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Effect of Molybdenum on Structure of Iron Phosphate Glasses

QIAN Min'?, XUE Tianfeng', LI Zhongdi®, FAN Sijun', ZOU Zhaosong', TANG Jingping', RUAN Minzhi®, CHEN Shubin', HU Lili'
(1. Key Laboratory of Materials for High Power Laser, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences, Shanghai 201800, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China;

3. China Nuclear Power Engineering Co., Ltd, Beijing 100840, China)

Abstract: Molybdenum is one of elements concentrated in power reactor high-level waste liquid. The dissolution of MoOj; in iron
phosphate glass and the influence of MoO; content on glass structure are the focus of researches on the iron phosphate glass
formulation for immobilizing power reactor high-level waste liquid. To investigate the dissolution of MoQ; in iron phosphate glass
and the effect of MoOj; content on the glass structure, a series of 60% P,05—19%Fe,03—8%Al,05—13%Na,O(in mole fraction, the
same below) samples doped with MoOj; at different ratios (i.e., 1%—8%) were prepared by a melting-quenching method. The phase
and microscopic morphology were analyzed by X-ray diffraction (XRD) and electron probe microanalysis (EPMA). The structure of
the samples was characterized by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and Mdgssbauer spectroscopy.
Molybdenum can be completely dissolved into the glass structure without forming the crystallite and phase separation when the actual
content of MoO; is less than 6.38%. Molybdenum exists mainly in the form of [MoMg] octahedral in the glass, and Mo—O—P bonds
are observed with the MoOj; content of more than 4%. The Q' and Q? units are the main structures in the glass phase, and the relative
content of the Q' unit increases with MoOj; doping content. The content of Fe** decreases slightly, while the valence state of Mo ions
remains unchanged with the increase of MoO; doping content.
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Table 1 Chemical compositions and O/P ratios of analyzed glasses from (1-x/100)(60P,0s—19Fe,0;—8Al,03-13Na,0)—
xMoOQO; series
Mole fraction/%
Sample ID Type O/P mole ratio
P,0s Fe,0; ALOs Na,O MoOs3

PFAN-Mol Nominal 59.41 18.81 7.92 12.87 0.99 3.31
Measured 60.30 17.53 7.57 13.62 0.98 3.26

PFAN-Mo2 Nominal 58.82 18.63 7.84 12.75 1.96 3.33
Measured 59.69 17.40 7.69 13.48 1.74 3.29

PFAN-Mo3 Nominal 58.25 18.45 7.77 12.62 291 3.36
Measured 59.40 17.04 7.55 13.46 2.55 3.30

PFAN-Mo4 Nominal 57.69 18.27 7.69 12.50 3.85 3.38
Measured 58.76 16.99 7.42 13.42 3.40 3.32

PFAN-Mo5 Nominal 57.14 18.10 7.62 12.38 4.76 341
Measured 58.03 16.75 7.47 13.17 4.58 3.36

PFAN-Mo6 Nominal 56.60 17.92 7.55 12.26 5.66 343
Measured 57.46 16.34 7.40 12.92 5.88 3.39

PFAN-Mo8 Nominal 55.56 17.59 7.41 12.04 7.41 343
Measured 56.85 16.60 7.22 12.96 6.38 341
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Fig. 1 XRD patterns of the glasses from (1-x/100)(60P,Os—
19Fe,03;-8A1,03—13Na,0)-xMoO;j series
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Fig. 2 Micrographs of glasses from (1-x/100)(60P,0s—19Fe,0;—8A1,05—13Na,0)-xMoO; series, and the Mo concentration

distribution on the surface of PFAN-Mo8 sample
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Table 2 Raman band positions and assignment of MoQj series samples

2+/3+ [32-34]

Og octahedra and Fé? "0, tetrahedra

[27,32-33]

[27,32-33]

Band position/cm ™! Assignment
410-417 Vibrations of Mo—O—P bonds®
250-625 Network chain bending of phosphate glass, stretching modes of AlOg and Fe
704-709 Bridging oxygens (BOs)’ symmetric stretching vibrations ((P—O—P)ym) in Q? units
743-758 BOs’ symmetric stretching vibrations (P—O—P)sym) in Q' units?*2!
935-951 Symmetric stretching vibrations of P—O bond in Q" units (PO4)*)1273%33
985-990 Terminal Mo—O stretching vibrations of MoOg octahedral®1%-243%]
1110-1127 Non-bridging oxygens (NBOs)” symmetric stretching vibrations ((O—P—O0)gm) in Q' units ((P,07)*) of vitreous phase
1170-1183 NBOs’ symmetric stretching vibrations ((O—P—O0)sym) in Q* units™** !
12421250 Asymmetric stretching vibrations of (O—P—O) in Q? units!?"*2*!
1283-1300 Stretching vibrations of non-bridging oxygen (P=0) in Q* tetrahedra ***"
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Fig. 6 O 1s XPS spectra of glass samples from (1-x/100)
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F 3 WMEMIEMEER O 1s BFES RIS RIEE
FALLE Iyo/(TsotIngo)
Table 3 Comparisons of binding energies from the O 1s
peaks and the corresponding ratio Izo/Ingo of the
area of O 1s peaks

Binding energy/eV

Sample ID Iso/(IsotIno)
0 15 (BO) 0 15 (NBO)
PFAN-Mol 533.44 531.78 0.27
PFAN-Mo2 533.54 531.87 0.28
PFAN-Mo3 533.35 531.70 0.27
PFAN-Mo4 533.47 531.82 0.27
PFAN-Mo5 533.38 531.76 0.26
PFAN-Mo8 533.42 531.81 0.27

il 531.7 eV AL MRS, & BE I S5 ENFE(P=0 #2)
AR, 1M 533.5eV AL = RE R IE 5 A (P—O—P
g5, H P=0 Al P—O—P WERIF 3 T AL 2 b N
H1.0:1.5, BFEAREANEETRA 1 AR R 7
1.5 MFEJET. I 6 AT UL, BT & dE R b Bl 7
(17 O 1s Jaith 1, IR O Is 1E AL B 5 P,0s
(R B R AR — B, o A PLOs ¥y AR B 26 3 3
O s S5 A REFEARBA B (HFE S B SR g
AR i B2 B S v T M A QI () B BT, R B 3
AR AR BRI . BHER 3 TTL, I LRI T AR
(Isos Inpo) TR R 1 5 FEM i 1 I AE X6
WEE, Ino/(Igo+Inso)RFEFE i H AR ¥ (P—O—P
BOEFTE ER T 0 G H e AR P BER Eh 45 4
TRATTN QP B, MRS T LA 33%, kR ik
gERI AN Q' i, MRAEUR T RN 14%. A TAE
e O/P EEAY T 3.0 F1 3.5 Z[AJ(AN3E 1 FiR), 45
F BT L QA Q7 3, MRAEUR T o LEREZA T 14%
H33%2 8], HH# 3 0L, FES AL A T
SER 27%, B MoOs &N, WMrEEERA
B AR . AT BRIt () A 1 DA R o B A
O/P LLAALE/N, FE MoO; & EARLKHAE b
AU 7 LR AN B

Kl 7 4 PFAN-Mo R Mo 3d BEZLIH
XPS H:itf, HTHERPIENZ, Mo 3d ML REH
e R TR L, REEIAIRZIN 3.2V,
SCHR[OTIN T MoOs #r A FE i 1 Mo 3d XPS ik,
Mo 3dsn Fl Mo 3dsn BEZUNT B I RFAE W 43 i 467 T
232.7 eV A1 235.8 eV. M MoOs ¥} K F| MoOs—P,0s5
FALYIBIE, Mo 3ds, Al 3ds, W HIALE A = BE 7 1)
5 7] 1eV, Mo 3ds, Fl 3ds;, RESZ A [ RER 53
BREAMFFFAAE (2 3.1eV). B 7 4 PFAN-Mo %7
Fean 2 AN R AL E 2 ) (233.23+0.06) eV
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(236.400.06) eV, 2 M [ [FRE R 7> B2 3.17 eV,
AR 2 5 SCHR[9]H MoOs—P,0s A AL 3% 78 (1) 45
REEA—3

Bl 7 H1, Mo 3d REZiAr T 233.23 eV (3dsp) Al
236.40 eV (3dsp)lf) 2 MR Mo(VI) i) i AL 45 1iF
40y T W R R A AEARAN A5 Mo, Xt
FER XPS BeIG AT TG SCERERET, Mo(VI)
1 Mo(V) BT [1 3ds, FESZEE LA 0.8~1.6 eV 404,
LG RTHRHE SCHRT, 401, X Mo 3d VR B 3E T IR
SE, PIGIIRRAE . T8 RE A — R IR, A LR
WK 7 LR . FrAFER I Mo 3d XPS #E #iV fE
LA H 2 D Elling, B IR A Mo 857X B
(A &5 & e Ar B g it T mr DA BT
PFAN-Mo #FIFE s HAEEANT AT Moo MoO;
TR, BN Mo 3dsn 3dsn 140 RGN B 1 %
AN AL B R AR RO, PR T G

Mo 3d,, Mo 3d;,

PFAN-Mol

PFAN-Mo2 g

PFAN-Mo3 f} £\
=
Z
2 [PFAN-Mo4 A{/\
PFAN-Mo5 2 ! !‘ \
[a22S A
PFAN-Mo8 ]\/\
A. ‘.I" 1 1 " 1 "
225 230 235 240 245

Binding energy/eV

K7  (1-x/100)(60P,05—19Fe,05—8Al,05-13N2a,0)-xMoO; &
HUBLHFE AL 1 Mo 3d XPS il

Mo 3d XPS spectra of glass samples from

(1-x/100)(60P,05—19Fe,03;—8 Al,03—13Na,0)-xMo

Oj; series

K 8 AN MoO; & 5 PFAN R4 ¥ Fe 2p

XPS i, Fe 2p A% D RER I IR T 2 Mg, )
B E BB AT, AR THIZ 100, d. IR
T RESAR S AV | XA R L e,

Fig. 7

Fe 2p {12 N 24664 Fe 2ps, Al Fe 2py XN ) XPS
WIS AT 710.8 eV Al 724.2 eV [T, XU [A]
RIRE B Z(AEG) KZIN 13.4 eV, 5CHR[30, 45, 49]
GER—F, fEIX 2 MEF, Fe 2ps, IELE Fe 2p, B
5%, Fe 2py, WK T Fe 2pip. XEHT H e
Lé.(]—])%%é’ Fe 2ps, H 4 NEHE, 1M Fe 2p112 HE
2 ML, Fe 2p 0] LAB 1F & Fe” Al Fe™ P E [ B &
Sk, FIFHMCHR[30, 45, 491 3R751) Fe* il Fe*
[R1U AT 25, ¥4 Fe 2ps Bl Fe 2p 1 FIVERAG RN Fe®
M Fe I, BT 5 MARMAN Fe 3d 515 Fe 2p
BT IR B2 E %, Fe''(3ds)Mtit A
HHEEND, IR RESELN 6 eV, Fe
2p3n A Fe 2p1), W P& EAEH) T 3= 4. {F X sk
(R4 T AR LU [I(Fe™ ) I(Fe +Fe® )| 2 mAt i Fe®
k& B, EEVEENE, BT Fe2p MR
WA 4 R 2 AN, T 3RAS Fe® R Fe¥ R TR, 2
it 2 AN FEREA TR S) o {H /2 Fe 2p1n F1 Fe 2p3
(G RE AT BB AR, IF HLBEE 45 4k 2 AR A
t, XAFR GG RRRR A Ak, TEARRRIE
7, Fe 2pspn 1 715~718 eV i N B A TR IS,
Al R4 H S, SNk B 2 R A4
W2, U Fe 2p 5y gt FAUH ke it R A
MoO; ZAL X AR EMNZS Fe B FAHXT & &AM,
K 8 F1% 4 WL, MoOs &M 1% INE] 3%, Fe'
(IR & BB TR D MoOs S &t — 1N % 8%
(SEFRMRA A 6.38%), Fe’ fRAHX & BA LA K.,
2.2.3 Mbssbauer it Mbéssbauer i & A AT
oW Fe BTN, N T H AR 2 A
MoO; F &M Fe BFIMA, XFES PFAN-
Mo l~F#£ i PFAN-Mo8 #£4T /~ Mdssbauer %3t o
B 9 FR RIS 0 S B SR M B 1) L R0, 5
1 FH B¢ /)y — 36124 Mossbauer 3% EHE N 2 X159 5l
55 Fe’ Rl Fe™ %t BRI, %0796 T A B
FHEHE Mossbauer Y0, $R75 REDRS 40 AH T4
SR, INFFRAIFEAS) TP & 53 ZHE(QS) AT
WA TAR(A), FITE 5. FAIALRE &A% H fur A
FL T FEL 3% 22 ) 1) R B R AR ELVE T, IS B AT F X
R T (Fe™ )RS T-(Fe’ YL TR, Fe* 1 IS
W TE 1.04~1.28 mm/s FITEHIN, 08EER S 33
Fe 19 1S KZ /M T 0.5 mmy/st™ 0, e P AH B4
SKVE T J 7% L DU RR A 5 iR 1A% BT e A B 1) HL 3 oh
FERIMIEAER , QS {H Bt 1 5112 8 Fl 1) Jy s AN et
FrA5 2, RIBRXTAR (1 B AT 20 A =R QS BRI .
HeEE Fe (DU 7> B4 — /N 0~1 mmy/s), (K
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H AR AAEIEERIE . xtT BG IEBRIE BT R
Ky Fe™, DUML Y ZUE BER(1.5~2.5 mmy/s) ). i
AT TRV AH TR FEN A Fe 3 T RN & &

Fe 2p;, Fe2pp

Fe?* Fe3*
PFAN-Mol

PFAN-Mo2

PFAN-Mo3

Intensity

PFAN-Mo4

PFAN-Mo5

PFAN-Mo8

705 710 715 720 725 730 735 740
Binding energy/eV
K8 (1-x/100)(60P,05—19Fe,05-8A1,05-13Na,0)-xMoO; F
FIBEEHE: i) Fe 2p XPS bl
Fe 2p XPS spectra of glass samples from
(1-x/100)(60P,05—19Fe,05—-8 A1,05—13Na,0)-xMoOs
series

K 4 Fe2p BTFHELSHEMEEN FrHAMEE
[I(Fe*H/I(Fe* +Fe?")]

Binding energies (E,) from Fe 2p peaks and
corresponding ratios of the area of peaks
(I(Fe*)/ I(Fe* +Fe"))

Ey (Fe 2p3p)/eV  Ey (Fe 2p1p)/eV

Fig. 8

Table 4

Sample ID TR e e I(Fe*")/I(Fe* ' +Fe?)
PFAN-Mol 710.74 714.07 724.12 72637 0.71
PFAN-Mo2 710.60 714.04 724.02 72651 0.68
PFAN-Mo3 710.76 714.30 72426 726.92 0.63
PFAN-Mo4 710.66 714.23 72419 727.11 0.65
PFAN-Mo5 710.62 714.16 724.10 726.80 0.65
PFAN-Mo8 710.69 714.17 72424 72721 0.66

HIE 9 7T, AT FER  Fe BT LA Fe A%,
HBL% MoO; 75 31, Fe™ it I 1) 1% T AU T ik
Vo RUIBEA MoO; SN, K Fe¥ M &

HIZWRD, MR 5 WATLLEH, MoOs; FEM 1%
i*imiu 3%, Fe' HIMXT & BL4N 33%~40%; MoO;
B BN E 8%, FeX AHX & B IFWR D&

O%L/LTO

Fel+

Fe3+

PFAN-Mol

PFAN-Mo2

PFAN-Mo3

PFAN-Mo4

Intensity

PFAN-Mo5

PFAN-Mo6

PFAN-Mo8

-Measured data
—Fitted results
l— Doublet of Fe**
——Doublet of Fe™* |
-5 4 3 2 -1 0 1 2 3 4 5
v/(mm-s™)

v is velocity of the y-ray source.
K9 (1-x/100)(60P,05—-19Fe,05-8A1,05-13Na,0)-xMoO; F
BB BEAE i T Mbssbauer T
Fig. 9 Mossbauer spectra obtained at room temperature for
(1-x/100)(60P,05—19Fe,05-8A1,05—13Na,0)-xMoO;
series samples
x5 HmHMBBAEEERSY

Table 5 Hyperfine interaction parameters of the samples

Sample ID IS/(mms™) QS/Amms™")  A4/%  Assignment
PFAN-Mol 0.36 0.79 33.3 Fe’"
1.26 221 66.7 Fe**
PFAN-Mo2 0.37 0.78 41.0 Fe**
127 2.18 59.0 Fe**
PFAN-Mo3 0.36 0.77 33.6 Fe**
1.27 221 66.4 Fe**
PFAN-Mo4 0.34 0.78 23.0 Fe**
1.25 222 77.0 Fe**
PFAN-Mo5 0.32 0.76 19.5 Fe**
1.24 2.24 80.5 Fe**
PFAN-Mo6 0.33 0.78 18.0 Fe**
1.24 222 82.0 Fe**
PFAN-Mo8 0.33 0.79 18.8 Fe**
1.24 223 81.2 Fe**

IS is isomer shift, QS is mean quadrupole split, A4 is relative subspectral area.
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XPS Fll Méssbauer %) Fe* A%t & & (11152 45
RUSHEFERKZER, FERFN Fe BT HTL
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FH], FrERERIRA Mo® R AR A Mo BT
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2Fe™ + 0% > 2Fe™* +1/20, (1)

Bk T %5 FE Fe B8 TR IR JE [N, 3 75 B &
WA FE b R AR R AN, BERR BRI A5 Q'
BT AR A AE BRI B T[(P.00) 1+ IEBERRAR
BT [(PO4) R i R i 24K [—O—(PO,) 12 I )
GIpUEZ GNP
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(1 728 M PRGBS 45 0 R I (POs) 2 A1 3 A8
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BT o FIBTRE S AR A S RGN, 5 Fe 5145
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