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STUDIES ON THE IDENTIFICATION 
OF HARMFUL RADIOLYTIC PRODUCTS

OF 30% TBP-N-DODECANE-HNO3 BY 
GAS-LIQUID CHROMATOGRAPHY.

II. FORMATION AND CHARACTERIZATION
OF HIGH MOLECULAR WEIGHT

ORGANOPHOSPHATES

S. C. Tripathi, A. Ramanujam,* K. K. Gupta, 
and P. Bindu

Process Development Division, Bhabha Atomic Research
Center, Trombay, Mumbai, 400 085 India

ABSTRACT

Gamma radiolysis of Purex solvent, 30% tri-n-butylphosphate-n-
dodecane-HNO3 is observed to yield many undesirable metal 
complexing species. A method for identifying the gas-liquid 
chromatographic (GLC) signatures of high molecular weight
organophosphates (HMPs) through a nitrogen- and phosphorous-
selective detector is described. Fractionation of the radiolyzed sol-
vent by vacuum distillation resulted in the enrichment of HMP
species in the high boiling, viscous residue in the last fraction. This
residue showed intense infrared signals characteristic of the pres-
ence of nitro, carbonyl, and phosphoryl groups, which implies the
presence of multifunctional species. The study revealed a strong
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association among the components of radiolyzed solvent, which
inhibits clean fractionation. Gas chromatography–mass spec-
trometry assay of the sample indicated that these HMPs consist
of (NO2MC4H8)(C4H9O)2PO, (OHMC4H8O)(C4H9O)2PO, and
(CH3MC4H8)(C4H9O)2PO species. The HMP-rich fraction exhib-
ited very high plutonium-retention behavior, which was substan-
tially lowered by efficient uptake of HMPs upon alumina treat-
ment. Thus, the present study correlates the GLC signatures of
HMPs, especially those of nitrated species, formed by radiolysis of
30% tri-n-butylphosphate-n-dodecane-HNO3 and solvent quality
deterioration with respect to Pu-retention behavior.

Key Words: Gamma radiolysis; TBP; GLC fingerprinting; Pu-re-
tention behavior; HMP; Vacuum distillation

INTRODUCTION

Tri-n-butyl phosphate (TBP) mixed with inert hydrocarbon diluent contin-
ues to be the most favored extractant in aqueous reprocessing of spent nuclear fu-
els based on the Purex process. The extraction selectivity of TBP for Pu and U is
due to the presence of a polarizable phosphoryl group, which serves as electron
donor in TBP bonds formed with UO2

2� and Pu4�. The dilution of TBP with in-
ert hydrocarbon (n-dodecane) imparts optimum extraction selectivity and favor-
able changes in density, viscosity, and interfacial tension to the extraction solvent
(1).

During reprocessing, the extractant TBP undergoes gradual degradation by
radiolysis and acidic hydrolysis. This degradation leads to the formation of a num-
ber of compounds of different hydrophobicities in addition to alkyl phosphoric
acids, which are normally removed from the solvent by alkaline wash before re-
cycling (2).

The targeted recovery and purity of the strategic product (fissile material)
is very much dependent on the quality of the solvent. The quality of the feed as
well as that of recycled Purex solvent is generally monitored in terms of alkyl
phosphoric acid concentrations, such as mono- and di-n-butyl phosphoric acids
(3).

Literature on solvent degradation studies contains numerous analytical
methods designed to be used to monitor the quality of Purex solvent in terms of
dibutyl phosphoric acid (HDBP) and monobutyl phosphoric acid (H2MBP) (4–8).
Because of its hydrophilic nature, H2MBP does not follow the organic phase,
which makes it relatively innocuous. Thus, the analytical estimation of HDBP has
become synonymous with the quality of the Purex solvent.
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Due to waste management constraints, the solvent needs to be recycled a
number of times; thus, some of the hydrophobic metal binders tend to accumulate
in the used solvent even after alkaline treatment. These hydrophobic species may
be classified as diluent degradation products (DDPs) and high molecular-weight
organophosphates (HMPs). The primary effect of the radiolysis of solvent de-
tectable at low absorbed doses is the formation of DDPs.

However, the formation of HMP species is very slow and HMPs become
predominant only at high-absorbed doses (9). Because of the few stages of recy-
cling (low absorbed doses), concentration of these species is too low to be quan-
tified accurately. The scarcity of data in literature on characterization of these
HMP species and their slow formation kinetics are probably the primary reasons
that studies on HMP quantification and extraction behavior remained overlooked
when researchers defined the quality of recycled Purex solvent.

The variety of radiolytic products accumulated in the solvent by successive
solvent recycling is not easily analyzed by titrimetry, potentiometry, or even ion
chromatographic methods (7). These species are believed to be metal binders. The
quality assessment of solvent solely by HDBP-content analysis appears invalid for
the final rejection of the Purex solvent after several recycling runs (6–10). It is the
additional, lesser-known, and ill-defined species that cause the complexities in the
extraction performance of solvent and lowers its quality after repeated subjection
to recycling.

Recent studies have confirmed the formation and role of HMPs in the dete-
riorating quality of the Purex solvent after several recycling runs (3). This report
presents qualitative identification of HMPs in radiolytically degraded 30% TBP-
n-dodecane by GLC through flame photometric and N-P detectors. Data on Pu-re-
tention behavior of 30% TBP-n-dodecane-HNO3 as a function of absorbed dose is
also presented.

EXPERIMENTAL

Reagents

Commercial TBP was purified by washing with a 2% (wt/vol) solution of
sodium carbonate and then by distilled water. The purity of TBP was found to be
better than 99% by GLC assay. The n-paraffin mixture (C-10 to C-16 chain
lengths) from Aldrich Inc (USA) containing 90% n-dodecane was used for dilu-
tion of TBP to 30% (vol/vol). Finely divided alumina (neutral) of chromatogra-
phy grade was used. All other reagents used were of analytical reagent (AR)
grade.

A radiotracer Pu solution, containing predominantly 239Pu, of a specific ac-
tivity was used. 239Pu was chemically purified by the anion exchange method as
reported by (11). Tracer 239Pu for each experiment was taken from this stock and
adjusted to a tetravalent state by the addition of sodium nitrite (0.03 mol/L).
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Gamma Irradiation Source

A 60Co source of � radiation with a dose rate of 0.5 MRad/h was used for
the irradiation of 30% TBP-n-dodecane samples after they were equilibrated with
HNO3. The measurements of absorbed dose were carried out using Fricke dosime-
try that employed a freshly prepared air-saturated solution of ferrous ammonium
sulfate (1 mmol/L) in 0.47 mol/L sulfuric acid that also contained sodium chlo-
ride (1 mmol/L).

To determine the absorbed dose using the Fricke dosimeter solution in a
glass container (i.d. � 8 mm), we placed the sample in a radiation field of 60Co
gamma rays and measured the yield of ferric ions spectrophotometrically at 304
nm by using an extinction coefficient of 2204 (25°C). GFe

3� � 15.5 for 60Co
gamma rays.

DD � 2.76 � 104 ��
�
l
A
��

where DD is the dose (rads) in the dosimeter container; �A is change in the ab-
sorbance; and l is the optical path length. The molar changes in the concentration
of Fe3� over time gives the dose rate of the irradiation source.

Gas-Liquid Chromatography

A Shimadzu model GC-9A gas chromatograph with a C-R3A data proces-
sor was used. For the preliminary investigation, the resolution of a multicompo-
nent mixture of solvent degradation products was performed with a temperature-
programmed 10% XE-60 column (1.5 m � 0.32 cm) with thermal conductivity
detection.

170°C → 230°C (hold time � 10 minutes) Condition (1)

(1 minute) Program rate � 10°C/min

120°C → 230°C (hold time � 10 minutes) Condition (2)

(0.2 minutes) Program rate � 15°C/min

An injection temperature of 240°C and carrier (helium) flow of 50 mL/min
was used.

Flame Photometric Detection

The vacuum distilled fractions were analyzed by GLC (Shimadzu model)
with flame photometric detection. The sample was first diluted with n-dodecane,
and a fixed attenuation was reached.
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N-P Detection

The radiolyzed solvent was analyzed by GLC (Chemito model 5000) in N-
P mode (combined) as well as P selective mode employing suitable attenuation.
The sample was also analyzed under identical conditions as under flame-ioniza-
tion detection mode.

Gas Chromatography–Mass Spectrometry Analysis

A Shimadzu model QP-5050A gas chromatography–mass spectrometry
(GC/MS) system with chemical ionization (CI) source was used. Because CI data
are identified through a library search device, but the source did not have a library
search engine. Therefore, the only means of obtaining the identity of the eluted
component is through the presence of an intense molecular ion peak. Because the
radiolysis mechanism was quite predictable in the samples studied, we could de-
rive the identity of the components based on the molecular weight/ion peaks. The
chosen mass spectral range was between 70 and 800 atomic mass units (AMU). A
split capillary injection was performed on a DB-5 column (30 m � 0.2 mm of 0.25
�m thickness). The injection temperature was 250°C, and helium was used as car-
rier gas with a total flow rate of 62 mL/min and a split ratio of 75. The interface
temperature was 300°C.

Initial column temperature of 80°C was maintained for 2 minutes, then
raised to 120°C and finally to 250°C at rates of 10°C/min and 15°C/min, respec-
tively. The hold times at 120°C and 250°C were 1 minute and 15 minutes, re-
spectively. Carrier gas pressure was 50.4 kPa.

Infrared Spectrophotometer

A Perkin Elmer model 783 infrared (IR) spectrophotometer, with a sodium
chloride disc as the sample window, was used for qualitative IR fingerprinting of
the sample. Quantitative IR absorbances of test samples were measured on IR
spectrophotometer model PU-9512, with a CaF2 window and a 0.1-mm path,
against 30% TBP-n-dodecane.

Plutonium Retention Test

The inefficacy of the solvent cleanup by sodium carbonate scrub in remov-
ing the highly hydrophobic and metal-complexing radiolytic products led to an in-
crease in the plutonium- retention behavior of the extractant TBP. The quality of
the solvent was checked by a Pu retention test. After three scrubbings with sodium
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carbonate and distilled water, the irradiated sample was contacted with a plutonium
(IV) tracer (200 mg/L) at 2 mol/L HNO3 to allow maximum loading (1:1 contact
for 20 minutes) of the solvent. The plutonium retained in the solvent after stripping
four times with equal volumes of 0.1 mol/L HNO3 was estimated by planchetting
a 50-�L aliquot for radiometric measurements with an alpha proportional counter.
For each sample, the unirradiated 30% TBP-n-dodecane stock was used as a refer-
ence blank. The plutonium retention of the solvent has been reported as alpha dis-
integrations per minute (dpm) for a fixed aliquot of organic phase.

Alumina Treatment

The samples of 30%TBP-n-dodecane-HNO3 spiked with 3 vacuum-dis-
tilled fractions were subjected to treatment with neutral alumina (200 mg/3 mL,
20 minutes). The samples of 30% TBP-n-dodecane-HNO3 subjected to increasing
periods of radiolysis were also treated in a similar manner. Alpha counting was
conducted using a proportional counter with efficiency of 49.55%.

Procedure

Sample Irradiation

The sample of pure TBP (�99.5% by GLC assay) was gamma radiolyzed
for an absorbed dose of 24 MRads for use in monitoring the GLC signatures of
HMP species. In addition, the samples of 30% TBP-n-dodecane-HNO3 were ra-
diolyzed for an absorbed dose of 43.5 MRads to enhance the yield of degradation
products, which were further enriched by vacuum distillation and subsequently
subjected to GC/MS assay and Pu retention tests.

To study the plutonium retention behavior of the solvent as a function of ab-
sorbed dose, suitable aliquots of the sample undergoing � radiolysis were with-
drawn after 7 hours of radiolysis.

Fractionation of Radiolyzed Solvent: Vacuum Distillation

To establish the precise nature of the radiolytic degradation products, a sam-
ple with an absorbed dose of 43.5 MRads was vacuum distilled. The process
yielded 3 products: One reached a boiling point at 46–48°C under vacuum of 0.1
mm Hg; another had a boiling point of 98–105°C under vacuum at 0.05 mm Hg;
and the last fraction was a brown residue.

Each of these sample fractions was fingerprinted by GLC and IR, and the
corresponding plutonium retention values were determined before and after alu-
mina treatment.
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Phosphoric Acid Equilibration Method

Phosphoric acid equilibration is another method of resolving the radiolyzed
solvent for ascertaining the identity of the species formed from DDPs and TBP
degradation products, especially the more hydrophobic HMP species.

To assess the nature of chemical modifications in the solvent, the radi-
olyzed sample (absorbed dose � 35 MRads) was fractionated into a diluent-rich
layer and a middle phase containing organophosphate-rich fractions. This was
accomplished by equilibrating the radiolyzed solvent with concentrated phos-
phoric acid to obtain a lighter diluent phase fraction and a relatively dense
phase, the middle layer/phase, that is the adduct of organophosphate with con-
centrated H3PO4 (12–13). The organic component obtained by breaking the mid-
dle phase/layer adduct through dilution with excess water was named “the mid-
dle phase.”

RESULTS AND DISCUSSION

Gas-Liquid Chromatography Study

Results of GLC fingerprinting of the unirradiated and �-irradiated samples
of pure TBP without any derivatization under condition no. 1 (esterification with
diazomethane) are shown in Figs. 1a and 1b, respectively. The retention time of
the individual species (GLC peaks) is, in general, a function of its boiling point,
which is related to its molecular weight. We observe several distinct peaks char-
acterized by retention times greater than that of TBP, which would presumably
correspond to formation of HMP species.

Figures 2a, 2b, and 2c show the GLC fingerprinting of the �-irradiated 30%
TBP-n-dodecane-HNO3 using a flame ionization detector (FID) and nitrogen-
phosphorous detectors in N � P and P selective modes under identical conditions
using suitable attenuation. The N � P mode of GLC detection signifies the pres-
ence of species containing nitro, nitro and phosphoryl groups together, or phos-
phoryl groups alone. Special attention is drawn to the peaks with retention times
higher than that of TBP in these chromatograms. Several peaks (no. 1, 2, and 4)
are common to the chromatograms in N � P and P mode of detection. However,
in P mode of detection, many additional peaks (HMP species) of retention times
higher than that signified by peak no. 5 were not detected by FID.

Figure 3 shows typical gas chromatogram obtained from a flame photomet-
ric detector of radiolytic degradation products of 30% TBP-n-dodecane-HNO3

(esterified sample, absorbed dose � 43.5 MRads) enriched by vacuum distillation
(last residue) under GLC condition no. 1. Arrows indicate peaks of HDBP, TBP,
and HMP species. Even under high signal attenuation and sample dilution (100
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times), several gas chromatographic signatures of HMP species of varying inten-
sities were similar to those seen in Fig. 3. This experimental observation provides
additional evidence to radiolytic formation of HMP species in the studied system.

Study of Vacuum Distilled Fractions

Gas Chromatography

Figs. 4a, 4b, and 4c show the typical GLC composition profiles under con-
dition no. 2 of radiolyzed solvent (absorbed dose � 43.5 MRads), the second dis-
tilled fraction and the third fraction, i.e. last residue left (at 98°C and 10	2 mm Hg)
of the solvent. The XE-60 column is a moderately polar column, where order of

TBP

TBP

(a)
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Retention Time (min)
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Figure 1. Gas chromatographic fingerprint of (a) unirradiated and (b) �-irradiated undi-
luted TBP; absorbed dose � 2.4 � 105 Gy.
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elution also follows the order of the polarity of species. The first distillate (at boil-
ing point � 38°C and 10	3 mm Hg) predominantly containing nonpolar diluent
components (retention times of 0.0 to 1.6 minutes) of negligible Pu retention is not
shown. Figure 4b, representing the composition profile of the second distillate
(boiling point of 98°C), reflects a high level of TBP enrichment (86%) as well as
radiolytic products of hydrocarbon diluent (DDPs formed in the presence of nitric
acid) (14). The higher intensities of DDP species observed in the chromatograms

TBP

TBP

TBP

FID

N�P

(a)

(b)

P

(c)
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Figure 2. Gas chromatographic fingerprint of �-irradiated 30% TBP-n-dodecane-HNO3

using (a) a flame ionization detector (FID) (b) N-P detector in N � P selective mode, (c) in
P selective mode; absorbed dose � 2.4 � 105 Gy.
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of the second fraction imply that their enrichment was achieved by removal of
nonpolar diluent components through vacuum distillation. The codistillation of
DDP species along with TBP implies some kind of physicochemical association
between them, possibly through hydrogen bonding, as suggested in our separate
communication (15). Had no such association been established, the DDPs would
have distilled out as a separate fraction (TBP-free) at much lower temperature than
that of TBP. This fraction possessed substantially high plutonium-retention be-
havior (Table 1).

Similar logic can be extended to the chromatograms of the third fraction
(vacuum distilled residue) as shown in the Fig. 4c. This sample is essentially an
HMP-enriched fraction as indicated by the presence of several intense peaks of
higher retention times (refer to N-P fingerprint in Fig. 2b) than that of TBP. The
presence of some peaks in the retention-time zone of DDPs indicates some exist-
ing associations between DDPs, TBP, and HMPs. The physicochemical associa-
tion between DDPs, HMPs, and TBP resulted in a brown viscous residue that would
undergo thermochemical transformation rather than boiling at relatively high tem-
perature. In the case of the colored residue, the occurrence of some thermochemi-
cal alteration (98°C) in the composition of radiolyzed solvent cannot be ruled out.

Table 1 shows that the third fraction possessed the extremely high pluto-
nium retention behavior indicative of preferential enrichment of Pu complexants.
These HMP species with their high retention times exhibit strongly hydrophobic
character, especially with respect to the alkaline scrub normally employed as sol-
vent in the wash procedure. Thus, the HMP species tend to accumulate in the sol-
vent upon each recycling, and more so, when a solvent wash is not a regular step
during solvent recycling in the Purex process (Table 2). Table 2 also shows that

TBP
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HMP

D
et

ec
to

r 
R

es
po

ns
e 
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Retention Time (min) 

Figure 3. Gas chromatogram obtained by phosphorous selective flame photometric de-
tection of the third fraction obtained by vacuum distillation (0.05 mm Hg; boiling point
� 98°C) of radiolyzed 30% TBP-n-dodecane-HNO3 (absorbed dose � 4.35 � 105 Gy); di-
lution factor � 100; attenuation � 128 using GLC condition no. 1.
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regular solvent cleanup of radiolyzed solvent slows down the accumulation of
HMP species in the recycled Purex solvent.

Infrared Fingerprinting

Figure 5 shows that the most conspicuous IR signals of radiolytic products
are in the regions of 1) 1520–1570 cm	1 with absorption maxima = 1554 cm	1

TBP HMP

DDP

DDP

TBP

TBP

(b)

(a)

(c)

D
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Retention Time (min) 

0 4 8 12

0

0

Figure 4. Gas chromatographic profiles of unesterified samples of (a) radiolyzed solvent,
absorbed dose � 4.35 � 105 Gy, and its vacuum distilled fractions; (b) second fraction,
boiling point � 98°C; (c) third fraction, brownish-yellow residue.
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for nitro compounds, 2) 1620–1680 cm	1 with absorption maxima � 1645 cm	1

for alkyl nitrates RONO2/olefinic compound, and 3) 1700–1740 cm	1 with ab-
sorption maxima � 1726 cm	1 for carbonyl compounds (RCO/RCHO).

Semiquantitative IR absorbance measurements of Table 3 show that the in-
tensities (yield) of these radiolytically generated nitro compounds in a 30% TBP-
n-dodecane-HNO3 system are much higher than those of the carbonyl species. The
yields of these nitro and carbonyl species are dependent on the nitric acid content
of the extraction system and the absorbed dose.

Finally, the first fraction of vacuum distillation was rich in n-paraffin only
and lacked any of the typical IR bands that mark harmful radiolytic products as
described above (fingerprint not shown). The second product had noticeable IR
absorption in the region of interest and plutonium retention of high magnitude.
The last, highly colored residue showed great intensification of alkyl
nitrates/olefinic and carbonyl species.

Table 1. Plutonium Retention Behavior of Vacuum Distilled Fractions of 30%
TBP-n-dodecane-HNO3 with Absorbed Dose

Boiling Vacuum Aliquot Spiked
Pu-Retention (dpm)

Point mm of to 30% TBP After Al2O3

Fraction No. (°C) Hg (10 mL) Initial Treatment

1 46–48 0.1 0.25 mL 1065 28
2 98–105 0.05 0.25 mL 6228 54
3 � 105 0.05 0.10 mL 260 110 2123

Table 2. GLC Concentration Profile of High Molecular Weight
Organophosphates with Absorbed Dose

Concentration of all
Radiolyzed Solvent Samples

Adsorbed Dose Gy Washed Unwashed

7.6 � 104 0.08 0.08
1.52 � 105 0.18 0.23

3.0 � 105 0.27 0.57

Washing/no washing refers to the radiolyzed sample with sodium
carbonate solution before successive exposure to gamma
radiation.
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Figure 5. IR fingerprint of the vacuum-distilled third fraction of 30% TBP-n-dodecane-
HNO3 (absorbed dose � 4.35 � 105 Gy) in methanol.

Table 3. Dependence of Infrared Absorbance of 30% TBP-n-dodecane-HNO3 System
with Absorbed Dose and [HNO3]TBP

IR Absorbance (Area unit) at Absorbed Dose (� 100)

2.4 � 105 Gy 4.85 � 105 Gy

[HNO3]TBP [1510–1580] [1700–1750] [1510–1580] [1700–1750]
(mol) cm	1 cm	1 cm	1 cm	1

0.18 1.9 0.63 3.1 1.43
0.57 2.8 0.90 5.0 2.56

Cell: CaF2 Path length � 0.1 mm.
Blank � 30% TBP-n-dodecane.
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Study of Fractions Resolved by Phosphoric Acid Equilibration

Gas Chromatography

Figures 6a and 6c show the chromatograms of the diluent phase and the mid-
dle phase (TBP-rich fraction), while Fig. 6b represents that of the radiolyzed sol-
vent (starting material, absorbed dose � 35 MRads). The chromatogram depicted
in Fig. 6a shows intensification of the signals corresponding to DDP species and
reduced intensity of those peaks associated with TBP and HMP species. We ob-
served that the concentration of DDP species in 30% TBP-n-dodecane-HNO3 in-
creases with absorbed dose; the efficacy of TBP removal by phosphoric acid equi-
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Figure 6. Typical gas chromatograms of (a) diluent phase, (b) the radiolyzed solvent (ab-
sorbed dose � 3.5 � 105 Gy), and (c) middle phase; the diluent and middle phase were ob-
tained by phosphoric acid equilibration method.
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libration was reduced. This phenomenon may be attributable to the increasing ex-
tent of H bonding between TBP and DDPs.

The chromatogram of the middle phase shows a strong TBP peak and en-
hanced peaks of HMP species. In addition, the middle phase also contains a rela-
tively low amount of DDPs. This observation further supports the possibility of
association between TBP, HMPs, and DDPs. The existence of strong associations
(hydrogen bonding) between TBP, nitro-alkanes (RNO2), hydroxy species
(ROH), and HMP species may be responsible for the undesirable changes in the
physicochemical behavior of the radiolyzed solvent (15). This reason explains
why the formation of even small amounts of radiolytic species has been reported
to cause relatively large increases in the viscosity of the solvent. Because HMP
species include several nitro TBP species, the degree of association is expected to
be enhanced between various radiolytic species.

Infrared Study

Figures 7a and 7c respectively show IR fingerprints of the diluent phase and
the middle phase respectively, while Fig. 7b shows that of the radiolyzed 30%TBP-
n-dodecane-HNO3 (the starting material with absorbed dose � 35 MRads).

Apart from the diluent component, the middle phase (a relatively dense
organophosphate-rich fraction including HMP) of the radiolyzed solvent exhibits
strong signals of nitro compounds, indicating the presence of nitrated TBP
species. In addition to this result, a peak of approximately 1729 cm	1, due to the
existence of carbonyl species, is also present in this fraction. These observations
are valuable guides in the identification of peaks by the GC/MS-library search
method. The IR spectra of the last residue (vacuum distilled) suggest the presence
of nitro and carbonyl groups, which are quite likely to be associated with HMPs.

Gas Chromatography–Mass Spectroscopy Studies

Figure 8 shows the total ion current versus retention time of the GC/MS spec-
trum for the third fraction (the last, high-boiling residue) obtained by vacuum distil-
lation of the radiolytically degraded 30% TBP-n-dodecane-HNO3. Because isobu-
tane gas is the mode of ionization, and no library search facility is available for
chemical ionization results, the identification of a given species was based on the
molecular ion peak that had the highest intensity. Besides, the mechanism of radi-
olytic transformation is fairly well understood; it is easier to predict the species cor-
responding to a given molecular ion peak. The peak with retention time 13.18 min-
utes was identified as TBP because of the characteristic molecular ion peak 266.
Results from gas chromatographic fingerprinting (with packed column) has already
suggested the possibility of nitro and phosphorous compounds corresponding to
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several peaks eluting after TBP. Owing to inherently greater resolution power, the
capillary column of the GC/MS system yielded more HMP peaks for the same sam-
ple than were obtained with the packed-column gas chromatographic assay. Based
on the intense molecular-ion peak of the typical GC/MS profile in chemical ioniza-
tion mode, the HMP peaks designated as 1, 2, 3, 4, 5, and 6 are respectively
CH3MTBP, OHMTBP, O2NMTBP; O2NMTBP; O2NMTBP; O2NMTBP. The
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Figure 7. IR fingerprint of the (a) diluent phase, (b) the radiolyzed solvent, absorbed dose
� 3.5 � 105 Gy, and (c) middle phase; the diluent and middle phase were obtained by the
phosphoric acid equilibration method.
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peaks identified as O2NMTBP and denoted with 1, 2, 3, and 4 may be TBP nitrated
at different carbon atoms of the butoxy groups each with molecular ion peaks at 312.
The increasing order of the retention times of these peaks is also suggestive of the
relative order of their polarities. Because the sample subjected to the GC/MS assay
had been preconcentrated by vacuum distillation and subsequently diluted to facili-
tate injection into the GC; hence, the exact concentration factor is not available. If
these qualifying factors are ignored, we can state that the relative percentages of the
HMP species in the sample subjected to GC/MS assay is in following order: HMP1
(MeTBP, m/z � 281) � 0.43; HMP2 (OHMTBP, m/z � 283) � 2.36; and the 4 ni-
trated TBP species identified with molecular ion peaks of 312 were HMP3 � 0.5,
HMP4 � 0.26, HMP5 � 2.09, and HMP6 � 0.98. TBP in this enriched fraction was
shown to be 85.09%.Thus, the GC/MS assay led to a precise identification of HMP
species as suggested by the results from nitrogen and phosphorous selective detec-
tors and those from the packed-column gas chromatographic study.

Probable Mechanism

Although the extent of CMC bond scission is relatively less with straight
chain hydrocarbons, a smaller yield of methyl radicals along with corresponding
low carbon-chain hydrocarbon radicals is also formed. This alkyl radical may un-
dergo substitution to either the diluent (n-dodecane) or the butoxy groups of TBP.
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Figure 8. GC/MS spectra of radiolyzed 30% TBP-n-dodecane-HNO3 (absorbed dose 
� 3.5 � 105 Gy) obtained from a chemical ionization detector set in the range of 70–700
AMU. The HMP peak labels correspond to species identified on the basis of molecular ion
peak (CI source) as 1 � CH3MTBP; 2 � OHMTBP; 3 � [NO2MTBP]1; 4 � [NO2MTBP]2;
5 � [NO2MTBP]3; and 6 � [NO2MTBP]4.
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In addition, these radicals may undergo interaction with other radicals that will
lead to the formation of new species.

However, a likely mechanism is one in which the hydrogen-deficient bu-
toxy groups of TBP give rise to an alkyl-substituted TBP. Formation of nitrated
TBP may also arise from the action of NO2 and NO3 radicals as described in sub-
sequently presented equations.

Generation of derivatized radicals may arise from the radiolysis of water as
well as nitric acid extracted in the solvent (Eqs. 1–3).

HNO3 OH
 � NO2
 (1)

H2O OH
 � H
 (2)

HNO3� OH → H2O � NO3
 (3)

Generation of alkyl radicals may arise of the hydrocarbon diluent, which is
represented as R1H, as depicted in Eqs. (4–7).

R1H [R1H*, R1
�
, e] � e (4)

R1H* → R1
 � H
 (5)

→ R1
�
 � H2 (6)

R1H � OH
/H
/NO2/NO3
 → R1
 � H2O/H2/HNO3 (7)

Similarly, generated TBP radicals may arise from reactions depicted in Eqs.
(10) and (11):

[(RO)3P � �] [(RO)3P � �* → [(RO)3P � �]�
 � e (8)

[(C4H9O)3P � �] � OH
/H
/NO2/NO3
 →

C4H8O(C4H9O)2P � � � H2O/H2/HNO3/HNO3 (9)

Formation of HMPs may result predominantly from the recombination of
alkyl radicals and TBP (hydrogen deficient) radicals as follows:


C4H8O(C4H9O)2P 
� � � R1
 or R1�
 →

(R1� or R1MC4H8O)(C4H9O)2P � � (10)

�NO2
 → (O2NMC4H8O)(C4H9O)2P � � (11)

�NO3
 → (O2NOMCs4H8O)(C4H9O)2P � � (12)

�OH
 → (OHMC4H8O)(C4H9O)2P � � (13)

Plutonium Retention Behavior and Alumina Treatment

The plutonium retention by the solvent after sodium carbonate wash was
found to increase with the absorbed dose and gets restored almost to original value
by the treatment of the solvent with alumina.
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Table 1 shows the plutonium retention behavior of the 3 vacuum distilled
fractions before and after alumina treatment. For a comparative study of the Pu re-
tention test, small aliquots (0.25 mL) of the first and second fractions and 0.1 mL
to the third fraction were spiked to 10 mL of unirradiated solution of 30% TBP-n-
dodecane-HNO3 and the corresponding Pu amount retained was determined. The
retention of Pu by the first fraction was the same as that of fresh 30% TBP-n-do-
decane (control). However, amounts of Pu retained in second and third fraction
were in exponentially increasing order. The vacuum-distilled third fraction ob-
tained from the �-irradiated 30% TBP-n-dodecane-HNO3 contains strong pluto-
nium complexants. The data of Table 1 also suggest that alumina treatment of the
third fraction significantly reduces the extremely high Pu retention behavior of the
HMP rich fraction. Correspondingly, a comparative examination of its quantitative
GLC profile revealed near quantitative and selective removal of most of the HMP
species, especially the nitrated TBP. Also, we observed substantial reduction in the
intensities of IR bands (semiquantitative data not shown here) in the region of
1556, 1650, and 1726 cm	1. Based on these observations, we believed that identi-
fied GLC markers of HMP species, associated with characteristic infrared features,
are among the suspected Pu-retaining species. However, other complexing species
capable of plutonium retention proposed by several other authors (7,8) cannot be
ruled altogether because the system under study was a multicomponent mixture.

Infrared Studies

Semiquantitative measurements of the intensities of characteristic IR fin-
gerprints corresponding to nitro compounds and carbonyl species (Table 3) sug-
gest that the yield of nitro compounds is much greater than that of the carbonyl
species. Also, the absorbance of nitro and carbonyl species are dependent on ab-
sorbed dose as well as nitric acid content of the solvent prior to gamma radiolysis.

Table 4. Pu Retention Behavior of Radiolytically
Degraded Solvent

System: 30%
TBP-n-dodecane-HNO3

Pu-retention (dpm)

After Al2O3

Dose Gy Initial Treatment

03.4 � 103 705 26
0.68 2083 40
1.03 9987 197
1.37 15936 316
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CONCLUSIONS

The present investigation enabled us to identify the GLC signatures of HMP
species. Nitric acid induced radiolytic degradation of 30% TBP-n-dodecane also
results in the nitration of TBP, of course, to a lesser extent than that of the hydro-
carbon diluent.

The HMP species tend to remain associated with polar DDPs. Such an as-
sociation is difficult to break despite phosphoric acid equilibration of radiolyzed
solvent. The enrichment of HMPs in the last fraction achieved by vacuum distil-
lation showed that the HMP species possess color and high viscosity. These HMP
species are reported to be hydrophobic and resistant to removal by alkaline scrub
and enhance the plutonium retention behavior after several stages of Purex solvent
recycling. They are likely to behave like surfactants and cause phase separation
problems during extraction.

The gas chromatographic signatures suggest that the HMP species (the NO2

derivatives of TBP) are the most likely to enhance Pu retention of radiolytically
degraded solvent. Hence, the dose-dependant deterioration in the quality of the re-
cycled Purex solvent can be evaluated by systematically monitoring the concen-
tration profiles of these HMP species by GLC.
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