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Determination of the absolute mobility and the equivalent ionic
conductivity of Np@ at 25°C and at infinite dilution by capillary
electrophoresis—inductively coupled plasma-mass spectrometry
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Abstract

The absolute mobility of Np® and its equivalent ionic conductivity were extrapolated %@ 2Bd at infinite dilution
using a set of experimental data obtained at various ionic strengths. The separation was carried out by capillary
electrophoresis (CE) at various concentrations of creatinine at a pH of 5. The detection ¢f NpO was performed by
inductively coupled plasma mass spectrometry coupled on-line with CE. The following values have been found:
Mupog (25°C)=(2.94£0.07)10 * e V'* s andA o (x10%, 25°C)=28.3+0.7 m* S mol * .
O 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Furthermore, when focusing particularly on
radionuclides, the radioactivity levels encountered in
Nowadays, the speciation of radionuclides or the environmental samples are generally very low
chemical pollutants becomes a subject of interest [6—13]. Moreover, some authors have demonstrated
especially for predicting their behaviour in the experimentally that the thermodynamical constants
biosphere and their potential impact on hedftk3]. of some elements at ultra trace level (e.g. below
Indeed, the migration in the environment and the pg/g), which is supposed to be independent of the
toxicity depend on the chemical species with respect metal concentration in case of large excess of ligand,
to the thermodynamic conditions encountered in could vary with respect to their concentfatipns
nature such as pH, pE, ionic strength and tempera- Therefore, the very low concentration of these
ture[4]. In order to predict the behaviour of radionu- radionuclides and their repartitions in several chemi-
clides in the environment, it is necessary to get cal species necessitate the use of a sensitive detector
thermodynamical constants for natural complexing while the separation of different species necessitates
ligands such as humic and fulvic acids or inorganic efficient separation techniques with high separation

anions such as phosphate, sulphate and carbf#late  factors. Coupling of a mass spectrometer with capil-
lary electrophoresis (CE) is a judicious combination

*Corresponding author. Fax: 33-1-6926-7065. for such a purpos€1,5,15-17]. Thus, we have
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very sensitive detection method (inductively coupled
plasma mass spectrometry, ICP-M@3] for which

the achieved detection limit is about 1 fg/g. The use
of CE-ICP-MS is justified, on one hand, because
ICP-MS is not able to directly detect the chemical

species of any elements because their chemical

structures are destroyed in the Ar plasma (7000 K),

and on the other hand, CE is not able to detect metal

concentration below 10 M with the detection
methods commonly used with ji9-21]. The uni-
vocal attribution of a peak to an element is then only
possible if the reproducibility in terms of migration
time is high enough to identify any peak without
ambiguity. In order to build up a database gathering
all electrophoretic mobilities connecting to radionu-

clides at ultra trace level, it becomes necessary to

determine with sufficient accuracy the absolute
mobility of all species of interest. We have developed
a procedure which can get the absolute mobility
extrapolated at infinite dilution. The theory will be
shortly presented and the first determination of the
absolute mobility of Np(V) at low concentration will
be presented.

2. Experimental
2.1. Electrolyte preparation

Various masses of creatinine were dissolved in a
50-ml flask in order to get final concentrations
ranging from 5 to 150 mal. After dissolution, the pH
was adjusted with concentrated HGIO to get a final
pH of 5.00. This pH value allows a buffer capacity
of creatinine since its ig, is equal to 4.85. The
solution was filtered through a 0.4Bn Millipore
filter.

2.2. Sample preparation

Separations were carried out using a stock solution
of NpO, in 4M HNO, (C=0.637 mg/l) and two
standard solutions of Cs C&5 mg/l) and Li
(C=20 mg/l) prepared with standard solutions at
1 g/l supplied by Spex (Metuchen, NJ, USA).
Samples were prepared according to the following
procedure: 20Qul of Np(V) stock solution, 10Qul of
Cs diluted solution and 100l of Li diluted solution
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were evaporated to dryness in the same beaker. The
residue is dissolved in 100l 70% HCIO, and then
evaporated to dryness. These dissolution—evapora-
tion steps were performed three times. Finally, the
last residue was dissolved in the corresponding
electrolyte and the sample filtered througlm 0.45-
Millipore filter.

2.3. Electrophoresis

Electrophoretic separations were performed with a
Beckman capillary electrophoretic system (Fullerton,
CA, USA). ICP-MS detection was carried out with a

Fisons Instruments Plasma@uad>2elemental,
Winsford, UK). The interface between CE and ICP-
MS is a laboratory-made metgdPgieeesuring a
constant flow-rate gilB@in up to the plasma
torch, as well as the electrical ground.

2.4. Electrophoretic conditions

Separations were carried out with a fused-silica
capillary (70 cx¥5 um 1.D.). The applied voltage
is not constant between each set of experiments and
varies from 15 kV(=20 mM) to 4 kV (I =150 mM)
according to the Ohm’s law. Indeed, depending on
the ionic strength, the dissipating heat must be kept
under control in order to avoid the variation of the
internal resistance of the electrolyte during the run.
The applied voltage for each ionic strength is the
highest possible voltage for which the Ohm’s law is
valid. Thus the following voltages were applied: 20
and 85 ¥h=15.1 kV, 50 nM, V=10.1 kV, 75 nM,
V=7 kV, 100 nmM, V=5 kV and 150 n, V=4 kV.
Before each set of experiment, the capillary was
rinsed with 0.1M HCI for 15 min, then water for
5 min and 0.25V1 NaOH for 60 min. The stabilisa-
tion of the electroosmotic flow (eof) with the elec-
trolyte is achieved after 20 h£50-150 nM), 30 h
(1=10-50 nM). Temperature was maintained at
Z5.By cooling with a water circuit surrounding
the capillary. Nine experiments were carried out per
each ionic strength.

3. Theoretical

The apparent mobility of an ioh can be ex-
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perimentally determined from its migration tinig
and the migration time of electroosmotic floty,
according to the relation:

L /1 1
/*Lapp a v ‘ <E B teof)

whereL is the total length of the capillarL&70
cm), | is the length to detector, and is the applied
voltage. In the case of a coupling CE-ICP-MS, the
lengthsl andL are equal, so:

L2

_<i 1 >
tm teof

1)

Mapp = "/ (2)
The determination of the migration time of elec-
troosmotic flow is almost impossible by ICP-MS
because there is no neutral marker or inorganic
elements co-migrating with the solvent. So, internal
markers are required. We have used a fast cation Cs
(1o(Cs)=8.01 10* cnd V' §' [23]) and a slow
one Li" (uy(Li)=4.01 10" cnd V' §*[23])in
order to match a high range of mobilities, from
w’=10"°% to =10°* cn® V' s'. Under these
conditions, it is not possible to calculate an effective
mobility, but only a difference of mobility between
the ioni and that of the internal markejsaccording
to the relation:

L2

1 1
Alappij = Mappi ~ Mappj = v t_l - t_J @)

3.1. Temperature effect

It is known that mobility depends on temperature
[19,24]. The mobility decreases by about 2%[ZR5].
This behaviour is due to Joule heating and must be
kept under control for the determination of the
absolute mobility which also depends on the tem-
perature. Several methods are available for the
estimation of the temperature exc¢85—28].Due to
the impossibility of determining the mobility of the
electroosmotic flow by CE-ICP-MS, we have fo-
cused on two method49,25]. Knox has defined the
temperature excess in the core of the capillary (i.e.

the difference the temperature on the axis of the tube

and its inner wall) as:
E*Aced?

16k, )

core
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with E the electric field (in V m* ),A the molar
conductivity (in nf mol* Q™%), ¢ the electrolyte
concentration (in mol m® ) the total porosity of
the medium £=0.8 for an open tube}l, the internal
diameter of the capillary (in m)k;, the thermal
conductivity (in W m *K™*).

According to the relationAc= « (x is the
conductivity of the solution, in m* Q™ %), the Eq.
(4) becomes:

E’ked?
0

core 16KTH

)

The conductivityx at a reference temperature (for
instance 25C) for a given electrolyte can be de-
termined by finding the intercepk, on a graph
where the power per meté& (P =iV/L), i being the
current,V the applied voltagel the length of the
capillary) is plotted against the conductivity €iL/
1/4ad2V) [19].

This method also allows the determination of the
temperature excess inside the capillary according to
the relation[19]:

AT = nw 6
- L ( )
with

1 slopePx)
=002 « )

Both Egs. (5) and (6) will be compared and con-
trasted in the following section.

3.2. Pitt’s equation

According to Li et al. for the prediction of
electrophoretic mobility, the application of the Pitt's
equation is necessary to avoid discrepancy in the
determination of the electrophoretic mobilities and
their comparisons with reference data obtained by
other meang29:

_
1+ Bavi

wherea, anda, are constantz, is the ionic charge
of the ioni, u’ is its absolute mobility at infinite
dilution andBa a constant for which the parameter
is the mean distance of closest approach for the ion

= M? - (alzi2 + azzizﬂio)' (8)
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andB a constant depending on theaterppera((mj. linear trend should be observed between the effective
For instanceB is equal to 0.3291 A~ M'? at mobility and the square root of the ionic strength
25°C. according to the relation:

Thus, the differencé\u,,,; ; between an ion of 0 ,
chargez and a internal markgrof chargez is, as a M= =S, Vi (12)
function of the ionic strength: with S’ = SF, whereF is the Faraday constant.

. . +
Aw =Au’ —[a.AZ +al(z2u’— 220 Using internal standardssuch as C§ or Li , the
s = Aty ~ (21070 + 2l = 2] relative mobility of an ioni is:

o (9)  Aw  =Au’ — Const/i 13
e ;= Apf; — Const (13)
Eqg. (9) supposes the sarBa value for the ions of Eg. (12) is assumed to be valid up te=0.1 M

the samei andj nature [4,31,32]. For large car-  according to Ref.[38]. The determination of the
boxylic acids Li et al. have empirically proposed the absolute mobility is then determined similarly by Eq.
valueBa=2.4[29]. For small ions, and according to  (10).

the recommendation of OECBa is equal to 1.5

[4,33]. This value minimises the error for the specific

interaction theory (SIT) used for the determination 4 Resylts and discussion

of stability constants from 0.1 to 3.5 molal. On the

contrary, Pitzer and. Mayorga suggests tl_we value According to the Egs. (1)—(3), the determination

be kept in mind that this adjustment is valid for ionic during the run. A constant eof is generally estab-

strength ofl =0.1 M [4,35,36]. lished after a few runs, which allows an acceptable
Finally, the variation 0f\u,,,; ; = f(l) doepends On  accuracy of few perceri89—41].By comparison, the

the determination of three parametetgy; ;, Baand  equivalent ionic conductivity is determined by con-

the term in brackets in Eq. (9). By plottindju,,, ; ductimetric studies with a high accuracy, generally

versusv1/1+ Bav/ a linear relation is expected and better than 1%[37,42]. In order to determine the

the extrapolation at zero ionic strength allows the gzpsolute mobility with a similar precision, we pro-
calculation of the absolute mobility according to the pose a methodology using capillary zone electro-
relation: phoresis. Several conditions must be satisfied for
M.O - AMSJ + M,-O (10) obtalnlng a reliable value: (a) no complexing agent is
present in the electrolyte solution, (b) the electrolyte

The term in brackets in Eg. (9) also dependsmﬁn itself has no interaction with the cgnon, (© Fhe
andeO’ but these parameters are constant and lead to€lectrolyte must have a buffer capacity to stabilise

a simple dependence of the slope with the ions the eof, (d) the pH of the electrolyte must be
studied. compatible with the thermodynamical stability of the

hydrated cation, (e) the temperature must be con-
trolled. The absence of complexing agent is made
possible by using the well-known perchlorate anion
as counter-ion. Moreover, if a cationic molecule with

a buffer capacity such as amines is employed, no
interaction should be observed under the cationic
form with the studied cation. Finally, the pH of the

electrolyte must be compatible with the hydrated

3.3. Debye—Hiickel —-Onsager ’s equation

At low concentration of ions( =10 ° M) and
for a totally dissociated 1:1 electrolyte, the ionic
conductivity A, is assumed to obey the Debye-—
Huckel-Onsager’'s equatid29,37],

A =Ai°—S'\/T (1) cation stability zone (with respect to hydrolysis).
Thus, to determine the absolute mobility of nep-
Due to a simple relation between the limiting tunyl(V) cation, the pH of the electrolyte must be

equivalent conductivity and the effective mobility, a <9 [30]. We chose creatinine as the main electrolyte
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buffer with a [K,=4.85[43] because although rare
stability constants are available, this molecule does
not present an affinity for alkaline earth compounds
[44]. We suppose a similar behaviour for the alkali
metals Li and Cs. In order to verify the conditions
described previously (a—d), 1-naphthylamine was
also tested (i§,=3.92 [23]). It is assumed that no
complexation occurs with alkaline earth or with
neptunyl ions. Thus, near pH 45, Np(V) is far
from the hydrolysis region and is present as hydrated
NpO, . Under optimal conditions, a typical elec-
tropherogram is obtainedFig. 1) showing the
capability to detect and separate Np from Cs and Li.

The advantage of the amines is that the ionic
strength can be easily adjusted by adding perchloric
acid up to the desired pH value. The protonation rate
and its total concentration directly give the ionic
strength.

4.1. Sabilisation of the electroosmotic flow

Even with a buffer capacity, the stabilisation of
the eof is not instantaneous as showrfig. 2. This

figure shows that extreme accuracy can be achieved

above about 12 h. In this region, the eof is stabilised
at better than 0.5%. For instance, the experimental
determination of the eof at pH 5.00 under our
conditions are: (3.0390.012)10 * cn?f V' s*
for 100 mM creatinine and (3.0380.005) 10 * cnt

60000 -

50000

40000

30000

Counts

20000 - Li NpO,"

10000 L A
0

T T M T N 1 N T T
0 100 200 300 400 500 600
Migration time (s)

7(‘)0 800
Fig. 1. Electropherogram of Cs , Li and NpO , creatinine—
HCIO, 50 mM, pH 5.00,v=10.1 kV,i=27 pnA, L=70 cmx75
wm I.D., [CS"]=0.5 pg/ml, [Li"]=2 pg/ml, [NpO;]=0.13
rg/ml.
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Fig. 2. Temporal evolution of the electroosmotic flow; electrolyte
buffer creatinine at pH 5.00 by adding HCJO , capillary 35
cmXx50 wm, indirect detection at 214 nm, electroosmotic flow
marker dimethylformamide 0.5% in wat&f=20 kV; (@) 25 mM
creatinine, ¥) 50 mM creatinine, @) 100 mM creatinine.

V™' st for 25 mM creatinine. The relative preci-
sions are 0.39 and 0.16%, respectively.

4.2. Temperature effect

According to the procedure described by Kok, we
have calculated the conductivity of the electrolyie
at 25°C. k, allows the evaluation o#_,,. (Eq. (5))
andAT (Eq. (6)). The results are gatheredTiable 1.
All sets of data should be corrected accordingly to
the relation[19]:

Aw (T)

Aw (25°C) = 7770.02% AT)

(14)

It is surprising to note a strong discrepancy
between the methods. According to Kn{@5], the
evaluation of the temperature excess makes it pos-

Table 1
Temperature excess calculated according to Egs. (5) and (6);
electrolyte creatinine—HCIQ , pH 5.00

Ce Ko r AT Oore

(mm)  (m*a (K) (K)
20 0.179-0.002 6.02-0.40 2.410.16 0.04
35 0.292:0.004 5.230.39 3.52:0.26 0.07
50 0.404-0.003 4,92-0.15 1.96-0.06 0.04
75 0.603:0.004 5.930.41 1.76-0.12 0.03

100 0.761-0.002 6.110.37 1.1x0.15 0.02
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sible to neglect this contribution because the correc- mobility (2%/K). Therefore the temperature excess

tions are largely within the experimental errors. On cannot be exceed 1 K.

the contrary, according to KoK 9], the temperature It becomes obvious that the method described by

excess is not negligible and the temperature correc- Kok overestimates the temperature excess inside the

tion must be calculated. capillary. In conclusion, the use of two internal
Thus, by applying these corrections for the de- markers with well defined absolute mobility dem-

termination of the absolute mobility of Li (internal  onstrates, by extrapolating at zero ionic strength, the

marker Cs ) of five points for which temperature possibility to check the experimental data against any

excess have been determined, the intercept of theelevation of the temperature.

linear regression giveg,, =(4.37+0.29y10 * cnf

V™' s7! (correlationr =0.978), while for the raw  4.3. lonic strength effect

data (without temperature excess correction), the

intercept is equal tou., =(3.95+0.14)10 * cnf In order to determine the better representation of
V™'s™t (r=0.999) (seeFig. 3), compared to the the mobility in a function of the ionic strength, we
recommended valu@23] w’, =4.01:10 % cnf V* have plotted inFig. 4, the variation ofAu as a

s *. Similar results have been obtained by Li et al. function~df ~1/1+1.2v/1, and Vi/1+ 1.5V1.

[29] since his results, determined with an error of The data have not been corrected for temperature
about 3% without temperature correction, are in according to the previous discusgjort shows

good agreement with other determinations. His con- that a simple relationshif’iis sufficient within

ditions are very similar to ours, which means that the the experimental errors to predict the variation of the
temperature excess inside the capillary is negligible. mobility up toM).F his unexpected behaviour to
Indeed, using all data inFig. 3 (n=8 points, the conventional theories involving the closest ap-
creatinine and 1-napthylamine buffers), the absolute proach of an ion must be discussed. We shall not

mobility of Li is then equal tou. =(3.95+0.07) question the actual theory, but under electrophoretic
10* e V' st €=0.999). The uncertainty conditions, the Debyé—Huckel-Onsager's model is
(=0.07; i.e. about 2%) has the same value than the valid up tM0dr small cations with high density

temperature dependence of the electrophoretic of charge and spherical syni2®&triyhich is
naturally the case for i and Cs ). Moreover, since
05 the ionic strength is the main relevant parameter

altering the mobility, the nature of the electrolyte
should have no effect on the results. In thg. 3,2

By~ He, (100 em’Vs™)

Ap =

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
NI

A, (10°em”V™s™)

Fig. 3. Variation ofAu,; .. = u; — e @s a function of the square
root of the ionic strength; M) creatinine—HCIQ , pH 5.00, at
various concentration of creatinine®j 1-naphthylamine 7 i— e o o obs o e ok
HCIO,—NaCIQ,, pH 4.00, at various concentration of Nag¢lO ; 1)

capillary 70 cnxX 75 um; voltage see Experimental; intercept

—(—4.04+0.07)10 " cn? V' s*'; slope(3.92£0.56)10* Fig. 4. Variation of Ap; oo = s, — HMcs @S @ function of M)
cm® V't st M2 r=0.999, 95% confidence level. VI/1+1.5V1, (@) VI/1+1.2V1 and (A) V1.
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different sets of experiments have been gathered, one
using creatinine at pH 5.00 and the second one using

1-naphthylamine at pH 4.00 as cationic buffers. Both
data are quite well aligned according to the Debye—
Huckel-Onsager's model up to OM. Under our
conditions, it is not possible to detect any deviation
from the model above 0.M because our experimen-
tal uncertainties are large (10%) at 0.2 and W5
Finally, we have shown that the absolute mobility of
Li" at 95% confidence level is equal tn£8
points): u_, =(3.95+0.07y10 * cnf V' s (=
0.999). The deviation is only equal te-1.5% by
comparison to the reference valug,(Li ") =4.01:
10 * ¢’ V' s ] and matches with the experimen-
tal uncertainty ¢0.07).

In conclusion, as long as the temperature effect
remains neglected, a simple relation betwaenand
1'% is sufficient for small inorganic ions.

4.4. Absolute mobility of Np(V)

Two internal markers are used for the determi-
nation of the absolute mobility of Np(V). This
approach allows a better determination and allows
the verification of the method by the determination
of the absolute mobility of one of both markers by

Ap (10° cm?V's™)

Fig. 5. Variations ofAuy, co= snp= Mes @Nd Ay (= K np~
w,; as a function ofvl, buffer creatinine, pH 5.00, by HCID ,
voltage see Experimentati=9 determinations per point®) Cs
marker, intercept —(5.07+0.12)10* cnf V' 's*'; slope
(2.75+1.33y10 “ cn? V' st M Y?;r=0.979, 95% confidence
level. M) Li marker, intercept —(1.07+0.07}10* cnf V'
s, slope= —(1.05+0.66}10 * cn? V' s* M *?:r=0.972,
95% confidence level.
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data are gathé&igd Sr(marker Cs). The extrapo-
lation at zero ionic strength & 2fves the
following results (95% confidence level):

¢+ Marker CS : uypo;r =(2.94+0.07-10 " cn?

v itstt

¢ Marker Li": pud,o: =(2.94£0.19-10 % cnf
vV tst, ’

The better precision with caesium is due to a
bigger difference between the effective mobility of
Np(V) and that of Cs(l). In practice, it is not
recommended to use an internal marker with a
mobility close to that of the studied species. There-
fore, we have chosen the determination having the
better accuracy. Thus, the equivalent ionic conduc-
tivitylat 25°C is Agpos(107)=28.3+0.7 m* S
mol .

5. Conclusion

The determination of the absolute mobility of
Np(V) has been achieved using the Debyé—Huckel—
Onsager’'s equation without any complexing elec-
trolyte. This approach allows a very high accuracy of
about 2% if the capillary is stabilised by the elec-
trolyte for at least 12 h. From a theoretical point of
view, it seems that the Debye-Huckel-Onsager’s
model is valid slightly above 0.M for small ions
for which a high density of charge and a spherical
symmetry is expected.
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