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In the field of nuclear waste management, the 6,6'-bis-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-
benzo[1,2,4]-triazin-3-yl)-[2,2']-bipyridine (CyMe4BTBP) is a polycyclic N-based molecule eligible to
remove actinides from spent nuclear fuel by liquid-liquid extraction processes. In such processes, the
organic phase containing the extracting molecules will undergo hydrolysis and radiolysis, involving
degradation products. The purpose of this work was to develop a normal phase chromatography (NP-
HPLC) coupled to atmospherical pressure chemical ionisation-mass spectrometry (APCI-MS) method
to separate and identify degradation products of CyMe4BTBP dissolved in octanol, submitted to HNO3;
hydrolysis. 1 molL~! HNO; hydrolysis conditions were used regarding the selective actinides extrac-
tion (SANEX) process, while 3 molL-! HNO5 conditions were applied for the group actinide extraction
(GANEX) process. The first step consisted in optimizing the chromatographic separation conditions using
a diode array detection (DAD). Retention behavior of a non hydrolyzed mixture of N,N’-dimethyl-N,N’-
dioctyl-hexyloxyethyl-malonamide (DMDOHEMA), a malonamide used in the SANEX process to increase
the kinetic of extraction, and CyMe4BTBP were investigated on diol-, cyano-, and amino-bonded station-
ary phases using different mobile phase compositions. These latter were hexane with different polar
modifiers, i.e. dioxane, isopropanol, ethanol and methylene chloride/methanol. The different retention
processes in NP-HPLC were highlighted when using various stationary and mobile phases. The second
step was the setting-up of the NP-HPLC-APCI-MS coupling and the use of the low-energy collision dis-
sociation tandem mass spectrometry (CID-MS/MS) of the precursor protonated molecules that allowed
the separation and the characterization of the main hydrolytic CyMe4BTBP degradation product under a
3 molL-! HNOs concentration. Investigation of the CID-MS/MS fragmentation pattern was used to sug-
gest the potential ways leading to this hydrolysis degradation product. This NP-HPLC-APCI-MS method
development is described for the first time for the CyMe4BTBP and should provide separation methods
regarding the analysis of polycyclic N-based extracting molecules and more generally for the investigation
of the organic phase coming from liquid-liquid extraction processes used in nuclear fuel reprocessing.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

In the framework of nuclear waste reprocessing, the well
established plutonium uranium refining by extraction (PUREX)
process allows the recovery of uranium and plutonium from
spent nuclear fuel. The remaining waste however, still contains
long-lived radioelements such as minor actinides (Np, Am, Cm)
and long-lived fission products (I, Tc, Cs...), inducing significant
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long-term radiotoxicity. The partitioning of these elements and
their transmutation in short-lived nuclides would significantly
decrease the required storage time for nuclear waste [1]. In this
field, one of the proposed schemes was two successive parti-
tioning processes by liquid-liquid extraction technique [2]: the
diamide extraction (DIAMEX) process aiming at co-separate the
actinides (An(Ill)) and lanthanides (Ln(IIl)) from fission products,
followed by the selective extraction of An(Ill) by the selective
actinides extraction (SANEX) process. This second step represents
a difficult challenge due to the similar chemical properties of
An(IIl) and Ln(Ill), but their slightly different reactivity towards
polydentate nitrogenated ligands [3-5], led to the design and
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Fig. 1. (a) Structure of the 6,6'-bis-(5,6-dialkyl-[1,2,4]-triazin-
3-yl)-[2,2']-bipyridine (BTBP) derivatives. (b) Structure of  the
(6,6'-bis~(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1,2,4]-triazin-3-yl)-
[2,2']-bipyridine (CyMe4BTBP).

development of a large number of polycyclic N-based extractants
[6-8]. The BTBP family (6,6'-bis-(5,6-dialkyl-[1,2,4]-triazin-3-yl)-
[2,2’]-bipyridine, Fig. 1(a)) [9-14] is particularly interesting as it
combines high separation factors, good back extraction perfor-
mance and improved resistance to hydrolysis and radiolysis, par-
ticularly for the CyMe4BTBP (6,6'-bis-(5,5,8,8-tetramethyl-5,6,7,8-
tetrahydro-benzo[1,2,4]-triazin-3-yl)-[2,2'|-bipyridine, Fig. 1(b))
[15,16]. Due to these features, CyMe4BTBP has also been considered
for the group actinide extraction (GANEX) process [17], in order to
simultaneously extract all the actinides from the dissolved spent
fuel for transmutation purposes [18]. The GANEX process takes
place in highly acidic medium (nitric acid in the aqueous phase
between 3 and 6 molL~1), whereas the SANEX process operates
with a 1 molL~1 HNO3 aqueous phase.

Although the CyMe4BTBP seems to exhibit several required
characteristics regarding the processes conditions, the organic
phase will be inevitably submitted to hydrolysis and radiolysis
through the recurring extraction cycles, generating degradation
products. Until now, studies dealing with the CyMe4BTBP degrada-
tion have been limited to the extraction performances evaluation
after several extraction cycles using different organic diluents in
contact with 1 mol L~ HNO3 aqueous phase [15,16,19]. To the best
of our knowledge, CyMe4BTBP degradation products have never
been identified nor characterised, which is critical to evaluate their
impact on the extraction processes performance.

Electrospray-mass spectrometry (ES-MS) is a valuable tech-
nique which has been used for diverse extracting molecules
degradation products identification, but without prior separation
step [20-23]. High performance liquid chromatography (HPLC)
coupled with mass spectrometry (MS) is powerful for the separa-
tion and characterization of organic molecules, but its application
remains scarce regarding the analysis of extracting molecules used
inthe nuclear cycle [24,25]. Reversed phase (RP) HPLCis extensively
and traditionally used for the separation of various compounds
due to the availability of a wide variety of stationary phases and
their selectivity. However, limited solubility of certain organic com-
pounds in aqueous mobile phases and analysis of polar compounds

o)

Fig. 2. Structure of the N,N’-dimethyl-N,N'-dioctyl-hexyloxyethyl-malonamide
(DMDOHEMA).

represent some drawbacks to this technique. Normal phase-high
performance liquid chromatography (NP-HPLC), involving polar
bonded stationary phases, becomes then an alternative approach
[26]. Moreover, NP-HPLC does not require the use of salts in the
eluents, which is a great advantage regarding the coupling with
mass spectrometry. Applications of NP-HPLC to separate polar com-
pounds of different acid-base properties, e.g. amines, synthetic
intermediates, pharmaceutical drugs, chiral and biologically active
molecules, organic mixtures from crude oils are reported in the
literature [27-37].

In this work, we report the development of a NP-HPLC
hyphenated with atmospheric pressure chemical ionisation-
mass spectrometry (APCI-MS) method, in order to characterize
CyMe4BTBP hydrolytic degradation products produced in octanol
diluent under 1 and 3molL~! HNOs. In a first step, the sepa-
ration method has been developed and optimized using several
stationary and mobile phases coupled to a diode array detector
(DAD). As a second step, separation and identification of the main
CyMeyBTBP hydrolytic degradation product have been investigated
by NP-HPLC-APCI-MS using the optimized separation conditions.
This analytical method can be ultimately expanded to the analysis
of CyMe4BTBP degradation products produced by both hydrolysis
and radiolysis in the SANEX or GANEX extraction processes condi-
tions, which should induce more complex degradation pathways.

2. Experimental

Octanol/nitric acid system was used regarding the SANEX
and GANEX liquid-liquid extraction processes. In both processes,
CyMe4BTBP is the extracting molecule contained in the octanol
phase, whereas HNO3 concentration was 1molL-! for SANEX
and 3 mol L1 for GANEX respectively. N,N’-dimethyl-N,N’-dioctyl-
hexyloxyethyl-malonamide (DMDOHEMA, Fig. 2) is a malonamide
that was used in the SANEX process in order to increase the kinetic
of extraction.

2.1. Reagents and solvents

The 6,6'-bis-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-
benzo[1,2,4]-triazin-3-yl)-[2,2']-bipyridine  (CyMe4BTBP) and
the 2,6-bis(5,6-isopropyl-1,2,4-triazin-3-yl)-pyridine  (iPrBTP)
were provided by the CEA/DEN/DRCP/LCSE (Laboratoire de Chimie
des Systémes Extractants, Marcoule, France). N,N’-dimethyl-
N,N’-dioctyl-hexyloxyethyl-malonamide = (DMDOHEMA) was
synthesised in the CEA/DEN/DPC/LSRM (Laboratoire de Spéciation
des Radionucléides et des Molécules, Saclay, France). All solvents
used (hexane, isopropanol, ethanol, dioxane, methanol and methy-
lene chloride) were HPLC grade. Nitric acid NORMAPUR 65% and
NaNO, were purchased from Fisher (Fisher Scientific, UK).
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2.2. Instruments

A chromatographic system composed of a binary pump HPLC
525 (Biotek Instruments, Germany), a degasser DEGASYS DG1210
(Uniflows), a column oven, an autosampler Smartline Autosampler
3900 (Knauer, Germany) and a diode array detector PDA S2800
(flow cell 10 pL) (Knauer, Germany) was used.

The experiments were carried out with two NH, columns,
Nucleosil NH, 250 x 4.6 mm (Macherey Nagel, Germany) and
Luna NH; 150 x 4.6 mm (Phenomenex, USA); two CN columns,
Discovery Cyano 250 x4.6mm (Supelco, USA) and Luna CN
150 x 4.6 mm (Phenomenex, USA); and two diol columns, Inert-
sil Diol 250 x 3mm (GL Sciences, Japan) and LiChrospher Diol
250 x 4mm (Agilent Technologies, Germany). All columns were
packed with 5pm particles. The flow rate was 1, 0.4 and
0.33 mL/min for 4.6, 3 and 2 mm i.d. columns respectively. Tem-
perature was set to 30°C. 10 pL of the samples were injected for
analysis. CyMe4BTBP displayed an absorption spectrum with max-
imum at 230 nm, 290 nm and a shoulder at 250 nm whereas a peak
was observed at 204nm for DMDOHEMA. The following wave-
lengths were selected for the analysis: A =200,230,250 and 290 nm.

2.3. NP-HPLC analyses

2.3.1. Optimization of the chromatographic method using a DAD

Three stock solutions of non hydrolysed molecules: CyMe4BTBP,
DMDOHEMA and CyMe4BTBP+DMDOHEMA were prepared in
octanol at 10~2 mol L~!. Samples were prepared by dilution of the
corresponding stock solutions in ethyl acetate or ethanol to obtain
the analytes at 10~4molL-'. For each column (amino, diol and
cyano), different compositions of mobile phase were tested in order
to determine the best combination of stationary/mobile phases for
the separation of CyMe4BTBP and DMDOHEMA. The mobile phases
were done by hexane and a small percentage of polar solvent (i-
PrOH, Dx, EtOH and CH;Cl,/MeOH).

2.3.2. Hydrolysis experiments

The hydrolysis of the CyMe4BTBP contained in the organic phase
of the octanol/nitric acid (1 and 3 mol L~ HNO3) system was fur-
ther monitored using the optimized chromatographic method. The
organic phase made of 10~2 mol L-1 CyMe4BTBP in octanol and the
1 molL~1 HNO3 aqueous phase containing 5 x 10~2 mol L~1 NaNO,,
were contacted in a round-bottom flask equipped with a condenser
and heated at 60°C. NaNO, was added to mimic radiolytic prod-
ucts stemming from HNOj radiolysis [38,39]. The organic phase
was sampled over time and each sample was centrifuged. 10 L
of the organic phase were then taken and diluted in ethanol or
ethyl acetate to obtain a 10~*molL-! concentration before NP-
HPLC-DAD analysis. The same experiment was carried out with
a 3molL-! HNO3 aqueous phase containing 15 x 10~2 mol L~!
NaNO,. Samples of the organic phase were analysed with the Dis-
covery CN 250 x 4.6 mm column in hexane/ethanol 85/15+0.1%
DEA condition. Hence, the monitoring of the CyMe4BTBP hydrol-
ysis has been performed by NP-HPLC-DAD and analysis of the main
hydrolytic degradation has been further carried out by NP-HPLC-
APCI-MS, which experimental conditions are described in the next
section.

2.4. NP-HPLC-APCI-MS

An LCQ Advantage (Thermo Finnigan, USA) mass spectrometer
with an APCI source was used. LC-MS experiments were carried
out with a Surveyor (autosampler, pump and diode array detector)
system (Thermo Finnigan, USA). The optimization of the mass spec-

trometer parameters was carried out under LC conditions. Through
a zero dead volume Tee, were directed into the mass spectrometer:

- the mobile phase (hexane/ethanol 85/15+0.1% of DEA) at the
optimized flow rate, without column

- the sample prepared in ethanol at 10~4 mol L1 through a syringe
pump.

The optimized mass spectrometer parameters were: vaporisa-
tion temperature 450 °C, sheath gas flow rate 80 L/min, auxiliary gas
flow rate 24 L/min, Corona discharge 5 A, capillary temperature
200°C and capillary tension 33 V. These parameters were further
used for NP-HPLC-APCI-MS analyses.

3. Results and discussion

In liquid-liquid extraction processes, the organic phase is a solu-
tion of the extracting molecule in a diluent (octanol in our work),
whereas the aqueous phase contains the elements to remove in
nitric acid. In this work, the nitric acid concentrations in the aque-
ous phase were 1 and 3molL-! regarding the SANEX and GANEX
processes respectively. For the SANEX process, a diamide modifier,
the DMDOHEMA (Fig. 2), was added to the organic phase in order to
increase the kinetic of extraction. Prior to the LC-MS experiments,
the chromatographic separation method has been developed with
a DAD and aimed at eluting the DMDOHEMA in the injection peak,
to avoid any perturbations caused by its degradation products.

3.1. Chromatographic separation method development

Normal phase liquid chromatography was chosen in order to
work in 100% organic medium, as organic phase diluent is octanol,
non miscible with water. This feature prevents the use of RP-HPLC
aqueous mobile phases. The basic retention mechanism in NP-HPLC
is based on competitive adsorption between the polar constituent
of the mobile phase (the modifier) and the solute for polar active
sites of the stationary phase [40]. Normal phase processes of
retention are sensitive to hydrogen bonding and dipole-dipole
interactions [41]. Residual silanols of the bonded phase must be
considered as additional active sites for retention and play a partic-
ular important role in retention and selectivity of basic compounds
with cyano phases [42]. According to the nature of the solutes
and accessibility of residual silanols, interactions with these latter
induce more or less peak tailing and sometimes irreversible adsorp-
tion. The use of basic additives in the mobile phase is widespread
to block residual silanols and therefore overcoming these draw-
backs [43,44]. It must be pointed out that basic additives can also
be used with amino and diol phases to improve peak shape, but not
as widely as with cyano phases. Since the chemical nature of the
stationary phase can have a major effect on selectivity, amino, diol
and cyano bonded stationary phases were tested in this work.

The mobile phase was a mixture of a non-polar solvent (hex-
ane) and a polar solvent, the modifier (isopropanol (i-PrOH),
ethanol (EtOH), dioxane (Dx) and methylene chloride/methanol
(CH,Cl;/MeOH)). The various modifier percentages provide a wide
range of solvent strengths mobile phases, governing the solutes
retention time. This should allow the separation of molecules of
quite different polarity such as DMDOHEMA and CyMe4BTBP. The
solvent selectivity, i.e. proton donor/acceptor and dipole charac-
teristics have also to be considered when describing retention
mechanisms. However, solutes retention cannot be described apart
from solvent strength and selectivity, since additional phenom-
ena take often place. Localization, reflecting the tendency of polar
molecules (solute or modifier) to strongly interact with adsorb-
ing active sites such as residual silanols and bonded phase sites, as
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Fig. 3. (a-h) Effect of the modifier on the retention of CyMe4BTBP and DMDO-
HEMA using two amino phases (Nucleosil 250 x 4.6 mm (Macherey Nagel) and
Luna 150 x 4.6 mm (Phenomenex)) in isocratic eluting conditions. Mobile phase:
hexane as non polar solvent containing low percentage of polar modifiers (diox-
ane (Dx), isopropanol (i-PrOH), ethanol (EtOH) and methylene chloride/methanol
(CH2Clz/MeOH)). 1 and 2 are for DMDOHEMA (104 molL~') and CyMe;BTBP
(104 mol L) respectively. Detection at the absorption maximum for 1 and 2.

well as the secondary solvent effects, resulting from solute-solvent
interactions in the adsorbed and non-adsorbed mobile phase, give
rise to some changes in retention and selectivity [45].

3.1.1. Amino phases

Amino groups seem to be the primary adsorption sites for
solutes, as reported by several authors [46,37,47]. Their basic fea-
ture should induce preferential interaction with acidic compounds.

Although DMDOHEMA (compound 1) eluted in the injection
peak as required, CyMe4BTBP (compound 2) had a poor peak shape
with tailing with the whole mobile phases, using the Nucleosil
column (Fig. 3(a), (c), (e) and (g)). This tailing is characteristic of
interactions with residual silanols, suggesting stronger polar inter-

actions with these latter for the Nucleosil column compared to the
Luna one. For same polar stationary phases coming from different
manufacturers, substantial variability in the concentration of sur-
face silanol groups could occur. Therefore, polarity and hydrogen
bonding properties of the stationary phase will be affected, involv-
ing different retention phenomena for two columns. Although
residual silanols amount is not available for the both phases, we
canreasonably suggest that these latter are in higher concentration
for the Nucleosil column.

With the Luna column, DMDOHEMA and CyMe4BTBP were sep-
arated with good selectivity and resolution, using i-PrOH and EtOH
as modifiers (Fig. 3(b) and (f)). EtOH and i-PrOH are localizing sol-
vents, able to interact with the polar sites of the stationary phase
(i.e. polar bonded amino groups and residual silanols) principally
through hydrogen binding. The retention of solutes able to inter-
act with the active bonded sites should therefore be enabled by
competition. However CyMe4BTBP exhibits basic properties that
are not complementary to the amino bonded phase, therefore
CyMe4BTBP was involved in weak interactions with the amino
bonded groups, leading to weak retention of this latter as observed
on Fig. 3(b) and (f). Small percentage of modifier was necessary
(2%) to achieve a separation of DMDOHEMA (R;=4.5min) and
CyMe4BTBP (R =6 min), confirming that CyMe4BTBP did not specif-
ically interact with the active sites of the amino phase. In general,
weak polar solutes are weakly retained or not retained at all.
DMDOHEMA (Fig. 2), notably less polar than CyMe4BTBP due to
its octyl lateral chains, was not significantly less retained, confirm-
ing again the previous observation and the reduced selectivity of
these combined stationary and mobile phases toward CyMe4BTBP.

Dioxane is also a localizing modifier but less polar than i-PrOH
and EtOH, which can partly explain that higher dioxane percentage
was needed to elute CyMe4BTBP. Since CyMe4BTBP and dioxane
exhibit basic and polar properties, they should specifically compete
for active sites of a polar bonded phase. These properties are not
complementary to those of the basic NH, bonded stationary phase;
therefore no retention phenomenon should occur. However, we
must keep in mind that residual silanols are additional adsorption
sites for solute. In our case, it seemed that the major interactions
took place with residual silanols, as revealed by the observation of
broad tailing peaks (Fig. 3(d)).

2% of (CH,Cl,/MeOH) mixture led to more retained CyMe4BTBP
compared to EtOH and i-PrOH modifiers and DMDOHEMA elution
in the injection peak (Fig. 3(h)). CH,Cl; is a non localizing modifier
and as observed in our work, the use of localizing and non-localizing
modifier can change the mobile phase selectivity. In this latter case,
more complex retention mechanisms, involving secondary solvent
effects, such as CyMe4BTBP interaction with the adsorbed modi-
fier, might occur and explain the stronger CyMe4BTBP retention.
In addition, Salotto et al. [48] found that with CH,Cl, as modifier,
amino phases preferentially retain basic solute despite their non
complementary properties toward the stationary phase.

3.1.2. Diol phases

Diol stationary phases could be considered as deactivated silica
since hydroxyl groups linked to carbon atoms are weaker proton
donors. Bonded hydroxyl groups should be involved in hydro-
gen interactions with proton acceptor molecules. Due to the polar
and basic properties of CyMe4BTBP, stronger and more specific
interactions should be reasonably expected with diol than with
amino phases. Nevertheless, these interactions were not exces-
sively stronger since slightly higher percentage of polar modifier
(5%) was needed to give CyMe4BTBP retention times in the same
range than the amino phases (Fig. 4(a), (b), (c), (d), (e), (f) and (g)).
Interaction mechanisms more complex than hydrogen bonding,
like secondary solvent effects, might occur for CyMe4BTBP reten-
tion on diol stationary phases.
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Fig.4. (a-g) Effect of the modifier on the retention of CyMe4BTBP and DMDOHEMA
using two diol phases (Inertsil 250 x 3 mm (GL Science) and LiChrospher 250 x 4 mm
(Agilent)) in isocratic eluting conditions. Mobile phase: hexane as non polar solvent
containing low percentage of polar modifiers (dioxane (Dx), isopropanol (i-PrOH),
ethanol (EtOH) and methylene chloride/methanol (CH,Cl,/MeOH)). 1 and 2 are for
DMDOHEMA (10-4 mol L-1) and CyMe4BTBP (10~4 mol L-!) respectively. Detection
at the absorption maximum for 1 and 2.

EtOH and i-PrOH, as polar localizing modifiers, should inter-
act with the bonded hydroxyl groups and the residual silanols, to
allow the solutes retention by competition. Although the Lichro-
spher column led to enhanced selectivity and resolution with
respect to the Inertsil one, this stationary-mobile phases combi-
nation was not very selective of the CyMe4BTBP (Fig. 4(a), (b), (e)
and (f)). As for the amino phases, DMDOHEMA was not exten-
sively less retained than CyMe4BTBP. In all cases, peak tailings
were assigned to interactions with residual silanols. We can notice
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Fig. 5. (a-f) Effect of the modifier on the retention of CyMe4BTBP and DMDO-
HEMA using two cyano phases (Luna 150 x 4.6 mm (Phenomenex) and Discovery
250 x 4.6 mm (Supelco)) in isocratic eluting conditions. Mobile phase: hexane
as non polar solvent containing low percentage of polar modifiers (dioxane
(Dx), isopropanol (i-PrOH), ethanol (EtOH) and methylene chloride/methanol
(CH2Clz/MeOH)). 1 and 2 are for DMDOHEMA (10-4molL-') and CyMe4BTBP
(10~* mol L) respectively. Detection at the absorption maximum for 1 and 2.

that better resolution and selectivity were obtained for the separa-
tion of CyMe4BTBP and DMDOHEMA using the Inertsil column and
dioxane modifier (Fig. 4(c)). As polar and basic compounds, diox-
ane and CyMe4BTBP exhibit complementary properties to compete
for the active sites of the stationary phase. On the other hand,
DMDOHEMA eluted in the injection peak and CyMe4BTBP eluted
as a broad peak at around 20 min with the Lichrospher column
(Fig. 4(d)). This behavior can reasonably be rationalised assuming
that residual silanols were predominantly involved in retention.
This emphasises again that same packed stationary phases coming
from different manufacturers can lead to different chromato-
graphic performances. (CH,Cl,/MeOH) was not a well adapted
modifier for the Inertsil column since conditions were not met to
observe retention. With the Lichrospher column, CyMe4BTBP elu-
tion provided a tailing peak with poor shape (Fig. 4(g)), which led
us to conclude that major interactions took place with residual
silanols.

It has been reported that the diol behavior is not always pre-
dictable when probed with bases due to the presence of the
hydroxyl groups of the diol phase, the ether linkage of the packed
function and residual silanols [49].
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3.1.3. Cyano phases

In our work, very poor chromatographic performances or irre-
versible CyMe4BTBP adsorption occurred without basic additives in
the mobile phases. Low percentage of diethylamine (DEA, 0.1%) was
thus added to the mobile phase in the whole cyano experiments,
allowing appreciable improvement of the peak shape. A decrease of
the retention time of the solutes was observed, due to the polarity
of DEA. When only considering the bonded CN groups as adsorp-
tion sites, the dominant retention factors should be dipole-dipole
interactions and hydrogen bonds between basic stationary phase
and acidic solutes [50,51]. Hence, specific interactions are expected
if both the modifiers and the solutes exhibit sufficient dipolarity
and/or acidity properties. CyMe4BTBP exhibits dipolar proper-
ties but no significant acidity, therefore predominantly dipolar
interactions with the stationary phase might be established. Local-
ization and secondary solvent effects play an increased role with
cyano phases, explaining their different behavior regarding diol and
amino phases [42,45,49-52]. Hence, depending on the selectivity
of the mobile phase, cyano phases can exhibit either acid or basic
tendencies, leading to the retention of various types of solutes and
making them universal stationary phases. For example, predomi-
nantly dipolar compounds such as nitriles and isothiocyanates were
retained on cyano stationary phase, even without basic additive
[53]. On the other hand, the separation of compounds exhibit-
ing different acid/base and polarity properties has been described
[27,30,44,54].

In our work, dioxane was not an adapted modifier, since it led
to bad separation or no peak at all. Although polar and localizing
solvent, dioxane exhibits basic properties, making it unavailable
for sufficient specific interactions with the stationary phase. With
other modifiers, it can be observed from Fig. 5(a)-(f) that poor
chromatographic performance was obtained with the Luna CN,
whereas the Discovery CN led to good results. As in the two previous
cases, these results emphasize the different characteristics of two
columns provided by diverse manufacturers. With the Discovery
CN, we can observe that with 15% of modifier, DMDOHEMA eluted
in the injection peak, whereas CyMe4BTBP was more strongly
retained compared to the two previous stationary phases. These
data show the higher selectivity of the cyano toward CyMe4BTBP
compared to the amino and diol bonded phases. EtOH and i-PrOH

are polar and localizing solvents able to interact with the stationary
phase, allowing retention of adsorbing solutes. Using the same per-
centage of i-PrOH and EtOH, CyMe4BTBP eluted at 16 and 7.7 min
respectively (Fig. 5(b) and (d)). Although basicity, acidity, dipolar-
ity or localization ability of a solvent are important parameters,
steric factors seem to play a significant role in separation pro-
cesses.Indeed, bulkier alcohols (i-PrOH versus EtOH or MeOH) were
reported to yield higher retention times regarding the separation
of polar basic compounds such as amines with cyano phases [30].
In the same manner, retention times of polar solutes were higher
using acetic acid rather than trifluoroethanol in hexane, although
these modifiers display similar properties of acidity and polarity
[51]. It was stated that acetic acid was a dimmer in hexane and
behaved therefore as a weak modifier. A hindered modifier has a
reduced accessibility of the stationary phase active sites, induc-
ing weaker interactions with these latter. Therefore, the ability to
compete with a solute interacting with the polar sites is decreased,
involving higher solute retention time. Narrow peak was obtained
with (CH,Cl,/MeOH) (R;=6.8 min) (Fig. 5(f)). As for the previous
cases, CH,Cl, as a non localizing solvent exhibits different proper-
ties compared to i-PrOH and EtOH. Different retention processes of
solutes might occur, involving secondary solvent effects, which are
known for the cyano phases.

In summary, the CN phase exhibited higher selectivity toward
CyMe4BTBP by comparison to the diol and amino phases, high-
lighting again the difference in the retention mechanisms between
cyano and amino/diol bonded phases. Kagan et al. [30] showed that
for separation of diverse substituted amines, more complex sepa-
ration mechanisms took place for the cyano stationary phases than
for the diol one. The whole results illustrate again the importance of
stationary and mobile phases combination on retention and selec-
tivity in NP-HPLC. They also stress the need to investigate several
stationary and mobile phases to separate a same set of solutes.

For further study of CyMe4BTB hydrolytic degradation by NP-
HPLC-MS, Discovery CN column with hexane/EtOH + DEA as mobile
phase has been selected. Using this stationary and mobile phases,
we managed to separate the CyMe4BTBP and a polyazaaromatic
extracting molecule from the 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-
yl)pyridine (BTP) family previously tested in the SANEX process:
the 2,6-bis(5,6-di-isopropyl-1,2,4-triazin-3-yl)pyridine (i-PrBTP,
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Fig. 6). Although less polar than CyMe4BTBP, i-PrBTP eluted later
than CyMe4BTBP. Due to the higher steric hindrance of CyMe4BTBP,
it might be suggested that active sites were less accessible for
CyMe4BTBP, involving weaker interactions with these latter. More-
over, solute-solvent interaction in the mobile phase should be
higher with the CyMe4BTBP, inducing a decreased retention time.

3.2. Hydrolysis of CyMe4BTBP

3.2.1. NP-HPLC-DAD experiments

Experiments were carried out following the procedure
described in Section 2. In both hydrolysis conditions (1 and
3molL-! HNOs), a product eluting around 11 min (P;, Fig. 7) and
exhibiting an absorption maximum at 230nm, was observed at
to (contact between the two phases). P; displayed stronger rela-
tive intensity for 3 mol L-! HNO;3 conditions than for the 1 mol L~!
HNOs. Pure octanol was hydrolyzed under the same conditions,
leading to the formation of the same product at ty, whereas hydrol-
ysis of octanol by HCl did not induce the formation of P; (data
not shown). Hence, we can deduce that P, was the result of the
octanol oxidation by nitric acid, as discussed in the following sec-
tion. In liquid-liquid extraction experiments, it is known that the
nitric acid, as oxidative reagent, has an impact on the degradation
products yield as well as on their nature, producing additional func-
tionalized compounds of extractants and diluents. The nature of the
diluent has also an influence on the degradation process.

During 1 and 3 mol L~ HNO3 hydrolysis, peaks consistent with
hydrolysis degradation products of CyMe4BTBP emerged. After six
days, two minor degradation products were formed for 1 molL~!
HNO;3; conditions, whereas they were observable after 24 h for
3mol L' HNOs, with a major product Ry =5 min (D) and a minor

523

product at R;=5.6 min (D) (Fig. 7). In stronger acidic conditions,
the relative intensity of the peak corresponding to CyMe4BTBP
decreased greatly with time. These observations evidenced the
CyMe,4BTBP stability against 1molL-! HNOs, in agreement with
previous successive Am(III)/Eu(lll) extraction experiments for
which the distribution ratios did not show significant change dur-
ing 1 molL-! HNO5 hydrolysis [15].

Due to its basic properties, CyMe4BTBP is able to extract HNO3
through several mechanisms. The polarity of the CyMe4BTBP is
therefore increased, involving higher retention time as observed
Fig. 7.

3.2.2. Identification of degradation products by
NP-HPLC-APCI-MS

The most difficult step in coupling NP-HPLC to mass spectrom-
etry is the optimization of experimental conditions which include
the ionisation of analytes in the presence of mobile phase solvents.
The use of hexane - an inefficient proton donor which is not ionised
under ESI conditions - led to molecules ionisation by APCI-MS. Prior
to the coupling experiments, the MS acquisition parameters, under
chromatographic conditions (hexane/EtOH, 85/15+0.1% DEA) by
direct infusion, were optimized for CyMe4BTBP using this ioni-
sation mode. Due to its very low concentration, the use of DEA
in the mobile phase did not involve signal suppression, as it has
been already reported in the literature [33]. Under such APCI-MS
conditions, CyMe4BTBP produced protonated molecules [M+H]* at
m/z 535.5, and its DEA adduct ion [M+H+DEA]* at m/z 608.1; these
were confirmed by a series of CID-MS/MS experiments. For exam-
ple, the [M+H]* ion at 535.5 led to some characteristic product
ions as proposed in Table 1, corresponding to the dealkylation and
step-by-step aromatisation of the ion structure.
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Fig. 8. NP-HPLC-APCI-MS chromatogram (base peak) in positive ion mode of hydrolyzed CyMe4BTBP (HNO3; 3 molL-1, t=36h) and extracted mass spectrum of each peak
(CyMe4BTBP and the main degradation product D). Discovery CN 250 x 4.6 mm column, hexane/ethanol 85/15 +0.1% DEA in isocratic elution conditions.
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Fig. 9. Possible structure for the main degradation product ion, D identified by
NP-HPLC-APCI-CID-MS/MS experiments.

Under 1 molL~! HNOs acid hydrolysis, the degradation path-
way of BTP and BTBP bearing linear alkyl chains (such as C5-BTBP)
followed the nitration of one CH; group as a first step (usually in
the a- to triazinyl ring-position) [20]. Further oxidation leads to the
corresponding alcohol and ketone derivatives. Additional chemical
attack could occur on a second CH, group, leading to diols, diones,
and/or more oxidized compounds. In addition, alkyl chains could be
lost and triazinyl rings could be broken [55,56]. Although the cyclic
CyMe4BTBP exhibits greater acidic hydrolytic stability compared to
the C5-BTBP, we have observed in this work a major degradation
product of CyMe4BTBP, by NP-HPLC-DAD under 3 molL~! HNO3
conditions. Pursuing this study, the NPLC-APCI-MS coupling was
used to characterise and identify this main hydrolytic degradation
product.

After 36h of hydrolysis, the main degradation product was
observed at 4.99 min, giving the precursor ion at m/z 502.3 (Prod-
uct D4, Fig. 8), corresponding to the possible formula C;gH504N7.
The NPLC-APCI-CID-MS/MS experiments on the precursor ion at
m/z 502.3 afforded two major product ions at m/z=390.1 and 346.2
(also observed in the full scan MS spectrum) and two minor prod-
uct ions at m/z=458.3 and 302.3. The CID-MS/MS fragmentation
route of the precursor ion at m/z 502.3 and the proposed structures
of the formed product ions are reported in Table 2. The observa-
tion of even product ions, coming from an odd number of nitrogen
products, was quite puzzling and led us to suggest the nitration of
CyMe4BTBP as the first step of the interaction of the compound
with nitric acid. Within the framework of studies of calixarene
degradation under radiation and/or acidic conditions, nitro deriva-
tives resulting from aromatic substitution of calixarenes have
been observed in experiments combining radiolysis and 3 mol L~!

Table 2
Assignment of D; product ions obtained from NP-HPLC-APCI-CID-MS/MS
experiments.

m/z in positive ion mode Assignment

458.3 [D1—CO, J*

390.1 [D1—CsHie]"

346.2 [D1—(CO2+CsHy6)]"
302.3 [D1—(C10HsN302)]*

HNO3 hydrolysis [22,24]. It was demonstrated that the nitric acid
enhanced the degradation process, directing most of it first towards
nitration of the parent calixarene, and then towards further degra-
dation of the aromatic compounds which had been activated by the
previous nitration.

The product ion at m/z=458.3 corresponds to the loss of a CO,
moiety, demonstrating the carboxylation of CyMe4BTBP through
oxidation. The last structure of the product ion at m/z=302.3 was
unusual, and was judged to have been formed as a product ion by
loss of a protonated nitrobipyridine moiety. From the subtle play of
odd-even masses on the precursor ion at m/z=502.3 and on these
product ions, we were able to determine a possible structure for D,
as shown in Fig. 9. We were also able to confirm the mechanistic
pathway as the one in which the CyMe4BTBP undergoes monon-
itration and oxidation of one methyl group into COOH. Then the
usual fragmentation takes place, for example via the aromatisa-
tion, leading immediately to the degradation productatm/z=502.3.
Although the present study confirmed the resistance of CyMe4BTBP
to hydrolysis in concentrated nitric medium, classical degradation
mechanisms such as nitration, oxidation and the further cleavage
of triazinyl rings have been observed.
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Fig. 10. Structure of the product resulting from the nitric acid oxidation of the
octanol in the presence of DEA.
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It is also worth noting that the interesting product produced by
the nitric acid oxidation of the octanol is observed as a major ion
in the LC-MS background to these series of experiments. The major
precursor ion at m/z 184 was detected when octanol contacted with
nitric acid phase, was eluted on the CN column using Hexane/EtOH,
85/15+0.1% DEA. Under such conditions, the oxidation of octanol to
the corresponding aldehyde, octanal could take place, followed by
the formation of the ene-amine compound (first the DEA addition
to the aldehyde, followed by the dehydration of the corresponding
amino alcohol to the Schiff base which is isomerised to the final
ene-amine adduct compound), giving the even 184 mass (Fig. 10).
Incidentally, this fact alone confirmed both the oxidation of octanol
under these conditions and the important role played by the DEA
through the formation of such a DEA adduct.

4. Conclusion

The aim of this work was to develop a chromatographic method
to separate, identify and characterize hydrolytic and radiolytic
degradation products of CyMe4BTBP. Within this framework, a
simple, fast NP-HPLC-APCI-MS separation method involving polar
bonded stationary phases has been set up. This NP chromatographic
mode seems to be well suited for the separation of extracting
molecules devoted to the nuclear fuel reprocessing and to our
knowledge; this is the first time that such an analytical method
was developed for this type of study. In all cases, experiments
were carried out under isocratic mode of elution, which is a
significant advantage regarding analysis time, particularly when
coupling with mass spectrometry is performed. The main degra-
dation product coming from hydrolysis of CyMe4BTBP in octanol
by 3molL-! HNO3 has been characterized. It has been found
that in octanol/nitric phase system, the CyMe4BTBP degradation
led to the formation of a nitro-carboxylic acid compound hav-
ing only half of the heteroaromatic base 1,2-pyridazine left; the
rest of it was rearranged. As far as future applications of this
method, more identification and quantification of CyMe4BTBP
radiolytic degradation products will be investigated. Such ana-
lytical developments are of prime interest regarding studies of
various organic extracting systems used in the reprocessing of
nuclear fuel. Since the initial sample treatment is not required,
the method presented in this study complied well with this
objective.
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