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The sorption behavior and the physical and chemical forms of neptunium on the surface of
minerals of the two chlorate samples, biotite and kaolin, with different contents of Fe(II) was
studied. The liquid-liquid extraction and the X-ray photoelectron spectroscopy were em-
ployed to identify the valence forms of neptunium. On the basis of the obtained data the
quantitative elemental composition of the surface of the studied minerals, as well as the ionic
composition of the formed neptunium complexes was determined. It was shown that the
Np(IV) and Np(V]) containing compounds did not form, while the complexes Np(V)O%
-hydroxyl did form on the surface. The oxygen ions bonded with iron and oxygen belonging
to water and/or of carboxyl were suggested to be present in the equatorial plane of the

neptunyl group NpO%.

Key words: neptunyl, oxidation state, migration of radionuclides

INTRODUCTION

Migration behavior of radioactive materials is de-
termined by physical and chemical forms of included
radionuclides [1]. The redox reactions, sorption, and
formation of complexes on the surface of minerals dur-
ing the interaction with solutions determine the
radionuclide mobility. In the nature neptunium is pre-
sented in general as neptunyl ion NpO,". The low
charge of this ion determines its relative chemical inert-
ness and high mobility. However, during interaction
with minerals some redox reactions resulting in Np(IV)
[2] or Np(VI)O,%" ions formation are possible [3].

Chlorite, biotite, and kaolin are widely spread
minerals in the environment with high sorptive
power to heavy metals and radionuclides [4, 5]. The
present work studied the sorption mechanisms of
NpO,* complexes on the surface of the minerals by
liquid-liquid extraction and X-ray photoelectron
spectroscopy (XPS). The liquid-liquid extraction can
be used for separation of the minute amounts of
actinides by their valence states; however, redox re-
actions are possible during the extraction. The XPS is
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an effective tool for the study of the surface forms of
radionuclides. Previously the XPS studies showed
that the interaction of Np(V) ions with granite at the
presence of Fe(Il)-containing minerals results in
Np(IV) formation [2], while the interaction of
Np(IV) ions with iron (II1) hydroxide and oxides re-
sults in Np(V) formation [6, 7].

The alteration of radionuclides’ oxidation states
on the mineral surface can affect their mobility, which
has to be taken into account in the long-term forecasts
of radionuclides migration. The studies of neptunium
valence forms are especially important since neptu-
nium is one of the most mobile radionuclides in the en-
vironment.

EXPERIMENTAL

Sample parameters. The experiments were con-
ducted with the sedimentary rock samples. Their prop-
erties are given in tab. 1. The size of the used particles
was 0.05 mm to 0.25 mm.

All the studied samples were aluminosilicates.
The X-ray diffraction with sensitivity of 2 mass% to 5
mass% showed the absence of other crystalline
phases. The studied chlorite samples differed by Fe(II)
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Table 1. Parameters of the mineral samples

Mineral | Notation

Chemical formula

Fe(Il) content | Surface area
[FeO in mass%] [m?g']

Chlorite | I-Cl; | MgFe* [AlSi;0,0(OH),]sMg,Fe(OH), 63 0.55
Chlorite | T1-Cly, | MgFe*AlSi;0,(OH),];Mg,Fe(OH), 113 0.50
Biotite II-Bt KMgzﬁsFe%SAISiO,z(OH) 1.75F 0,25 24.7 0.24
Kaolin | IV-Ka ALSi;0,2H,0 <0.1 11.8

contents, which could be due to the different geologi-
cal conditions of their formation.

Sorption experiment. The experiments under
the aerobic conditions used the aqueous suspensions
of the mineral samples with the solid/liquid ratio 1:20.
The experiment was done from the solution containing
0.12 M* of NaNO; at pH 8.0-8.5. Neptunium in the
initial solution is presented as the neptunyl ion
[Np(V)O,"] which was confirmed by the spectropho-
tometric analysis. Neptunium content was 1-107 M.
The time of the phase contact was 24 hours, which was
sufficient for the sorption equilibrium in the system.
Three consecutive sorption cycles were conducted
with each mineral.

Phase separation was done by centrifugation
(about 8000 rotations per minute, 15 minutes). The
sorption was evaluated by neptunium contents in the
liquid phase. Activity was measured with the lig-
uid-scintillation spectrometry; low-background lig-
uid-scintillation spectrometer SKS-07P-B11 (Russia)
with the scintillator OPTIPHASE °‘HISAFE’ by
Perkin-Elmer.

Neptunium content in each 0.1 g sample was
about 2-10° M of ¥’Np. After the experiment was fin-
ished, the solid phase was washed with distilled water
to remove the easy-absorbed impurities, then the sam-
ple was dried for 24 hours at 30 °C.

Neptunium valence states in liquid and solid phases
were determined by liquid-liquid extraction (0.5 M with
the solution of 1-(theonyl)-3, 3, 3-trifluoroacetone in tolu-
ene) by the technique described in [8].

For the XPS studies the four 0.005 g to 0.01 g
mineral samples containing 1-2-10~7 M of 23’Np were
prepared: I — Cl; (Chlorite-1), IT — Cly, (Chlorite-2),
[I1- Bt (biotite), IV— Ka (kaolin). The samples were
glued with [—CH,CH(OCOCH;)—], on an 0.15 mm
thick aluminium foil substrate (10 x 10 mm?) as a thin
continuous layer. It has to be noted that the use of this
technique can result in some extra XPS peaks from the
elements included in the substrate. Therefore, a spe-
cial attention was paid to this during the sample prepa-
ration. The glue used in the experiment contained the
carboxyl group. Carbon from this group is well identi-
fied in the Cls XPS as a peak at 289.1 eV [9]. In the
XPS measurements this peak was observed as a low
intensity peak.

* Simbol M denotes molar mass — the mass of one mole of a
substance

X-ray photoelectron spectroscopy. XPS spectra
of the studied samples were measured with an electro-
static spectrometer MK II VG Scientific using AIK,; ,
(hv = 1486.6 €V) radiation under 1.3-107 Pa at the
room temperature. The device resolution, measured as
the full width at the half-maximum (FWHM) of the
Au4f; , peak on the standard rectangular gold plate, was
1.2 eV. The binding energies £, (eV) were measured rel-
atively to the binding energy of the Cls electrons from
hydrocarbons absorbed on the sample surface were ac-
cepted to be equal to 285.0 eV. For the gold standard the
calibration binding energies E,(Cls) = 284.7 eV and
E(Au4t;),) = 83.8 eV were used. The Cls XPS peak
from hydrocarbon on the sample surface was observed
to be 1.3 eV wide. The error in the determination of the
binding energy and the peak widths did not exceed
+0.1 eV (10% of the relative peak intensity) [7].

For all the samples the quantitative elemental
and ionic analysis was done. It was based on the fact
that the spectral intensity is proportional to the number
of certain atoms in the studied sample. The following
ratio was used: n/n; = (S/S))(k;/k;), where n;/n; is the
relative concentration of the studied atoms, S;/S; — the
relative core-shell spectral intensity, and k/k; — the rel-
ative experimental sensitivity coefficient. The follow-
ing coefficients relative to the Cls were used: 1.00
(Cls), 2.64 (Ols), 12.0 (Fe2p), 8.0 (Fe2ps,), 0.55
(Fe3s), 9.2 (Nals), 14.0 (Mgls), 0.80 (Mg2s), 0.48
(Mg2p), 0.74 (Al2p), 1.08 (Si2p), 1.04 (Si2s), 3.32
(K2ps)), 4.49 (K2p), 1.72 (K2s), 4.2 (Ca2p;,), 6.32
(Ca2p), 40.0 (Np4f,,) [10]. Neptunium sensitivity co-
efficient was drawn by extrapolation of the corre-
sponding values for thorium and uranium [10] and
within the measurement error (20%) agrees with
k;(Np4f;,) =49.2 for the Np4f; , for Cs,NpO,Cl, sin-
gle crystal, taking into account the corresponding
value k;(C12p) = 2.92 for the CI2p [10]. The Fe3s
sensitivity coefficient was drawn by using the data for
the Fe2p and photoemission cross-sections [10, 11].
The XPS data from some neptunium compounds were
used for the interpretation of the spectra from the sam-
ples I-IV (tab. 2).

RESULTS AND DISCUSSION

The XPS determination of physical and chemi-
cal forms of radionuclides is based upon both tradi-
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Table 2. Neptunium oxidation state N(Np), Np4f;, XPS intensity /(10° counts per minute) and binding
energies Ey(eV) for the samples I-IV and neptunium compounds [12]

Sample N | Np5f | Np4f,, | 1(10%) | Al2ps, | Si2ps, | Fe2psn (Mgls, 2s, 2p| Ols,2s Cls

P (Np) | [eV] [eV] |arb. units [eV] [eV] [eV] [eV] [eV]

3031 5319 | 2826

1-Cl;-(Np) \ 403.2 2.08 710.7 89.1 24'2 285'0
1304.8 ’ :

50.3 531.8 285.0

II-Cly-(Np) |V 403.1 2.84 710.7 88.8 54 | 2885

1305.2 : 290.6

49.8 5314 282.1

11-Bt-(Np) \'% 403.6 4.32 102.5 710.8 89.0 23.8 285.0

1305.2 ’ 287.7

532.2 285.0

IV-Ka-(Np) \% 403.6 1.22 103.0 1305.2 537 588.6

NpO, v 402.5 529.7 | 2845

RbNpO, 531.5 285.0

(NO;),2H,0 29 | 46 5335
Cs;NpOCl, |V 2.5 403.4 531.6 285.0
Cs)NpO,Cly | V 33 404.6 531.9 285.0

tional spectral parameters (binding energies and peak
intensities), core and outer levels fine spectral struc-
ture parameters like the relative Fe3d and Np5f inten-
sities, relative OVMO and IVMO binding energies,
multiplet splitting AE, (eV) of the core levels, dy-
namic effect related fine spectral structure parameters,
and shake-up satellites relative positions AE,(eV)
[12]. In the aggregate, these spectral parameters pro-
vide the information on the physical and chemical
forms of, for example, iron and actinides on the sur-
face of the studied samples. The XPS of the studied
samples, beside the peaks related to the included ele-
ments, exhibit the Auger MgKLL, FeLMM, OKVYV,
and CKVYV peaks (fig. 1). The survey XPS allows a
qualitative conclusion about the elemental composi-
tion of the 5 nm surface layer of the studied samples.
Thus, the sample III (Np) XPS exhibits the Al2p,
Si2s,2p, Cls, K2p, Np4f, Ols, Fe2p, Nals, and Mgls
peaks (fig. 1). Their intensities with the corresponding
photoemission cross-sections taken into account are
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Figure 1. Survey XPS from sample I1I-Bt (biotite with
Np)

proportional to the concentration of the elements. XPS
peaks from elements whose concentration is not more
than 1 mass%, as a rule, have low intensities.

Valence electron spectral range. The valence bands
in the XPS from the studied samples (sample L, I1, 111, IV)
are observed in the binding energy range 0-40 eV. It con-
sists of the OVMO (0- ~13 eV) and IVMO (~13-40 eV)
related lines (fig. 2). The lines in the O2s binding energy
range are relatively wide I(02s) =2.8 ¢V, 3.1 eV, 2.7 eV,
and 2.9 eV for the samples L, II, III, and IV, respectively,
whileI(O1s)=1.4¢eV for these samples. This peak can in-
terfere only with the Ca2p one, which has low intensity
(see tab. 2). This O2s widening confirms that the O2s
atomic orbitals (AO) in the considered complex com-
pounds participate in the [IVMO formation.

Indeed, the uncertainty ratio AEAT ~ h/21, where
AE isthe FWHM of a level from which an electron was
removed, At —the lifetime of a hole on this level ,and /
the Plank’s constant, shows that if the O2s level was
atomic, I (O2s) would be less than I'(O1s), which con-

Intensity [in arbitrary units]

50 40 30 20 10 0 -10
Binding energy [eV]

Figure 2. Valence electron XPS from sample I1I-Bt (bio-
tite with Np)
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tradicts the experimental data. Taking into account the
data for various compounds [12, 13], one can suggest
that the line in the O2s binding energy range is
IVMO-related, not atomic.

The valence bands in the XPS from samples I-IV
are generally formed from the Mg3s, Al3s,3p, Si3s,3p,
K3s,3p,4s, Fe3d,4s, Np6p,6d,7s,5f, and O2s,2p elec-
trons. The OVMO structure forms mostly from the in-
teraction of the Mg3s, Al3s,3p, Si3p, K4s, Fe3d4s,
Np6p,6d,7s,5f, and O2p electrons, while the IVMO
structure — from the interaction of the Si3s, K3s,3p,
Fe3d, Np6p, and O2s electrons [12, 13]. Since iron
electronic configuration is {Ar}3d®4s? where {Ar} —
argon electronic configuration, the Fe3d photoemission
cross-section is much higher than the O2p one [11] and
neptunium concentration is very low, the OVMO inten-
sity is expected to be formed mostly by the Fe3d elec-
trons (fig. 2). Unfortunately, these spectra do not pro-
vide a correct quantitative relative Fe3d intensity. The
low intensity structure at 12 eV to 16 eV can be attrib-
uted to the MOs of carboxyl group CO5>", although on
the basis of the C1s spectrum it is expected to be low in-
tensity [6]. The K3p and K3s peaks are observed at 17.5
eV and 33.7 eV in the XPS from sample III (fig. 2).

A sharp peak attributed to the Np5f electrons
weakly participating in the chemical bond is expected
at £, = 2.5 eV in the low binding energy XPS from
neptunyl-mineral interaction products (samples [-IV)
(seetab. 2). The intensity of this peak is proportional to
the number of the Np5f electrons and characterizes
neptunium oxidation state in compounds. Unfortu-
nately, this peak is hard to separate in spectra from the
studied samples because of low neptunium concentra-
tion (fig. 2).

Core electron XPS range. During the sample
preparation carbohydrates can absorb on the surface. In
this work the surface was not cleaned in order to avoid
surface destruction, although there are techniques to do
this. The C1s XPS from the studied samples consist of
the basic peak at £, = 285.0 eV (saturated hydrocar-
bons) used for the binding energy calibration, the peak
at 286.9 eV attributed to the -CH,—O— groups, the peak
at 289 eV attributed to the carboxyl group CO5>~ (fig.
3a, tab. 2). A weak peak at 282.1 ¢V attributed to the
Np5p, ), electrons involved in the dynamic effect is also
observed (fig. 3a). Dynamic effect is a phenomenon re-
sulting in an extra two-hole final state (Np5p®5d®5f ™)
in addition to the basic one-hole final state due to the gi-
gantic Coster-Kronig electronic transition during the
photoemission from the NpSp level [12]. This can com-
plicate the Np5p XPS structure in the binding energy
range of 275-285 eV. The XPS from the sample III at
293.6 and 296.4 eV exhibits an intense doublet attrib-
uted to the K2p spin-orbitinteraction with AE;=2.8 eV.

The O1s XPS (sample III) consists of a symmet-
ric widened peak I (Ols) =2.4 eV at £, = 531.4 eV
(fig. 3b). After the peak width calibration by the
I'(Cls) =1.3 eV, I'(Ols) becomes 1.4 eV. A 1.0 eV

7 K2p,.
2
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Figure 3. XPS from sample III-Bt (biotite with Np): (a) —
C1s and K2p, (b) — Ols

widening can be attributed to the non-uniform sample
charging depending on the sample preparation quality.
This XPS FWHM calibration is experimentally well
grounded on many examples [13]. The basic O1ls peak
at 531.4 eV can be attributed to hydroxyl groups (tab.
2). The similar Ols peak shape is observed in all the
studied samples. Despite the surface contamination,
the core electron peaks are observed to be relatively in-
tense.

The mathematic processing of the Fe2p XPS
cannot provide a correct deconvolution into separate
components because of a very complicated structure
[14]. This Fe2p complex structure can be explained by
the multiplet splitting due to the uncoupled Fe3d elec-
trons in the ground state and the shake up satellites due
to the extra electronic excitations within the valence
band during the Fe2p photoemission [12-15].

Since iron valence electronic configuration is
Fe3d®4s?, the Fe(Il) ion electronic configuration is
Fe3d®. If this ion is located, for example, in the octahe-
dral oxygen environment, it does not have uncoupled
electrons in the ground state. In this case the Fe3s and
Fe2p XPS must consist of relatively sharp peaks. In
case of the Fe(III) ion, the electronic configuration is
Fe3d>, and due to the high spin state the Fe3s and Fe2p
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Figure 4. XPS from sample I1I-Bt (biotite with Np): (a) —
Fe2p, (b) — Np4f

XPS exhibit the complex structure attributed to the
multiplet splitting and many-body perturbation. In
particular, the Fe2p XPS from various iron com-
pounds exhibit the typical shake up satellites [6, 7],
which are less pronounced in the XPS from the studied
samples (fig. 4a). The Fe3s XPS peak has low
intensity. It does not allow a correct conclusion on iron
oxidation state. The Fe2p XPS allows a conclusion
that iron oxidation state in the studied materials is
close to Fe(Il) — fig. 4(a). The Fe2p;/, binding energy
for the sample III £, = 710.8 €V is a bit lower than the
corresponding value 711.0 eV for a-FeOOH [15]. The
spin-orbit splitting of AE; = 13.5 eV is comparable to
AE, = 13.2 eV for metallic iron [16]. The observed
peaks of the doublet are found to be widened and
asymmetric compared to those from metallic iron. The
similar picture was observed in the XPS from other
studied samples. For the sample III it was also found
that £,(K2p;,,) = 293.6 eV, and for the sample IV —
E(Ca2p;,) = 347.9 eV and E(Nals) = 1073.1 eV.
The Np4f XPS from the studied samples consist
of doublets of relatively sharp spin-orbit split (AE =
=11.7 eV) peaks (fig. 4b). Neptunium oxidation state in
compounds can be determined on the basis of both core

electron binding energies and the Np5fand Np4f'spectral
structures [12]. The relative Np5f intensity is propor-
tional to the number of the Np5f electrons in neptunium
ion.

Unfortunately, the Np5f intensity is too low to be
evaluated correctly. In the Np4f XPS the distance basic
peak -shake up satellite (AE,) correlates with neptunium
oxidation state. Thus, for Np(V), and Np(IV) the values for
AE, itare 6.8 €V, 9.4 eV, and 3.5 eV, while their relative in-
tensities are 17%, 12%, and 20% of the basic peak intensity,
respectively [12]. The Np4f shake up satellites are not ob-
served because of low neptunium concentration, i. e. low
Np4f intensity. It can be explained by the fact that neptu-
nium in the studied compounds does not form big clusters
and the shake-up satellites in the XPS from Np(V) com-
pounds are the least intense — fig. 4(b). The binding energies
E,(Np4f;),),403.2eV,403.1 eV, 403.6 eV, and 403.6 eV for
the studied samples I, 11, 111, and IV are close to 403.4 eV
and 403.6 eV for Cs;NpO,Cl, and RbNpO,(NO5),-2H,0O
containing Np(V) ions (tab. 2).

The Np4f XPS from all studied samples did not
show the NO;-related N1s peak at 407.3 eV — figs. 1
and 4(b). It confirms the fact that the neptunyl groups
NpO,* present on the surface are not in the form of ni-
trates or other salts, but form complexes with oxygen
bonded to iron and hydroxyl groups in the equatorial
planes.

Quantitative analysis results. An error in areas
under the core XPS peaks during the quantitative ele-
mental and ionic analysis of the studied samples I, II,
II1, and I'V grew up because of the extra structure due to
the multiplet splitting and secondary electronic pro-
cesses (many-body perturbation and dynamic effect).
Since the many-body perturbation results in shake up
satellites at the higher binding energy side of the basic
peaks, their intensities can be partially taken into ac-
count in the analysis. The dynamic effect related inten-
sity changes can be hardly taken into account, but the
influence of this effect on the studied XPS spectra is not
too high. All these effects can lead to an extra error in
the quantitative elemental and ionic analysis exceed-
ing 10%. In this approximation the surface (~5 nm) el-
emental composition of the studied samples related to
silicon was found to be:

Sij.00Mg1.05Al0.66F€0.16NP0.00606.61(Co.36 + 1.40)  (I-C13)

Si; 0oMgo.95Aly 54aF€925NP0.00706.68(C1 54 + 0.06 + 0.04)
(I1-Clv1)

Siy.00Mgo.19Alg 35F€0,67NP0.009K0.2905.61(Co.12 + 1.17+0.25)
(I1I-Bt)

Sit 00Mgo.08Alp.71F€0,02NP0.002C20.02Na0,0404.49(Co 59+0.05)
(IV-Ka)

The concentrations of carbon in different chemi-
cal states are given in parenthesis (see tab. 2). The ob-
served oxygen excess in the studied samples can be
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partially explained by the absorbed hydroxyl groups
on the surface. In ref. [6] we showed that at neptunium
concentration of 1 Np ion per 1000 ions [=0.1 at.% of
Np(V)] the XPS method can reliably determine Np ox-
idation state. It is possible to suggest that neptunyl ions
interact with minerals via oxygen ions bound with iron
and hydroxyl groups in the equatorial plane of NpO,™,
while the rest of vacant places can be occupied by wa-
ter and/or carboxyl groups CO;>". Indeed, the XPS el-
emental analysis shows that neptunium concentration
on the surface grows together with iron concentration.

The impurity groups which can participate in
complex formation with neptunium ions were present
on the surface of all the studied samples. Physical ab-
sorption of neptunyl ions on the surface of the studied
samples can be excluded. Despite the presence of
many types of functional groups on the sample sur-
faces, the Np4f XPS (the Np4f doublet consists of
sharp peaks) allows a conclusion that neptunium is
present in the form of Np(V) ions. Other valence
forms of neptunium like Np(IV) and Np(VI) were ab-
sent on the surface of the studied samples. The absence
of neptunium involving redox reactions on the surface
of the studied samples was confirmed by the lig-
uid-liquid extraction study.

CONCLUSIONS

The XPS study of interaction of NpO,* ions in
aqueous solution with minerals: two chlorite samples
(Cl; and Cl,,), biotite (Bt) and kaolin (Ka) was carried
out. It determined the elemental and ionic compositions
of the surfaces of the studied samples, as well as neptu-
nium physical and chemical states on the surface.

It was established that NpO,"—mineral (chlorite,
biotite, kaolin) interaction in aqueous solution does
not result in formation of the Np(IV) and Np(VI) con-
taining compounds, while Np(V)O," compounds with
oxygen bonded with iron and oxygen belonging to wa-
ter and/or of carboxyl in the equatorial plane, do form.
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Anron J. TETEPUH, Anestuna B. MUXAW/INHA,
Koncrantun 1. MACJTAKOB, Jenena B. 3AXAPOBA, Jypuj A. TETEPUH

MNPOYYABAIBE OU3BUNYKUX U XEMUNJCKUX OB/IMNKA HEINTYHUJYMOBE T'PYIIE
HA INNOBPIINMHU MMUHEPAJ/IA PEHATEH-UHAYKOBAHOM ®OTOEJEKTPOHCKOM
CIIEKTPOCKOIINJOM

ITocMaTpaHO je COpPIUMOHO IOHAalllake (PU3UYKUX U XEMUjCKUX OO/IMKa HENTYyHHjyMa Ha
MOBPIIVHY /iBa Y30pKa XJIOPHJHAX MAHepajia, OMOTUTA M KaOoJIMHa, KOji nMajy pasimmanre cagpxkaje Fe(II).
3a upgeHTH(UKaIN]y BaIeHTHUX (pOPMU HENTYHUjyMa KOpUIITheHe Cy METO/ie TEUHO-TEeYHE eKCTpaKLuje u
peHATeH-NHYKOBaHe (POTOENEKTPOHCKE clieKTpockonuje. Ha ocHOBY o6HjeHUX mofjaTaka U3BpIICHA je
KBajuTaTUBHA UAECHTU(UKALM]a eJIeMeHaTa KOjU yjla3e y cacTas IOBpIIMHA IOCMaTpaHUX MUHepaa, Kao
n ofipebuBame jOHCKOr cacTaBa (POPMHPAHUX HENTYHHjyMOBHUX Kommiekca. IlokasaHo je ma ce He
(opmupajy jemumema koja caagpxke Np(IV) u Np(VI), nok ce Ha nospmmHama dopmupajy Np(V)0,*-
Xupokcui Kommiekcn. Cyrepucaso je fa ¢y y eKBaTopHjallHoj paBHE HenTyHu1 rpyne NpO,* npucyTau
JOHU KHCEOHUKA BE3aHU ca rBOXKHEM U KUCEOHUKOM KOjU IpUIaja MOJIEKYJY BOAE U/UiKM KapOOKCUIHO]
rpynu.

Kmwyune peuu: HellillyHUA, OKCUOAUUOHO CILAHE, MUZDAYUJA PAOUOHYKAUOA




