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A high energy x-ray and neutron scattering study
of iron phosphate glasses containing uranium

M. Karabulut,?) G. K. Marasinghe, C. S. Ray, G. D. Waddill, and D. E. Day
Department of Physics, Department of Ceramic Engineering, and the Graduate Center for Materials
Research, University of Missouri-Rolla, Rolla, Missouri 65401-1170

Y. S. Badyal, M.-L. Saboungi, S. Shastri, and D. Haeffner
Argonne National Laboratory, Argonne, lllinois 60439

(Received 2 July 1999; accepted for publication 21 November)1999

The atomic structure of iron phosphate glasses containing uranium has been studied by
complementary neutron and x-ray scattering techniques. By combining x-ray and neutron structure
factors, detailed information about different pair interactions has been obtained. Most of the basic
structural features such as coordination numbers and O—O and P-O distances in uranium containing
glasses are the same as those in the base glass of batch compositigD;46B8,05 (mol %).
However, the Fe—O distances change slightly with the addition of uranium. The observed structural
parameters support a structural model in which the waste elements occupy voids e-the-*
network, hence, not altering the basic structure of the parent iron phosphate glad00©
American Institute of Physic§S0021-897@0)02605-7

I. INTRODUCTION present in these glasses with a?HéFe™ +Fe*) ratio of

) . . ...0.15-0.35. Both species of iron ions are coordinated with
Interest in phosphate based host matrices for the vitrifis_g hear neighbor oxygefi€° The Fe—O polyhedra are in-

cation of nuclear wastes started in the 1960s with sodiuma onnected vigP,0,)*~ units which dominate the P—O
phosphate glassésHowever, their low chemical durability penyvork® In contrast to the atomic structure of common
and high corrosiveness resulted in the exclusion of this fambhosphate glasses where the majority of oxygen ions are
ily of glasses from the pool of host matrices intended 9 onded via easily hydrated —P—P—bonds! the majority
vitrify nuclegr_wast_es. Lead-iron phosphate_glasses Were ONg the oxygens in binary iron phosphate glasses appear to be
of the promising vitreous phosphate materials considered 4drming hydration resistant —F©—P—bonds®~1° The pur-

. . 1-4 )
a host matrix for high level nuclear wastdsLW)."™ The 5,40 of the present work is to investigate the detailed struc-
chemical durability of these glasses, many orders of magnig,re of jron phosphate glasses with and without uranium in

tude better than that of common phosphate glasses, IS COlBtger to determine changes induced by the waste elements in
parable to that of borosilicate glasses, the only host matriX,a structure of the host matrix.

currently approved by the U.S. Department of Energy. How- — gne of the difficulties encountered when studying the

ever, the low waste loading, the low corrosion resistance Of cyre of an-component disordered system is that a single

their crystallized counterparts, and the limited experience injittraction measurement gives a weight&Q), average of
melting lead-iron phosphate glasses led to their exclusiorﬁ(n+1)/2 separate partial structure faCtOI,S.(Q)'IZ—M
from use in the current vitrification program. S(Q) is given by !

In contrast to lead-iron phosphate glasses, binary iron
phosphate  glasses of approximate  composition
xFe,03—(100-x) P,O5 (x>30 mol %) possess all the prop-
erties required of a suitable host matrix. For example, iron

phosphate glasses can be melted at temperatures as low ‘%dere theW;; are the weighting factors which are generally

1100 °C and in excess of 40 wt % of certain types of HLwsconstant in the case of neutrons_a_nd depen@an the case
poorly soluble in borosilicates can be added without ad-Of x-rays. Under favorable conditions, both approaches can

versely affecting their chemical durabilify. The chemical bte ufed Itn a comtplem(intettrysfashl%n to reﬁglvefth? atomic
durability of iron phosphate nuclear waste forms and thejpucture to a greater extent. since the weighting factors may

crystalline counterparts is comparable to, or better than, that?!y among elements in a quite different way for neutrons

of many common borosilicate based wastefofms. an d x-rays, ‘?Ombi”".‘g these twq techniqugs mqke; it. POS-
The atomic structure of binary iron phosphate gla:sse%'bIe to identify S.peCIfIC feqtures n the partlal pg%gfgmbu'
has been investigated recently using 9dbauer, x-ray pho- ion due to the differences in the weighting factors.
toelectron(XP9), x-ray absorption fine structure and Raman
spectroscopic techniqués!® Both Fé" and Fé" ions are

S(Q):Zj W;;S;(Q), 1)

II. EXPERIMENTAL DETAILS

The glasses listed in Table | were prepared by melting
dAuthor to whom correspondence should be addressed; electronic maihomqgeneouls mixtures of rea.gent. grade Chemmals in dense
meviutk@umr.edu alumina crucibles at 1200 °C in air for approximately 2 h.

0021-8979/2000/87(5)/2185/9/$17.00 2185 © 2000 American Institute of Physics
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TABLE I. Batch compositions of the glasses studied. The compositions of selected samples were checked by
EDAX and the results are given in parentheses. The bulk density of each glass and the calculated number
density for the samples used in neutron diffraction experiments are also given in the last two columns.

Batch compositior{mol %)

Fe/P p (glcn?) Po
Sample Fe,0; Fe0, P,05 uo, ratio (+5%) (atoms/R&)
A 40 0 60 0 0.66 3.10 0.0277
B 36 0 54 10 0.66 3.32 0.0263
C 32.4 0 48.6 19 0.66 3.39 0.0257
D 0 27.7 62.3 10 0.66 3.29
E 0 26.2 58.8 15 0.66 3.32
F 35 {36.3 0 60 {59} 5{4.63 0.58 3.12
G 30 {33.8 0 60 {57}  10{9.8 0.50 3.24
H 25 0 60 15 0.42 3.33

Each melt was poured into 1 cxicmx5cm steel molds, bounce Sil11) monochromator with an energy of 61.332

annealed at-475°C in air for~3 h and slowly cooled to keV (A=0.2022A). The experiments were conducted in

room temperature. Powders of annealed glasses weftat-plate symmetrical transmission geometry with a solid-

checked for crystalline phases by x-ray diffraction. The finalState Ge detector scanning in the vertical plane to minimize

compositions of selected glasses were checked by indugolarization corrections. The data were corrected for the de-

tively coupled plasma spectroscopy and energy dispersiviector dead time, attenuation, air scattering, multiple scatter-

analysis of x-ray$EDAX) and showed good agreement with ing, and Compton scattering. In this case, the x-ray weighted

the batch compositioH, Additional experiments were con- average structure fact@®(Q) was obtained form the mea-

ducted to check the weight loss during melting whichsured differential cross section.

showed negligible weight losg<2%). The density of each o

glass was measured by the Archimedes’ method using water d—Q=<f(Q))2[SX(Q)—1]+(f(Q)2>, (2b)

as the suspending medium. Neutron scattering data were col-

lected from~75 um powders loaded into thin-walled vana- where(f(Q)) and(f(Q)?) are the mean and mean square

dium containers. For the x-ray experiments, the glasses weperay scattering factors.

shaped as plates with the side exposed to the x-ray beam The real space differential correlation function is ob-

polished to an approximate roughness of/&@. tained from theS(Q)s for both neutron and x-ray data by
The neutron scattering experiments were conducted ug-ourier transform

ing GLAD (glass, liquid, and amorphous materials diffracto- 2 (Q

mete) at the Intense Pulsed Neutron Sour@BNS), Ar- D(r):_f maXQ[s(Q)_l] sin(Qr)dQ. (33

gonne National LaboratorgANL ).'® The room temperature T J Qmin

time-of-flight diffraction data were collected in groups of The total real space correlation functionT(r)

detectors fixed at scattering angles ranging from 8° to 125°’=EW”TU(F), then can be calculated from

with a wavelength range of 0.15-3 A. Measurements were

conducted on the glasses, empty container, a vanadium stan- 1(")=D(r)+4mpqr, (3b)

dard for normalization purposes, and the instrument backwherep, is the total number density. The partial coordina-
ground. After subtracting the instrument background andion numbers can be estimated frofi{r), using, for ex-
empty container, diffraction from sample was corrected forample, Gaussian fits af(r) and the weighting factordy; .
absorption, multiple scattering, and inelasticity effects using  Room temperature Misbauer experiments were con-
standard pfOCGdUTé%TM’lgTh_e paramagnetic scattering was ducted on a spectrometer that utilized a 50 mCio source
subtracted from the data using procedures described in Re&émbedded in a rhodium matrix. The spectrum was calibrated
20. The neutron weighted average structure fa@%Q)  at room temperature with metallie-iron foil whose line-
was obtained from the total measured differential cross seGuidth was 0.27 mm/s. Each sbauer spectrum was fitted
tion with a minimum number of broadened paramagnetic Lorent-
do . zian doublets, usually eight, to match the absorption enve-
o) =(b)’[SN(Q)—1]+(b?), (28  lope with a missfit of less than 0.3%. It is important to note
o - that these doublets are not assigned to specific iron sites. The
where(b) and(b?) are the mean and mean square neutrorexperimenta] and fitting details about BEbauer measure-
scattering length averaged over all atoms in the system. Th@ents are given elsewhete.
wave vectorQ is defined by the scattering angl@ and the
neutron Wavelength\,.Q=477 sin6/\. . Il RESULTS
The x-ray scattering measurements were carried out on
the 1-BM bending magnet beamline at the Advanced Photon The density and premelt composition of the glasses stud-
Source(APS) at ANL using a horizontally focusing, single ied are summarized in Table |. Compositions of selected
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FIG. 1. The average neutron structure factors for the base glass and two 2 4 6 8
uranium  containing iron phosphate glasse$(1—x)(40Fg0, Q(A-l)

—60R05)—xUO,, x=0,10,19, mol %. The inset shows the fulQ range

without magnetic correction.

FIG. 2. The average x-ray structure factors for the base glass
(40Fe03;—60R05, mol %) and uranium containing iron phosphate glasses.
The inset shows the ful range. Refer to Table | for the compositions of

. . the uranium containing glasses.
glasses as checked by EDAX are also given in Table I. Neu- 99

tron measurements were made for glasses A, B, and C up to

30 A" while x-ray measurements were made for the glasses : . . .
A D, E, F, G, and H up to 20 AL It must be noted that and 2.73 A, respectively. The intensity of the peaks is stron-

lasses B and D have very similar compositions, Fe/Fo inS(Q) than inS™(Q). While the addition of uranium
% y . P L does not affect the first peak position 8Y(Q), it shifts to
=0.66 and 10mol% UQ the only difference being the 1y eX . .
; . . lower Q(~1.66 A1) in SX(Q). The intensity of the second
source of iron in the starting batch, J&g for glass B and S ox . . .
. eak inS*(Q) increases with the uranium content.
Fe;0, for glass D. Figures 1 and 2 show the neutron an . . N X . .
N X Total correlation functionsT"™(r) and T”(r) given in
x-ray average structure factor$,(Q) and S(Q), forthe i 5" 0 o erived using Eqf2) and(3) with a Q range of
base glassglass A and uranium containing glasses, plotted 9. 9 Eq 9

— _1 f— B -
up to 8 Alto emphasize the structural features which ap-o'7 30 A for the neutrons and 0.7-20 Afor the x rays.

. . - TN(r) of the base glasésample A features four prominent
pear at lowQ. Full Q ranges are given as insets in Figs. 1 and caks, a well resolved peak, at 1.53 A, an asymmetric peak

2. For the uranium containing glasses the average structuf .
factors S(Q) and S(Q) are a weighted combination of &t 1.94 A, and two peaks at 2.52 and 3.3 A. A fifth peak,

n(n+1)/2= 10 partial structure factors. The weighting fac- weak and unresolved, is situated at 2.9 A. These features are

tors,W;; , for x-ray and neutron structure factors for selected
glasses are given in Table Il. Because of the difference in th
neutron and x-ray scattering lengths, some of the partia
structure factors contribute more to the average x-ray struc- Wi W
ture factorS*(Q) than to the average neutron structure factor

BLE II. Neutron and x-ray weighting factors for glasses A, B, and D.

_ . A B A D
SN(Q) (e.9.,Su_o0, Su_p,» Sre_p and vice-versée.g.So_o). il
In the present study, the difference between the neutron and®-© 0.408 0.403 0.215 0.174
x-ray average structure factors will be exploited to extract Fe-O 0.255 0.240 0.266 0.210
L ) . . P-0O 0.206 0.193 0.230 0.185
deFaned information on local environment of specific atom g,_p 0.065 0.057 0.143 0.111
pairs. Fe—Fe 0.040 0.035 0.082 0.063
SY(Q) andSX(Q) for the base glass (405@;—60R0s, P-P 0.026 0.023 0.061 0.049
mol %, sample Ashown in Figs. 1 and 2 contain two peaks, Y-© 0.029 : 0.091
1 -1 Fe-U 0.008 0.054
one atQ~1.7 A~* and the other a®~2.3 A~ . The second
X Ry U N uU-P 0.007 0.048
peak is better resolved i8°(Q) than inS%(Q). The peak  _, 0.0005 0.012

positions correspond to correlation lengthsm({8) of 3.69
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distances ranging from 2.09 to 2.13 A and 1.88 to 1.91 A,
respectively, O—O distances ranging from 2.5 to 2.9 A, and
Fe—P distances ranging from 3.2 to 3.5 A. Based on these
interatomic distances and weighting factors given in Table 11,
the four prominent peaks iN(r) and TX(r) of the base
glass, present also in uranium containing glasses, are as-
signed to P-Q1.53 A), Fe—0(1.94 A), 0-0(2.52 A), and
Fe—P(3.3 A) correlations. The intensity of the peak arising
from the Fe—P correlation observed at 3.3 A in batH(r)
andTX(r) is consistent with the x-ray and neutron weighting
factors, the neutron weighting factor for Fe—P being about
four times lower than the x-ray weighting factor. The exis-
tence of Fe—P peak in uranium containing glasses indicates
that —Fe—O—P—-type bonding, which is believed to be es-
sential for the chemical durability of the base glass, is also
maintained in uranium containing glasses. The intensity of
Fe—P peak diminishes proportionally with the decreasing
concentration of iron and phosphor(fsg. 3).

As mentioned earlier, the uranium containing iron phos-
phate glasses have two additional peaks in both neutron and

3 . s x-ray T(r) (2.26 and 3.7 A with much better resolution in
rd) TX(r) than in TN(r). Based on known structures of some
FIG. 3. The average real space neuttbattom and x-ray(top) correlation .uran;um _comp(_)und%?, the peak Obseryed at ?‘round 2.26 A
functions for the structure factors shown in Figs. 1 an@2,, was 30 A* in T°(r) is assigned .tO U_Q Corrlelatlon’ W_hlle the peak. at
for neutrons and 20 AL for x rays. ~3.7 A cannot be uniquely identified as a single correlation.

Most probably it is due to correlations involving U-P and/or
U—Fe rather than U-U.
seen to remain largely unchanged in position and width upon  Based on these peak assignments, the coordination num-
the addition of uraniuntglasses B and CHowever, an ad-  bersC;; were calculated using E@4). In order to eliminate
ditional unresolved peak occursaR.2 A in TN(r) of these  effects of different resolution between the neutron and x-ray
uranium containing glasses, while the intensity of the peak aT(r), the same value d®,,,,=20A"! was used in Fourier
2.9 A decreases as the Y@oncentration increaséBig. 3.  transforms to obtai*(r) and TN(r). The T(r)s were fit

The positions of the peaks ii*(r) of the base glass, with deconvolved Gaussians and the values obtained are
1.52, 1.93, 2.45, and 3.3 A, are quite similar to those ofsummarized in Tables Ill and IV.

TN(r), but with different intensities reflecting differences in More structural details can be obtained by first order
scattering lengths. The x-ray results emphasize scatteringifferencing of the neutron and x-ray data taking advantage
from the heavy atoms. Addition of uranium causes two ad-of the contrast in scattering lengths to eliminate at least one
ditional peaks to appear at 2.26 and 3.7 A, respectivelyof the partial terms in the summation describing the average
whose intensity increase with the uranium content. Thesgcattering[see Eq.(1)]. This must be done with the data
peaks are also observed in neutibfr) but with very low  obtained from glasses having similar compositions since the
intensities. The asymmetry noticed in the second peak opartial pair scattering factors are expected to change with
TN(r) is not present ifT*(r). composition. For the base glass, this procedure can be used

If a peak inT(r) of an amorphous material can be as-to eliminate the O—O partial contribution. Figure 4 shows the
signed to a distinct atomic pair by comparing to a crystallinedifference total correlation functioAT(r) obtained by the
material, the coordination numbe€¥; can be calculated from  Fourier transform ofAS(Q) which makes it possible to dis-
Gaussian fits off (r), as discussed elsewhefe!**'In the  tinguish the Fe—O and Fe—P peaks much less ambiguously.
neutron case The spectrum was fit with deconvolved Gaussians which are

— also given in Fig. 4 as dotted lines. Clearly there are two

Cij=N(b)*/2cibiby , @) partially resolved peaks under the second peak labeled as
whereN is the areafrT(r)dr for the peak considered and Fe—Q (shord and Fe—Q (long) at 1.92 and 2.29 X+0.02
the c; denote the concentration of th#h component. A), respectively.

In the present study, the crystal structure of  The U-O, O-0, and Fe—O partial correlationsTi(r)
Fey(P,0,),,%? a mixed-valence pyrophosphate which sharesand TX(r) of uranium containing glasses are not well re-
features in short range order with the base glass, is used tmlved. Glasses B and 10 mol% UQ) have very similar
assign peaks if(r) to distinct atom pairs. This phase crys- atomic compositions. Thus, tf8(Q) of glass B and5*(Q)
tallizes when the base glass is heat treated in air at 600 °C faf glass D can be used to obtain approximate differences, as
24 h&7 was done for the base glass earlier, to resolve these correla-

The crystalline structure of E@,0;), features P—O dis- tions more clearly. First, the O—O term was eliminated and
tances ranging from 1.48 to 1.59 A, #e-O and F&"' -0 the resulting difference correlation functiohT(r), and fits

X-ray

()

Neutron

("
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TABLE lIl. Structural parameters obtained from'(r).

A B C
Sample
(ij) Gij Rij Gij Rij Cij Rij
P-O 3.8:0.2 1.53:0.01 3.6:0.2 1.53:0.01 3.4£0.2 1.53-0.01
Fe-O 4.7#0.3 1.940.02 4.4:0.3 1.92£0.02 3.9:0.3 1.92+0.02
u-0 4.2+0.4 2.170.02 4.0:0.4 2.19+0.02
0-0 5.0:0.5 2.52-0.02 5.0:0.5 2.52+0.02 3.9:0.5 2.51+0.02

are shown in Fig. 5. The P-O peak remains at nearly thévV. DISCUSSION

same position as in the .ba.se glass with a Coordir.wation UMK Base glass

ber of ~4.1 (+0.2) confirming that the local environment i 1N

around phosphorus is not significantly disturbed. The Fe—0_ ~ The first peak observed Q=174A"1in SYQ) and
and Fe—Qdistances seen in the base glass cannot be sepa-(Q) of the base glass is similar to tg‘se peaks observed in
rated due to the overlap of Fe—O and U-O peaks. Howevefa'lier studies of phospha)t(e g'asgé%‘f‘ 'the intensity of

an average coordination number of 5(280.3) was obtained the first peak is stronger i§(Q) than inS"(Q). Consider-

by fitting a single broad Gaussian which indicates that thé"Y the_ we|ght|_ng factors given in Taple I!’ this may suggest
Fe—O environment in uranium containing glasses remain at this peak is related to cation-cation interaction, the cor-

similar to that in base glass. Next, the Fe—O partial contri-rdation length being 2/Q=3.69A which is characteristic

. . ' b . . of intermediate range order in oxide glasses. These interme-

bution, which due to the order of taking the difference gives . ) : .

fise to a negatively weighted O—O pair correlation Wasdlate range order parameters are associated with the effective
9 y 9 P ’ periodicity of the real space electron density fluctuations or

eliminated, see Fig. 6. In addition to the P-O and U-O .. " spacing of quasi-Bragg plarfé&’

peaks clearly visible at the expected positions, there appears The structural parameters in Table Ill and IV indicate

tq be another peak observed mT(r) gt around_1.77 A, that the P—O coordination is close to tetrahedral. The differ-
Since the Fe—O peak has been eliminated, this may be &t P—0 distances in bridgingP—O—P—, andonbridging,
contribution from correlations other than Fe—O. The mean_ p_o_Fe_bonds observed in the neutron diffraction study
separation d|stance. of 1.77 A is a typical U—.O d|§tanceof crystalline counterpart of the base glassy(PgO,),, could
(le'f; 2’? observed in uranyl (Ug) compounds including 4t pe resolved for the glasses studied here. However, the
UO;".*" In the starting batch the uranium source is 4JO gpproximate oxygen coordination around phosphorus is
hence, the valence state of uranium i8.4rhis peak may be ;jgse to the value of four for requlaiPO,)®~ tetrahedra

an indication that some of the*tJ ions may have been oxi- which connects with other tetrahedral units to fof@0,)*~

dized to ¥* during the melting. However, the Ul-edge units in crystalline FgP,0.), structure. Similar results were
x-ray absorption near edge Structup€ANES) studies on  gptained from Raman and XPS spectroscopic studies of the
some uranium containing iron phosphate glasses do not shogase glass and some uranium containing glasses. The struc-
any change in the uranium oxidation state. Figure 7 comture of the base glass and waste containing glasses were
pares the Ul,-edge XANES spectra of glasses F, G, and Hfound to be similar and dominated t§,0,)*~ dimer units

(5, 10, 15 mol % UQ) to well characterized tf and " as in crystalline FgP,0,),.23%°

references (UQandUO3" given as dotted and dashed lines, The structural parameters obtained from the neutron and
respectively which clearly indicates that the uranium ions x-ray T(r)s show that the oxygen coordination around iron is
are dominantly tetravalent. close to five. From the difference spectruiffig. 4), two

TABLE IV. Structural parameters obtained froff(r).

A D E F G H
(i) Gij Rij Gij Rij Gij Rij G Rij G Rij G Rij
P-O 3.6 1.52 3.6 1.52 3.7 1.52 3.9 1.53 3.8 1.52 3.9 1.52
+0.02 +0.01 *0.2 +0.01 *0.2 +0.01 *0.2 +0.01 *0.2 +0.01 +0.2 +0.01
Fe-O 4.6 1.93 4.7 1.91 4.7 1.90 5.1 1.94 6.4 1.97 53 1.91
+0.3 +0.02 *0.3 +0.02 *0.3 +0.02 +0.3 +0.02 +0.3 +0.02 +0.3 +0.02
uU-0 7.1 2.26 6.6 2.24 7.3 2.28 4.8 2.30 7.0 2.26
*+0.7 +0.04 *0.7 +0.04 *+0.7 +0.04 +0.7 +0.04 +0.7 +0.04
O-0 5.0 2.45 4.8 2.52 53 2.52 5.0 2.52 4.8 2.52 4.8 2.52
+0.5 +0.05 +0.5 +0.04 +0.5 +0.04 +0.5 +0.04 +0.5 +0.04 +0.5 +0.04
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FIG. 6. The average real space neutron/x-ray difference spectrum obtained

FIG. 4. The average real space neutron/x-ray difference spectrum and dﬁy eliminating the Fe—O correlation for the glasses B and D. Due to the

convolved Gaussian fit&lotted line$ for the base glass obtained by elimi-
nating the O—0 correlation using the weighting factors given in Table II.

Clearly, two Fe—O distances are resolved at 1.92 and 2.29 A.

order of taking the difference the O—O correlation is negative.

resolved compared to the Fe—O and P-O environments.

Fe—O peaks can be resolved with total coordination numbeHowever, assuming no contributions from the other pair cor-
of ~5.8 (+£0.3), confirming Masbauer results suggesting relation terms, an upper limit of-4.5*0.6) for the phos-
that iron ions are 5-6 coordinated with near-neighboiphorus coordination around iron ions was obtained for the
oxygens>*? It is worth noting that the Fe—O coordination is Fe—P peak in Fig. 4.

six in Fg(P,O;),. The Fe—P local environment was not well

A L A 1 A 1 N 1 N i . i

3 4 5 6
r(A)

The two Fe—0O distances found &iT(r) (Fig. 4) agree
with the recent FeK-edge extended x-ray absorption fine
structure (EXAFS) study of these iron phosphate glasSes.
Table V compares the coordination numbers and mean pair
separation distances for Fe—O and Fe—P measured in the
present study to those obtained from EXARSd to those
for the crystalline counterpart of the base gla3iree Fe—O
distances are resolved from the Reedge EXAFS data
while only two Fe—O distances are resolved from the differ-
ence spectrum of the neutron and x-ray data. The Fe—P dis-
tances are similar, however, the Fe—P coordination numbers
obtained in the present study are lower than those obtained
from the EXAFS study.

B. Uranium containing glasses

The structural parameters summarized in Tables Il and
IV indicate that the base glass and the uranium containing
glasses have similar mean bond distances and coordination
numbers. The approximate P-0O, Fe-0, and U-0O coordina-
tion numbers are four, five, and seven, respectively. The
P—0O and O-0 mean bond distances do not change apprecia-
bly with the uranium content. However, both neutron and
x-ray structural parameters indicate a small decré¢h99

FIG. 5. The average real space neutron/x-ray difference spectrum and d¢y the Fe—O distance when uranium is substituted for both

convolved Gaussian fitédotted line$ obtained by eliminating the O-O
correlation between the average structure factors of glass
(36Fe03—54R05—10UG;,,mol %) and glass D (27.75@8,—62.3R0s
—10UG;,mol %). Note that the Fe/P ratio in both glasses is 0.66.

dron and phosphorus in the base glass, i.e., in glasses B, C, D,
and E. A similar trend was observed in a recent EXAFS
study of glasses D and ¥ln contrast, the Fe—O distance
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FIG. 7. Normalized Ul,-edge XANES spectra for three uranium contain-
ing iron phosphate glasses [(40—x)Fe,0;—60R05—xU0O,,x
=5,10,15,m0l %. The spectra are compared to that of two well- pounds and in U§33 have eight-fold coordination with a
characterized reference compounds: U8 U reference and UE as ean U—O distance 6£2.4 A. The U—O coordination num-
US". The edge energies of uranium glasses are almost indistinguishable ' ' . .
from that of the UQ reference while the main edge of @bis shifted~2 er of ~7 measured from x-ray scattering in the present
eV to higher energy indicating that uranium valence in these iron phosphatstudy implies that uranium valence in these glasses is close
glasses is 4. to four, which agree with the XANES results. Uranium ions
found in ground water solutions generally have the hexava-
lent oxidation state as the divalehtO3" which is more
increases slightly when only iron is replaced by uranium,moepile than the &" due to the low solubility of uranous
glasses F and G. However, glass H, 15 mol%,lsubsti-  phases?® If there were §* ions in the glass, one would
tuted for FgO;, does not follow this trend. expect a lower chemical durability would be expected to
The U-O coordination numbers obtained fropf(r) compared to the base glass. On the contrary, the dissolution
and T*(r) are approximately four and seven, respectivelyrates, measured in distilled water at 90 °C for 16 days, of
(see Tables Ill and 1Y The reason for this disparity may be —10-9 g/cn?min for uranium containing iron phosphate
that U-O partial pair correlations ifi"(r) are not well re-  glasses, are comparable to that measured for the basé%lass.
solved. Uranium ions (&) in uranium phosphate com- Combining this with the fact that the Ul-edge XANES
spectra do not show any change in uranium oxidation state, it
, is highly probable that the peak observed at 1.77 A in the
TABLE V. Th(_e structural parameters 01_‘ the base glass obtained from X'ralﬂifference spectrumAT(r) given in Fig. 6 is due to an
and neutron difference spectruliT (r) (Fig. 4) are compared to the param- . . e . .
eters obtained from EXAFS. These parameters are also compared with tr%mfaCt such as Fourier termination I’Ipp|e rather than to a
structure of crystalline R6P,0,), obtained from neutron diffractiotND). U-O peak. A detailed XANES and EXAFS study on these
waste-loaded iron phosphate glasses will be published else-

Fey(P,07), Base glass from presenBase glass from where.

polycrystal from ND study EXAFS The observation that the structural features of uranium
(ij) Gy Rij G Rij Gy Rij containing glasses are similar to those of the base glass is
PQ 3 1.452 41 153 - consistent with recent XPS, Raman, and<gloauer spectro-
P-Q 1 1.622 scopic studies of these glasses. As shown in Fig. 8ssvio
Fe-Q 2.66 1.908 55 1.92 34 190 bauer hyperfine parameters, isomer shift, and quadrupole
Fe-Q, 200 2.197 15 2.29 08 211  gplitting, do not change appreciably with the uranium con-
Fe-q 100 2.404 0.6 235 tent. This indicates that iron environment in glass is not af-
Fe-R  2.66 3.227 452 3.25 3 3.18 e .
Fe-R  3.33 3.490 3 3.41 fected by the addition of uranium to a degree detectable by

Mossbauer spectroscopy. The second uranium related peak
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Fey(P,O;),. The density of the base glass and its crystalline
counterpart are similar;3.1 g/cn?, which suggest that simi-

lar voids may also exist in the glass structure which would
explain why Fe-O—P network in glasses containing waste
components is similar to that in the base glass. As the glass is
guenched from the melt, the F&®—P network may form
with voids that can be occupied by waste ions such 4s U

V. CONCLUSION

The structure of iron phosphate glasses containing ura-
nium has been studied by neutron and x-ray diffraction.
More detailed structural information can be obtained from
the real space correlation functions when the two techniques
are used to complement each other. The structural param-
eters suggest that the basic structural features such as coor-
dination numbers and O-0, P-0O distances in uranium con-
taining glasses are the same as those in the base glass.
However, a slight change in the Fe—O distances occurs with
the addition of uranium. The results obtained in the present
study are consistent with the previously obtained XPS and
Raman spectroscopic results. The observed structural param-
eters support a structural model in which the waste elements
FIG. 9. A three-dimensional illustration of a uranium igepresented by occupy voids already present in the -F@—P network in
the larger sphebeplaced in the position of a void in the crystal structure of glass without appreciably altering the basic structure of the
Fey(P,0;),. The Fé' ions in trigonal prism coordination are sandwiched parent glass.

between two F¥ ions in octahedral coordination which are connected via
(P,0,)*" groups throughout the network.
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