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The migration behavior of radionuclides is deter-
mined by their physicochemical species existing in the
environment [1]. The processes occurring at mineral–
native water interfaces, such as redox reactions, sorp-
tion, and complexing at the mineral surfaces, largely
determine the mobility of radionuclides. The major
neptunium species in the environment is neptunoyl ion

 

Np

 

, whose low charge is responsible for its chemi-
cal inertness. However, redox reactions can occur in the

environmental setting to yield Np(IV) or 

 

Np(VI)

 

 [2].

Goethite (

 

α

 

-FeOOH

 

), maghemite (

 

γ

 

-Fe

 

2

 

O

 

3

 

), and
hematite (

 

α

 

-Fe

 

2

 

O

 

3

 

) are abundant minerals having high
sorption capacities to heavy-metal ions and radionu-
clides [3–5].

Here, we use solvent extraction and X-ray photo-
electron spectroscopy to study the sorption mecha-
nisms and surface 

 

Np(V)

 

 complexes on goethite,
maghemite, and hematite. Solvent extraction may be
used to separate trace amounts of actinides into their

O2
+

O2
2+

O2
+

 

valence species; however, redox reactions can occur
during extraction and induce the redistribution of
valence species. X-ray photoelectron spectroscopy is
the most adequate method for the determination of the
physicochemical states of radionuclides in the environ-
ment. Previously, X-ray photoelectron spectroscopy
was employed to discover the reduction of chro-
mium(VI) to chromium(III) on the surface of goethite
[6], which was explained by the presence of trace
iron(II) on this surface, and to study the interaction of
uranyl with hydroxylapatite and fluoroapatite in aque-
ous solutions [7].

EXPERIMENTAL

 

Synthesis and product identification.

 

 A goethite
(

 

α

 

-FeOOH

 

) sample was synthesized from 

 

Fe(NO

 

3

 

)

 

3

 

,
using a procedure described in [8], as follows. Chemi-
cally pure 

 

Fe(NO

 

3

 

)

 

3

 

 · 

 

9H

 

2

 

O

 

 (50 g) was dissolved in bid-
istilled water (825 mL), and 2.5 M KOH (200 mL) was
added. The solution was continuously stirred for 24 h at

 

Interaction of Neptunyl with Goethite (

 

a

 

-FeOOH), Maghemite 
(

 

g

 

-Fe

 

2

 

O

 

3

 

), and Hematite (

 

a

 

-Fe

 

2

 

O

 

3

 

) in Water as Probed by X-ray 
Photoelectron Spectroscopy

 

A. Yu. Teterin

 

a

 

, K. I. Maslakov

 

b

 

, Yu. A. Teterin

 

b

 

, S. N. Kalmykov

 

c

 

, K. E. Ivanov

 

b

 

, L. Vukcevic

 

d

 

,
A. B. Khasanova

 

c

 

, and N. S. Shcherbina

 

c

 

a

 

 Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences,
Leninskii pr. 31, Moscow, 119991 Russia

E-mail: ateterin@tochka.ru

 

b

 

 Russian Research Center Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia
E-mail: teterin@ignph.kiae.ru

 

c

 

 Moscow State University, Vorob’evy gory, Moscow, 119992 Russia
E-mail: stepan@radio.chem.msu.ru

 

d 

 

University of Montenegro, Serbia and Montenegro
E-mail: vukas@rc.pmf.cg.ac.yu

 

Received March 28, 2006

 

Abstract

 

—The sorption behavior is studied and the physicochemical neptunium species existing on the surface
of goethite (

 

α

 

-FeOOH), maghemite (

 

γ

 

-Fe

 

2

 

O

 

3

 

), and hematite (

 

α

 

-Fe

 

2

 

O

 

3

 

) are determined. Solvent extraction and
X-ray photoelectron spectroscopy (XPS) are used to determine the neptunium surface species. The ion and ele-
mental composition of the surface of the minerals and surface neptunyl 

 

Np

 

 complexes is determined using
these data. Compounds containing neptunium(IV) or neptunium(VI) ions do not appear; rather, neptunyl

(

 

Np(V)

 

 group is complexed with surface hydroxide groups of 

 

α

 

-FeOOH, 

 

γ

 

-Fe

 

2

 

O

 

3

 

, and 

 

α

 

-Fe

 

2

 

O

 

3

 

. Presum-

ably, the oxygen atoms of iron oxides and water and/or carbonate (

 

)

 

 or nitrate ( ) group lie in the

equatorial plane of the neptunyl (

 

Np

 

) group.
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60°C

 

. Then, a precipitate was washed several times
with bidistilled water and acetone and dried at 

 

40°C

 

 for
2 days. For sorption experiments, a suspension of

 

α

 

-FeOOH was prepared.

A maghemite (

 

γ

 

-Fe

 

2

 

O

 

3

 

) sample was synthesized
through 

 

Fe(NO

 

3

 

)

 

3

 

 hydrolysis using a procedure
described in [9] as follows: the salt (100 g) was added to
bidistilled water (1 L) and continuously stirred for 18 h.
A precipitate was decanted and washed several times
with bidistilled water. The product was dried at 

 

40°C

 

.

A hematite (

 

α

 

-Fe

 

2

 

O

 

3

 

) sample was synthesized as fol-
lows: chemically pure 

 

Fe(NO

 

3

 

)

 

3

 

 · 

 

9H

 

2

 

O

 

 (10 g) was dis-
solved in bidistilled water (50 mL), and 30% NaOH was
added until pH was 12.5. Then, 30% 

 

H

 

2

 

O

 

2

 

 (1.5 mL) was
added, and the solution was heated to 

 

350°C

 

 for 5 days
in a hermetically sealed autoclave at 

 

2

 

 

 

×

 

 

 

10

 

7

 

 Pa. After cool-
ing, the precipitate was separated from the mother solution
and washed several times with bidistilled water.

Powder X-ray diffraction showed the absence of
other crystalline phases in the thus-synthesized sam-
ples.

 

Sorption experiments.

 

 Aqueous suspensions of the
samples synthesized were used in the sorption experi-
ments. The starting neptunium oxidation number

(

 

Np(V)

 

) was verified spectrophotometrically. A sorp-
tion experiment was carried out at pH 

 

8.1

 

 ± 

 

0.1

 

 in a

 

NaClO

 

4

 

 solution (0.1 mol/L) and at 

 

237

 

Np

 

 concentration
equal to 

 

2

 

 

 

× 

 

10

 

–5

 

 mol/L. Radioactivity in the solution
was measured using liquid scintillation spectrometry.
The sorption duration was 2 weeks, which was suffi-
cient for the system to acquire a sorption equilibrium.

The mother solution after sorption was separated by
centrifugation at about 6000 rpm and microfiltration using
acetyl cellulose filters with a pore diameter of 0.1 

 

µ

 

m.
After the sorption, an aliquot of the mother solution
was sampled, and the degree of sorption and the distri-
bution of the redox neptunium species in the mother
solution were determined. The neptunium species were
determined by solvent extraction using a 0.5 M solution
of 2-thenoyltrifluoroacetone in cyclohexane [10]. Three
sorption experiments were carried out with each min-
eral sample, which provided the 30% saturation of the
goethite surface (about 1.53 

 

×

 

 

 

10

 

–6

 

 

 

mol 

 

237

 

Np). After the
sorption experiment, the mineral samples were washed
with bidistilled water to remove easily adsorbed impu-
rities. Then, the mineral samples were vacuum dried for
30–35 h. As a result, the following three samples were pre-
pared for recording X-ray photoelectron (XPE) spectra:
sample I was neptunium on goethite (α-FeOOH + Np),
sample II was neptunium on maghemite (γ-Fe2O3 + Np),
and sample III was neptunium on hematite (α-Fe2O3 +
Np).

O2
+

X-ray photoelectron spectroscopy. The X-ray
photoelectron spectra of samples I–III were recorded
on a Scientific MK II VG electrostatic spectrometer
using AlKα (1486.6 eV) X-ray radiation in vacuum
(10−7 Pa) at room temperature. The resolution of the
spectrometer measured for the width at half-height of
the Au4f7/2 line was 1.2 eV. In this work, the binding
energies Eb (eV) are given relative to the binding energy of
the C1s electrons of hydrocarbons on the surface of the
samples, which was set equal to 285.0 eV. The error in
electron binding energies was 0.1 eV; the error in rela-
tive line intensities was 10% [11]. The samples for XPS
spectra were crushed (not ground) powders applied as
thick layers to an adhesive band attached to a titanium
substrate.

For all samples, quantitative surface analysis was
performed on the basis of the fact that the intensities of
spectral lines are proportional to the concentration of
atoms in the test sample. This analysis was carried out
using the relationship ni/nj = (Si/Sj)(kj/ki), where ni/nj is
the concentration ratio of the atoms under consider-
ation, Si/Sj is the intensity (area) ratio of the core-elec-
tron lines for these atoms, and kji = kj/ki is the experi-
mental relative sensitivity factor. The following values
were used for the sensitivity factors relative to carbon:
1.00 (C1s), 2.8 (O1s), 8.0 (Fe2p3/2), 0.55 (Fe3s), 9.20
(Na1s), 2.92 (Cl2p), and 40.0 (Np4f7/2) [12]. The sensi-
tivity factor for neptunium was obtained by extrapola-
tion of the values known for thorium and uranium [12];
to the measurement error (20%), the extrapolated value
correlated with the value found for Np4f7/2 electrons in
a Cs2NpO2Cl4 single crystal (kji (Np4f7/2) = 49.2) with
reference to the value for Cl2p electrons (kji(Cl2p) =
2.92) [12]. The sensitivity factor for Fe3s- electrons
was obtained from data for Fe2p electrons and photoef-
fect cross sections [12, 13]. The assignment of the XPS
spectra samples I – III was done with reference to the
spectral parameters of some neptunium compounds
(table).

RESULTS AND DISCUSSION

The determination of the physicochemical radionu-
clide species in the environment is based on both the
conventional parameters of the XPS spectra (the bind-
ing energies of core-level electrons and relevant line
intensities) and the fine-structure parameters of the
valence and inner-level electron spectra. The parame-
ters include the relative intensity of the lines of Fe3d-
and Np5f electrons, which weakly participate in the
chemical bonding; relative binding energies of the elec-
trons of outer valence molecular orbits (OVMO) and
inner valence molecular orbits (IVMO); multiplet split-
ting ∆Ems (eV) for core-level lines; the fine-structure
parameters induced by the dynamic effect; and relative
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energies ∆Esat (eV) of shake-up satellites in the core-
electron spectra [14, 15]. These spectroscopic data
yield extensive information about the physicochemical
states of iron and actinides on the surface of the test
samples. The first XPS spectroscopic data on the inter-
action of the neptunyl group Np  with goethite in
aqueous solution were reported in [16].

Spectral region of weakly-bound electrons. The
XPS valence bands for samples I–III are observed in
the range from 0 to 40 eV; these lines are composed of
OVMO electron lines from 0 to 15 eV and IVMO elec-
tron lines from 15 to 40 eV (Fig. 1). The lines in the
region of the binding energies of the O2s electrons have
relatively large widths at half-height É(O2s), which is
equal to 5.7, 4.4, and 6.1 eV for samples I, II, and III,
respectively. For the composite O1s line, the width
É(O1s) for these samples is 3.2, 3.2, and 4.0 eV, respec-
tively. This is one argument in favor of the participation
of the O2s atomic orbits (AO) in the formation of the
molecular orbits. From the uncertainty relationship
∆E∆r ~ h/2π (where ∆E is the half-width of the level
from which the electron is removed, ∆τ is the lifetime

O2
+

of the resulting hole, and h is the Planck constant), it
follows that if the O2s level were atomic, the width-at-
half-height of its O2s line would be lower than the same
width of the O1s line, which contradicts the experimen-
tal data. With reference to literature data for various
compounds [14], we may assume that the line in the
O2s electron region is not an atomic one; rather, this
line is associated with valence MO electrons.

The valence bands in samples I–III are mainly due
to Fe3d, Fe4s, Np6p, Np6d, Np7s, Np5f and O2s,2p
electrons of the neighboring iron, neptunium, and oxy-
gen atoms. The OVMO structure is mainly due to the
interaction of Fe3d, Fe4s, Np6d, Np7s, Np5f, and O2p
electrons; the IVMO structure is mainly due to the
interaction of Fe3d, Fe4s, Np6d, and O2s electrons
[14]. Because the electronic configuration of an iron
atom is {Ar}3d64s2 (where {Ar} is the argon electronic
configuration), because the photoeffect cross section
for Fe3d electrons is far larger than for O2p electrons
[13], and because the neptunium concentration is very
low, it should be expected that the line intensity from
OVMO electrons is largely due to the Fe3d5 electrons
of the iron(III) ion (Fig. 1). Unfortunately, it is difficult

Neptunium oxidation numbers Np(N) and electron binding energies Eb (eV) for samples I, II, and III and for neptunium com-
pounds [11]

Samplea Np(N) MO b Fe3s Np4f7/2, 5/2 O1s C1s

I Np(V) 6.4; 17.6; 711.7 (719.7) 94.1 403.2 530.2 285.0
 α-FeOOH + Np 22.4; 31.2 725.3 (734.3) (739.2) 101.2 414.9 531.5 286.8

533.4 288.8
II Np(V) 7.0; 22.7 712.0 (720.0) 94.0 403.7 530.7 285.0
γ-Fe2O3 + Np 725.7 (733.4) (741.3) 101.5 415.5 532.2 286.7

533.7 288.8
III Np(V) 6.1; 13.1; 711.9 (719.9) 93.8 403.8 531.0 285.0
α-Fe2O3 + Np 26.4; 31.8 725.4 (733.4) 101.3 415.6 533.0 287.0

534.1 289.2
NpO2 Np(IV) 402.5 529.7 284.5

414.3
RbNpO2(NO3)22H2O Np(V) 2.9 (Np5f); 403.6 531.5 285.0

5.4; 27.0 415.3 533.5
Cs2NpO2(CH3COO)3 Np(V) 2.3 (Np5f); 403.0 531.5 285.0

4.3; 27.2 414.6 288.3
Cs3NpO2Cl4 Np(V) 2.5 (Np5f); 403.4 531.6 285.0

4.9; 26.2 415.2
Cs2NpO2Cl4 Np(VI) 3.3 (Np5f); 404.6 531.9 285.0

5.3; 25.8 416.4
NaNpO2(CH3COO)3 Np(VI) 3.4 (Np5f); 405.2 532.0 285.0

5.9; 24.2;26.0 417.0 288.8
a Samples I, II, and III were prepared on an adhesive band; the other samples were prepared on indium.
b Satellite energies are parenthesized.

Fe2 p3/2 1/2,
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to adequately quantify the relative intensity of this line
and the number of weakly bound Fe3d electrons on the
basis of such spectra. The low-intensity structure
observed at 12–16 eV may be associated with the MO

electrons of the carbonato group  and the nitrato

group N and with the Cl3s electrons [14]. At 31.2 eV,
the Na2p line is observed in the spectra of samples I
and III.

The Np5f line is expected to appear at Eb ~ 2.5 eV in
the low-energy electron spectra of the products of the
reaction of the minerals with the neptunyl group (sam-
ples I–III): the Np5f electrons weakly participate in the
chemical bonding; the area of this line is proportional
to the number of these electrons and characterizes the
neptunium oxidation number in the compounds (table).
Unfortunately, it is difficult to resolve this line from the

CO3
2–

O3
–

spectrum because of the low neptunium concentration
in the test samples.

Core-electron spectral region. Hydrocarbon mol-
ecules, which can bear oxygen atoms, and water mol-
ecules can be adsorbed on samples while they are pre-
pared. There are surface cleansing methods, but they
were not employed in this work in order to conserve
the surface layer of the samples. The C1s electron
spectra of the test samples consist of the main line at
Eb = 285.0 eV (from saturated hydrocarbons), against
which the energy calibration of the spectra was carried out;
a line at 287 eV, which is associated with –ëH2–O groups;
a line at 289 eV, which is associated with the carbonate
carbon; and a line at 275.4 eV, which is associated with
the AlKα3,4 satellites (Fig. 2, table). The AlKα3 and
AlKα4 satellite lines lie at 9.8 eV (7.33%) and 11.9 eV
(3.66%) on the low-binding-energy side from the main

40

I, arb. units

Eb, eV
30 20 10 0

(b)

(‡)

IVMO
O2s

OVMO
Fe3d, 4s, O2p

Cl3s, CO3
2–

6.1

CO3
2–

4.4

IVMO
O2s

OVMO
Fe3d, 4s, O2p

Fig. 1. Low-energy XPS spectra for the interaction products

of Np(V)  in aqueous solution with (a) maghemite (sam-
ple II) and (b) hematite (sample III). 

O2
+

295

I, arb. units

(b)

290 285 280 275
Eb, eV

(a)

2.0

ë1s

ëO3
2–

–CH2–O–

satAlKα3, 4

1.8

ë1s

–CH2–O–

ëO3
2–

Np5p1/2

Fig. 2. ë1s spectra for the interaction products of Np(V)
in aqueous solution with (a) maghemite (sample II) and (b)
hematite (sample III).

O2
+
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line; the figures in the parentheses indicate the percent-
age relative intensities of the lines [17]. In all cases, low-
intensity extra lines are observed at 279 and 283 eV; these
extra lines may be partially assigned to the structure
associated with the Np5p1/2 electrons and induced by a
dynamic effect (Fig. 2). The dynamic effect is a phe-
nomenon as a result of which a two-hole final state
(Np5p65d85fn + 1) appears, in addition to the one-hole
final state (Np5p55d105fn), after the photoemission of a
core-level Np5p electron because of giant Coster–Kro-
nig electron transitions, which involve the inner and
outer electron shells [11]. A complex fine structure may
appear in the Np5p electron spectrum, in particular, in
the range of the electron binding energies from 275 to
285 eV. In the spectrum of sample I at 293.2 and 296.1 eV,
there is a low-intensity doublet due to the spin–orbit cou-
pling of the potassium 2p electrons with ∆Esl = 2.9 eV.

The O1s electron spectrum (sample I) is a slightly
broadened line with É(O1s) = 3.2 eV at Eb = 531 eV.
This line may be separated into three components. The
line at 530.2 eV may be assigned to the oxide oxygen,
the line at 531.5 eV to the hydroxide oxygen of goet-
hite, and the line at 533.4 eV to the water oxygen
(table). These binding energies agree with the respec-
tive values for α-FeOOH (530.1 and 531.8 eV) [17].
The O1s electron spectrum from the surface of sample
II also consists of three lines, which are observed at
530.7, 532.2, and 533.7 eV (table, Fig. 3). The first line
may be assigned to the oxide oxygen, the second to the
surface oxygens, and the third to water molecules. The
O1s spectrum of sample III differs substantially from
the spectra of samples I and II (Fig. 3). In sample III,
there are a relatively weak line from the iron oxide oxy-
gen at 531.0 eV and a very strong line at 533.0 eV; the
latter should be assigned to the oxygens of Cl , ,
and other impurities (Fig. 3). The line from the water
oxygen appears at 534.1 eV.

In spite of the contamination of the surface with
hydrocarbons, their inner-level electron lines are rela-
tively intense. From the results of processing Fe2p elec-
tron spectra, it follows that they have a very complex
fine structure and they cannot be adequately separated
into components [18]: in the Fe2p electron spectrum,
there is a high probability of the appearance of both
multiplet splitting, which is associated with the exist-
ence of unpaired Fe3d5 electrons in the ground state,
and shake-up satellites, which appear as a result of extra
electron excitation in the process of Fe2p electron pho-
toemission [15, 17].

The Fe2p3/2 electron binding energy in sample I
(Eb = 711.7 eV) is slightly higher than the value measured
for α-FeOOH in [17] (711.0 eV). The spin–orbit coupling
found from this spectrum is ∆Esl = 13.6 eV, which is compa-

O4
– NO3

– rable with the value found for metallic iron (∆Esl = 13.2 eV)
[19]. On the high-binding-energy side from the main lines,
there are characteristic satellites at ∆Esat = 8 eV (Fig. 4, table).
Regarding the spectra of samples II and III, the satel-
lites in sample III are slightly diffuse.

The Fe3s spectra have a quite complex fine structure
instead of a single, relatively narrow line (Fig. 5). Mul-
tiplet splitting appears in these spectra with a high prob-
ability and in its simplest form (as a doublet); the mul-
tiplet splitting value (∆Ems) is 6.9, 7.5, and 7.5 eV for
samples I, II, and III, respectively (table). This ∆Ems

value is proportional to the multiplicity (2S + 1), where
S is the full ion spin, or to the number of unpaired Fe3d5

electrons [15, 17]. The intensity ratio of the doublet
should be equal to I1/I2 = (S + 1)/S, i.e., 7/5, in agree-
ment with the experimental value, which is equal to 7/5.
Actually, this spectrum has a more complex structure.
Inasmuch as the constraint Eb(Fe3s) ≈ 2Eb(Fe3p) holds,
there is a certain probability of the appearance of an

(b)

540

I, arb. units 

Eb, eV
535 530 525

(a)

1.8

1.8H2O

H2O

OH–

O1s

O1s

ClO4

1.8

1.8

Fig. 3. O1s spectra for the interaction products of Np(V)
in aqueous solution with (a) maghemite (sample II) and (b)
hematite (sample III).

O2
+
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additional final state, in addition to the ground state,
after the photoemission of the Fe3s electron (the
dynamic effect [15, 17, 20]). The following final states
of the iron(III) ion may appear as a result: Fe3s13p63d5

(the one-hole ground state) and Fe3s23p43d6 (an addi-
tional two-hole state). The spectrum becomes apprecia-
bly more complex, which in turn increases the measure-
ment error for the multiplet splitting. Because the
dynamic effect has a resonance nature, the spectral
structure it induces may be affected by the nature and
arrangement of the ligand atoms around the iron atom,
as shown for barium compounds [20]. In spite of this,
the multiplet splitting and the number of unpaired
electrons may be found with a certain error from the
Fe3s spectrum. The different spectral structures of
samples I–III may arise from some alteration in the
environment of surface iron ions induced by complex-
ing of the neptunyl group with minerals (Fig. 5). Some
increase in the intensity of the high-energy component

of the Fe3s electron spectrum may be due to the Si2p
line (∆Eb = 102.3 eV) from silicon contained in the
adhesive band, which was used in this work as a sub-
strate. Because the intensity ratio for these two lines is
7/5, the extra contribution to the intensity of the low-
energy component from the Si2p line may be taken into
account when determining the overall intensity of the
Fe3s spectra. From the structure of these spectra in the
ionic approximation, it may be inferred that iron(III)
exists on the surface.

The Np4f spectra consist of doublets of relatively
narrow lines, which are due to the spin–orbit splitting
with an average value of ∆Esl = 11.7 eV (Fig. 6). The
binding energies Eb(Np4f7/2), equal to 403.2, 403.7, and
403.8 eV for samples I, II, and III, respectively, are the
closest to the respective values (403.4 and 403.6 eV)
observed in neptunium(V) compounds Cs3NpO2Cl4 and
RbNpO2(NO3)2 · 2H2O (table).

I, arb. units 

(a)

sat

sat

Fe2p1/2 Fe2p3/2

15.6

8.0

∆Esl = 13.7

740
Eb, eV

(b)

730 720 710

sat

sat

Fe2p1/2 Fe2p3/2

8.0

8.0

∆Esl = 13.7

sat

7.7

Fig. 4. Fe2p spectra for the interaction products of

Np(V)  in aqueous solution with (a) maghemite (sample
II) and (b) hematite (sample III).
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I, arb. units

Eb, eV
115 110 105 100 95 90 85

Fe3s

∆Ems = 7.5

(a)

Fe3s

∆Ems = 7.5

Fig. 5. Fe3s spectra for the interaction products of
Np(V)  in aqueous solution with (a) maghemite (sample
II) and (b) hematite (sample III).
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All Np4f spectra display N1s peaks. The lines at
407.8 eV in sample I, at 407.6 eV in sample II, and
407.3 eV in sample III are due to the group. The
lines at 404.8 eV in sample I and 404.5 eV in sample III
are presumably assigned to the  group. The line at

402.3 eV in sample III is due to the  group.

The Na1s line is observed at 1072.2 eV in sample
I and 1072.8 eV in sample III. A low-intensity Cl2p
line, presumably from NaCl, appears at Eb(Cl2p3/2) =
199.4 eV in sample I. The Cl2p3/2 line at 208.6 eV from

the perchlorato group Cl  is observed in the spectrum
of sample III.

Quantitative analysis. In the quantitative elemental
and ion analysis of samples I–III, the uncertainties in
the measurement of line areas in the core-electron spec-
tra of the metals are increased due to the fact that the
spectra have an extra structure associated with both

multiplet splitting and secondary electron processes
(multielectron excitation and the dynamic effect).
Because multielectron excitement generates shake-up
satellites on the high-binding-energy side of the main
lines, their intensity may partially be included into the
analysis (Fig. 4). It is difficult to account for the
dynamic effect on the decrease in the intensity of the
main lines, but in the spectra in question, it is not high.
An extra error higher than 10% in the elemental and ion
analysis may appear as a result. The subtraction of the
secondary (scattered) electron background is difficult
because of the complexity of the Fe2p spectrum [18],
and here, we used the Fe3s lines for the quantitative
analysis. A possible contribution of the Si2p line into
the intensity of the high-energy component of the Fe3s
spectrum was taken into account. It was found using
this approximation that the surface (~5-nm) layer of the
test samples has the following composition per iron
atom:

Fe1.00 (O) (OH1−) (H2O)Np0.013(Np(V))Na0.33(Na+)Cl0.14 (Cl–) (ëç3–)

(–ëç2O–) ( ) (–NO2) ( ) (K+), (I)

Fe1.00 (O) (O) (H2O)Np0.008(Np(V)) (ëç3–) (–ëç2–O–) ( ) ( ), (II)

Fe1.00 (O) ( ) (H2O)Np0.02(Np(V))Na0.07(Na+)Cl0.37( ) (ëç3–)

(–ëç2–O–) ( ) ( ) (–NO2) ( ). (III)

Here, OI(O), OII(OH–), OIII(H2O), and ( ) are
the oxygens of the oxide, hydroxide, water, and per-
chlorato group. The observed excess of oxide oxygen in
samples I and II may be partially due to adsorbate oxy-
gen-containing molecules and to a relatively high mea-
surement error, which was noted previously. We
showed in [16] that in cases where there is about one
neptunium ion per 1000 atoms (≈0.1 at. % Np(V)) in
the sample, XPS spectroscopy determines the nep-
tunium oxidation number adequately. We may assume
that the neptunyl ion interacts with minerals via
hydroxide groups or oxygen atoms that lie in the equa-
torial plane of the Np  ion; water molecules and/or

carbonato group  and nitrato group  may
occupy the other sites in the equatorial plane. Foreign
groups, which can complex with neptunyl ions, exist on
the surface of all test samples. The physisorption of
neptunyl compounds on the samples also cannot be
ruled out. In spite of the fact that the mineral surfaces
bear many foreign functional groups, the Np4f spectra
imply that the only surface neptunium species is the
neptunium(V) ion: the Np4f doublet appears in the

spectra as a single and fairly narrow line. There are no
other neptunium surface species (neptunium (IV) and
neptunium (VI)) in the test samples. The nonoccur-
rence of surface redox reactions involving neptunium
was verified by solvent extraction.

CONCLUSIONS

We have carried out the first XPS spectroscopic

study of the interaction of Np(V)  in aqueous solu-
tion with goethite, maghemite, and hematite. As a
result, we have determined the elemental and ion com-
position of the surface of these minerals and the physi-
cochemical surface neptunium species.

The reaction of the neptunyl group with goethite,
maghemite, and hematite in aqueous solution does not
produce neptunium(IV) or neptunium(VI) compounds.
Rather, new neptunyl compounds with Np(V)  are
formed; the oxide oxygen atoms of goethite,
maghemite, and hematite and the oxygen atoms of

water molecules and/or carbonato group  and
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nitrato group  may lie in the equatorial plane of
these compounds.
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