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Abstract—The oxidation state of Fe and U and the coordination surrounding of Fe in uranium-containing so-
dium aluminum iron phosphate glasses were determined by analysis of the FeK and UL3 X-ray absorption near-
edge structure (XANES), X-ray photoelectron spectroscopy (XPS), and Mössbauer spectroscopy on 57Fe nu-
clei. Uranium is present in the glasses in the form of U(V) and U(VI), and iron, in the form of Fe(III) and  
Fe(II), mainly in the distorted octahedral surrounding. The fraction of U in various oxidation states depends on 
the form of untroducing uranium (UO2 or UO3) and on the oxide concentration. With an increase in the UO3 
concentration in glasses, the fraction of U(VI) increases and the fraction Fe(III) relative to Fe(II) decreases. 

Keywords: iron, uranium, sodium aluminum iron phosphate glasses, XANES method, X-ray photoelectron 
spectroscopy, Mössbauer spectroscopy  

The oxidation state and structural position of U in 
glasses depend on the temperature and redox condi-
tions of glass melting, in particular, on the presence of 
other polyvalent elements, e.g., Fe [1–7]. In glasses on 
both silicate and phosphate base, prepared under oxi-
dizing conditions (in air), the prevalent uranium spe-
cies is U(VI) in the form of uranyl ions, UO2

2+, but in 
the presence of iron ions the fraction of uranium in 
lower oxidation states, U(V) and U(IV), increases [4–
7]. We assumed previously [7] that, in sodium alumi-
num iron phosphate glasses, like in borosilicate glasses 
[5, 6], an increase in the fraction of U in oxidation 
states lower than U(VI) is due to the reduction of  
U(VI) with Fe(II) ions. This study was aimed at check-
ing this assumption.  

The glass samples (Table 1) were synthesized  
as described in [7]. Into the base glass formulation 
(mol %: 40 Na2O, 10 Al2O3, 10 Fe2O3, 40 P2O5), we 
introduced UO2 or UO3 (using uranyl nitrate as the 
initial form). 

DOI: 10.1134/S1066362217060030 

EXPERIMENTAL 

X-ray absorption spectra of the glasses were meas-
ured on the Structural Materials Science Station of the 
Kurchatov synchrotron radiation source (National Re-
search Center Kurchatov Institute, Moscow) [8] in the 
near-threshold (XANES) range at FeK and UL3 ab-
sorption edges in the transmission and fluorescence 
geometries simultaneously using two ionization cham-
bers filled with air–argon mixtures to reach the opti-
mum absorption in the chambers arranged before and 
after the sample. An avalanche photodiode (FMB Ox-
ford) was used. The incident radiation was monochro-
mated using a “butterfly” crystal with Si(220) cut. As Fe 
references we used Fe metal, wüstite Fe0.95O, α-Fe2O3,  
γ-Fe2O3, magnetite Fe3O4, enstatite VI(Mg,Fe)2Si2O6, 
and staurolite IVFe2+Al4[SiO4]2O2(OH)2, and as U ref-
erences, UO2 and UO3. The references were measured 
under identical conditions. 

The X-ray photoelectron spectra of uranium-free 
and uranium-containing glasses were taken with a Kra-
tos Axis Ultra DLD spectrometer using monochro-
mated AlKα radiation (Е = 1486.6 eV) under the fol-
lowing conditions: X-ray tube power 150 W, pressure 
1.3 × 10–7 Pa, room temperature. The binding energies 
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(Eb) were measured relative to Eb of C1s electrons of 
hydrocarbons adsorbed on the sample surface 
(assumed equal to 285.0 eV). The line full widths at 
half-maximum (ΔЕ, eV) are given relative to that of 
the C1s electron line of hydrocarbons on the sample 
surface (assumed equal to 1.3 eV). The error in deter-
mination of the binding energy and line width did not 
exceed ±0.05 eV, and the uncertainties in the determi-
nation of the relative peak intensity did not exceed 
±5%. Quantitative elemental analysis of sample layers 
(depth of several nanometers) was based on the fact 
that the spectral intensity is proportional to the amount 
of the corresponding atoms in the sample. We used the 
following relationship: ni/nj = (Si/Sj)(kj/ki), where ni/nj 
is the relative concentration of the atoms studied, Si/Sj 
is the relative intensity of the spectrum, and kj/ki is the 
relative experimental sensitivity coefficient. The fol-
lowing coefficients relative to С1s were used: 1.00 
(С1s), 2.81 (O1s), 0.69 (Al2p), 1.75 (P2p), 6.06 
(Na1s), 7.09 (Fe2p3/2), 36.0 (U4f7/2) [9]. 

The 57Fe Mössbauer spectra were measured with an 
MS-1104Em spectrometer operating in the constant 

acceleration mode. The spectrometer was calibrated at 
300 K using standard α-Fe absorber and a 57Co(Rh) 
source. Samples were prepared in the form of chips of 
glass pieces and were placed on an adhesive tape. 
Chipping was performed in air immediately before 
introducing the sample into the spectrometer. The 
spectra were processed using methods of simulation 
and restoration of the distributions of hyperfine pa-
rameters of the partial spectra, implemented in the 
SpectrRelax program [10]. The chemical shifts in the 
Mössbauer spectra of the 57Fe nuclei in the samples are 
given relative to α-Fe at room temperature. 

The results obtained were compared to the pub-
lished data [4, 11–14] and to the data that we obtained 
previously [15–17].  

Table 1. Content of components (wt %) in the glass samples studied (calculated/found) 
Sample U oxide Na2O Al2O3 Fe2O3 P2O5 UO2 UO3 SiO2 Total 

2-1 – 23.0/23.3 9.5/8.9 14.8/14.8 52.7/50.8 – – –/2.0 100.0/99.8   
2-2 UO2 

22.7/20.9 9.4/9.0 14.7/15.1 52.2/52.1 1.0/1.1 – –/2.1 100.0/100.3 
2-3 21.9/19.6 9.0/8.4 14.1/14.5 50.2/50.3 4.8/5.0 – –/2.3 100.0/100.1 
2-4 

UO3 

21.9/20.8 9.0/8.5 14.1/14.2 50.2/49.2 – 4.8/5.2 –/2.1 100.0/100.0 
2-5 20.9/19.5 8.6/7.8 13.5/13.6 47.9/47.6 – 9.1/9.9 –/1.7 100.0/100.1 
2-6 15.3/14.2 6.3/5.4   9.9/10.2 35.1/33.7 – 33.4/34.2 –/2.6 100.0/100.3 
2-7 13.1/13.0 5.4/5.6 8.5/8.6 30.1/30.3 – 42.9/41.7 –/0.9 100.0/100.1 
2-8 11.4/11.1 4.8/5.1 7.4/7.6 26.4/26.0 – 50.0/49.2 –/0.9 100.0/99.9   

Fig. 1. (a) FeK XANES spectra of the glasses studied and (b) their first derivatives.  

XANES  
The XANES spectra of the FeK absorption edge 

and their first derivatives with respect to energy  
(Fig. 1) show that iron is present in the form of Fe(III) 
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Table 2. Relative content of Fe and U in different oxidation states, according to data of different spectroscopic methods 

and Fe(II), but the prevalent iron state in all the glasses 
is Fe(III) in the octahedral oxygen surrounding, in 
agreement with the XPS and Mössbauer data that we 
obtained previously [15, 16]. 

The Fe(III) to Fe(II) ratio can be estimated by 
analysis of the near-edge peak caused by the 1s → 3d 
transition [11–14]. As seen from Fig. 2, the peak is 
asymmetrical because of the overlap of several peaks 
corresponding to different oxidation states and differ-
ent coordination surroundings of iron ions in the 
glasses. According to [11, 14], the difference in the 
position of the maximum of this peak for Fe(II) and  
Fe(III) is ~2 eV, and its intensity increases in going 
from regular octahedral to distorted octahedral and 
then to tetrahedral oxygen coordination of iron. 

In the FeK XANES spectra of all the synthesized 
glasses, the intensity of the near-edge peak is virtually 
equal (Figs. 1 and 2), and the spectrum shape and the 
position of the maximum, 7113.9 ± 0.5 eV, are typical 
of Fe(III) in the distorted octahedral surrounding, al-
though the presence of slight energy variations sug-

gests certain contribution of Fe(II) and possible vari-
ability of the Fe coordination surrounding. At the UO3 
concentration in the glass of ~33–34 wt % and higher, 
when it significantly exceeds the concentration of iron 
oxides (samples 2-5, 2-6, 2-7, and 2-8), the prevalent 
iron form is Fe(III). 

The uranium L3 XANES spectra were presented 
and discussed in our previous paper [16]. It is difficult 
to determine the contribution of each of the three ura-
nium oxidation states from the XANES spectra. Only 
the U(VI) fraction (approximately 25%) can be deter-
mined sufficiently reliably (Table 2). The remainder 
corresponds to U(V) and U(IV). As judged from the 
line shape, the relative content of U(V) exceeds that of 
U(IV). As the concentration of uranium introduced 
both as UO2 and as uranyl nitrate is increased, the frac-
tion of U(VI) increases, and that of lower valence 
states decreases (Table 2).  

Sample XANES Mössbauer XPS 
Fe(III) Fe(II) U(VI) U(V) + U(IV) Fe(III) Fe(II) Fe(III) Fe(II) U(VI) U(V) 

2-1 70(1) 30(1) – – 66(1) 34(1) 87(2) 13(2) – – 
2-2 80(2) 20(1) 25(2) 75(3) 76(1) 24(1) 81(2) 19(2) 27(1) 73(2) 
2-3 75(1) 25(1) 50(2) 50(2) 83(1) 17(1) 91(2)   9(1) 60(2) 40(2) 
2-4 90(2) 10(1) 55(2) 45(2) 85(1) 15(1) 89(1) 11(1) 53(2) 47(2) 
2-5 85(2) 15(1) 60(2) 40(2) 88(1) 12(1) 89(1) 11(1) 58(2) 42(2) 
2-6 90(2) 10(1) 80(2) 20(2) 83(1) 17(1) 82(1) 18(1) 64(2) 16(1) 
2-7 85(2) 15(1) 90(2) 10(1) 80(1) 20(1)         
2-8 80(2) 20(1) 95(2)   5(1) 70(1) 30(1)         

Fig. 2. Fragments of the FeK XANES spectra of the glasses 
studied in the region of the near-edge peak.  

Mössbauer Effect  

The Mössbauer spectra can be presented as super-
position of two line systems (distributions) corre-
sponding to iron cations of different charges. Restora-
tion of the distributions p(δ) and p(Δ) (Fig. 3) allowed 
us to determine the mean values of the corresponding 
hyperfine parameters (〈δi〉 and 〈Δi〉) for the Fe(1)  
and Fe(2) quadrupole doublets and the partial contribu-
tions (Ii) of each of them to the total experimental 
spectrum (Table 2). The mean values of the first par-
tial spectrum (1), 〈δ1〉 ≈ 0.42 mm s–1 and 〈Δ1〉 ≈  
0.71 mm s–1 (Table 2), correspond to high-spin cations 
of iron with the formal oxidation state Fe(III) in a dis-
torted octahedral oxygen surrounding. The second 
doublet (2) with the higher shift, 〈δ2〉 ≈ 1.15 mm s–1, 
corresponds to high-spin Fe2+ cations. Analysis of the 
dependences of 〈δi〉 and 〈εi〉 for each partial spectrum, 
of the relative contributions (I1/I2) of differently 
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Fig. 3. 57Fe Mössbauer spectra of glasses and distribution functions of hyperfine parameters, chemical shift (δ) and quadrupole 
splitting (Δ), for Fe(III) and Fe(II). 
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charged Fe cations, and of the distribution variances  
Di(δ) and Di(Δ), performed for different samples of 
this series, shows that the fraction of Fe(III) relative to 
Fe(II) increases as the U concentration is increased 
from 1 to 5 wt % UO2 (samples 2-2 and 2-3), the rela-
tive content of Fe(III) and Fe(II) (83–85 and 15–17%, 
respectively) in the glasses prepared with addition  
of equivalent amounts of UO2 and uranyl nitrate  
(~5 wt % in terms of U3O8) is approximately equal, 
and the Fe(III) fraction decreases to ~70% as the con-
tent of uranium (introduced in the form of uranyl ni-
trate) is increased to ~50 wt % (Table 3). This fact sug-
gests minor role of redox reactions between uranium 
and iron oxides, especially when the concentration of 
uranium oxides exceeds that of iron oxides, compared 
to the equilibria in the iron–oxygen system, i.e., the 
major cause of a decrease in the Fe(III) content is its 
reduction to Fe(II).  

Table 3. Hyperfine parameters of the partial Mössbauer spectra at Т = 300 K 
Sample Partial spectrum 〈δ〉, mm s–1 〈Δ〉, mm s–1 Dδ, (mm s–1)2 DΔ, (mm s–1)2 I, % dδ/dΔ 

2-1 Fe3+ 0.42(1) 0.70(2) ~0 0.040(2)   66(1)   
Fe2+ 1.18(2) 2.16(4) ~0 0.06(1)     34(1)   

2-2 Fe3+ 0.42(1) 0.71(2)     3(2)×10–4 0.044(2)   76(1) –0.055(17) 
Fe2+ 1.16(3) 2.19(5)     1(5)×10–4 0.074(14) 24(1)   0.030(50) 

2-3 Fe3+ 0.43(1) 0.70(2)     1(1)×10–4 0.044(2)   83(1) –0.036(13) 
Fe2+ 1.10(5)   2.25(10)     3(9)×10–4 0.064(22) 17(1)   0.046(80) 

2-4 Fe3+ 0.42(1) 0.70(2)     4(5)×10–5 0.043(3)   85(1) –0.022(13) 
Fe2+ 1.11(4)   2.30(10)     1(6)×10–4 0.064(28) 15(1)     0.024(110) 

2-5 Fe3+ 0.43(3) 0.71(1)     6(4)×10–5 0.042(2)   88(1) –0.026(8)   
Fe2+ 1.05(2) 2.30(5) 26(19)×10-4 0.068(16) 12(1)   0.139(60) 

2-6 Fe3+ 0.41(1) 0.76(1)     4(6)×10–5 0.051(2)   83(1) –0.021(13) 
Fe2+ 1.04(2) 2.34(4) 40(17)×10–4 0.060(12) 17(1)   0.184(40) 

2-8 Fe3+ 0.40(1) 0.87(1)   13(7)×10–5 0.063(1)   70(1) 0.032(8) 
Fe2+ 0.96(1) 2.23(3)   85(9)×10–5 0.224(10) 30(1) –0.044(1)   

XPS  

The published binding energies of Fe2p3/2  
{~712 eV for Fe(II) and ~714 eV for Fe(III) [18]} and 
U4f7/2 electrons {380.0–380.4 eV for U(IV), 380.8–
381.0 eV for U(V), and 381.6–381.9 eV for U(VI) 
[19–21]} are in good agreement with the values 
obtained in this study (Figs. 4, 5).  

According to the XPS data, addition of 1% UO2 to 
glass 2-1 leads to a certain decrease in the Fe(III)/ 
Fe(II) ratio. As the amount of uranium introduced in 
the form of UO2 (samples 2-2 and 2-3) is increased 
from 1 to ~5 wt %, the relative content of Fe(III) 

increases from ~81 to ~91% of the total Fe content, 
although the U(VI) content also increases from 27 to 
60% relative to the U(VI) + U(V) sum (Table 2). 
Comparison of the data for glass samples 2-3 and 2-4 
containing 5 wt % UO2 and UO3, respectively, shows 
that the percent ratio of U(V) and U(VI) in them is 
approximately equal and remains equal at the UO3 
concentration increased to 10 wt % (sample 2-5), 
whereas the fraction of U(VI) in sample 2-4, into 
which U was introduced in the form of uranyl nitrate, 
is somewhat lower than in sample 2-3 (53 and 60% of 
the total U content, respectively) into which U was 
introduced in the form of UO2 (Table 2).  

As the concentration of U introduced in the form of 
uranyl nitrate is increased (Table 1), the fraction of  
Fe(III) relative to Fe(II) gradually decreases, probably 
because of reduction of Fe(III) to Fe(II), and the 
fraction of U(VI) relative to U(V) increases (Table 2; 
Figs. 4 and 5).  

DISCUSSION  

Whereas the XANES and Mössbauer data furnish 
information on the averaged oxidation states and coor-
dination surroundings of elements in the bulk of the 
samples, the XPS data mainly characterize the surface 
layer of the samples, contacting with air, and the frac-
tion of higher oxidation states of Fe and U in this layer 
is higher than in deep layers (Table 2). Nevertheless, 
the XPS, Mössbauer, and XANES data well agree with 
each other within the margin of error (Table 2).  

Because at low uranium concentrations, even when 
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Fig. 4. X-ray photoelectron spectra of uranium in glasses and their computer deconvolution.  

it is introduced in the form of UO2, a part of uranium is 
oxidized from U(IV) to higher valence states, irrespec-
tive of the presence of iron in the glasses, the decisive 
role is played by reactions with atmospheric oxygen, 
whereas the role of redox reactions U(IV) + Fe(III) = 
U(V) + Fe(II) and U(V) + Fe(III) = U(VI) + Fe(II) is 
considerably lower. 

The results obtained correlate well with the data 
given in our previous papers [7, 15–17], with the re-
sults of studying the mutual effect of iron and uranium 
ions in borosilicate glasses [5, 6], and with the data of 
other authors [3, 4, 13, 23]. In ferrophosphate glasses, 
the addition of UO2 decreases the fraction of Fe(II) in 
the total content of iron oxides [4]. When the glasses 
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Fig. 5. X-ray photoelectron spectra of iron in glasses and their computer deconvolution  

contain iron oxides, uranium, usually present in the  
U(VI) state in the form of uranyl ions UO2

2+, can un-
dergo partial or complete reduction to the less oxidized 
forms, up to the coexistence of U(IV) and Fe(III), as 
determined in [4]. In borosilicate glasses, U(IV) can be 
stable in the presence of Fe(III) [23]. As we found in 
our previous study [15], at up to ~10 wt % content of 

uranium oxides in sodium aluminum iron phosphate 
glasses, uranium mainly occurs in the form of U(V), 
presumably owing to the occurrence of the reaction 
U6+ + Fe2+ = U5+ + Fe3+, and only at higher UO3 con-
centrations, significantly exceeding the concentration 
of iron oxides (Table 1), under oxidizing conditions of 
glass melting, both uranium and iron can remain in 
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