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The sorp tion be hav ior and the phys i cal and chem i cal forms of nep tu nium on the sur face of
min er als of the two chlo rate sam ples, bi o tite and ka olin, with dif fer ent con tents of Fe(II) was
stud ied. The liq uid-liq uid ex trac tion and the X-ray pho to elec tron spec tros copy were em -
ployed to iden tify the va lence forms of nep tu nium. On the ba sis of the ob tained data the
quantitative el e men tal com po si tion of the sur face of the stud ied min er als, as well as the ionic
com po si tion of the formed nep tu nium com plexes was de ter mined. It was shown that the
Np(IV) and Np(VI) con tain ing com pounds did not form, while the com plexes Np(V)O2

+

-hydroxyl did form on the sur face. The ox y gen ions bonded with iron and ox y gen be long ing
to wa ter and/or of car boxyl were sug gested to be pres ent in the equa to rial plane of the
neptunyl group NpO2

+ . 
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IN TRO DUC TION

Mi gra tion be hav ior of ra dio ac tive ma te ri als is de -
ter mined by phys i cal and chem i cal forms of in cluded
radionuclides [1]. The re dox re ac tions, sorp tion, and
for ma tion of com plexes on the sur face of min er als dur -
ing the in ter ac tion with so lu tions de ter mine the
radionuclide mo bil ity. In the na ture nep tu nium is pre -
sented in gen eral as neptunyl ion NpO2

+. The low
charge of this ion de ter mines its rel a tive chem i cal in ert -
ness and high mo bil ity. How ever, dur ing in ter ac tion
with min er als some re dox re ac tions re sult ing in Np(IV)
[2] or Np(VI)O2

2+ ions for ma tion are pos si ble [3].
Chlorite, bi o tite, and ka olin are widely spread

min er als in the en vi ron ment with high sorptive
power to heavy met als and radionuclides [4, 5]. The
pres ent work stud ied the sorp tion mech a nisms of
NpO2

+ com plexes on the sur face of the min er als by
liq uid-liq uid ex trac tion and X-ray pho to elec tron
spec tros copy (XPS). The liq uid-liq uid ex trac tion can 
be used for sep a ra tion of the min ute amounts of
actinides by their va lence states; how ever, re dox re -
ac tions are pos si ble dur ing the ex trac tion. The XPS is 

an ef fec tive tool for the study of the sur face forms of
radionuclides. Pre vi ously the XPS stud ies showed
that the in ter ac tion of Np(V) ions with gran ite at the
pres ence of Fe(II)-con tain ing min er als re sults in
Np(IV) for ma tion [2], while the in ter ac tion of
Np(IV) ions with iron (III) hy drox ide and ox ides re -
sults in Np(V) for ma tion [6, 7].

The al ter ation of radionuclides’ ox i da tion states
on the min eral sur face can af fect their mo bil ity, which
has to be taken into ac count in the long-term fore casts
of radionuclides mi gra tion. The stud ies of nep tu nium
va lence forms are es pe cially im por tant since nep tu -
nium is one of the most mo bile radionuclides in the en -
vi ron ment.

EX PER I MEN TAL

Sam ple pa ram e ters. The ex per i ments were con -
ducted with the sed i men tary rock sam ples. Their prop -
er ties are given in tab. 1. The size of the used par ti cles
was 0.05 mm to 0.25 mm.

All the stud ied sam ples were aluminosilicates.
The X-ray dif frac tion with sen si tiv ity of 2 mass% to 5
mass% showed the ab sence of other crys tal line
phases. The stud ied chlorite sam ples dif fered by Fe(II) 
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con tents, which could be due to the dif fer ent geo log i -
cal con di tions of their for ma tion.

Sorp tion ex per i ment. The ex per i ments un der
the aer o bic con di tions used the aque ous sus pen sions
of the min eral sam ples with the solid/liq uid ra tio 1:20.
The ex per i ment was done from the so lu tion con tain ing 
0.12 M* of NaNO3 at pH 8.0-8.5. Nep tu nium in the
ini tial so lu tion is pre sented as the neptunyl ion
[Np(V)O2

+] which was con firmed by the spec tro pho -
to met ric anal y sis. Nep tu nium con tent was 1×10–3 M.
The time of the phase con tact was 24 hours, which was
suf fi cient for the sorp tion equi lib rium in the sys tem.
Three con sec u tive sorp tion cy cles were con ducted
with each min eral.

Phase sep a ra tion was done by centrifugation
(about 8000 ro ta tions per min ute, 15 minutes). The
sorp tion was eval u ated by nep tu nium con tents in the
liq uid phase. Ac tiv ity was mea sured with the liq -
uid-scin til la tion spectrometry; low-back ground liq -
uid-scin til la tion spectrometer SKS-07P-B11 (Rus sia)
with the scintillator OPTIPHASE ‘HISAFE’ by
Perkin-Elmer.

Nep tu nium con tent in each 0.1 g sam ple was
about 2×10–6 M of 237Np. Af ter the ex per i ment was fin -
ished, the solid phase was washed with dis tilled wa ter
to re move the easy-ab sorbed im pu ri ties, then the sam -
ple was dried for 24 hours at 30 °C.

Nep tu nium va lence states in liq uid and solid phases
were de ter mined by liq uid-liq uid ex trac tion (0.5 M with
the so lu tion of 1-(theonyl)-3, 3, 3-trifluoroacetone in to lu -
ene) by the tech nique de scribed in [8].

For the XPS stud ies the four 0.005 g to 0.01 g
min eral sam ples con tain ing 1-2×10–7 M of 237Np were
pre pared: I – Cl3 (Chlorite-1), II – ClM (Chlorite-2),
III– Bt (bi o tite), IV– Ka (ka olin). The sam ples were
glued with [—CH2CH(OCOCH3)—]n on an 0.15 mm
thick alu minium foil sub strate (10 ́  10 mm2) as a thin
con tin u ous layer. It has to be noted that the use of this
tech nique can re sult in some ex tra XPS peaks from the
el e ments in cluded in the sub strate. There fore, a spe -
cial at ten tion was paid to this dur ing the sam ple prep a -
ra tion. The glue used in the ex per i ment con tained the
car boxyl group. Car bon from this group is well iden ti -
fied in the C1s XPS as a peak at 289.1 eV [9]. In the
XPS mea sure ments this peak was ob served as a low
in ten sity peak.

X-ray pho to elec tron spec tros copy. XPS spec tra
of the stud ied sam ples were mea sured with an elec tro -
static spec trom e ter MK II VG Sci en tific us ing AlKa1,2

(hn = 1486.6 eV) ra di a tion un der 1.3×10–7 Pa at the
room tem per a ture. The de vice res o lu tion, mea sured as
the full width at the half-max i mum (FWHM) of the
Au4f7/2 peak on the stan dard rect an gu lar gold plate, was 
1.2 eV. The bind ing en er gies Eb(eV) were mea sured rel -
a tively to the bind ing en ergy of the C1s elec trons from
hy dro car bons ab sorbed on the sam ple sur face were ac -
cepted to be equal to 285.0 eV. For the gold stan dard the
cal i bra tion bind ing en er gies Eb(C1s) = 284.7 eV and
Eb(Au4f7/2) = 83.8 eV were used. The C1s XPS peak
from hy dro car bon on the sam ple sur face was ob served
to be 1.3 eV wide. The er ror in the de ter mi na tion of the
bind ing en ergy and the peak widths  did  not ex ceed
±0.1 eV (10% of the rel a tive peak in ten sity) [7].

For all the sam ples the quan ti ta tive el e men tal
and ionic anal y sis was done. It was based on the fact
that the spec tral in ten sity is pro por tional to the num ber 
of cer tain at oms in the stud ied sam ple. The fol low ing
ra tio was used: ni/nj = (Si/Sj)(kj/ki), where ni/nj is the
rel a tive con cen tra tion of the stud ied at oms, Si/Sj – the
rel a tive core-shell spec tral in ten sity, and kj/ki – the rel -
a tive ex per i men tal sen si tiv ity co ef fi cient. The fol low -
ing co ef fi cients rel a tive to the C1s were used: 1.00
(C1s), 2.64 (O1s), 12.0 (Fe2p), 8.0 (Fe2p3/2), 0.55
(Fe3s), 9.2 (Na1s), 14.0 (Mg1s), 0.80 (Mg2s), 0.48
(Mg2p), 0.74 (Al2p), 1.08 (Si2p), 1.04 (Si2s), 3.32
(K2p3/2), 4.49 (K2p), 1.72 (K2s), 4.2 (Ca2p3/2), 6.32
(Ca2p), 40.0 (Np4f7/2) [10]. Nep tu nium sensitivity co -
ef fi cient was drawn by ex trap o la tion of the cor re -
spond ing val ues for tho rium and ura nium [10] and
within the mea sure ment er ror (20%) agrees with
kji(Np4f7/2) = 49.2 for the Np4f7/2 for Cs2NpO2Cl4 sin -
gle crys tal, tak ing into ac count the cor re spond ing
value kji(Cl2p) = 2.92 for the Cl2p [10]. The Fe3s
sensitivity co ef fi cient was drawn by us ing the data for
the Fe2p and photoemission cross-sec tions [10, 11].
The XPS data from some nep tu nium com pounds were
used for the in ter pre ta tion of the spec tra from the sam -
ples I-IV (tab. 2).

RE SULTS AND DIS CUS SION

The XPS de ter mi na tion of phys i cal and chem i -
cal forms of radionuclides is based upon both tra di -
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  Ta ble 1. Pa ram e ters of the min eral samples

Mineral Notation Chemical formula
Fe(II) content

[FeO in mass%]
Surface area

[m2g–1]

Chlorite I-Cl3 MgFe2+[AlSi3O10(OH)2]3Mg,Fe(OH)2 6.3 0.55

Chlorite II-ClM MgFe2+[AlSi3O10(OH)2]3Mg,Fe(OH)2 11.3 0.50

Biotite III-Bt KMg2,5Fe0 5
2

,
+ AlSiO3(OH)1,75F0,25 24.7 0.24

Kaolin IV-Ka Al2Si2O7×2H2O <0.1 11.8

* Simbol M de notes mo lar mass – the mass of one mole of a
 .sub stance



tional spec tral pa ram e ters (bind ing en er gies and peak
in ten si ties), core and outer lev els fine spec tral struc -
ture pa ram e ters like the rel a tive Fe3d and Np5f in ten -
si ties, rel a tive OVMO and IVMO bind ing en er gies,
multiplet split ting DEms(eV) of the core lev els, dy -
namic ef fect re lated fine spec tral struc ture pa ram e ters,
and shake-up sat el lites rel a tive po si tions DEsat(eV)
[12]. In the ag gre gate, these spec tral pa ram e ters pro -
vide the in for ma tion on the phys i cal and chem i cal
forms of, for ex am ple, iron and actinides on the sur -
face of the stud ied sam ples. The XPS of the stud ied
sam ples, be side the peaks re lated to the in cluded el e -
ments, ex hibit the Au ger MgKLL, FeLMM, OKVV,
and CKVV peaks (fig. 1). The sur vey XPS al lows a
qual i ta tive con clu sion about the el e men tal com po si -
tion of the 5 nm sur face layer of the stud ied sam ples.
Thus, the sam ple III (Np) XPS ex hib its the Al2p,
Si2s,2p, C1s, K2p, Np4f, O1s, Fe2p, Na1s, and Mg1s
peaks (fig. 1). Their in ten si ties with the cor re spond ing
photoemission cross-sec tions taken into ac count are

pro por tional to the con cen tra tion of the el e ments. XPS 
peaks from el e ments whose con cen tra tion is not more
than 1 mass%, as a rule, have low in ten si ties.

Va lence elec tron spec tral range. The va lence bands 
in the XPS from the stud ied sam ples (sam ple I, II, III, IV)
are ob served  in  the  bind ing  en ergy range 0-40 eV. It con -
sists of the OVMO (0- ~13 eV) and IVMO (~13-40 eV)
re lated lines (fig. 2). The lines in the O2s bind ing en ergy
range are rel a tively wide G(O2s) = 2.8 eV, 3.1 eV, 2.7 eV,
and 2.9 eV for the sam ples I, II, III, and IV, re spec tively,
while G(O1s) = 1.4 eV for these sam ples. This peak can in -
ter fere only with the Ca2p one, which has low in ten sity
(see tab. 2). This O2s wid en ing con firms that the O2s
atomic orbitals (AO) in the con sid ered com plex com -
pounds par tic i pate in the IVMO for ma tion.

In deed, the un cer tainty ra tio DEDt ~ h/2p, where 
DE is the FWHM of a level from which an elec tron was 
re moved, Dt – the life time of a hole on this level ,and h
the Plank’s con stant, shows that if the O2s level was
atomic, G(O2s) would be less than G(O1s), which con -
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Ta ble 2. Nep tu nium ox i da tion state N(Np), Np4f7/2 XPS in ten sity I(103 counts per minute) and bind ing
en er gies Eb(eV) for the sam ples I-IV and nep tu nium com pounds [12]

Sample
N

(Np)
Np5f
[eV]

Np4f7/2

[eV]
I(103)

arb. units
Al2p3/2

[eV]
Si2p3/2

[eV]
Fe2p3/2

[eV]
Mg1s, 2s, 2p

[eV]
O1s,2s
[eV]

C1s
[eV]

I-Cl3-(Np) V 403.2 2.08 74.6 710.7
    50.3
    89.1
1304.8

531.9
  24.2

282.6
285.0

II-ClM-(Np) V 403.1 2.84 74.3 710.7
    50.3
    88.8
1305.2

531.8
  24.2

285.0
288.5
290.6

III-Bt-(Np) V 403.6 4.32 74.3 102.5 710.8
    49.8
    89.0
1305.2

531.4
  23.8

282.1
285.0
287.7

IV-Ka-(Np) V 403.6 1.22 74.8 103.0 1305.2
532.2
  23.7

285.0
288.6

NpO2 IV 402.5 529.7 284.5

RbNpO2

(NO3)22H2O
V 2.9 403.6

531.5
533.5

285.0

Cs3NpO2Cl4 V 2.5 403.4 531.6 285.0

Cs2NpO2Cl4 V 3.3 404.6 531.9 285.0

Fig ure 1. Sur vey XPS from sam ple III-Bt (bi o tite with
Np)

Fig ure 2. Va lence elec tron XPS from sam ple III-Bt (bi o -
tite with Np)



tra dicts the ex per i men tal data. Tak ing into ac count the
data for var i ous com pounds [12, 13], one can sug gest
that the line in the O2s bind ing en ergy range is
IVMO-re lated, not atomic.

The va lence bands in the XPS from sam ples I-IV
are gen er ally formed from the Mg3s, Al3s,3p, Si3s,3p,
K3s,3p,4s, Fe3d,4s, Np6p,6d,7s,5f, and O2s,2p elec -
trons. The OVMO struc ture forms mostly from the in -
ter ac tion of the Mg3s, Al3s,3p, Si3p, K4s, Fe3d,4s,
Np6p,6d,7s,5f, and O2p elec trons, while the IVMO
struc ture – from the in ter ac tion of the Si3s, K3s,3p,
Fe3d, Np6p, and O2s elec trons [12, 13]. Since iron
elec tronic con fig u ra tion is {Ar}3d64s2, where {Ar} –
ar gon elec tronic con fig u ra tion, the Fe3d photoemission 
cross-sec tion is much higher than the O2p one [11] and
nep tu nium con cen tra tion is very low, the OVMO in ten -
sity is ex pected to be formed mostly by the Fe3d elec -
trons (fig. 2). Un for tu nately, these spec tra do not pro -
vide a cor rect quan ti ta tive rel a tive Fe3d in ten sity. The
low in ten sity struc ture at 12 eV to 16 eV can be at trib -
uted to the MOs of car boxyl group CO3

2–, al though on
the ba sis of the C1s spec trum it is ex pected to be low in -
ten sity [6]. The K3p and K3s peaks are ob served at 17.5
eV and 33.7 eV in the XPS from sam ple III (fig. 2).

A sharp peak at trib uted to the Np5f elec trons
weakly par tic i pat ing in the chem i cal bond is ex pected
at Eb » 2.5 eV in the low bind ing en ergy XPS from
neptunyl-min eral in ter ac tion prod ucts (sam ples I-IV)
(see tab. 2). The in ten sity of this peak is pro por tional to 
the num ber of the Np5f elec trons and char ac ter izes
nep tu nium ox i da tion state in com pounds. Un for tu -
nately, this peak is hard to sep a rate in spec tra from the
stud ied sam ples be cause of low nep tu nium con cen tra -
tion (fig. 2). 

Core elec tron XPS range. Dur ing the sam ple
prep a ra tion car bo hy drates can ab sorb on the sur face. In
this work the sur face was not cleaned in or der to avoid
sur face de struc tion, al though there are tech niques to do
this. The C1s XPS from the stud ied sam ples con sist of
the ba sic peak at Eb = 285.0 eV (sat u rated hy dro car -
bons) used for the bind ing en ergy cal i bra tion, the peak
at 286.9 eV at trib uted to the –CH2–O– groups, the peak
at 289 eV at trib uted to the car boxyl group CO3

2– (fig.
3a, tab. 2). A weak peak at 282.1 eV at trib uted to the
Np5p1/2 elec trons in volved in the dy namic ef fect is also
ob served (fig. 3a). Dy namic ef fect is a phe nom e non re -
sult ing in an ex tra two-hole fi nal state (Np5p65d85f  n+1)
in ad di tion to the ba sic one-hole fi nal state due to the gi -
gan tic Coster-Kronig elec tronic tran si tion dur ing the
photoemission from the Np5p level [12]. This can com -
pli cate the Np5p XPS struc ture in the bind ing en ergy
range of 275-285 eV. The XPS from the sam ple III at
293.6 and 296.4 eV ex hib its an in tense dou blet at trib -
uted to the K2p spin-or bit in ter ac tion with DEsl = 2.8 eV.

The O1s XPS (sam ple III) con sists of a sym met -
ric wid ened peak  G(O1s) = 2.4 eV at Eb = 531.4 eV
(fig. 3b). Af ter the peak width cal i bra tion by the
G(C1s) = 1.3 eV, G(O1s) be comes 1.4 eV. A 1.0 eV

wid en ing can be at trib uted to the non-uni form sam ple
charg ing de pend ing on the sam ple prep a ra tion qual ity. 
This XPS FWHM cal i bra tion is ex per i men tally well
grounded on many ex am ples [13]. The ba sic O1s peak
at 531.4 eV can be at trib uted to hydroxyl groups (tab.
2). The sim i lar O1s peak shape is ob served in all the
stud ied sam ples. De spite the sur face con tam i na tion,
the core elec tron peaks are ob served to be rel a tively in -
tense.

The math e matic pro cess ing of the Fe2p XPS
can not pro vide a cor rect deconvolution into sep a rate
com po nents be cause of a very com pli cated struc ture
[14]. This Fe2p com plex struc ture can be ex plained by
the multiplet split ting due to the un cou pled Fe3d elec -
trons in the ground state and the shake up sat el lites due
to the ex tra elec tronic ex ci ta tions within the va lence
band dur ing the Fe2p photoemission [12-15].

Since iron va lence elec tronic con fig u ra tion is
Fe3d64s2, the Fe(II) ion elec tronic con fig u ra tion is
Fe3d6. If this ion is lo cated, for ex am ple, in the oc ta he -
dral ox y gen en vi ron ment, it does not have un cou pled
elec trons in the ground state. In this case the Fe3s and
Fe2p XPS must con sist of rel a tively sharp peaks. In
case of the Fe(III) ion, the elec tronic con fig u ra tion is
Fe3d5, and due to the high spin state the Fe3s and Fe2p
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Fig ure 3. XPS from sam ple III-Bt (bi o tite with Np): (a) –
C1s and K2p, (b) – O1s



XPS ex hibit the com plex struc ture at trib uted to the
multiplet split ting and many-body per tur ba tion. In
par tic u lar, the Fe2p XPS from var i ous iron com -
pounds ex hibit the typ i cal shake up sat el lites [6, 7],
which are less pro nounced in the XPS from the stud ied 
sam ples (fig. 4a). The Fe3s XPS peak has low
intensity. It does not al low a cor rect con clu sion on iron
ox i da tion state. The Fe2p XPS al lows a con clu sion
that iron ox i da tion state in the stud ied ma te ri als is
close to Fe(II) – fig. 4(a). The Fe2p3/2 bind ing en ergy
for the sam ple III Eb = 710.8 eV is a bit lower than the
cor re spond ing value 711.0 eV for a-FeOOH [15]. The 
spin-or bit split ting of DEsl = 13.5 eV is com pa ra ble to
DEsl = 13.2 eV for me tal lic iron [16]. The ob served
peaks of the dou blet are found to be wid ened and
asym met ric com pared to those from me tal lic iron. The
sim i lar pic ture was ob served in the XPS from other
stud ied sam ples. For the sam ple III it was also found
that Eb(K2p3/2) = 293.6 eV, and for the sam ple IV –
Eb(Ca2p3/2) = 347.9 eV and Eb(Na1s) = 1073.1 eV.

The  Np4f  XPS  from the  stud ied  sam ples  con sist
of dou blets of rel a tively  sharp spin-or bit split (DEsl =
=.11.7 eV) peaks (fig. 4b). Nep tu nium ox i da tion state in
com pounds can be de ter mined on the ba sis of both core

elec tron bind ing en er gies and the Np5f and Np4f spec tral 
struc tures [12]. The rel a tive Np5f in ten sity is pro por -
tional to the num ber of the Np5f elec trons in nep tu nium
ion.

Un for tu nately, the Np5f in ten sity is too low to be
eval u ated cor rectly. In the Np4f XPS the dis tance ba sic
peak -shake up sat el lite (DEsat) cor re lates with nep tu nium
ox i da tion state. Thus, for Np(V), and Np(IV) the val ues for
DEsat it are 6.8 eV, 9.4 eV, and 3.5 eV, while their rel a tive in -
ten si ties are 17%, 12%, and 20% of the ba sic peak in ten sity,
re spec tively [12]. The Np4f shake up sat el lites are not ob -
served be cause of low nep tu nium con cen tra tion, i. e. low
Np4f in ten sity. It can be ex plained by the fact that nep tu -
nium in the stud ied com pounds does not form big clus ters
and the shake-up sat el lites in the XPS from Np(V) com -
pounds are the least in tense – fig. 4(b). The bind ing en er gies 
Eb(Np4f7/2), 403.2 eV, 403.1 eV, 403.6 eV, and 403.6 eV for
the stud ied sam ples I, II, III, and IV are close to 403.4 eV
and 403.6 eV for Cs3NpO2Cl4 and RbNpO2(NO3)2×2H2O
con tain ing Np(V) ions (tab. 2).

The Np4f XPS from all stud ied sam ples did not
show the NO3-re lated N1s peak at 407.3 eV – figs. 1
and 4(b). It con firms the fact that the neptunyl groups
NpO2

+ pres ent on the sur face are not in the form of ni -
trates or other salts, but form com plexes with ox y gen
bonded to iron and hydroxyl groups in the equa to rial
planes.

Quan ti ta tive anal y sis re sults. An er ror in ar eas
un der the core XPS peaks dur ing the quan ti ta tive el e -
men tal and ionic anal y sis of the stud ied sam ples I, II,
III, and IV grew up be cause of the ex tra struc ture due to
the multiplet split ting and sec ond ary elec tronic pro -
cesses (many-body per tur ba tion and dy namic ef fect).
Since the many-body per tur ba tion re sults in shake up
sat el lites at the higher bind ing en ergy side of the ba sic
peaks, their in ten si ties can be par tially taken into ac -
count in the anal y sis. The dy namic ef fect re lated in ten -
sity changes can be hardly taken into ac count, but the
in flu ence of this ef fect on the stud ied XPS spec tra is not
too high. All these  ef fects  can  lead  to an ex tra er ror in
the quan ti ta tive  el e men tal and  ionic  anal y sis ex ceed -
ing 10%. In this ap prox i ma tion  the  sur face (~5 nm) el -
e men tal com po si tion of the stud ied sam ples re lated to
sil i con was found to be:

Si1.00Mg1.05Al0.66Fe0.16Np0.006O6.61(C0.36 + 1.40) (I-Cl3)

Si1.00Mg0.95Al0.54Fe0.25Np0.007O6.68(C1.54 + 0.06 + 0.04)

(II-ClM)

Si1.00Mg0.19Al0.35Fe0.67Np0.009K0.29O5.61(C0.12 + 1.17+0.25)

(III-Bt)

Si1.00Mg0.08Al0.71Fe0.02Np0.002Ca0.02Na0.04O4.49(C0.59+0.05)

(IV-Ka)

The con cen tra tions of car bon in dif fer ent chem i -
cal states are given in pa ren the sis (see tab. 2). The ob -
served ox y gen ex cess in the stud ied sam ples can be
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Fig ure 4. XPS from sam ple III-Bt (bi o tite with Np): (a) –
Fe2p, (b)  – Np4f



par tially ex plained by the ab sorbed hydroxyl groups
on the sur face. In  ref. [6] we showed that at nep tu nium 
con cen tra tion of 1 Np ion per 1000 ions [»0.1 at.% of
Np(V)] the XPS method can re li ably de ter mine Np ox -
i da tion state. It is pos si ble to sug gest that neptunyl ions 
in ter act with min er als via ox y gen ions bound with iron 
and hydroxyl groups in the equa to rial plane of NpO2

+,
while the rest of va cant places can be oc cu pied by wa -
ter and/or car boxyl groups CO3

2–. In deed, the XPS el -
e men tal anal y sis shows that nep tu nium con cen tra tion
on the sur face grows to gether with iron con cen tra tion. 

The im pu rity groups which can par tic i pate in
com plex for ma tion with nep tu nium ions were pres ent
on the sur face of all the stud ied sam ples. Phys i cal ab -
sorp tion of neptunyl ions on the sur face of the stud ied
sam ples can be ex cluded. De spite the pres ence of
many types of func tional groups on the sam ple sur -
faces, the Np4f XPS (the Np4f dou blet con sists of
sharp peaks) al lows a con clu sion that nep tu nium is
pres ent in the form of  Np(V) ions. Other va lence
forms of nep tu nium like Np(IV) and Np(VI) were ab -
sent on the sur face of the stud ied sam ples. The ab sence 
of nep tu nium in volv ing re dox re ac tions on the sur face
of the stud ied sam ples was con firmed by the liq -
uid-liq uid ex trac tion study.

CON CLU SIONS

The XPS study of in ter ac tion of NpO2
+ ions in

aque ous so lu tion with min er als: two chlorite sam ples
(Cl3 and ClM), bi o tite (Bt) and ka olin (Ka) was car ried
out. It de ter mined the el e men tal and ionic com po si tions
of the sur faces of the stud ied sam ples, as well as nep tu -
nium phys i cal and chem i cal states on the sur face.

It was es tab lished that NpO2
+–min eral (chlorite,

bi o tite, ka olin) in ter ac tion in aque ous so lu tion does
not re sult in for ma tion of the Np(IV) and Np(VI) con -
tain ing com pounds, while Np(V)O2

+ com pounds with 
ox y gen bonded with iron and ox y gen be long ing to wa -
ter and/or of car boxyl in the equa to rial plane, do form. 
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Anton J. TETERIN, Alevtina V. MIHAILINA,
Konstantin I. MASLAKOV, Jelena V. ZAHAROVA, Jurij A. TETERIN

PROU^AVAWE  FIZI^KIH  I  HEMIJSKIH  OBLIKA  NEPTUNIJUMOVE  GRUPE 
NA  POVR[INI  MINERALA  RENDGEN-INDUKOVANOM  FOTOELEKTRONSKOM 

SPEKTROSKOPIJOM  

Posmatrano je sorpciono pona{awe fizi~kih i hemijskih oblika neptunijuma na
povr{ini dva uzorka hloridnih minerala, biotita i kaolina, koji imaju razli~ite sadr`aje Fe(II).
Za identifikaciju valentnih formi neptunijuma kori{}ene su metode te~no-te~ne ekstrakcije i
rendgen-indukovane fotoelektronske spektroskopije. Na osnovu dobijenih podataka izvr{ena je
kvalitativna identifikacija elemenata koji ulaze u sastav povr{ina posmatranih minerala, kao
i odre|ivawe jonskog sastava formiranih neptunijumovih kompleksa. Pokazano je da se ne
formiraju jediwewa koja sadr`e Np(IV) i Np(VI), dok se na povr{inama formiraju Np(V)O2

+-
hidroksil kompleksi. Sugerisano je da su u ekvatorijalnoj ravni neptunil grupe NpO2

+ prisutni
joni kiseonika vezani sa gvo`|em i kiseonikom koji pripada molekulu vode i/ili karboksilnoj
grupi.

Kqu~ne re~i: neptunil, oksidaciono stawe, migracija radionuklida


