules/100 eV) of less than
0.24 [19] to 3.1 [20]. The dodecane literature is almost nonexsistent;
Barelko [16] reports a gas yield, volatile at an unknown temperature, of
G = 3.8 and Dewhurst [21] reports a G(HZ) = 4.9 and G(CH4) = 0.05. TBP

radiolysis yields and products are tabulated in Table 2.
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3.0 EXPERIMENTAL PROCEDURE

The preparation and irradiation of samples and the determination

of product yields are discussed in this section.

3.1 Sample Preparation

The samples consisted of dodecane, tributyl phosphate (TBP), and
mixtures of these two components. Preparation consisted of sample

purification and degassing. These steps are cutlined below.

3.1.1 Sample Purification

The tributyl phosphate (TBP) (Matheson, Coleman & Bell Inc., white
label grade) was found, from potentiometric titrations, to have less than
0.1% acid impurities and was used as received. The dodecane (Matheson,
Coleman and Bell, Inc., practical grade) was treated with fuming sulfuric
acid (30% SOB) to remove unsaturated impurities and then the remaining
unreacted acid and impurities were removed. Residual acid was neutralized
by the addition of a 2% sodium carbonate solution. Next the dodecane
was passed thirough approximately 24 inches of 28-200 mesh silica gel
at about one drop per second. This step was performed twice. The
resulting dpdecane was analyzed on a Cary 14 UV spectrophotometer and
found to be near manufacturers specifications for spectral grade dodecane.

UV spectrometry results are shown in Appendix B.

3.1.2 Degassing

The samples were degassed in two steps. The first was to pass dry
clean helium through the sample for « reriod of four to eight hours. This
reduced the concentration of atmospheric gases, which shortened the time

and improved the results of the cell degassing.



14

The irradiation cell (Fig. 2) was attached to the high vacuum
manifold by means of a "putt" joint using 10 mm, thick wall glass tubing.
The cell was evacuated and held at 103—6 torr for at least 24 hours to
outgas the cell walls. The cell was then repressurized to slightly
greater than one atmosphere with clean dry helium. The side arm of the
cell was then flame cracked open, allowed to cool, and a five ml sample
injected using a syringe with a four inch needle. Care was exercised
to minimize the amount of sample material deposited on wall of side arm
to reduce the chance of pyrolysis. Carbon monoxide and other unidentified
substances found in some of the early irradiations are attributed to
pyrolysis. The sample was frozen to 195 °K with a dry ice/ethanol bath,
side arm resealed, and the cell evacuated. The dry ice/ethanol bath was
used instead of liquid nitrogen (77 °K) to remove possible gaseous
pyrolysis products. Once the cell was evacuated to under 10-.5 torr, the
cell was isclated from the vacuum system and thawed to room temperature.
The freeze-pump-thaw cycle was repéated until the system pressure increased
to less than 10‘—5 torr upon opening the cell to the vacuum system.

At this time the 10 mm thick wall glass tubing connecting the cell
to tﬁe vacuum system manifold was gently flamed to drive off residual
sample material. The tube wall Qas then heated to softening temperature
of glass, allowing the tube walls to collapse inward, making a vacuum seal

and was then removed.

3.2 Irradiation and Dosimetry

The irradiations were performed in a Gammacell (AECL 220) with

repeatable positioning provided by an aluminum sample holder shown in

+2

Fig. 3. Dosimetry was done with the Fricke Dosimeter (Fe.” in 0.8N H2304) [22].

Due to strong axial and radial variations in dose rates, care was
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exercised to have the dosimeter solution and the sample occcupy the

same position in the sample holder. This was done by using the same
diameter glass tubing for the dosimeter cell as was used in sample cell
and filling both cells to the same height.

Eighteen irradiations of dosimeters were done in each of the twelve
positions of the sample holder, over an eight month pe:iod. The dose
rates were normalized to the date of the first irradiation and the mean
and standard deviation were determined. This dose rate, approximately
110C rad/m, with a decay correction was used to calculate the dose
absorbed by the dosimeter solution. A computer program was written to
handle theses calculations and a sample output and the program listing are
shown in Appendixz C, Dose correction factors were applied to correct for the
difference in absorbed dose in dosimeter and organic sample solutions.
These correction factors were calculated on an electron density basis and

are found in Appendix A, Table A-3.

3.3 Gas Analysis

Analysis of the gaseous radiolytic products was done in two steps;
determination of the total amount of gas and then the species of gases present.
The total number of moles of gas volatile at 161 °K was determined by a
pressure-volume—temperature {(PVT) analysis on a Sz2unders-Tavlor apparatus
[23], shown in Fig. 4. Saunders-Taylor calibration data is given in
Appendix D. A sample of the gas extracted was collected in a gas sampler,
shown in Fig. 5. This gas sample was analyzed at 40 °C on a Varian
90P3 gas chromatograph, using a six foot, 60-80C mesh, molecular sieve
5A column, and a thermal conductivity detector. The gases were identified

by the elution time and the relative amounts were determined by comparison
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to calibration data for known amounts of nitrogen, oxygen, hydrogen,
methane and carbon monoxide. Varian 90P3 calibration data are found in

Appendix E. Detection of less than 0.1 micromoles was achieved.

3.4 Acid Determination: Potentiometric Titration

The yield of dibutyl phosphate (DBP) and monobutyl phosphate (1BP)
wvas determined by titrating the irradiated soluticn with 0.012 M KOH.
The equivalence point was determined with a Fisher model 38 pH meter
equipped with a combination electrode. Two or four ml of the irradiated
sample was pipetted into 10 ml of distilled water. The sample was mixed
until broken down to an emulsion, at which time the water soluble DRP
and MoP were in contact with the dietilled water and were dissolwved.
The sample was then titrated with constant mixing. Titrations were made
on unirradiated TBP, dodecane, distilled water, DRP, MBP, and a mixture
of DBP and MBP. The purified MBP and DBP were produced by the procedure
in Reference [30]. Correction factors for the residual acid concentration
in TBP and water were applied. The dodecane was found to have insignificant
acid impurities. A 90% DBP - 10% MBP mixture was prepared and titrated.
The second proton from the diprotic MEP was detected and the MBP fraction
was found to agree with the known value. However, the break in the
titration curve was such that any lower concentration of MBP would not
be resolved. Therefore, a yield of MBP, 107% of the DBP vyield, scems to
be the limit of resolution with potentiometric analysis. Sample plots

of the titration curves are shewn in Fig. 6 thru Fig. 11.
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4.0 RESULTS AND CONCLUSIONS

This section deals with the results of the irradiation of dodecane,
tributyl phesphate (TBP), and mixtures of the two and an analysis of the
results of the irradiations. A reaction mechanism inferred by these

results is proposed.

4.1 Dodecane

There is little reported data on the yields of hydrogen and methane
from dodecane. Uncertainties concerning the effects of different experi-
mental techniques also confuse the evaluation of the literature. For
these reasons, the yield of hydrogen and methane from dodecane were
determined. Degassed 5 ml samples were irradiated at absorbed dose rates

e eV/g-min to 4.9 x 1016 eV/g-min and to absorbed

doses varying from 6.1 x 1918 eVig to 1.75 x 1020 eV/ig.

varying from 4.1 x 101

A plot of G (hydrogen) as a function eof dose is shown in Fig. 12.
The solid lines shown on Fig. 12 are results of a least squares fit and
the dashed lines are the standard deviation. Neo statistically significant
dose dependence was observed for the hydrogen yield. Therefore, the
yield of hydrogen was averaged over all doses. The average yield of hydrogen
was G(Hz) = 6.71 with a standard deviation of 0.23. The methane yield was
detectable, but no conclusion concerning dose dependence could be made.

The average methane yield was, G(CHQ) = 0.051 and a standard deviation of (.017.

4.2 TBP

Degassed 5 ml samples were irradiated at absorbed dose rates varying

from 5.2 x 10l6 eV/g-min to 6.0 x 1016

varying from 2.2 x 1019 eV/g to 1.75 x 1020 eV/g. A plot of G(HZ) as a

eV/g-min and to absorbed doses

function of dose is shown in Fig. 12. No statistically significant dose

dependence was observed for the hydrogen vield. Therefore, averaging over
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doses, G(HZ) = 2.02 with a standard deviation of 0.13. Methane was
also observed, but the yield was less than from dodecane. The average
methane yield, G(CHQ), was 0.032 with a standard deviation of 0.008.

A titration was performed on each irradiated sample of TBP to
deﬁermine the yield of dibutyl phosphate (DBP) and monobutyl phosphate
(MBP). At no absorbed dose was the MBP fraction of the total acid
yield greater than 10%, which was determined to be the limit of MBP
resolution for the titrimetric analysis (see Section 3.4). Since the
DBP and MBP could not be resolved, the results of the titrations are
reported as the yield of total acid. A plot of G(acid) as a function
of dose is shown in Fig. 12.

A slight dose dependence was observed for the yield of acid but
was statistically insignificant. Therafere, averaging over 211 doses.

acid yield, G(acid), was 3.71 with a standard deviation of 0.21.

4.3 Mixtures
Mixtures of TBP and dodecane, with electron fractions of dodecane of

40%Z, 70%, 80%, 90%, and 95% were prepared. Degassed 5 ml sanples were

6 eV/g-min to

19

irradiated at absorbed dose rates varying from 4.1 x 101

6.0 x 1016 eV/g-min and to absorbed doses varying from 1.0 x 10

eV/g
19 s

to 5.0 x 10 eV/g. These samples were analyzed for gases volatile at

161 °K and amount of acid. Hydrogen and methane were the observed gaseous
products and MBP was not resolvable from DBEP.

Plcts of G(HZ) and G(acid) as a functicn of electron fraction of

dodecane of THP are shown in Fig. 13 and Fig. 14 respectively. These plots
are nonlinear, i.dicating a significant deviation from the mixture law.

The yield of hydrogen is less than would be predicted by the mixture law

and the yileld of acid is greater. The depressed hydrogen yield and increased
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acid yield indicates that the two compenents are interacting and that

TBP is being decomposed as a result.

4,4 Discussion

The depressed hydrogen yields and increased acid yields in the
dodecane/TBP mixtures indicates that sensitized decomposition of TBP
'is taking place and that there is the possibility of a dodecane pro-
tection reaction occuring.

The dodecane protection reaction is inferred by the decrease in
hydrogen yield in the presence of TBP. Confirmation of protection of
dodecane by measurement of dodecene degradation products such as
dsdecene, docecarol, and dodecane dimer was not done. This was due to
the lack of a gas chromatograph capable of separating high molecular
weight alkanes, olefinsz, and alchols. However, all samples were saved
for future analysis.

The yield c¢f dodecane degradation products and how they are affected
by sensitized decomposition or protection reactions is quite important
to the Purex process since they radically effect process efficiency and are
quite difficult to remove. Dodecene could be a particular problem with
high burn up fuels where a significant amount of radioiodine, a prevalent
fission product, would be present. Iodine readily adds across the double
bounds of an clefin like dodecene and the halogenated dodecene's effect
on the process is not knowm. Tt might interfere with decontamination of
the fissile species or the presence of the halogen group might be exploitable
as a means to scrub the solvent stream of dodecene prio; to solvent recycle.

The effect of sensitized TBP decomposition on a Purex process could

also be important, due to increased DBP and MBP yield.
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DBP, a strong monoprotic acid, causes a reduction in tﬁe attainable
decqntamination factor due to the zirconium and niobium complexes which
are not scrubbed out by nitric acid washes [24].

At the dose rates encountered in this work, less than 10%Z of the
total acid yield was MBP. However, there is a possible dose rate
dependence which could increase the MBP yield significantly at very high
fuel activities. This could be quite important since MBP forms a
complex with plutonium that is insoluble in both the organic and
aqueous phases. Large, high burn up Purex plants could then have con-
siderable problems with accidential nuclear criticality due to deposition

of this MBP/Pu complex in the process piping.

4.5 Mechanism

Making the assumption that the energy absorbed by a component is
directly proportional to the electron fraction, a reaction scheme is
propcsed to account for the observed results. The proposed mechanism
is in three parts, the pure dodecane reactions, TBP reactions and the
reactions coupling TBP and dodecane.

The dodecane reactions are:

v + ]
Cigllgg — > Ciolyg T e 2
Vo o
CyoH53 oty (2)
c.. 0 4 e > i
12Mge T & = ol (3
3
————
C1atlae Ciatyy + Hy (4)
* [+] o
Ciglgg =777 Cypllys + B (5)
B+ Gy Hyg —==> Colye (6)
€y Hye + H® ——==> C, HI . + H, (7)



31

Reactions (1) and (2) produce the primary intermediate species.
Reactions (4), (5), and (7) are the hydrogen preducing reactions,
Reaction (6) is the only significant hydrogen consumption reaction in
pure dodecane. Disproportionation and dimerization of CIZHES are not
dealt with since the yield of olefins and dimer were not measured in
this work. Also, there was insufficient data to include methane produc-
tion in this-reaction mechanism.

The TBP reactions are:

8P —X> TEP® + o (8)
%
8P —< > TEP (9)
+ - %
TBP + e —————v TBP (10)
TBP + & —————m TP~ (11)
+ - *
TBP + TBP —-———— TBF + TRBP (12)
* ] o . 70
TBP  ———> (Cahgu)ztcaﬁgo} PO° + il (13)
P¥ ——eeu> (C i
TB (¢, 10),(C,B,0) PO + 1, (14)
* __'__> o o
TBP (04}1902) Pr)2 + 04H9 _ (15)
(C,Bg0), (C,HO) PO° + H® ———-> TBP (16)
TBP + H® ——--> H, + (C,H,0), (C,Hg0) PO (17)
(C,H,0), PO + H® --—-> DBP - (18)
CjHy® + H® —-==> C,H | (19)

Reactions (8) thru (12) are the producers of the primary intermediates.
Reactions (13), (14), and (17) are hydrogen producing. Reactions (16),
(18), and (19) are hydrogen consuming. Methane, TBP dimer, and some TBP

radicals are not considered due to lack of data.
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Reactions between TBP and dodecane are shown below:

- + ,
TBP + C,H, ---=> TBP + C H, (20)
TBP ~———> (C4H90)2P02 + C Hg (21)

- + =5 '
pEN—— 2
(84H90)2 PO, + C  H, > DBP + c12325. (22)

If reaction (11) takes place and it utilizes electrons preduced
from dodecane it can produce an ionized form and depress the amount of
excited state dodecane. Also, the resulting TBP can lead to the
production of a DBP precursor and a butyl radical that are hydrogen
consuming, this is shown in reaction (21). 1In reaction (22) hydrogen
is ebstracted from the dodecane, forming a dodecane radical which will
consume hydrogen. MBP producticn was neglected due to the lack of

experimental evidence of a diprotic acid in any of the titrations.

4.6 Sumwpary
The average yield of hydrogen from dedecane was found to be,

G(Hz) = 6.71 with a standard deviation of 0.23, as compared to the

G(Hz) 4.9 in Ref. [11). The yield of hydrogen for TBP was, G(Hz) = 2.02
with a standard deviation of 0.13, this falls within the range of values
reported in literature. The acid yield was, G(Acid) = 3.71 with standard
deviation of 0.21, this was well above literature values. The yield of
hydrogen in the mixtures was less than expected by mixture law and the

acid yields are greater than expected by mixture law, therefore sensitized

decomposition of TBP is taking place.

4.7 TFurther Work

The identity and the yields of dodecane degradation products need to be

investigated. This information would help refine the proposed reaction
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mechanisms and confirm or deny dodecane protection. A more sophisticated
gas chromatograph than was available for this work may be able to perform
this analysis, but it will complicated by the presence of TBP in mixtures.

Gas chromatograph analysis of the gaseous radiolysis products uncovered
small air leaks in a few of the samples; however, the measured oxygen
fraction was far smaller than the fraction encountered in normal air.
Apparently, oxygen consumption took place during irradiation. Since full
scale Purex operations tazke place in an air saturated environment, this
effect should be exﬁlored.

Another area needing investigartion is that of high Linear Energy
Transfer irradiation of dodecane and TBP. A proposed technique is
neutron bombardment of boron doped samples cf dodecane or TBP to pro-
duce in situ alpha irradiation. High Linear Energy Transfer irradiation
might have significantly different radiolysis yields due to much higher
local dose rates encountered inside the radiation track., M3? vields

could be significantly affected.
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APPENDIX A

Some Physical Properties of the TBP-Dodecane System.

Table A-1 Physical properties of butyl phosphates.

Property TBP DBP MRBP
*molecular weight 263.3 210.2 154.1
*density (gm/cm™) 0.97 1.065 1.22
*yigscosity (mp, 25 °C) 33 520 , 4300

**boiling point . 289 °C
*%kpK . 1.72 1.89 & 6.84%
**g0lubility in water (gm/liter) 0.2
*[2]
*%[25]
*%4[18]

Table A--2 Physzical properties of dodecanew

"Property Dodecana
molecular weight 170.34
melting point -9.6 °C
boiling point 216.3 °C 3
density 0.7487 (gm/cm™)
*[26]

Table A~3 TBP-Dodecane mixture data.

TEF Dodecane TBP Dodecane Dansit "Dose Correction
Electron Elcctron v/o v/o (gm/ecm™) Factors
Fraction Fraction
100 0 1C¢0 0.0 0.9727 0.9407
60 40 54.8 45,2 0.871 0.8589
30 70 25.7 74.3 0.8063 0.5063
20 80 16.8 &3.2 0.7863 0.7902
10 . 90 8.2 91.8 0.7671 0.7747
5 95 4.0 95.9 0.75069 0.7672
0 100 0.0 100.06 0.7487 0.7598

*Dose Correction Factor corrects for the difference in electron density
of these mixtures and the Fricke dosimeter solution.
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APPENDIX B: UV spectrophotometer Results

Figure B-1 shows the results of UV spectrophotometric analysis
of practical grade dodecane and dodecane after purification. Included

on Figure B-1 is a plot of the maximum permissible absorbance for

spectrophotometric grade dodecane as given in the Aldrich Catalog-Handbook

of Organic and Biochemicals, 1977-1978, Aldrich Chemical Company, Inc.

This plot indicates that the purified dodecane used in this work is near

spectrophotometric grade in purity.
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APPENDIX C: Dose Rate Program

A sample output from the program used to calculate the dose rate is
shown on the following pages. The program first calculates the dose
rate for the twelve positions of sample holder on Janqary 30, 1976, this
is done by using the results of eighteen Fricke dosimeter runs that were
preformed over a period of six months. Each Fricke measurement is
corrected to the dose rate of 1/30/76 by a decay correction factor.

The next step of the program is the calculation of dose rate for
the irradiated sample. This is done by correcting the January 30, 1976
dose rate at each position to the date of the sample irradiation by
means of a decay correction factor. The resulting dose rates are those
that would te absorbed by a Fricke dosimeter sclution on that specific
date, so a correction factor for the difference in electron density of
Fricke solution and irvadiated sample must be applied. This correction

factor is listed in Appendix A, Table A-3.
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APPENDIX D

Saunders-Taylor Calibration Data (Done by O.
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Block, 5/21/71)

Table D-1
Volume Number " Free Volume in ml at 25°*
Vl 76.5759 * 0.0929
VZ 8.5446 = 0.0706
V3 ) 0.8360 + 0:0027
V4 0.2149 + 0.0071
Vs 0.1396 + 0.0079
V6 0.0825 * 0.00736

*Density of Hg was taken to be 13.5340 gm/cm3 at 25 "B.
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APPENDIX E
Varian 90P3 Gas Chromatograph Calibration Data

The Varian 90P3 was calibrated by injecting known amounts of
hydrogen, methane, oxygen, nitrogen, and carbon monoxide. The area
under the resulting peaks was determined by cutting out the peak and
weighing. The peak weight in grams as a function of micromocles of gas
at a particular attenuation, was the data for a least squares fit
program, fitting to the formula y = ax, y being peak weight, x bc.
moles of gas, and a being slope. Below is a tabulation of a for

hydrogen, methane, oxygen, nitrogen, and carbon monoxide.

Table E-1
Gas Attenuation Slope, a (micromoles/zm)
H, x1 0.009684 £ 0.004174
CH4 x16 0.0578 = 0.0003382
0, x16 0.02915 = 0.000446
N2 x32 0.01472 + 0,001832

co x16 0.002779 % 0.0004515
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ABSTRACT

The radiation effects on the system of tributyl phosphate (TBP)
and dodecane, which is the solvent extraction system used for the
Purex process, was studied.

TBP, dodecane, and mixtures of TBP and dodecane were irradiated

at an absorbed dose rate of about 5.0 x 1016 eV/g-min with absorbed

doses of 6.1 x 108 eV/g to 1.75 x 1020 eV/g.

The irradiated s;mples were analyzed for gaseous products
noncondensible at 161 °K and acid products from TBP. The gaSEous pro-
ducts observed were hydrogen and methane and the acid products were
dibutyl phosphate (DBP) and monobutyl phosphate (MBP). The average
yield of hydrogen from dodecane was, G(Hz) = 6.71, G(HZ) from TBP was
2.02, and G(Acid) from TBP was 3.71.

No significant dose dependence was observed from TBP or dodecane.
Deviation from mixture law was observed for the yields of hydrogen and

acid products for the mixtures of TBP and dodecane. Sensitized decom-

position of TBP seems indicated.



