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1.2) T. Nanba, Y. Kuroda, S. Sakida, Y. Benino, Chemical recycling of municipal waste slag by using
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RO HEETH D, —MKAIZ, ALO; DEINE/ AR M 2 832 25, P,0s 1 X /AR m) 2 (e itk
T5HEENTND, APIEAH T AT AlO, M fifk## % & 0 Sio, Wik & FF#E#R L CH 7
2 H OKIZSINT D, 2T XD, SiO M & Na' &2 5 TefE & OREHENERT 5, —7,
P PO, WUIHIA L LCTH T AMHE 2T 243, P75 iD= DI EROARE D A& HifE
THEOICHEBHRFZE 2B CORAMICEE ST Lo 295, 20, HEBHRBEOAEKD
HATHE OB & ZFFONa' b PO, ZHRD JEFHICE E D SiO FH & OFEENBA T %, — 7,
Y o AT 7 &had e P0s B AT HIEMREEM DL 1L, FFHIZ ALOs b EA LT
W5, POs DX D IZHMERET HME 2RO &, ALO; D K 5 253 FH Z i3 2 E %
FFOR o NIAFET 256, SN0  OSEETNC ED K D BB k5D, I

12



USEIAN

FHOTBEWCAE O IRy OBl E S, FEMDIC I VIRES N D WA T X DL & i
FREE, BAMPEIZ L0 KELIND D, ZI T T AZBWTUIRMDOE SN E N, & 2 THEER
IIClE, MkZBMIL U723 R T AW T ANZH 45557 & LT P,0s%, SHIZHS
oy & LT ALOs, TIO Z RN L7 T 2 AR L, 04D U o D4y ENT SV TRET L
7o FEAFHRL Z 10Na,0-40B,05° 50810, (mol%) & L, SiO, iy D—#% P,0s & 5\ X ALOs,
TiO, & HICEBT DI TY L Z2EINL, DHICHED U v Oy Ei s 2 ~7-, (B L 7=k
DHL, RERRMERE R 22IZE L DT,

(#5ZXEH]

H FUEH T Si0,, B,0s, Na,CO;, NazPO,-12H,0, NH4H,PO,, ALO;, TiO,, Fe,0; & LT,
Ny FR15g1272D X ITFEHEAM ZFTEDT N THE - IRA L, KRFP CTA&HRZ
VT 1400°C T 30 AR LT7-%, L ARB LA 7 AE/ER LTz, 708, 3K NasPO,
13d& 572U 10°C/min T 250°C £ THIRME, 3 FRFMREFL THK L2 D2 L7z,

(€ BUEED|

B"ONT=H T A% BT AEBIRE Tg L EOIREE (550~650°C) T 16~72 h ZUMLEL % fiti L,
ZO®RAKRKN Lz, LT, KEFO HT (FBVLE AR L, HT 1T < B 3EVLERE FE & 24
LERRER 2 B L T\ 5, B121E, HT[550 16]i% 550°C T 16 h VLR 21T - =ikl 2 1,
(BRALEE & & OB K]

PIVIARD AT A% 1 N-HNOs £ 72134k 20 ml (iR L, &y b7 L— hT90°C THIZEAL
T24hiRiE LT, EO®BWS| A, NEBKE i S EERE 2572, DU, RIEHO AT
BLOWT I ZERENRBAE L BUKLBEZ ER L TW5, 28, ALO; ZiRIN L7 7 iz
DONTIE, BB L VT T 2 2 E PRI AIPO, fida RIS TH 572, 74
T A& TIEAR L BT IEIE L, B,Osrich FHZ A S ¥/,

#22 ERLUAREOLFE O LI (mol%) &
W7 2R R Tg 3 KON ARk BRAAIREE Tx
NaZO B203 SiOz P205 A1203 TiOz Tg Tx

AO0TO 10 40 47 3 - - 439

A3T0 10 40 44 3 3 -

ASTO 10 40 42 3 -

A0T1 10 40 46 3 - 1 426

A0T3 10 40 44 3 - 3 420 -
A0TS 10 40 42 3 - 5 412 663
A0T10 10 40 37 3 -- 10 412 549
A3T1 10 40 43 3 3 1 443 -
A3T3 10 40 41 3 3 3 434 -
AST1 10 40 41 3 5 1 426 -
AST3 10 40 39 3 5 3 440 -

13



3.1 EERI : EUREMADMRLIZHR T 5 NEEH D EZETE
311 BYVASTIZBO; ZRMLI-#ER
- XRD BIEHER
E LA T 70T AD XRD R¥ —2inb, 7 AR O E 23 L7z, X 3.1 1245
VRAMEE CTD XRD /3% — > %7173, 1200~1500°C T\ b A Vg% 10 mass%ifsiiig 5
ZETHIT AT H T Enbns,

(a) 1200°C-30min (b) 1300°C-30min

- —~

S =]

© ©

~ ~

= =K

(2] n

£\ g oo 10
9 ! “q_") oo
£ £

s80b20

] ] ] ] ] ] ] ] 1 ] ] ]
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Angle, 20 (Cu-Ka) (degree) Angle, 26 (Cu-Ka) (degree)

(c) 1400°C-30min (d) 1500°C-30min
1 | | | 1 1 | | | 1 1 1
‘ s100

s95b5
s90b10

s85b15
s70b30

Intensity (a.u.)
Intensity (a.u.)

s50b50
l

ot

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Angle, 26 (Cu-Ka) (degree) Angle, 206 (Cu-Ka) (degree)

X 3.1 AT 7 HF A0 XRD HIEREF

- RS U AZADFERNE L BEREDHER

DTA HIFEIZ LV RDOT-H T A (T EiEMILBRARIRE (T) Z% 3.1 IR LTz, &
KIAROFERILE — 7 BRI S 2, #TR BIKIBRIOR MY —2 O T, 2" LT, 2
NE 0, EEESRBEE TRAE L TORNWA T VA BN 90 mass% L FDO AT 755 AD T,
ENTRD 650CLLTFTH Y, 72 T L 650CLLETH D Z END05D, ZDH, 650°CT
BV 2 13T 2 & & L7z, 650C T 16 REHEMLER A f L 7= A T 77 F A D XRD I E#E
REK 321 LT, ZHLED, s90b10 AT 7777 ZAFEEIC LY, bl TnsZ &

14



o3I %, BUTIFR LTV 20D, s85b15 AT 7 H T A1 650°CDEMLEL. § 5k L T8
AT ARIEZ k> T, £ 2T, s85b15 27 7T A% 650°C T 16 RFfEBVLEL L 75
B2 v OF FREL A LT, AT 7T A 1g % 25N OHEE 30 ml (Z 24 FfER 15,
AEEEA (0154 g) ZiE@IZ L VB L, =#0t X #t (XRF) MIEIC LM 217> 72,
—H O X D3O/ L E X 3.3 IR Lz, BBAPRIZ XY, SiO, sy DEIG HFEXT
FICEEINL TH Y, ZHRLSDRTITONTIT POs b E D T LT\ e, Y 27 7T
EENLTOTEY O 8% L MBI S LTV R o T2,

RIZ 80620 2T 771 7 A% HWT, IREAZ(LIETELMH AN L, & ORBUIEZIT
Too BMLBRREEDY 600 38 LT 630°CTIE, BN T N THMIZEML, EEzBEITS 2 &
WTERenole, £, 650COEMELTIX, DEOEKREZBEIT H Z LN TE2A, [FIE
W, MG EAT ) 2N TE RN 5T,

#3.1 DTAMIE L VKRDIZAT 7 H T A (1400°C-30min I&@E) D
T AR (T, EAEREBIAAIRE (T,

ENRgs T, T,

s100 700°CAfar 897°C
s95b5 640°CAir 807°C
s90b10 606°C 654°C
s85b15 590°C 671°C
s80b20 578°C 672°C
s70b30 580°C 670°C
s60b40 578°C 710°C

(a) before heat-treatment (b) after heat-treatment

s90b10 . s90b10

s70b30

s70b30

Intensity (a.u.)
Intensity (a.u.)

$50b50 T $50b50

10 20 30 40 50 60 10 20 30 40 50 60
Angle, 20 (Cu-Ka) (degree) Angle, 26 (Cu-Ka) (degree)

32 AT 7 HT A (1400°C-30 min) O ELLFERETH O XRD HIERE 5
B - 650°C-16 h

15



*' ' I !
Ca0 3 —
_% ,,,,,,,,,,,,,,,,,,,,,,,, -
Sio, ‘ 1
Nogggf |
e _
Fe,0, 1 —]
_% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
PO? |
2 5_ 777777 B slag a
" o;] | | | [] s85b15
S | O wmeso ||
3 : : [] AT25N
MnO | | | ‘ ‘ ‘
i ] | ] i ]
0

10 20 30 40 50 60
Content (mass%)

X33 SSFHEERC L BB o2l
slag= fiLY > AF 7, s85b15= AF 7 A (1400°C-30 min),
HT650 = ZVLELEL (650°C-16h), AT2.5N = MRALELZ (2.5N HCI-24 h)

AT THT RIS ELBIZEALTWVWDHID, BAICEAL TS, ZHUTED, adeii
ZZE LWz, HRINAR T BV K D0 MHERZAT 9 T &M TERY, £2 T, E#&
BIFE T WEE (SEM) 12XV, DHHOMRERAT-, UL, oFHERET 2 MHESE % i
BETDHZ LT TERD-TZ, REASH L TRV, S LTWEZE LTHMEOY 1 X
D/INENT2D, SEM OfFRTIIpHMM LR T 5 2 &N TERNWESZ X BN D,



312 BRI VRSTIZSIO, EHRMLI-FER

- DTA BIEHER

#3202, ERLIZAT 70T AOMA &K 3.4~[X 3.6 (2R LT BV HIRIERE R XL 0 kD
7o 717 A4Efe R Tg, AhanELBHAGIRE Tx, b — 7R Tp 2~ L7,

32 ERUT-AT 75T ADHEL & DTA I E#E H

-y @é%%§§i%%) Tgl Tg2 Tx Tp
slag Si0O, B,O; (°0) (°O) (°O) (°0)

s100 100 0 0 830 (900) (940)

s90si10 90 10 0 740 921 965

s80si20 80 20 0 721 884 918

s70si30 70 30 0 656 910 953

s60si40 60 40 0 624 907 922

s2silbl 50 25 25 586 697

s2si2bl 40 40 20 589 685

slsilbl 333 333 333 578 677

BLY > AT 7 DHDFEs100 (X 3.4) Tk, HIEFFHAN (~1000°C) [ZBHBE ks b e —
73S T, DTA B (F) T 80°CHHTICH T A m L BbnbdX—2F7 4 D
TR RBT,

s100 100.2 0.04

100.1 4

Weight (%)

100.0 4

Temperature Difference (°C/mg)

99.9 1

99.8 T T T T -0.08
200 400 600 800 1000

Exo Up Temperature (°C)

X 3.4 TG-DTA HIEREE (s100, WU v AT 7 OIHmEEhEan U=k

Y >R Z 27 90%, Si0,10% D & &kt CHERL L 7250k} s90si10 @ DTA #hifg (X 3.5a) T,
TAOCHHEIC T 7 A R & b 5 X—2 T A4  OIR T RFRD B, SiO, sy O HEEEIG O
&Iz, F7 AEBEAOKIB[~OT 7 "Bl s, S5IT, Si0, muEiRinL iz
AT T HTAH@ LT, 8S0CHITICHOTNTEHDEINR—ATA O TRALRD (X
3.5a~d), 850CFHTDX—AT A L DIKTFNRT T AEBIZ L DD BIE, AT 707 A%

17



2ODH T AR EFFOZ LITRY, WHEIFZ 2 5OH 7 AR 21K < Mo
ZoTWDH I ENRBREND,

(a) $90Si10
s90si10 100.20 0.02
100.15 0.01
] =)
i E
100.10 | 000 £
_ ] 3
g 7 5
= ] £
% 100.05 ] -0.01 £
= f
1 ®
100.00 - 002 o
| o
| 5
] [
99.95 1 -0.03
99.90 T T T T -0.04
200 400 600 800 1000
Exo Up Temperature (°C)
(b) s80Si20
$80si20 100.05 0.02
1 - 0.01 .
100.00 | r g
= ] - o000 8
s - 7]
= 721.14°C r 5
5 99.95 b =
3 L a
1 [l
= ] - -001 5
L ©
J o]
- o
99.90 | . 5
] — -0.02
99.85 T T T T -0.0
200 400 600 800 1000
Exo Up Temperature (°C)
(c) s70Si30
570si30  100.4 0.02
100.3 .
1 ~ 0.00 g’
1 s 5
;\3 100.2 i | %
£ | 909.72°C | 002 E
3 i [a]
B fol
= 100.1 L 5
4 ©
L o]
] £
R - 004 ©
100.0 L
99.9 T T T T -0.06
0 200 400 600 800 1000
Exo Up Temperature (°C)

X/ 3.5 TG-DTA HIEHE (WY > 2T 7 Si0, ZHsn L TR L 7= 30K}

18



(d) 560Si40

s60si40 100.6 0.06
100.4 oo P
| 955.48°C| §
5
— Q
3 ] A 5
= g
_-% 100.2 4 - 0.02 E
= ] I g
906.97°C ®
4 [ Q
g
100.0 4 - 0.00 kS
99.8 T T T T -0.02
0 200 400 600 800 1000
Exo Up Temperature (°C)

X35 (Fx) TG-DTA BIEREE (BLU o> 25 71T Si0, Z W U THESRL L 723081

BLY v 2 Z 712 8i0, & ByOs ZFIRHZIRM LT2 A T 75 F AT, 600°C & 700°CLAFd
FERTICHAR AR N =2 7 A Y OERTRBOLND (K 3.6), LL, SiO, DAZEMLIZSEE
LR LT, 1000°C LT O CIER LIS £ 2 BB E— 7 BB S hiad T, Zhk
D, Si0, & B0y DARIIC LV, BHEOWE < FSBEMEES Wiz L B2 bb,

34~3.6 1R LT _RTOREHIIGE LT, 400CLL ORI Th T Tldd 5 8 H i
WM ENTe, ZIUXAT 707 AROENIIL I, AT 7T T ATHBHRPRY A E
NiclebEE2bN5, ZhED, AT7HT2APTEEH 50T 2 fliORETHET D
BN EEND D ENRBEND,

(a) s2silbl
s2sitb1 100.3 0.06
100.2 .
b — 0.04 E’
r Q
7 "
g 10017 696.53°C =
= @
5 - 0.02 ?OE
) ) o
= 100.0 — E
4 ©
L @
£
B ~ 0.00 @
99.9 1 L
99.8 T T T T -0.02
0 200 400 600 800 1000
Exo Up Temperature (°C)

] 3.6 TG-DTA HIERE (WY > 2T 712 Si0, & B,O; Z Wi L CERL L 7= 30k}

19



(b) s2si2bl

s2si2b1  100.5 0.04
100.4 N
1 - 0.02 E’
- O
100.3 — 684.92°C &
2 ] 8
& - 3]
= ] o
5 100.2 - 0.00 ,HDE
2 |
[ [0l
= g
1 ®
100.1 — L o]
] g
1 002 o
100.0 I
99.9 T T T T -0.04
0 200 400 600 800 1000
Exo Up Temperature (°C)
(c) slsilbl
sisitht 100.8 0.10
1 - 0.08
100.6 L .
1 577.89°C i £
3]
- 677.34°C - 0.06 [
o (o]
9 100.4 o E
= i 5]
= — =
5 ] 0.04 E
[o]
= 1002 i 5
4 ©
- 0.02 5]
B o
| 5
[t
100.0 4 I
| - 0.00
99.8 T T T T -0.02
0 200 400 600 800 1000
Exo Up Temperature (°C)

3.6 (Fix) TG-DTA HIEREE BV > 2T 712 Si0, & B,0; 2 I U CERL L 7-30kEH

- SEM BiER#ER

[ 3.7~3.9 |Z SEM #i53#E K A4 7~ ", SEM B2 Tl T, HF KESHRIZ AR IaR 2 =5 L,
FRIZ ARy & o DRRET T U 7ERET S, 2O HF = v F o ZWUE 21T b e Wikl (K
3.8b-1, 3.9¢c-1) TiE, FETHMORWERIMBBHI S NS T THHD, HF = F U 71T &
D R OMMORL TSNS L 917D, X3.7~3.9 T, HF = v F U 72OV CRRIZRD
LTCWARWEEIZDWTIEHF =y F U 7 21T o il Bl OB~ R Th 5,

B 3.7~3.9 TIL, HRD K S 7 AZHOMWMR b T3 R CTE D, MU VAT T DREE
Al Lokl (IK3.7) ICR N AIEsThi Ik CTh b L E X BN 5, EDSIZL Y T
RO w0, RE—R B oMITRD b2 holz, 72, HF =y F U 7 OF M X
DAL DENH D b hoTz, MDD X IR Z 5 IFARE, ot X%k 35
XRD HIERERNO LI AT T AFATH D EFE 2 HiLdH, ¥ 3.8b-2 128 LTz SiO, & 40%
ML TR L 7230BHS B S N B M7k, fifidh Tid7Ze < HF KIERIC X W s L7z Sio,
RODEHTH LD THD EEZLND,

20



(a) 1000 fi%

B e fe S g"\) =)= 18 48 SEI

3.8 SEM BIZF55HE (Y > 2T 71T Si0, Z s LU CIERL L 7= 30k})

21



(a) s2SilB1 (b-1) s2Si2B1

P

2OkY  Xi0, DR 1. 18 48 SEI

(b-2) s2Si2B1  ESLEE72 L (c-1)s1SilBl HF = F > 77 L

18 48 SEI zekUN X189, 888 hri 18 48 SEI

A58 1w 18 48 SEI

o i

3.9 SEM BIZfEHE (Y > 25 712 Si0, & B,O; 28 L THESRL L 7-38081)

- XRD BIEHER

3.0 IR EmE (BB L) O&FEIO XRD JIERREZ T, Si0, ZN L7
v 7L s100~s70si30 TA ERAVRDOFEEDBHTH L TS Z L3 ghoTc, L, FHFYE
— 7 VIEMET, 1 O GL 72T TR R T E 2D o2 72, Si0, D A A N L 72 30BF T, $60si40
T BAERONTHATRD HT, ERIZH T AL L Tz, Si0, & B0, Z 3L L7-3Et ¢
I, FEERIIHTH L TR LT, ERETHo T,

ETOREHIRBW T, 20 <20°0D{KA FIRICBW T, BEPREDO EARRBD L, Wbwd

22



INABELHER TE D AMABGELIEL, RBIPOARY—REFOMAEXB L2 DT, SIS
Lo TFe %< ELEFHEEDE VAL Fe 230 L LvE E 72 \WE 5 E ORI oy B
LTSI EWRIEBEND, DTA, SEMBIEICBWTYH, OMEZRET HHERNE LT
52 EMD, WTRORE SR~ RS L IR COM LTS EEXbBRD,

(a) SiO, addition
L LI I TrTnria I T1rria I L L] | I rnmri I rrri I rrri I Trrnri
o | s100
= | l
£ |
5 ‘ s90si10
€
s80si20
s70si30
s60si40
11 I 1 1 1 I 1 1 1 I | I 1 1 1 I 1 1 1 I 1 1 1 |

10 20 30 40 50 60 70 80
20 / degree (Cu-Ka)

(b) SiO, and B,0, addition

s2si2b1

5

s

=

k%)

c

2 s2si1b1
s1si1b1

10 20 30 40 50 60 70 80
20 / degree (Cu-Ka)

3.10 iU > AT 7T Si0,, B0 ZEAN L C/ERL U 7= 30K XRD I E i 5
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- BREBRRANDREBEICKIRHDEEL L

#3312 1 gDV TNVEERE, KK, KERET R U U LKEWK 25 ml 1T 24 h iR{E#%, [H
WROTBEIZ K 0 BN L 72 [EHR ORI %E OB R A2 RS, 22T, B0; W L7230k, s2si2bl,
s2silbl, slsilbl OFERLEL T, FEHIT R TRICEM L, EREZFREILT S Z LT T en

DT,

F33 BB LOY TV g 2 S MHEIRICIRIER, B L7 ERO HEE(g)

HCl aq NaOH agq.
Water
50N 25N 1.ON 05N 1.ON 50N
s100 0.389 0.326 0.381 0.565 0.904 0.922 0.904

s90s110 0.235 0.126 0.320 0.526 0.907 0.922 0.853
$80s120 0.239 0.130 0.222 0.496 0.923 0.925 0.905
s70s130 0.416 0.305 0.310 0.439 0.918 0.914 0.895
s60s140 0.542 0.444 0.593 0.333 0.913 0.945 0.776

HWERAVEE T, ZAK, KEBLT b U 7 DKIER CTOMBL L b, KiliE 72 S 2378
LD, £2Z DB, BERRRE & EEZ L OMIZHAIMEIL R 5 e o 7o, RFIZ, $90sil0
& 580si20 M 2.5 N HCI LB e b K& < Jlb L7z, F£72, mWIREOEBRAEETIX, Sio, ik
MENRENS DIZEWRG| ABICERMEZE L, X, v U IORMEITHIZLY, Sio2
BB TFMME LTt EX b5,

KEEALT B U O LKEERAEETIE, DT HTIEOLDINSNDOIFIN I N LY LELEHL
TWAHZ ERTND,

- BEARICRELZHEBO XRD AIEHER

WA VIR ALERT% O B E R D XRD JIERS R 41X 3.11~[X] 3.13 |ZR” T,

FRENEAM 24T - T2 B OBUEFCIE s60s140 LAAMIAE S 23T H L TUWN 223, SiO, IRINE D @&
AREHT LY, HERRICRIEREU L2 ER TSm0 B — 7 mERT< 2 h, Rl —2o N7
HHRELEZbLOLH o7z, —HTs100 (B L TiE, BREZOREE g L CRE 2 bz A
LT, VX — T fERED B — 7 PR T E D, HEIRALBE L HEx, 1.0 N LT OIEFRLBESC,
AREK, KT R U U DK OGS, TRREE OFEL & T XRD /RZ — K&
REAITRO biLZe o Tz,
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5.0N HCI

Intensity(a.u.)

NI A Y I B

s90si10

s80si20
s70si30
s60s140

Ll I LL L 1 I LL L1 1 I Ll L 1 I L 1 1 I Ll 01 1 I Ll 1 1l I LL 1 1
10 20 30 40 50 60 70 80
20 / degree (Cu-Ka)

2.5N HCI

s100

Intensity(a.u.)

1 s90si10

‘ | “I | ‘ s80si20

s60si40

S
i

10 20 30 40 50 60 70 80
26 / degree (Cu-Ka)

3.11 BV L OB A IR ICIRIE R, PN L7ZERD XRD /X% —
(I.ON, 0.5 N HEFRALEEDfE R IZKE)

25



1.0N HCI

Intensity(a.u.)

$100
)

Nt A J s90si10

s80si20
s70si30
_ o s60si

10 20 30 40 50 60 70 80
26 / degree (Cu-Ka)

0.5N HCI

Intensity(a.u.)

| ‘ s100
b s90si10
s80si20

s70si30
s60si40

10 20 30 40 50 60 70 80
26 / degree (Cu-Ka)

3.11 (&)
(BMILER 72 L OB 2 MR 1T IRIE, BN L 72 [E (A XRD /X4 — )

26



Water

Intensity(a.u.)

| s100
. A A‘I | S905iT0
s80si20

s70si30
s60si40

10 20 30 40 50 60 70 80
20 / degree (Cu-Ka)

X 3.12 BVLELZ: L OFRENE KB KICIRIER, B L7ZBERD XRD /37—

1.0N NaOH

Intensity(a.u.)

s90si10

Ll I Ll L 1 I Ll 1l 1 I Ll L 1 I L L L 1 I L L L 1 I L L L 1 I Ll 1l 1
10 20 30 40 50 60 70 80
26 / degree (Cu-Ka)

X 3.13 BLE7Z: L Ok NaOH KISHRIZIRIER, BN L 72E{RD XRD /¥ — >
(5.0 N NaOH /KI&HE O FI3 vk H5)

27



5.0N NaOH

Intensity(a.u.)

s80si20

-, s70si30

W o . sGOsi140

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

10 20 30 40 50 60 70 80
26 / degree (Cu-Ka)

X 3.13 (frx)
(BMILER 72 L OFEH 2 NaOH /KA IZIRIE %, BN L 72 @R XRD /X% — )

- BAHPOBRRROEBEBTRANDBHE

4 3.14 12, BLY A F 712 Si0, Z iR L TR L 723B B En b, K oeR i~
WHRE T, MEV, VoafoxmRe nfiL T, HEMTREINT S Z ENRTE DML
DFHZEIETERD ST, LU, MWOAEBHRETLETHD AlZ P EOBETHZ LN T
X DA A BT Z E R TE 2, 1LON OEERALEL (X 3.14c) TIE, s90Si10 #EHT 90%
D Al PIFRRIZEH L TOWDDIZH LT, 50%Tidd 228 PIEERFIZFEF LTV, [FEED
A 5.0 N HRERALEE (1% 3.14a) O s90si10, s80si20, s70si30 DF5RAREHZ R S D, —F5 T,
F U 5.0 N#ERELE (K 3.14a) THHIZHD BT, s60si40 70k CIIIRHZEEIN £ - 72 <
BieoTEY, Al OBEHERN 5%EREART LTS, X314 [ZIFR L THRN2S, {ER
L7 B 2 BV 3% Z LI2 KD Al O~OEHRPMET Lz, SiO, EEARIND s100 708}
TIE, AlOEHERN 10%THDL DR LT, POBEHREIL0% THY, UV DEIHED HIE
RIEEZ VT THIENTE, BFA T, BE5ABOEHHMENTETWHARVED
D, NEBHAERS T TS RIS 2 R TEL L F R D,

28



(a) 5.0N HCI

100 T T T T
[ | s100
- (1 s90si10 y
| [l s80si20
80 — [] s70si30 -
[] s60si40
o i - J
2 60 L -
©
c B -
Kel ]
5
w 40k N
20 N
0 j—ﬂ—v—v 1 1 i 1
Si Fe Al Ca P
(b) 2.5N HCI
100 I | | |
[ ] s100
B 1 s90si10 7
] s80si20
80~ [] s70si30 1T
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(c) 1.0N HCI
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REKIRIE LTSS, Edhomy, EoRHIZERICh T Thoz, K315 18T
X912, ALIZEeEH LR o7, s100 & s60si40 Tlx, OFEHIEER P ORHENE <
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(a) 1.0N NaOH
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(b-1) s90si10
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(e-1) s60si40

[r—— T T T
Fe, 0, : !
csof =
= : _
Sio, 3
Al,O, 5 |
MnO 5 |
Tio, |
MO; : m
g 3 ‘
B : B s60si40 |
Cr,0, 3 ] 50N HC
- | [] 25NHCI|
ZrQ, ‘ ] 1.0N HCI
3 ] 0.5NHCI|
P,O 1 : ‘ ‘
o i , 1 , i , i ,
0 20 40 60 80 100

Content / mass%

(e-2) s60si40
———— | ]
Fe,0, ‘ , f :

——
CaOo ‘ : \‘
B : _
SI02 1 | ' ‘ ! '
p, [— ;
MnO % | ‘ |
TiO, ?
MgO ?
Cry04 T B s60si40
3 [ ] water 7]
zro, ] 1.0N NaOH
= | [] 5.0NNaOH |
P,O ? ! ! ; ‘
275 i I i I
0 10 20 30 40 50

Content / mass%

3.17 BFREWICRER, B L 72 EIRORATRER  FUEF s60si40)

s100 DIEFELEE T3, Fe,03 & MnO OEIG M8 L 5.0 N DA Z RV T Si0,, ALO; EE
DD LTz, HEEELIAN OB TIPS ER I3 L, Fe,0; 238N L T\ e, EDOEHET
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H POs DA L TWDZ Enbnd,

s90si10 @ 5.0 N Mgl B TIE, A5 A D Fe,05 DAttIZ CaO, ALO; 2N KIEIZIHA L, SiO,
MRIBIZ EH L TWne, £, BISHIEANEEEMZITAGC Th oo, HWBREN & WX
EZOL Y fHlmB Aoz, LL, P,Os HIFEAENEHLTLE - Tz, HEBRLS
DALELTIL s100 DA & RO A b7z, LavL, 5.0 NAKERLT R YU 7 AOKEEIRAL
HTIE, CaO DAKIRIZHHA LTz,

s80si20 TlX, & DIWHHMFLDEA H s90si10 DEFE L L7 TH - 7228, 5.0 N KL
R U 7 DOKEEHRALEE TR B2 CaO D RIEZREERAD IR bR - T2,

$70si30 DOFFEMERIZEI L T H s80si20 & LI7-MHA Th o7, HWEELISLDOMIETIE, CaO 1%
JLERT% DI D BEIE ML TE Y, s100~s80si20 & Fare HfH [ & 72 - 72,

S60si40 DIHEELALEETIX, s80si20 & U 7-MHF TH - 7223, 5.0 N Tl SiO, EIE 5 90 mass%
H T, ANEERITE TR AR D> Tz, HEFRELISAOEETIX, Fe,05 Aoy AMALERRAT & o~
ML TRE LT, KO ALO; 28 EH LT\, F£72, 5.0NKERET b U w7 AKEIRALER
TIE, SiO, & P,Os ML TH Y, ¥ 7 & B DM z2R LT,
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- HRRBRICRER, ERLEEAOERIKE
THIZ 5.0 N HERALEEER, U L7 ANEEAROEREZ7 Y, Sio, af &0 m W WalHI a6
ERTDHIENDND,

(a)s100 (b) $90si10

(c) s80si20 (d) s70s130

(e) s60si40

[X] 3.18 5.0 N HFauLEEt%, [AlIX L 7= REEIRDEE
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- BLIR(C K VY — B SRIE S E M Ol

T ORAN R D &, KIFRA~OEIREFEN N RI D B2 Db, ZHIVE TOEBRTIT,
RAm T OMEL 2 DT E 720, BB ZFREIEL, MomiciiibsEs 2 LT, i
& DI T A EBIRIIIEN S ¥ 5 Z &2l T,

3.19 12 950°C-16 h OS5 TEGLEE L 72308k > XRD P ERERZ ~T, IEREEMmHE ORE
) [EHTE— 7 ORBEAHEZTEY, HieEmMofrtnmgRcE s, £72, BEla
M ITIEEE T o 72 s60si40 2DV T H, BULEEZ 950°CTITH Z LI2 LV, HKEidhOHT D
ROBLID,
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3.19 950°C-16 h DS CTELER L 72306 XRD /X —

LITIZ 2 6 OB 2 LR L7 OFERZ7R LTV, R 34 ICIRIRALERRE O AN E [
ROEEZRT,

#34 9S0CTEUIAEIToT-3 kN 1 g &
AR IRIARR, [ L7 [ o0 2 B (g)
SONHCI  1.0NHCI

s100 0.594 0.806
s90s110 0.424 0.730
$80s120 0.359 0.538
s70s130 0.516 0.772
$60s140 0.498 0.349
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RICBGLEL 24T o TR UR 2 SR | RS, [ L 7 AN [ER D XRD JER R 2",
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3.20 950°C-16 h D5 TEULEE L 7= 3kl &
WERIZIRE T, [EIX L7-[ERD XRD /87—
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(e) s60si40
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— G ST RE T, FOBOKE ZPNEL o TNDE I ERNbnoT-, F77,
$60si40 TIXEKIZFEITFT 5 P,0s DEIA MNIFF IR L 225 T,
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32 ERI : 2 OREEHICETIAFLROEZETE
3.2.1 XRD BIEHERE

LU FIZBVLBRRT# O 3080 XRD JIEME R 2R3, K 3.23 IR T XK 912, P,0s DAEYS
ML7Z_R—=Z T T & (AOT0) (ZOWTIFBVLERE TH AT ZIREEZ R > Tz, K3.24 1TR
T X 91T, P,0s & ALO; U L= EHZ W T, BULELIC L B issbITBIE S h

D7,

HT600_16h

as-prepared

Intensity(a.u.)
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26 / degree (Cu-Ka)

X]3.23 X—AH T A (A0T0) ® XRD /¥ — >
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Intensity(a.u.)
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324 ALO; Z U L 72 sl B O BULELL O XRD /35 —
AXTy . IONaZO ° 40B203 ° (47—X—y)8102 ° 3P205 ° XA1203 ° yTlOZ

(0]

0
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IR D NayO ZH &Y 10 mol% DFEHCIE, BULERIZ X 55 bIZiRD b do 723,
325 \ORT & 912 Na,O A EMEVEE CIZBVLELIZ L AIPO, FESL3TH L=, AIPO,
FERTH L72B 2 6 2 WITBVKICIRIE L2 & 2 A, BUKICiRiE L7284 1E AIPO, i fh
DSFRAF L TN DR L C, BRICIRIEZ ITAE IS L A RIFTE — 27 30 LTz (X3.25 4),
INEY, AIPOERITRICAIATH D Z LR DnD,

S S
8 ©
> HT600_16h | <
2 2 WT
g | APo,| &
= a =

As-prepared AT

l 1 l l 1 l l | l l 1 l
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Angle, 26 (Cu-Ka) (degree) Angle, 26 (Cu-Ka) (degree)

3.25 P,05 & ALO; IRINEE T Na,0 EDF7p 5308 Na6 @ XRD /3% —
Na6 : 6Na,0-40B,0;-47Si0,*3P,05-4A1,0;
e BRI OB A TR % O AR E A

ALO; [FIEANNT, P,0s & TiO, & LRI L 7230k AOT, Tl TiO, IRINEDY 5 mol%r b,
WUEZ LY TiO, (74 —8H) #ESAHrH Lz,

(a) AOT3 (b) AOT5
YT T T T T T T "1 YT T T r T " T " T 1"

| . HTB00_48h

s HT660 s
= = HT600_32h
2 2
g HT600 S| ™ e _HT600_16h
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L — as-prepared

L I L I L I '] I L I L L '] I L I '] I L I L I '] ] L
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as-prepared

3.26 P,0s & TiO, ZiN L7=##ld XRD /847 —
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(c) AOT10
L] I | I L] I L] I L] I L] I L]

HT550

HT500

as-prepared
L I L I L I '] L L

10 20 30 40 50 60 70 80
26 / degree (Cu-Ka)

Intensity(a.u.)

326 (fex) P,0s & TiO, Z AN L7250k XRD /X% —

322 SEMEEHR

PURIZEVLERT 5% HF (2 Cxy F o 7 L7ealBr D SEM BlIESfE R 24, [X3.27 1IR3 &
12 Na,0 GHEDO R 2B TIE, YA X3R5 H00, Wb 2 OG- T
A ) — BNV FREIEC X D AR BN HERE STz,

(a) 5Na20 * 45B203 * 478102 * 3P205 (b) IONazO * 4OB203 * 478102 * 3P205

3.27 Na,O G A B 23 OB O SEM 5 E
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3.28 &[4 3.29 12, P,0s, ALO; & & D Fare 2 7kt O ZALELH 0O SEM 5 EL & BVILELRi#
DIEFBE AT MV EZNENRT, ZILE T EREBRIZ, 2ULBEE DT X TOREHZIB W T,
A I:"/—é?“ﬂ/ﬁa\ﬁ’ﬁ%%’f% LD ERDONOFHSBENHR CTE T, BMART MLERDL &, B
RUBRRT#IZ IV T, MR I TR E T O OHELZ £ 2 F RO 03 ifEss ¢ &
oo F72, POsEEERVERE (X 3.292) KV, P,0s 2&Teilkl (X 3.29) OJ5AdEiER
DWOPRENZ ERDND, SHIT, ALO;TINZ LV, BULIRFI% OFRLEDOELA/NE
Ko TNDHZ EeEnbnsd (K329c,d), ZiUE, POsITImHEIEESEL25E, ALO; I
FEMGIT 208N L LICLbeEXLND, XD, ALO;DIRMENZTEDH LN
TANBRELC L R LA B 2 ENRREN D,

a) AOTO (P,0s=none) HT600_16h b) AOTO (P,05= 3 mol%) HT600_16h
(@) (P20s ) _ (b) (P,0s ) _

AE @ . BEE 1 Kirn r
o) .

> -

S 1E 408 SEd
- -

328 P,0s, ALO; B &0 R AFELOBWLER% D SEM HE
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(a) AOTO (P,0,=none) (b) AOTO (P,0,=3mol%)
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[X13.29 P,0s, ALO; & H B R 23 OBILELHI% OB A7 kL

3.30 I1Z1% P,Os & TiO, Z 4L U723k, £ 7213 3.31 ITIXFEIC ARO3 2 L 7=kt
D SEM BIZHFE R 27T, WITNOY U 7B T 2 FHDOE B T2 A Y ) — F )45 fkk
EZ X DD BEDS R S Tz,
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3.2.3 NMR HIEHER
MBI K OBAI R S 0 T AR EOZEIZ>WT, "B, Si, *'P, YAl MAS-NMR #l];E
(2L DT LT,

- POsDAHEFMLIZAZT R

RURIA T AP CIEMNLETIL 4 BNLOREETHEET 5, K3.3212, iy 7 b & Hn
T "BMAS-NMR A7 RV D E— 7 3B aAT o120 % R~T, ZDOART R UIZEWT 0 ppm
fHEDY v =77 — I BN ABRfIATUH#E (B4) IZXLHE8—7, -20~30 ppm f[fFlzD7m— K
RE—I N3N YE B3) LHE—2ThHD, ZNDHOE— 7 EHEO kD B IUENLR ©
FHRNME (=B4/(B4+B3)) ZHH L7,

¥ 3.33 12 "B MAS-NMR OJIEFER Z /8T, WTFoH 2 7B 0T BWLELRT# T N,
EIC R E 2 BALIT R SN e o T, F 72 NufifiiE Si0,/B,05 FE<° P,0s/B,0s Ft| 35 & Y AL O3/B,0;
FEICBR L TV A Z E NS SN TE Y [3.1,3.2], ARID X 5 72 M5B PE S b 72 (b & B
IDIIRETHD EBZOND, L LAERs, BUEICL > T3 REMAVRICLIE—Y
DICIRBP DT NRNBEEL L TND T b, [MENORIEZ(ENEZ > TnbHEEZI LN
P
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Intensity

40 20 0 -20 -40
Chemical shift,6 / ppm

332 "B MAS NMR 227 LA

(a) 5Na,0-45B,05-47S10,*3P,0s (b) 10Na,0+40B,05-47Si0,*3P,0s
| ' 1 ' ' 1 ' | | ' 1 ' 1 ' 1 ' |

HT600_16h

HT600_16h
N, =114 %

N, =23.0

Intensity
Intensity

as-prepared

N, =114 % as-prepared

N, =222
[ T T BT
40 20 0 -20 -40 40 20 0 -20 -40
Chemical shift,5 / ppm Chemical shift,d / ppm
(C) 15Na20 * 35B203 * 478102 * 3P205
' 1 r 1 T 1 ' 1

HT650_16h
N, = 36.5 %

Intensity

as-prepared
N, =36.9 %

| I S I TN T T N T
40 20 0 -20 -40
Chemical shift,56 / ppm

3.33 Na,O GHEDOELD#EID "BMAS NMR A7 kL
TNABVFRaT Y r— N7 RCBTHHEGHH L DT 7 AR THEEZEIIZOWT Du b
[3.3]72% "B MQMAS NMR, "0 MQMAS NMR % IV TEZX L, Wegner ©5[3.4]7° ex situ NMR,

in situ NMR, "B {*’Si }-REDOR NMR, *Si{''B}-REAPDOR NMR % VN THEEE1T-> T 5,
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Du b OFERTIE, HHOBEZE Ny, N IEICKRE 2RI 72203, 3B U HRICKE 2k
2% Y, nonring "B 225 ring "B ~E L Z > TV D, Fio, BULPELIZ Si-O-B fEA
ﬂ@&(?@ﬁﬂ®ﬁﬁfi,m@ﬁ%;tﬁfﬁ7X¢%%u% ﬁ&)bfné&%%
ENTWD, Wegner HIFBVMLEIZ LD ARL— 1§, v U — b=y MO RFTIZ &L,
Du%%%@im:&0B%éﬁﬁ9#é&%$bfwéooib,a@@%btﬁ7zu
BWTHL ED XD REEEZEDBEZ o TV D EHERI S D,

[¥] 3.34 12 *Si MAS-NMR [ZHIlZERE R 2773, Na,0 &4 & 5 mol% D3 > 7 /Z oW TlkR
TFNDNRB NS o Teledin e — 7 BB S e inoTe, A7 VXD, SildH T A
TEAMNT Q' (Q'x : m 1 X ITEN L7 2RME I R AL W& ICFET 2 2 L3 ind, Bl
BIZX Y E—T DRBIEB>TWDHDHH 503, THUIEFHF & LTHRM L7 Fe,05 2347
FIZES>TAR L= MU o FMHICHBE ST UVMEA N H 572D, AL— F U v FHIZIT
Si ZXMLIZERTHD EEZBND,

(a) IONaZO ° 40B203 ° 478102 ° 3P205 (b) 15N320 ° 35B203 ° 478102 ° 3P205
| | | | | | | | | |

HT600_16h HT650_16h

Intensity
Intensity

as-prepared as-prepared

| 1 1 | | | | | | |
50 0 -50 -100 -150 -200 -250 50 0 -50 -100 -150 -200 -250
Chemical shift,d / ppm Chemical shift,5 / ppm

X 3.34 Na,O &4 EDRR53ED PSi MAS NMR 227 | L

X 3.35 |2 *'P MAS-NMR (ZHIEfE R 277, SRER L=V 7 Ad i) i Eic Qb
(@yniX TR L7 ZRMGIE R ) L L CTFET D B X oD, 20T HD AT |

IZB W T HEVLERI% CREREMITIA NN Lnh, BVLETY > O JEIEICE
mi@w&%z6héoitliD,Nu)aﬁ%#%m¢é(mwumyxm#%M)k,
AT FVIMERESR (RTIZEM) ~3 7 FLTWDZ ERSND, ZHEFHTT AT 4
@a{m UERLBRIDH DL LEEZHNS, "B MAS NMR OHIER T2 D N, EHE4 Bk 7 35

T?ﬁ@i‘Mﬁ-hm%?%ﬂ%IMmM“%H%IMmMT%W%Tké*9
i D 4 BINLAR 7 HENRZVEE PP NMR B — 27 1 HMERGR A~ 7 FLTWA EE X, Q%I
BN U ENESTD2EAENI 25 Z &2 X » TR~ 7 b ?6&%z%héni
3.6],

F2U UBREANC Q THHEENILLTOEANLHHATE S, £V 13 PO, MHIAE L
TH T AMEE OIERIZSIMT 53, 5 MiTHDHIDICEMOAREI AWV EMET 572D
BGIRFZ B &2 X995, 20D Q L atERE It WEEZLND,
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(a) 5Na,0-45B,05-47S10,*3P,0s (b) 10Na,0+40B,05-47Si0,*3P,0s

-13.7 * SSB

6.4 *: SSB

HT600_16h

HT600_16h

Intensity / a.u.

as-prepared
*

as-prepared
k

Intensity / a.u.

k

200 100 0 -100 -200 200 100 0 -100 -200
Chemical shift,5 / ppm Chemical shift,d / ppm
(C) 15Na20 * 35B203 * 478102 * 3P205
mrria I LI B I I LI N B | I LI B I
-17.3 *: SSB
o]
@
>
2
2
£
IIIIIIIIIIIIIIIIIII
200 100 0 -100 -200

Chemical shift,6 / ppm
335 Na,0 GHEDORA 5B *'PMAS NMR A~27 kL

I 512, LLTFO Duffy ONXFEEREAOKIC TS E T T ADEILE DB AN HE X THhD,
RTTABET T ANZBIT DTN OEINE, TT7 AREOELEAOENE 7263, 20
K, 7T ABBROBEREIEWEREAE T T OME 7 V—TBERT DB 2065, AU
TAET T ATIEET, BO,=> NOAER-NBO DA E 725, 2 CTHTAHFIZY VR
FET D &, SEWERLL 724 T A DOHIEFEAITK 0.46~05 THHDT, A=052ThHs QD
U U BNBREINCERT D EEZBND,

1

Zihl, b
A—l—zciz—(l j

i Yi
v; =1.36(y,; —0.26)
ZIT, ADTFREREE, o 1 MEAEY | BEHIATDBEORNE, z 1 IHTF A DR, #
ITRFE 1 470 CTRELLIZEZOIT A0 UkEWM i DT A ERFEDOENLLL) T
»%, F72, v 1L basicity moderating power & FHIIVDH/NT A —H THF A4 OEBEXIEME
(Pauling DfE) y; & AW TRERAJIZIRO BT b D TH D,
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#*35

2 DBECALIEIE &R IEEE A

Si0,, Q' (Si04p) : 0.48, Q*(SiOsp4y) : 0.61
BO,, "BOss : 0.42, Q*("VBO,») : 0.60, "BO,y.; : 0.60, "VBOsy : 0.71
PO, Q*BPO,) : 0.41, Q*(POss) : 0.40, Q* (POyys) : 0.52, Q' (POyyis) : 0.61

- P,0Os & ALO; ZiRMLI=H S R
3.36 12 "B MAS-NMR ([ZHIERE R Z2R"T, T FTOEIMIEY, NAE»ED Lz, =

FUE[ALO ] 2= N OEMAETZOIZ Na A A Ml E SN2 LickdEEZLND,
FTBIIC L > T NEDEM L TWD KX DI X 573, oo NMR JIERR & AHhET

Z 2D E AIPO, FEEE M L2 LIAMTII R E & OB RN et E 2z b b2, =

IEDEE DI L DI H DD, Si0./B,0; e P,0s/B,0s 8 L T AlL,Oy/B,0; FulZ Bf%
LTCWADOMNIRHATS S,

(a) ALO; =2 mol%

Intensity / a.u.

I ' I ' I ' I
HT600_16h
N,=17.3%

as-prepared
N, =16.4 %

20 0 -20 -40
Chemical shift,5 / ppm

(c) ALO; =4 mol%

Intensity / a.u.

' | ' |
HT600_16h
N, =10.7 %

as-prepared
N,=93%

20 0 -20 -40
Chemical shift,6 / ppm

3.36  ALO; ZWIN L 7T- 4 T A DOEVLIRR% D "B MAS-NMR 227 kL

(10 —x' )Na,O - 40B,0; - 47S

(b) ALO, = 3 mol%

rr 1 - 1 111
HT600_16h
N, =16.3 %

as-prepared
N, =143 %

Intensity / a.u.

l 5 1 - 1 5 1 4 1
40 20 0 -20 -40
Chemical shift,d / ppm

i02 . 3P205 . X'A1203 (rnol%)
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¥ 3.37 12 ¥Si MAS-NMR [ZHIEfE R AR~ T, A7 ML XD P,0s 2T 2RI LIZ54 & (A
BRIZT U a3 H 7 AP CEICAEERSE 4 DFENT5 Qs & LTHET D EEZ LD,
FLETAITORMIED, =7 BNbT DR~ 7 N LT, Zidv Y a0k
T NVIBEAL LT Z L (SIFO-ALREAOAER) ITkDEBx s, FEE, X337d IR
£ 91, BUKLIRZIZEB W TS Si-0-Al fEEICHET 2 B —2 (-105 ppm) 238U S v7z,
ZAUTHB T ORE R E b —FT 5,

(a) ALO; =2 mol% (b) ALO; = 3 mol%

HT600_16h

HT600_16h

as-prepared as-prepared

Intensity / a.u.
Intensity / a.u.

50 0 -50 -100 -150 -200 -250 50 0 -50 -100 -150 -200 -250

Chemical shift,6 / ppm Chemical shift,6 / ppm
(c) ALO; =4 mol% (d) after soaking in hot water
rrri I rrrr I rrria I rrri I rrrr I rrria rrri I rrri I rrria I = LILIL I rrri I rrria
HT600_16h ALO, =
. ) : 4 mol%
=} =) ]
© ©
2 2 :
= % : 3 mol%
C C '
2 as-prepared g !
£ £ A
0 mol%
LLL1 I LL L1 I LL L1 I LLL1 I LL L1 I LL L1 LLL1 I LLLJ1 I LL L1 I i L1 I LLLJ1 I LL L1

50 0 -50 -100 -150 -200 -250 50 0 -50 -100 -150 -200 -250
Chemical shift,5 / ppm Chemical shift,5 / ppm

X 3.37 ALO; Z ¥R L7274 7 ADBLERRTT4 O *Si MAS-NMR A< kJl(a~c) &
BULERHE D H T A % BUKITIZIER I L 72 AEER O PSi MAS-NMR A< K JL(d)
(10 —x' )Na,O - 40B,0; - 47Si0; - 3P,0s - X' ALO; (mol%)

[¥]3.38 {2 *'P MAS-NMR O JIEARE R Z /19, 227 RV X0, ALO, &8 BEAHINT 2 (ALOY
Na,O kB KRE L7 5) &, AT MAREBGM (TIEAEH) ~> 7 L TWDHZ &5y
N5, ZHUEPOs DHOEH EFEEZ, VI AIZOH T AFITB W T BICEERSEE 2 o
AL L72 Q% & LTHET DN, TAI =T ANFETDHZ LICED Q% (AIPO,f ST
L7HEE) ERD VP2 itk dEB2 65, £72 ALO;=3, 4 mol% CIIELE
A CRERBIENAONT-, ZOEITEVLIRIZ LV AIPO, fES AT L7z Z L IcHkT
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(a) ALO; = 0 mol%

mrria I LI B I I LI N B | I LI B I
*: SSB n HT600_16h
%
3 *
@©
~ % %
P * *
c *
% . as-prepared
% %
* *
Ll 11l I L 1 1 I Ll 1 1l I L 1 1
200 100 0 -100 -200
Chemical shift,5 / ppm
(c) AlLO; = 3 mol%
mrria I LI B I I LI N B | I LI B I
*: SSB HT600_16h

Intensity / a.u.

200 100 0 -100 -200

Chemical shift,6 / ppm

(b) ALO; =2 mol%

HT600_16h

*: SSB

Intensity / a.u.

200 100 0 -100 -200
Chemical shift,5 / ppm
(d) ALO; =4 mol%
mrria I LI B I I LI N B | I LI B I
*: SSB HT600_16h
o]
©
2
2
2
£
IIIIIIIIIIIIIIIIIII
200 100 0 -100 -200

Chemical shift,6 / ppm

3.38  ALO; ZWIN L7124 T A DESLELR 1% D ELEER# O *'P MAS-NMR A7 kL
( 10 — X' )Na,O - 40B,0; - 47Si0; - 3P,05 - x’ALO; (mol%)

(&[] o
_ QS
[Je8 []'B
.
[ 28 |[ 1B |
.
I

20 10 0 -10 -20 -30 -40 -50

31P Chemical Shift, & / ppm from H3PQO4
3.39 *'PMAS-NMR Db 7 kD
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3.40 |2 Al MAS-NMR ([ZHIERE R A2 RS, A7 AKX D T A JEFAEWER L= H T A
HCIXEIC 4B THEET D2 E0N00 5, 72, AlLO; =2 mol% CITEVLELFIf% TA X7 K
SR EBRBAIX R 722 7208, ALO; = 3 mol% LA TIIBVLER# | B — 7 N il 7o 7=,
Z OZEAVITEMLIIZ LV AIPO, s 3HT I L7 2 LTk T 5,

—

(a) AL,O; =2 mol% (b) ALO,; = 3 mol%
L] I LI L L *I LI | LI | I LI DL L] I LI | L] I LI L LI I L] LI | I L] LI | L] I LI
HT600_16h HT600_16h

o] >
© © *
> . > ~
= =
5 as-prepared 5 as-prepared
< <

L1 I L1 11 I L_L 11 I L_L 11 I L1 L1 I L_L 1 1 I L1 1 1 I L1 1 1 I L1

200 100 0 -100 200 100 0 -100
Chemical shift,6 / ppm Chemical shift,6 / ppm

(c) ALO; =4 mol%
LI} I rrrr I rrri I rrrir I L]

HT600_16h

as-prepared

Intensity / a.u.

200 100 0 -100
Chemical shift,5 / ppm

3.40 ALO; ZWIN U747 A OEVLERRI% D Al MAS-NMR A< kL
( 10 —x’ )Na20 . 40B203 . 478102 . 3P205 . X’A1203 (mol%) ( ¥ p—HF—|T & ) I&”ﬂ)

- Py0s & TIO, ML= R

4.15 12 "B MAS-NMR OHERE R 2773, TiO, DI TMENL A 7 FEOEIE, Ny EI
B LT, UFIZZ OFEIZOWTEZE L,

U U ATIEARMIC GRS & 2 RN L72 Q% ([POyn]™) & LTHET 72, 10 Na*
A AN XD BRHE SN TOD, U U E P,0s HAHE T 3 mol%(FET 5728, SE0 Na,0 28
METHDH, OFV, 10 mol%D Na,0 =57 ATIE, £V D 7 mol%? Na,0 23 [BO,]" D
ARRICEE L TWA Z &0, Ny=7/40=175%E THITE 5, L L2205, FERNEIX 22%
THOYFELTND, ZhE Q&L & 5 BPO, f W ELLOREE AR L TV A ATHEME S &
B3, PP NMR A7 MVOFRNT N BIEZ O L 5 7 iiE OIFE 2 R 5 i FI35 b T
72, DFED, NMEITIE POs/BOs IS K E R EL B ZHEFEZXHNDH[3.2], ZOHNKE
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WEENELREAELBND,

AEVERLL7= 4T R 1%, BULEFINO T TIZOM L TWA Z ERRBE I, 2F0, A
/37 _E SiOy-rich #H & B,O;-rich FHIZAHEE L CTWB EE 2 D L, TiO, DIRINT B,0;-rich fHIZ
DI ENTZ) ATED LTS Z EnD, P0s/B0s L/ NE L 720 Ny E B IAD Li-0 Tl
RN EEZ NS, £z, EARITITEVLELRTE T N EIZK X 220X 72008, Tio, OHF
HIZPES T NAEAEINL, TiO, BIRINGELEE (A0T0) @ NEIZESWe, ZDZ &b, K
7 FEE D ORELE DS TIO, TR D H T 2 DREIEIZIT DN 2 & DRI E T,

(a) AOT1 (b) AOT3
r r 1 1 1 ' 1 r r 1 1 1 1
2 2
= =
= ] HT600_16h
s|n, =213 HT600_16h S N, = 20.9
T T
= )
£ £
[ C
2 2
£ £
as-prepared as-prepared
[T T T I
40 20 0 -20 -40 40 20 0 -20 -40
Chemical shift (ppm) Chemical shift (ppm)
(c) AOT5 (d) AOT10
r r 1 r 1T r 1 ' 1 r r 1 r 1 T 1T r 1
_INg=233 HT600_72h|
2 2 =24, HT550_16h
c|N,=234 HT600_48h| < N =240 -~ N~—
5[N.=233 HT600 32h| £
2IN, = 21.1 HT600_16h| =|Ns=19.1 HT500_16h
C C
[0} ()
£|N,=193 HT550 16h| E
N, =19.3 as-prepared N, = 18.0 as-prepared
1 I 1 1 I 1
40 20 0 -20 -40 40 20 0 -20 -40
Chemical shift (ppm) Chemical shift (ppm)

3.41 P,0s & TiO, I L7723kt "B MAS-NMR 227 kL
AOT, : 10Na,0-40B,05+ (47-y)SiO, " 3P,05 0AL,05* yTiO,

3.42 |2 TiO, DA L7=H > 710 "B MAS-NMR OHIERE 2 ~d, BULEERTO N,
flEl% 10Na,0-40B,0;-50Si0, ¥k D A7 A D N E L IFIFEDL 720, DF D, TiO, & Z O
DT T ANTEANLTGE, AURMY OMEIZIIER2nWEEZX LD, — T, TiO,
FEmANTH SE5 L NEN DTN BEINL, FRC 3 BNAVHEICE D E—7 OIRICE
LR o,

3.43a (2 ”Si MAS-NMR DBIERE R ZRT, WTFHOH > 7B TH Sild 4 Ho%E
BERFEAZEUNL L2 Q'y & LTHET D Z EBNMEGR SN, £, TiO, DU Th 0K
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BNCY 7 FLTWAEIICHRZ D, SI-O-TifiaDAERICEIAELEEZ BND,

3.43b 1Z *'P MAS-NMR OJIERE R %779, BULEERTOFENCIE, Tio, DRI, A
X7 MVMEESGR (KTIEEM) ~> 7 FLTWAD Z ERfER SN, ZDZ L, TiO,
DM TP-O-Ti #EAZHT 5 Qp (BLQ%) WAL LAVRIEEINT[3.7], £72, B
WLERR % TANRY MVIZRE R BRIT R G0 5 7228, TiO, Kidm 23 L 7230k Cld A~
7 MR & ITEESR (X TIEAEMR) ~27 FL, TiO, ZWI L TWARWikEro v — 7 (i
BIZITESNT W oz, ZOZ NG, FEfEOBIETY L TIO fidm T FICIVAEN D Z &

72<, BOsrich MICHEL S ND KD ICholesBEXBND,

Intensity (arb. units)

50 0

Intensity (arb. units)

(a) TiO, = 3mol%

(b) TiO, = 10 mol%

Heat treated

As-preprared

Intensity (arb. units)

Heat treated

As-preprared

20 0 -20
Chemical shift (ppm)

40

342 TiO, DBHEM L7238k "B MAS-NMR A <7 kL
10Na,0-40B,05* (50—y)SiO, * yTiO,

(@) 2Si MAS NMR

-50 -100 -150 -200 -250
Chemical shift (ppm)

Intensity (arb. units)

40 20 0 -20 -40
Chemical shift (ppm)

(b) 3P MAS NMR

LELELEL] I LEL B! I LELBLELI I I: LILIL I rrri I rrria
v \ Vv A0T10
X ¥ AOTO

LALL L I LA L1 I LLL.L I Ii LL.L I LLLL I LL L L

150 100 50 0 -50 -100

Chemical shift (ppm)

343 P,0s & TiO, ZiN L7238 NMR A7 kL
AOT, : 10Na,0+40B,0; " (47-y)SiO,*3P,05: 0A1,05-yTiO,
(S - BVLEERT, MRR © 600°CEVLEET.)

-150



LR LR LR "2 4l R

/ \ HT600_72h
-13.7
/ \ HT600_48h
13.0

HT600_32h
-7.0

/ é HT600_16h
S
/7 5 HT550_16h

as-prepared

Intensity (arb. units)

150 100 50 0 -50 -100 -150
Chemical shift (ppm)

3.44 P,0s & 5 mol% TiO, Z ¥hn L 7= 38 AOTS @
BHULFRIC L 5 3P MAS-NMR A7 kL DZEAL
AO0TS 10Na20 * 40B203 ¢ 428102 * 3P205 * 0A1203 * 5T102

- P,Os & AlLO;, TiIO, ZFHRMLIZASX

WIZ, ALO; & TiO, Z RIFFIZUSIN L7285/ OEZIC W TEET 5,

3.45 2 "B MAS-NMR OHIERER A 759, A3T1 X A3TO D N fE &, F£72 AST1 1% ASTO
DNAEEIFE A LG LVMEE 72572, A3T3 O NEIZ A3TO DO Ny L W /S22l 72> T
W5, 2, QY% OERENDIRWZ, Na' A 4 v MBI [ALO] D ERIRIFCH b
Tl EEZ LD, EBRT ALO; DA LIZ#EID "B MAS-NMR ZJIE L TH5 L,
NABIZHI 16% & TVMETH > 72, AST3 D NABEIZASTO DO NJEXL D /NS REE o> TV D,
ZH AST3 DA L RS, QY DAERENRDRVWEDEEZ OGNS, £i2, BULHERE% T
NABIZ KR E B I R o e otz

(a) A3T, (b) AST,
r r 1 17 &1 1  r 1 ! 71T T 1
A3T3 A5T3
0 N, =16.8 . 0 N,=14.9
= =
5 =}
£ g
T 8
= =
£ £
C C
[] []
< IS
40 20 0  -20 -40 40 20 0 . -20 -40
Chemical shift (ppm) Chemical shift (ppm)

345 P,0s5, ALO;, TiO, Z¥N L7-3kEd "B MAS-NMR 2 <7 /L
AXTy . 10Na20 * 40B203 ¢ (47—X—Y)SIOQ ¢ 3P205 * XA1203 * YT102
(S8 - ZMUEERT, ARAR . ZMLEETR)
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3.46a |Z P’Si MAS-NMR OJIERER A 77T, A7 L LD, thoFkE & FfcwTho
T MCENTH SilE Q' & LTHET D Z LR ENT,

3.46b (2 *'P MAS-NMR OHlER; F %254, ALO; & TiO, Z L L= Ek ¢k, v —7
DOFRMEDNENDS, T AL TIO, I EE D Q'p & ALO;HINCEE D Q) DM T AAER L TWD Z
LickreEZOND, T2, AkOvV—7 LAV = 7Y A KX K (SSB) NER-T
WHTeD, BE— 0B XM — 7 R a aiERET 0 2 LIIREETH - T,

7V A3T3, AST3 IZBWTEMLELR[#% CTANRY MUVIZH L REERRBDO bND, £
ZT, ZOBPFERENMTH D0 2MRT 72012, A0T3 & A3T3, AST3 OFEMLHR%
DAY MVEHEET D &, ALO; ININEDENNI N ALY MR R &S ERS R~ 7 k
LCWBZERDMND, 2L QY% (25ppm MiEDOE—7) OEENEMLTND EEZD
EDOULDERED,

3.46¢ |2 ¥ Al MAS-NMR Ol iE & F % 7597, 20 ppm & —100 ppm D E—27 X SSB TH 5,
AT M X0, WTHOH T ZEBEN TS AUT 4B THAE L TWD 2 & DR S vz,

(a) 2°Si MAS NMR (b) 3'P MAS NMR

A5TO

. A5T

Intensity (arb. units)
Intensity (arb. units)

50 0 -50 -100 -150 -200 -250 150 100 50 0 -50 -100 -150

Chemical shift (ppm) Chemical shift (ppm)

(c) Al MAS NMR

IIIIIIIIIIII..:IIIIIIIIIII
0
c
>
g
8
2>
<} 346 P,0s, ALO;, TiO, Z ¥R L7-

HEDO NMR A7 kL
| | | : AT, : 10Na,0+40B,0;- (47-x—y)SiO,

300 200 100 O -100 -200 *3P,05°xALO;yTiO,

Chemical shift (ppm) (SRR« BVLERRT, iR - BVOLHEER)
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324 IRBIEHR

[X] 3.47 \ZFRALER % DO ARFREAR (SiOy-rich fH) DARANWIL A7 RV Z 77T, TiO, AN &
D 650, 750, 980 con  IZHT Ao B — 2 NMEBI S, TR HDE—7 ZZE NI TiO, TiOs,
Si-O-Ti FEADOHMERENC I DD LIFE LTZ[3.8, 39, ZOZEMNLTF X U EHTAHFT
Si-O-Ti #EARC P-O-Ti A Z T DL &b, Qra=y FOBMEME L TWDZ LIUR
X7,

[ 3.47 |21, TiO, #fl 3T HY U 72 30B OB ALEL . O RYEFERD AT M v E G TURL
7o ZORERI Y, KL T ARWEAIZIER Sz Bl o e — 27 232 L, #7212 700
em ' Z FDMTIRIEWE— 7 BBl SN TZ, 2O —27 1% TiO, fifmic k5 0 TH 5[3.10],
F72, 650, 750, 980 cm' D7 MK LI Z LD, FEAEDF X IR TIO & LTHE
mibLiz&EB 25,

AOT10AT550," S HE—

Abs. (arb. units)

AOT3AT600

AOTOAT600

| 1 | 1 | 1 | IR - | 1
1400 1200 1000 800 600 400
Wavenumber (cnt1)

[X] 3.47 P,0s, TiO, Z sl U730k 2 BV, [BIIX L7Z[EE (Si0, U w F4H) D
TRIMNIIL A7 v (BEER - TiO, fEsh 23T H U 72508}
AOT, : 10Na,0-40B,0; (47-y)SiO,* 3P,05* 0AL,0;-yTiO,

#3.6 HOARILE —7 DIFE

V=7 fLE R [P 7R WA= S 1=

450 cm™ Si-O-Si/B (bending) 940 cm™! Si-OH i =)
650 cm™' Ti-O {H#FE#RE) in TiOg 980 cm™ Si-O-Ti fHiffE#=®E)
680 cm™ Si-O-B (sym.) 1100 cm™ Si-O-Si (asym.)

750 cm™' Ti-O fH#FE#RE) in TiO, 1400 cm™ B-O {1 E) in BO;
800 cm™' Si-O-Si (sym.)
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4 3.48 12, AEIZEUK (I8 HDVITEER (B ICRIER, B L 72 REFE RO RSN
INAAT M VA RS, BRILELE O A7 h VI TiO, DAEM L7-iREE (K3.47) L7z A
T NIVTH TN, BUKAELS DALY R VEHR > Tz, BUKILERE DO AT MLV Tht
AT DFRVY 1100 cm™ DB — 27 5 L, A3T3 OAFERALER% D A7 kL ETRR DML T
W5, ZORBHIITMR AT OFERN ST VI =7 A LT SiOyrich FHIZHBELS LY v
(Q% - AIPO, JHEIERE) M 5% EHRbDROREITH -T2, 2FV, ZOMFEICLHE—7 R
ZOMEICH D EEZBND CCEkIC L D & 1100-1200 cm ™' [3.11]), £7=, Si-O-Al fE4 (1030
em) OFMHLEEL D EEZBND[3.12],

Abs. (arb. units)

1400 1200 1000 800 600 400
Wavenumber (cm-1)

[X] 3.48 P,0s, ALO;, TiO, 2NN L 7=k 2 Buk & 2 W X ER e,
[ U 7= (Si0, V » FAH) DOFRIMNEUL A7 kv (kR « FRiLEs)
AXTy . IONaZO ° 40B203 ° (47—X—y)8102 ° 3P205 ° XA1203 ° yTlOZ
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3.25 MRS HER

*P.OsDHEFHMLIZA TR

# 3.7 TR ORIEEIR (Si0, U v FHH) LERIZIEH L2 7 AFE (B,0; Y v F4H)
DO IHTIER 2T, ZORERE LD EMAEZIZITEALEDY 1T B0 U v FHIIFE
LTCWDZENDMND, DFED U AXHMR 3 lORB T T A BT T ATIIRHEAT 7 A DH
B L BT %, BIRIIIZ B0 U » THIZ OB ST WEHIa R H D &5 2 5,

# 3.7 MO OR T T ZFHOME (mol%) (FRALER)
tﬂ%ﬁéﬂﬁ‘l . XNazo : (50-X)B203 . 478102 . 3P205

Si0, V v I #H B,0; U v F#H

Na,O B,0; SiO, P,05 Na,O B,0; SiO, P,0;5
x=5 0.0 - 100 0.0 7.9 84.7 2.1 5.3
x=10 0.0 4.2 95.7 0.1 18.1 73.1 2.8 6.0
x=15 0.1 - 99.9 0.0 25.7 58.4 11.0 4.9

% x=5,15 D Si0, U v F4HIT XRF, FHLIAMT ICP 12 & 555 HT il

- P,0s & ALO; ERMLTI=H 5 R

% 3.8 [ ZRVUKALEREE O ATRE R 2R L=, F£72END, Si0, U vy FMICoii Sz
Y OEIEERD, X 3.49 |2 ALO; DIRMNE L OBMRZ R LIz, ZOREL Y ALO; DI
BN Z 5 E,810, V) v FFICHBLEND ) OEIAE B X, fie KT 92%I22 L=, £ 72 ALO;
DEIZT TR NayO DS U DB BRT 2 Z & AR S vz,

# 38 tHEEZ O Si0, V v FHOMEL (mol%)
HIFSHLAL © (10 — y)Na,O - 40B,0; - 47Si0, - 3P,05 - yALO; (mol%)

Na,O B,0; SiO, P,0s ALO;
y=2 3.89 - 90.75 1.29 4.07
y=3 3.88 - 87.45 2.86 5.80
y=4 3.92 - 84.35 4.01 7.72
y=5 4.65 - 81.71 4.43 9.21
y=6 5.15 - 79.32 4.99 10.54

¥ BOKALPRE, XRF (2 X 550l
y =4 (Al/(Al+Na) = 0.4) OFRBHZ DWW CEMLIESRIFORFT 21T o 72, TOREREFE 3.9 (12

RT, ZORERERD L, BULESEC X0 SO K X 2B klT /e 2 D, ALO;
ZAHRIM U256 v OSICEVLBSFORBITIZE A E R WEE 2D,
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Al/(Al+Na) molar ratio

£13.49 Al/(A+Na)kt & SiO, V v FHHIZ/HBEL ST U » OFEIGORMR (BUKALER)
HIFEHLAL © (10 — y)NayO - 40B,05 - 47Si0; - 3P,0s - yALO; (mol%)

# 3.9 FHBEE DK T T AMHOMEL (mol%) 12T 3 ELEL D 528
HIZEHEEL © 6Na,0 - 40B,0s - 47Si0; - 3P,0s - 4A1,0; (mol%)

Si0O,-rich phase B,0;-rich phase

Na,O B,0; SiO, P,0s AlLO; Na,O B,0; SiO, P05 AlLO;
HT550 16h 3.9 - 84.4 4.0 7.7 7.0 89.1 1.7 2.2 0.0
HT600 16h 3.6 - 84.7 4.2 7.5 6.8 89.7 1.6 1.9 0.0
HT600 48h 3.8 - 84.6 3.9 7.6 73  89.0 1.4 2.3 0.0

WEVKALEE, SiO, U v F4H : XRF, B,0; U v F#H 1 ICP /3 Hi

- Py0s & TIO, ZRMLTI=H 5 R

7% 3.10 (R ALPRTE DA A DR HTRE R, 36 KX OV HTiE D & B L7z SiO,-rich FHIZ /3 Al S
Ny o oEEERT, ZOMBEILD TiIO, OEFINENIEZ 5 &, SiOy-rich fHIZ /L S5
U OEE L Z, ALO; DA L FRERIZ TiO, 2NV OB EIN R L 5 2 7- 2 L HVRIE
S A7z, SiO,-rich phase ~BL SN2V C OEIGEHET D L, K TR IO% TH 7=, 72,
BULIRSAT 2 B S BB TH (AOT3 THT660 16h) U > OAFELICIF E A EEEIT 2o
oo F7o, FILED ALO; ZHIWMULIEGE LK T L, ZOMELIV L RERETHY,
TiO, N U ORI B AL 5 2 2818 1T ALO; LW KREWEEZ D, ZIAFAUHDOK
TXINRERL VDO TIE RN EEZBND,
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7 3.10 P,0s & TiO, % Hishn U723k 0 3 FHEMILER 1. O Z3 BT (mol%)

AOT, (HiF&H1AL) : 10Na,0+40B,0;5+ (47-y)SiO,* 3P,05 0AL0; - yTiO,

Si0O,-rich phase (XRF)

B,05-tich phase (ICP)

Na,0 B,0; 8SiO, P,0s TiO, Na,0O B,0; SiO, P,Os TiO,
AO0T1  HT600 16h 0.1 4.9 919 1.0 22 193 724 35 49 0.1
AQT3  HT600_16h 0.1 23 883 2.8 6.5 164 764 3.0 35 0.7
AOT5 HT550 _16h 0.1 24 83.0 4.1 10.4 185 774 25 13 03
A0T10 HT500_16h 0.0 0.9 73.8 5.5 19.7 187 729 50 0.7 27

#3112 TiO, (7 & —8H) BHrH L7cY > 7z o T, BRALER% ORI TS R %
R, ZOREFR LD TIO, 2T H L TW W7 v X0 4 SiOy-rich fH~ECE 7Y v D&
DA ST TE Y, TiO, DFEEETY OSENELT 5 Z LR sz, g,
fim bl X > TP—Ti OFEENEINTZTodEEE X BND,

#3.11

TiO, #2357 H L 7250k O 3 TR (mol%)
AOTy ( Hj%\é;(ﬁﬂﬁk“) . IONazO * 40B203 ° (47—}08102 ° 3P205 ° OA1203 ° YTIOQ

Si0O,-rich phase (XRF)

B,05-tich phase (ICP)

Na,0O B,0; 8SiO, P,0s TiO, Na,0O B,0; SiO, P,Os TiO,
AO0T5  HT600 16h 0.1 34 827 33 106 168 764 28 31 09
AO0T5 HT600 32h 0.1 33 848 08 11.0 171 725 51 5.0 04
AO0T5 HT550_48h 0.1 12 862 08 11.8 172 728 44 52 04
AO0T5  HT500 72h 0.1 27 850 0.6 11.6 181 73.0 32 54 02
AQ0T10 HT550_16h 0.0 - 699 0.6 294 187 718 48 4.6 02

3.49 (2R T L D1, TiO, BIRMOEGA, P IX T XTI A[IAR B,0s U v FHIZ /B S 1
oo LAL, TIO#ANZ KV BRICAE 72 Si0, U » FHIZ /B SN D K 9172, TiO, ivin&=
DO E B2, Si0, U v FHIZHBLSND P OEIERE L 2o Tho Tz, TiO, IRINED
LavL, B4
FLBRIZ XV TiO, fEdb 25 H L7230 ClE, P D Si0, V v FAH~DELRN K& <K F L7,

10 mol% TlE, 90%iTV P 728 SiO, U v FARIC/EL SN D T E BB E 7R o T2,
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= 20— —
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TiO, / mol%

3.49 SiO, U v FAHIZHBEL S 7= P DEIS O TiO, BN AENE
AOT, : 10Na,0+40B,0;- (47-y)SiO,* 3P,05* 0A1,05-yTiO,
(HT500 (% 500°C ZVLeialel, Ak & ~— 7 —13 TiO, fEgh 2301 ) L 723081

* P,0s & ALO;, TIO FHMLI=zAS R

FIRDEY, ALO; T P D Si0, U v FTHASOSELARET 20ENHH Z L2 L
TW5, £Z T, ALO; & TiO, ZFRIFFICHINT 5 Z L2 K2 P Oy EE ZHA L7z, & 3.12
21, BB 2 BUK S D WDITHBRICIRIE R, [ L 72 EIR ORI R 2 R LTz, 3.50
X, FHOBERORD 7 Ao ENTZ) Y OFIGER LTV,

#3.12 P05, ALOs, TiO, & LRI L 7z3kkl 4
BUKdD 5 WIIIRIZRIER, FUL L7 AREE RO HHELRL (mol%)
ATy (HIFEAHRR) : 10Nay,0-40B,0;+ (47-x—-y)Si0,* 3P,05 XAl 05 yTiO,
After soaking in hot water (WT) After soaking in nitric acid (AT)
Na,O B,0; SiO, P,0s5 ALO; TiO, Na,0O B,0; SiO, P,05 AlLO; TiO,

A3T1 68 08 83 19 59 22 0.1 06 958 11 02 23

AST1 103 46 712 31 88 2.0 0.2 .6 959 07 02 15

A3T3 8.1 04 762 3.0 58 65 0.1 07 878 36 02 76

AST3 103 1.8 696 36 84 63 02 06 8.8 38 03 &3

B,0; U v FHITEEOMICBUKIZ AiA -, B2 BUKIZIRIER, WIRP O P RE L ICP
ML DRD D Z L1k Y, B0 Uy FHIZHE SN P OEEEIEL (X3.50 TB
ERFD) ., 7o, Al ZETe SiO, U v FHIZEUKIZIIANE Th D2 DBITIZRE/R 729, EukiZ
NETHSTERZBLE L, WRFO PIRENG Al & I8 Si0, U v FHIZ/BEL SN P
OFENEZPE LT (K3.50 T Si(A) & KR, BRICARERERFIZEGFT LY > 0ENDL, Ti
EHIT SIO, Uy FHIZATEL S 472 P OFIG AR GE L7z (X3.50 T Si(Ti) & #&5), X 3.50a (2
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RTE DI, ALO;X TiO, Z HM TR L7254, WIE x 5V

Sio, U /?*ﬁ 2ol shd P OEIE

ML,

y O

EHR0,

, SIA)®H HWIE STH)NHEIM L TWD Z 3005, L
WML CIE, U v 0BT e -

350b L/j—\‘ L/f: A1203 & T102 %HH%‘:

TW7=, Ti & H12Si0, VU v FARIZ oL S 7= P OE|E

& AST1 THEITHI 20%, y
T—EDOHEG Tholz, LvL, Al L3R

, SI(Ti) X TiO, TN y = 1 mol%? A3T1

P OEIE

= 3 mol%® A3T3 & AST3 TH:ATHI 50% & ALO; IRINE x 12
SiO, U v FAHICHBEL S U7 P

&5

, Si(Al)IX TiO,

WINENHEINT 5 & FOEISITED LTS, 21 kD, TiO, DTNV v O4ERFEENC 5 2
BEBIRE N LRRE SRS,
[] B [J] B
O Si(Ti) O Si(Ti)
(a) L] Si(Al) (b) 1 Si(Al)
T I T I T I T I L] T I T I T I T I |
A3TO| 17 83 A3T1| 16 21 63
A5TO 40 60 u ‘ -
- _ A5T1 44 21 35
|
AOT1| 17 83 - -
~ - A3T3|5 54 41
AOT3 44 56
AOT5 70 30 A5T3| 16 51 33
1 | 1 | 1 | 1 ] 1 1 ] 1 ] 1 ] 1 ] 1
0 20 40 60 80 100 0 20 40 60 80 100

Distribution rate of P / % Distribution rate of P / %

X 3.50 ZFEEZOK AT T AITHEL Sz P OFEIE
Ty ( tH%‘E%EE‘Z) . 10Na20 * 40B203 * (47—X—Y)SIOQ * 3P205 ¢ XA1203 ¢ YTIOQ
(B : B,O; U v F#H, Si(Al) : Al Z & T SiO#H, Si(Ti) : Ti & & Lp SiO, fH)

3.3 ZEXM

3.1)
3.2)
3.3)
3.4)
3.5)
3.6)

3.7)
3.8)

3.9)

A eppfid, B oK%, 2w (2009).
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(2005) 50.
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3.11) L. Stoch and M. Sroda, J. Mol. Structure, 511-512 (1999) 77.
3.12) T. Aboud and L. Stoch, J. Non-Cryst. Solids, 21 9(1997) 149.
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4. EZE
41 ERI : BEUREAROHERKICx T 5 0EFE QL5

4] 4.1 12 CaO-FeO-Si0, 52 DX Z 7”59, K TIX FeO & L TREN TS, Fe,03 5\
% Fe;0, EEZT2HAL, EEIETIIRER, HFORALTRLULEZEBIY 2T 7D
FAZHS T 5, ML VLN X 51T, ZOMEKTIX Ca0-Si0, RV 7 A Y 77— kb
CHRARIZHE BT 2 2 & D30 D,

Si0,

Two Liquids

0 20 40 60
Ca0 Wt % FeO

4.1 CaO-FeO-SiO, R DOFHK [HiH: Metall. Trans. B, 17B[4] 805 (1986)]
Ol = fayalite Fe,SiO,-larnite Ca,SiO, solid solution; Ra = rankinite Ca;Si,O7;
Wo = wollastonite CaSiOs; Psw = pseudowollastonite CaSiO;;

Crs = cristobolite SiO,; Trd = tridymite SiO,;

Lig. = liquid phase; E = eutectic point; P = peritectic point.

i) > AT 702 BOs ZIMM L CERL L 7= AT 7 H T A& T, Ak 21 FFEIZBWTE
HLUIZWTRORAT I H T ATBNTH, SEMBIESIC L a2 R~ 55 RI35E o
Mol FRMNGIEIDHBPEE D LB ONDT0, MOV A XNEFITNESL, £
HRE MO SRIEL D b/NESL R TWEATREE L H 5, £72, BUWLEG DR T 7 A
S AN L AL O THBICEM L T LE>7=01%, %D Ca0-Si0, #H & CaO-Fe,0;
FHAWT IS REICKH T DIEMENE N EBNRR EB 2 55, BERTLIIC X > T, CaO
BHEBEEZWD ST VAT T2 HWZIGEICONTY, BICKT DEMEEN/NI W
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D, RUBEZEICRN LGS Z RO TIRICANEREERZEINT 2 2 ENTERPoT L
EZbND, LEIZEY, BICAREREEROEFENDRNZD, BERPIZEENDL Y O
Mot B D7 o TLEY, FEERMICY »OEICRNIEF ITRVMEIC R~ 72 8 & 2 72,

U bEDFEERLY, BICRERY Y AREED DI, BY AT Z1zxk LT Sio, ilin &
WINTHZENEDTHHLEEZLND, 2D, YR 2 EETIE, B 2T 71 Si0,
ZUIN, & HWNE S0, & B0y ZRIRFCIRINT 5 Z LIk D, KA HBBEC KV AT 7T A
EOMSEDLZENTE I, ZHTED, BLY AT 7G5 ENTWZY Y ORKT 710%%
FRIZ N2 ERPICRFE S D 2 N TE o, Rk 21 FE T, BAERIZD T2 10%TH -
Tl eEEBEZXDLHL, RENRA ETHL EF XD,

EoIC, IEE~OHFAEZEZ LA, P L Al 20T 2 0LERD D, R 22 AT
ST FEBRFERTIEL, BLY R T 7 & SiO, DIRALD 60 : 40 DAT 7 H T A (s60si40) D
A, BRILELE D P OFRIFRN 10% TH > T-DITH LT, Al DFEFERIT 20%THY, P & Al
DOIYEEEE N A DTz, Rk 23 FE T, MBESEMZMN BRI L1k, P & Al
T BERTRE AR SR DR AAT o T2, ZORER, LT OLBREM TP & Al OEIR~DEEH=RIC
REBREVRD BT,

« P DEE~DFEFERNE L, Al DIRIR~DUHRDS 5\ RLEE e

s90si10 7kl 2 1.0 N HRFRIZI21E : P=40%, Al=90% (&IE~DEHR)

s90si10 7Bl 2 5.0 N HElRICIR1E : P=50%, Al=100%

« P OWIRA~OEHENRE <, Al D BER~OFRAFERD @B

s80si20 F Kl 2.5 N HERIZIZIE : P=80%, Al=50%

s60si40 3K Z 5.0 N R IZIZIE : P=50%, Al=5%

s100 Z @A, 950°C CTHVLER L 7o3lkl 2 1.0 N HRFRIZIRE : P=80%, Al=10%

s100 Z{R@AIm TR, 950°C CTHVLER U 7o5lkl 2 5.0 N HRFRIZIRTE : P=100%, Al=50%

RO, B OB DI~ DEREDMEZ KL TWDH EEXDNDN, 4
M OBFHOMBLZH ST H 2 ENTE TV RWED, Al L POSEECH-7=20, PH
MTOBEEENNZ BIE T 72 OB RIEFRMARE L TND E WD X 552/, moREE7R
yNTETE (STEM) % W2 EBR A Yl L T ey, REEOERELNICEREZITH Z &N
TEeholz, %I L CTEREZITV, BRIMHNEITO TETH D,

42 FEERI ) 2OREEECET SHFLROELETM

W D70 NG A, MERHTORER LY, UV ALRRKICA L — Y vy TFH~DEIND
NS0T, 'PMAS-NMR OFER LV, U ATEARMIC AT T A HC 2l OLERRSE & i
L7 Qi ([POya]) & LTCHEETDEEBEZLND, Qhiiix ek L CABMEZH
NTRY, ERFMESM 2T 72OI2E Na A A N2 X D BAENSLETH D, Na'A
A UEAR L — R Y FHAFE ST OO T, Na'Af A4 v OBRAHESLE e QpirED Y
YHARL— M) TGRSR EBZ HND,

ALO; RN 5 Z & TY v OGEICEIA RO, £ ALO;ZRINT 52T U D
Uy TFHAGEEND U OEENE 722, 2tV o oEEOZ{L LR 5 Z &R
T& 5, P MAS NMR OFEERENDS ALO; OFINC LV, FHEEEHRBESL _FEHES OV QY
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(mmhﬁﬁmﬁubkﬁﬁ)&ﬁéuyﬁﬁzé*&ﬁﬁwéhko:@Q%%E@Uym
I Na'f AN K DBMHENLERNZD, EHLLOMIZHHEENTHLEVWEIIZEZD
ﬂéoLWL,TW::WA;EHLT$5&7w:ﬁ?AiﬁW%,%W%u/)ﬁUy
FAHA~DEEN TN, T =0 NI H T AP T[AIO,]” HHEAE LTH T AHEHE DO
WZESMLTRY, 2L L TABMEZEFEORTWNATZD Na' A4 4Nl KD EBMENLETH
5D, LTED-T, TAI=0 AEERWICAL— M) vy FHEICOEINTHINWESIZEX
DN, EEZIZT I A Y v TGRS ILTWD, 2O EIEi L E 2 WEBaidd 5 73,
AP E SiY DA AL RPN LR, ALOfEA L Si-O fEADOIGREAEN TN L 2B E
T2 &, AlO, U RIE SiO, MU A & IR EHL L o3 WME O G RO TR WnEE X 5
N, 29, Q% (AIPOFEFICHBI LML) 0V b 70 =7 A L RFRIZ Si0, MU i
& RBEHL L LT U MER SRV 2O, BIRICT U B Y FHASGEL S O TIE RV
EBEZLND,

ﬂm%%Mﬁé ETY OB R B 72, ' P MAS NMR OFEF:7 5 TiO, DEN

2k, Q% ([POs]™) F721F Q% ([POJY) &RBU VAL Z LI RESNE, Zh

%@%L%ﬁ B a2 VTN D, MEROHTOFRER DT U B Y v FHITIE Na'of A3l &
NWETFIEL 72N, ZRH® PO, =y M TIiMICEMME I TS EExLND, £
T HZATERTHE, FEUOGERICT Y B Y » FHIZTEL S VDA NN &b,
VAIFZ Iz VDY v FHICHEEIND L2l Te B2 BD,

ALO; & TiO, Z# ZNENHEM TR L7254 L od@a s LT, U ool ZEaiikse (i
) THIHREONEEMEEELZTLE 0 ZEnNFToNDL, ZOLH7eY VEY O
1EDZALIT Duffy H[4.1112 & - THEZ 4172 microscopic optical basicity, A Cit Bl T& 5,

MEIH T AMEER ) LSO 0 H L EERAICE 5~ O kA 4 OFE it
bk VA AEEE) # AL DL NTEL, P A EONa' A A, @4 Bhro Al
A A, @4 EMNLD TiYA A, @6 BNLO TiY A A2 k- TZEME GEZERE) STV bR
b A A OMEIE, ZhERLTOLI12725,

(DP-O-Na : 0.70, @P-0-Al(4) : 0.47, @P-O-Ti(4) : 0.42, @P-O-Ti(6) : 0.49
%@W@Ltﬁ52ém®ﬁ%FA%%ﬁbt&*5%048%%?%ok0:@ﬁ?zém
OEEFIGIWVESE2=y FRERLRLTNWEEZ DL, P-O-Na LWol-fE5L0 b,
P-O-Al R P-O-Ti fEE DI NAEMR LT W EEXBND,

4.3 SEXH
4.1) J.A. Duffy and M.D. Ingram, J. Non-Cryst. Solids, 21 (1976) 373.
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5. &R
51 FEERI : JUOBRRMEIRZFIRES T DMLY

fii) > 2T ZI2 B0s R SIO Z WM ULAT I HT AZMERL, S3HIC LD V) o A EDON T
ARSI A, B2 0T AMHOERICKTT D EMREZZFIH LT, V%[
R 2 WITIRIR PSR S8, BRI T2 2 & 237, IINT° 5 B,0; X Si0, D &E0E,
QVER, VARALERICR T DR A e ctb 2 B b s H 2 iz kY, U v ioseEE & oyEkEEI 4
L2 LDTELRMEDREKREAT -T2,

BV > 2T 702 ByOs =X SiOy ZIRINTHZ ETCRAI T AT A HSEDLZ LN TET, L,
L, Si0, & BO; ZHIFM LA L ED, B0 RN LTEAT 70T A BITERICA A 2 [H K
ZELT 2 Z LN TE R o7, Si0, HIRRINIC LV BRIC RA R B IR 2 B 5 2 L A A[fETH
D, SiO; BANESCHEIREEIZ LV 3 FIZfE D U o O EE N T 5 Z L2 R LTc, U %l
DOIEFEENEEL, BMTHEINT S Z SIxTERN-7120, BEE LTHEAHT 5201k bh
HEME, TRbLEMOABRETCE THDLT NI =T L E Y U E2S5HET 572005 M BT
ZEMTET,

VT NI =T LEERIIGEEL, B o) v OBEIELZ W EEHE, EEHIZIZY VAR
MTEULT D Z ENEENDD, EDOTZDITITMHTHEL OB A BT 5 2 &
VB LFZ R D, JLHRDIHTH ATRER G AL 1 BRSO R 2 Hefi L CTuNey, ATZE 0 i 1
WNIZEBRZIT D Z LN TERD oz, 5#HIF, REEZICHETHIEREZMEL22AS, U oEiIy
7'rt ZAOFEMMEIZAT AR Y A TWS PETH D,

52 FEERI : Y OREEBICEIIAFECROZETE

Na,0-B,03-Si0,-P,0s 7 7 A ZAER L, 3HHICE 6729 U OB DWW Tl L7,
Na,0-B,05-Si0, 7' 7 A2 P,Os 721 #IRM L7256, U U ANE T _XTRL— R Y » FHIZHED
ENdz, ULV B H T AR T Na'A A OBEMMEZLELE TS, Q [P0y, TIC
FETDHEOTHY, Na A AL EblicRL— MU v FHICHE SN EE X T,
ALO; IINZ LD, VAT U Y o FHICL SN Z ERHLNERoT, S BIT,
ALO; TRIMEDHIME Na,0 BEOHAICE Y, U B Y v FMRICHEESND U v OEIEZED
LZENHEETHY, RRKTI%EHEZDV 2T YA v FRICEY AT Z LN TE T2,
TiO, b ALO; E[FIERIZ, U > D> U B Y > FHHA~D AR T 2R 2/ 52 L2 AL,
WK TI0%DY % Si0, U v THIADELT 2 2 ENTE7Z, VoD U H Y v FH~OSEEE
DAFIE, TiO, DI ALO; LD HEWZ E AP LMNI LT,

AFEETIE, B AT 7 TiO, ZIRMLTY > OEIERZ1T 9 £ TITIZE S 2o 7273,
TiO, DU RAZ DD TUTRIERFT LT EB X TS, £72, Al & P OSBRI 72 USINRR
FZOWNWTH AT ZENTERNoTe, ZHUITOWTHMFEL TR LW EE X TND,
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6.
6.1

1)

2)

3)

4)

S)

6.2

1)

2)

3)

4)

5)

6)

7)

8)

9)

MRER

WX FER
TR, Wi —, ALEFLZ, T AOMBE AR LI BRI O I ) Y
A 2 )\, Phousphorus Letter, Vol.70, pp.27-34, 2011. [8.1 Z&& ¥} 1]
Y. Ohtsuki, S. Sakida, Y. Benino and T. Nanba, Proceedings of the 3rd International Congress on
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Abstract Sodium borosilicate glasses containing P,Os and Al,O3 were prepared, and the behavior
of phosphorus associated with the phase separation and the effect of Al,O; addition have been
investigated. After the heat treatment, phase separation by spinodal decomposition was observed
in the all samples. In the AlLOs-free glasses, phosphorus was preferentially distributed into
B,0s-rich glass phase after the phase separation. With increasing Al,O3 content, the amount of
phosphorus distributed into SiO,-rich glass phase increased. According to *'P MAS NMR
measurements, in the Al,Os-containing glasses, Q" units free from terminal oxygen atoms were
formed. It was suggested that the distribution of phosphorus depend on the PO, units.

1. Introduction

Phosphorus is a vital nutrient for all living organisms, and it is therefore indispensable particularly in
the fertilizer manufacturing. Recently producing countries of phosphate resource such as China and
USA tend to limit their exports, and hence phosphorus resources must be secured also in Japan.

Iron- and steel-making slags consist of chemical components, such as SiO,, CaO and Al,Os, which
are also included in widely-used commercial glasses. We focused on these components and came up
with the idea that phase separation of glass, which has been used for the production of porous glasses
in glass industry, could be applied to the recovery of phosphorus from iron- and steel-making slags.
However, little is known concerning the distribution of phosphorus after phase separation. Then, in
this study, behavior of phosphorus associated with phase separation and the effect of Al,O; addition
have been investigated in the ternary Na,O-B,0;-SiO, system.

The composition of base glass, 10Na,O - 40B,0; - 50510, (mol%), was chosen because the glass
was soluble in hot water [1]. Chemical composition was determined with inductively-coupled plasma
(ICP) emission spectroscopy. Glass structure was examined with using ''B, *’Al, *’Si and *'P
MAS-NMR spectroscopies. Microstructure after phase separation was observed with scanning
electron microscope (SEM). From these analyses, changes in glass structure caused by phase
separation were studied, from which the distribution of phosphorus was discussed.

2. Experimental

The glasses with compositions given in Table 1 were prepared by a conventional melt-quenching
method. The raw materials of reagent grade Na;PO, - 12H,0, NH,H,PO,, Na,COs, B,0s, SiO, and
Al,O; were mixed thoroughly and heated at 600 °C for 30 min to remove H,O, CO, and NHj3. Then,
the mixture was melted in a Pt crucible at 1400 °C for 1 h. The melts were poured onto an iron plate
and quenched by being pressed with another iron plate to form glass plates. Differential thermal
analyses (DTA) were carried out with a heating rate of 10 K/min in order to determine glass transition
and crystallization temperatures, T, and 7.

Heat treatments for phase separation were performed at 600 °C, which was the immiscible
temperature of the corresponding glasses. After the heat treatment, the glasses were immersed in hot
water or nitric acid of 1.0 N for 24 h at 90 °C, and the insoluble residues were recovered with vacuum
filtration. After being rinsed in water and dried in an oven, silica-rich glasses were obtained.

X-ray diffraction (XRD) measurement was carried out to confirm the crystallization. Chemical
compositions of the specimens, such as the glasses before phase separation, the solutions and insoluble
residues after immersed in hot water or nitric acid were determined by ICP emission spectroscopy.

85



Transmittance change was evaluated at a wavelength range of 250 - 750 nm. Phase separation was
confirmed by SEM observation, where the specimens were etched in 5% HF solution for 30 s. Local
structures around Si, B, P and Al atoms were investigated with *Si, ''B, *'P and *’Al MAS-NMR
measurements, respectively. For the ’Si and *'P MAS-NMR measurements, 0.1 mol% of Fe,O; was
added to the glass batches in order to shorten the relaxation time. NMR measurements were carried
out at 7.05 T on a Varian Unity Inova 300 spectrometer, and the respective conditions of ’Si, ''B, *'P
and ”’Al NMR measurements were as follows: frequency = 59.6 MHz, 96.2 MHz, 121.4 MHz and
78.2 MHz, sample spinning speed = 5.0 kHz (all), pulse duration = 4.0 ps, 0.6 ps, 4.0 us and 0.6 ps,
repetition time = 1.0 s (all), chemical shift standard = poly dimethyl siloxane (PDMS), BPO,,
NH4H2PO4 and an1C13

3. Results

3.1 Changes due to heat-treatment

Figure 1 shows the SEM photographs of the surfaces of the heat-treated samples. Regardless of P,Os
or Al,O;, typical morphologies due to spinodal decomposition are commonly confirmed. In the DTA
curves of the glasses No. 4 and 5, an exothermic peak due to crystallization was commonly observed
below 600 °C (See Ty in Table 1). As shown in Figure 2, AIPO, crystal is precipitated in these glasses
after heat treatment.

Table 1. Nominal and analytical compositions (mol%), T, and T (°C) of the samples.
No. Na,O B,0; SiO, P,0; ALO; T, T,
1 10(8.2)  40(36.9) 50 (54.9) - - 469 -
2 10(8.8) 40(37.8)  47(50.6) 3(2.8) - 450 -
3 8(7.1) 40 (36.9)  47(50.9) 329 223 444 -
4 7(5.9) 40 (36.7)  47(51.0) 33.0) 3334 433 533
5
(

6 (4.8) 40 (36.0) 47(5L.7) 3(3.0) 4(4)5) 423 535
): analytical composition

(b) o RR)
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Figure 1. SEM photographs of the surfaces of the glasses Figure 2. XRD pattern of glass
heated at 600 °C for 16 h. (a) glass No. 1 (b) glass No. 3 No. 5 heated at 600°C for 16 h.
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3.2 MAS NMR analysis

Figure 3 shows *'P MAS NMR spectra before and after the heat-treatment. For the glass No.2, a peak
at 8 ~ —14 ppm is observed, which is assigned to pure Q% unit, Q% unit connected to one
four-coordinated boron or Q’p unit connected to four-coordinated boron [2, 3], where n in Q"x means
the number bridging oxygen (BO) connected to the X atoms. Comparing the spectra for before and
after the heat-treatment in Figure 3 (a), no change is observed on the environment of PO4 network.
However, in the glass No. 5, a significant change is observed, that is, a peak at & =~ —24 ppm in the
as-prepared glass shifts to & =~ —29 ppm after the heat-treatment. The sharp peak at —29 ppm is
assigned to Q*p in AIPOy crystal [4]. The relative fractions of P in AIPO, crystal to total phosphorus
were not determined. Comparing as-prepared glasses (Figure 4), the peak shifts to a higher magnetic
field side with increasing Al/Na ratio.

Figure 5 shows ’Al MAS NMR spectra of the glass No. 5 before and after the heat-treatment,
which shows that Al atoms are mainly present as AlO, unit in glasses. The peak at —39 ppm after the
heat-treatment is also assigned to Q*s in AIPO, crystal [4], indicating the precipitation of AIPO,
crystal. According to a rough estimation by the peak area, the relative fractions of the glassy and
crystalline Al species are 0.34 and 0.66, respectively.

3.3 ICP analysis

Table 2 shows the chemical compositions of the glass phases after
phase separation obtained from ICP analysis. These compositions
were estimated as follows; B,O;-rich phase is soluble in hot water,
and hence the composition of B,0O;-rich phase is determined from
the concentration of the elements in the solution after hot-water
treatment. SiO,-rich phase is insoluble in hot water but soluble in . asprepared
HF solution, and hence the insoluble solids after hot-water
treatment were dissolved by HF solution, from which the
composition of SiO,-rich phase was determined.

As shown in Table 2, phosphorus in the Al,O;-free glass No. 2 Figure 5. Al MAS NMR
is preferentially distributed into B,Os-rich glass phase after the spectra of glasses before and
phase separation. On the other hand, in the Al,Os;-containing  after the heat-treatment.
glasses No. 3 and No. 5, phosphorus is distributed also into ~ = =~ ~
Si0,-rich glass phase. In addition, the amount of phosphorus distributed into SiO,-rich glass phase
increases with increasing Al/Na ratio. Moreover, aluminum is preferentially distributed into SiO,-rich
glass phase.

However, in the case of acid treatment, phosphorus and aluminum were completely eluted in all
samples, suggesting that P and Al species both in glassy and AIPO, crystalline phases were insoluble
to hot water but soluble to acid.

HT&E00_16h

Intensity / art. unit.

250 200 150 100 50 0 .50 100 -150
Chemical shift, & / ppm

Table 2. Analytical composition of the glass phases after phase separation

(a) SiO,-rich phase (mol%) (b) B,0Os-rich phase (mol%)
No. NaZO B203 SIOQ P205 A1203 No. NaZO B203 SIOQ P205 A1203
2 0.0 42 957 0.1 - 2 181 73.1 28 6.0 -
3 2.1 04 931 1.1 33 3 106 817 23 53 0.0
5 2.6 06 879 35 5.5 5 7.0 89.1 1.7 22 0.0

4. Discussion

From the results of ICP analysis, it was suggested that phosphorus was preferentially distributed to
B,O;-rich glass phase after phase separation, and with increasing Al,Os content, however, the amount
of phosphorus distributed into SiO,-rich glass phase increased. According to *'P MAS NMR
measurements, the peak shifted to a higher magnetic field side with increasing Al,O; content, which
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meant that Q% units free from terminal oxygen atoms increased. It was therefore suggested that the
distribution of phosphorus depended on the states of PO, units. Furthermore, Q*p units increased with
increasing Al/Na ratio, i.e. the amount of Q* units formed related to not only Al content but also Na
content [5].

As shown in Table 2, aluminum were not confirmed in B,O;-rich glass phase. Aluminum existed in
AlO, unit, so it was considered that SiO, unit was replaced by AlO, unit [6], and Na" ion in SiO,-rich
glass phase compensate the negative charge of AlO,4 unit not-neighboring to PO, unit.

5. Conclusion

Sodium borosilicate glasses containing P,Os and Al,O; were prepared by a conventional
melt-quenching method, and behavior of phosphorus associated with the phase separation and the
effect of Al,O; addition have been investigated. After the heat treatment, phase separation by spinodal
decomposition was confirmed by SEM observation, and precipitation of AIPO, crystal was also found
in Al,Os-containing samples. *'P MAS NMR spectra suggested that P atoms were essentially present
in sz or Q3p species, and Q4p species formed by addition of Al,O;. From ICP analysis, in Al,O;-free
glasses, phosphorus was preferentially distributed into B,O;-rich glass phase after the phase separation.
On the other hand, with increasing Al,O; content, the amount of phosphorus distributed into SiO,-rich
glass phase increased. It was suggested that the distribution of phosphorus depended on the existing
state of PO, units.

References

[1] HammelJJ and Allersma N L 1974 U.S. Patents 3 843 341

[2] Elbers S Strojek W Koudelka L. and Eckert H 2005 Solid State Nucl. Magn. Reson. 27 65

[3] Zeyer-Dusterer M Montagne L Palavit G and Jager C 2005 Solid State Nucl. Magn. Reson. 27
50

[4] Miiller D Jahn E and Ladwlg G 1984 Chem. Phys. Lett. 109 332

[5] Cody G D Mysen B Saghi-Szabo G and Tossell J A 2001 Geochim. Cosmochim. Acta 65 2395

[6] DuW -F Kuraoka K Akai T and Yazawa T 2000 J. Mater. Sci. 35 4865

88



(8.1 Z2E&H 3]

Journal of the Ceramic Society of Japan 119 [10] 720-725 2011 Special Article
The 65th CerSJ Awards for Academic Achievement in Ceramic Science and Technology: Review

Characterization of glasses based on basicity

Tokuro NANBA

Graduate School of Environmental Science, Okayama University,

3—1-1 Tsushima-naka, Kita-ku, Okayama 700-8530

Basicity is defined as an electron donating ability of a material, and hence, an oxide material containing oxide

ions with high electron density is regarded to be in high basicity. It has been demonstrated that basicity can be

evaluated by binding energy of core level electrons, which is measured by X-ray photoelectron spectroscopy.

Based on the experimental results obtained from a large number of oxide glasses, correlations among basicity,

Ols binding energy, structure and properties of glasses have been investigated. In the present paper, some of the

research outcomes are introduced.

Key-words : Glass, Characterization, Structure, Properties, Material design, Basicity

1. Introduction

It has been understood that glass is a salt, which
is formed by an acid-base reaction, where SiO, and
B,0; are the examples of acids, and Na,O and CaO
are classified as bases. According to an acid-base
concept proposed by Lewis,” acid is defined as
acceptor of electrons, and base is as electron donor.
Under the definition, basicity is interpreted as a
measure of electron donating ability. In oxide glasses,
electrons donated are excess electrons possessed by
oxide ions. The excess electrons are present in outer
shell levels at valence band, and hence glasses
containing much oxide ions with high electron
density are regarded as those in high basicity.
Electron density of outer shell levels is related to
various properties of materials, such as chemical
reactivity and stability, optical absorption and
emission, electronic and magnetic functions, and so
on. Besides properties, structure of materials is also
dominated by basicity.” Therefore, basicity is a
predominant factor for both properties and structure
of glasses, and it may cover exhaustively the relation
among composition, structure and properties.

Basicity can be determined by various
experiments, that is, measuring activity of oxide ions,
optical absorption, and electron spin resonance
spectra. An optical basicity concept proposed by
Duffy and Ingram” is based on the optical absorption
of probe ions such as TI', Pb*", and Bi’" with an ns’
electron configuration. The absorption peaks of 'S
— 3P1 transition are observed at ultra-violet region,
and the peak position is sensitive to the glass
composition. The peak shift is responsible for the
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change in electron density of outer shell levels of
probe ions, which is attributable to the change in
number of electrons donated from the matrix glass,
that is, the change in basicity of the matrix glass. In
TeO, and Bi,0; glasses, however, the absorption edge
is present near visible light region, and hence the
absorption peak of Pb*" ions, for example, will be
hidden in the absorption of these glasses. Thus,
optical basicity is applicable to the most of
conventional glasses which are transparent to UV
light.

Change in the electronic states of outer shell
levels, that is, change in the chemical bonding
character, leads to a change in electrostatic potential
inside the outer shell, resulting in the change in
energy of core orbital electrons. Energy of electrons
in core orbitals as well as outer shell levels is
determined by X-ray photoelectron spectroscopy
(XPS). It is therefore expected that XPS is used as an
experimental method to evaluate basicity of a
material. Then, the author’s research group has
measured XPS spectra for various glasses and
examined the applicability of binding energy of Ols
core orbital as a measure of basicity. In the present
paper, the achievements in a series of investigations
on basicity are introduced, where structure and
properties of glasses are characterized on the basis of
basicity.

2. Evaluation of basicity by XPS measurement

In theory, energy of core level electrons is
measurable with XPS, and in practical, however, the
measurement is quite difficult, because most of



glasses are insulator and charge-up problem is
unavoidable. The author’s research group has
revealed that metal-mesh screen was effective to
remove inhomogeneous charge distribution of glass
surface.” By using a Ni-mesh screen, high resolution
measurement has become possible; in the case of
SiO, glass, peak width of Ols signal is broad (3.8
eV) without using any charge control, and it becomes
quite sharp (1.4 eV) by combination of the Ni-mesh
screen and an irradiation of low energy electron flux.
Then, XPS measurements have been carried out
for various glass systems, such as B,0;, SiO,, P,Os,
GeO,, TeO, and Bi,0,.” The results of alkali binary
glasses are shown in Fig. 1, where Ols binding
energy, Eg(Ols) is plotted against optical basicity,
A(y) which is calculated from the following

equation.”
Z. T 1
A =1- E L ——
(X) T2 [ Yi j

y, =1.36(x, —0.26)

where z; is the oxidation number of the cation i, and 7;
is the ionic ratio with respect to the total number of
oxides.  is the basicity moderating parameter and is

M

empirically given by using the Pauling
electronegativity ;. Equation (1) is derived
empirically based on the optical basicity

measurements for various multi component glasses. It
is quite convenient because basicity A(y) is
calculated directly from the glass composition.
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Fig. 1. Correlation between experimentally obtained
Ols binding energy, Ep(O1s) and the optical basicity
numerically-estimated from electronegativity, A(x).s)

As shown in Fig. 1, a linear correlation is
confirmed between Eg(Ols) and A(y) in the typical
glass systems of B,0s, SiO,, P,05 and GeO,, where
Ep(Ols) decreases with increasing A(y). The same
correlation is seen in TeO, system, and Eg(Ols) is,
however, lower than that of P,Os and B,0; systems at

90

similar A(y). In the case of Bi,O; system, different
trend is confirmed, that is, Eg(Ols) increases with
increasing A(%). The unique trends found in TeO, and
Bi,0; systems are probably due to the vacant d
orbitals of Te and Bi ions. In the case of TeO, glasses,
electrons are delocalized by O—Te back-donation
through Te5d-O2p n orbital,” and it is hence
expected that wave functions of neighboring oxide
ions overlap largely, resulting in higher electron
density of O2p orbitals.

The correlations of Ep(Ols) and the other
expressions of basicity were also examined.”
However, expression applicable to all the glass
systems was not found. Then, a novel expression for
the Ols chemical shift was proposed.” As shown in
Fig. 2, Ols chemical shifts of TeO, and Bi,0O;
systems are in a linear correlation with other glass
systems of B,03, SiO,, P,O5 and GeO,.
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Fig. 2. Correlation between experimentally obtained
Ols binding energy, Eg(Ols) and the numerically
estimated chemical shift parameter, CSP.”

3. Relation between basicity and glass structure
3.1 Glass structure and XPS chemical shift
Before the establishment of surface charge

control method, it was also difficult to determine
absolute value of binding energy in XPS
measurements. In the case of silicate glass, for
example, Ols binding energy has been corrected as
reference to Si2p signal, assuming that Si2p binding
energy was constant and insensitive to glass
composition.” After the establishment of binding
energy correction method, it was revealed that Si2p
peak also shifted chemically as well as Ols peak.” As
shown in Fig. 3, it is worth noting that not only
Ep(Ols) but also Ep(Si2p) and Eg(Nals) decrease
with increasing Na,O content. If ionicity of chemical
bonds increases along with Na,O addition, oxygen
atoms get more electrons from neighboring Si and Na
atoms, resulting in the negative shift of Ols and



positive shifts of Si2p and Nals. In practice, however,
all the core orbitals show the negative shifts in
binding energy, indicating the increase of electron
density, that is, the increase in covalency of the glass
constituents. Molecular orbital (MO) -calculations
were performed,” where the XPS chemical shifts
were successfully reproduced. It was also revealed
that the XPS chemical shifts were explainable not
only by a conventional point charge model based on
ionicity'” but also by a charge sharing model based
on covalency.
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Fig. 3. XPS chemical shifts for xNa,O-(1-x)SiO,
glass (molar ratio).”

In Fig. 3, binding energies are plotted against
Na,O content. If the graphs are redrawn against
basicity A(y), relations similar to Fig. 3 are obtained,
suggesting that Si2p and Nals binding energies are
also expressed by A(y). It means that basicity can be
estimated from Si2p or Nals binding energy even in
non-oxides, such as SiC and Si;Nj.

The author’s research group has studied the
structure of borosilicate glasses, where structural
changes, such as change in coordination number of
boron and formation of non-bridging oxygen (NBO),
were successfully explained on the basis of
basicity,'” and an apparent conflict was, however,
found among the experimental results of ''B and *’Si
MAS-NMR and XPS.'? In low alkali content glasses,
"B MAS-NMR indicates absence of NBOs, and »si
MAS-NMR and XPS suggest presence of NBOs. MO
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calculations were carried out to understand the
inconsistency.”'¥ As shown in Fig. 4, a bridging
oxygen (BO) bound to Si and four-fold coordinated B
(B4) is in an electronic state similar to NBO, and an
Si atom in SiO4 unit having two B4 as neighbors
(Si,B4, in Fig. 4) is in an electronic state similar to an
Si atom in Qs unit consisting of three BOs and one
NBO. 1t tells us that careful analysis is required for
the glasses containing B4 atoms.

(a) O1s

®
o
A
" PR PR PR B "
-508 -506 -504 -502 -500
Energy/ eV
(b) Si2p
T T T T T T T T
Q, Q,
Total :
g Si(1)+Si(2) :
a :
Si(1), Si2)] //A\ :
(Si,B4,) : :
1 1 1 1 1 1 1 | I T T | 1
-94 -92 -90 -88
Energy / eV

Fig. 4. Density of states (DOS) of the atomic orbitals
obtained from the MO calculations."” The vertical
lines are the energy levels in sodium silicates.” The
numbers in the parentheses indicate the site number
of the structural model used for the MO calculation.
The notation, Si,B4, in the parentheses means the
objective Si atom in SiO4 unit having the neighboring
units of mSi04 and nBO,.

3.2 Basicity and structure of glass

As mentioned, the presence of B4 leads to the
anomaly in electronic states of glasses. Hence, if the
amount of B4 in a glass can be predicted, it will be
quite helpful for the material design, particular in
commercial glasses consisting of a number of



components. In alkali borosilicate glasses, a model
proposed by Dell et al.'” has been widely used for
the prediction of B4 fraction. In practice, however, it
is difficult to predict B4 fraction due to the

compositional change in a component other than R,0,

B,O; and SiO,. As mentioned, glass structure is
dependent on basicity,” and it is therefore expected
that B4 fraction is expressed as a function of basicity.
Then, the relation between B4 fraction and basicity
was examined in alkali and alkaline-earth borosilicate
glasses.'®!”
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B4/(B+Sixf) in Na,0—CaO-B,05— SiO, system.'®

Figure 5(a) shows the relations between
conventional notation of B4 fraction, N, and
basicity,'” where N, is given by the proportion of B4
to total boron content, B4/B. At constant SiO,/B,0;
ratios, maxima in N, are seen commonly at around
A(x) = 0.55, and N4 values at maxima are different
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between Si0,/B,0; ratios. N, value is dependent on
Si0,/B,0; ratio, and hence the proportion of B4 to
total content of network forming atoms, B4/(B+Si) is
examined.'® As shown in Fig. 5(b), the higher the
Si0,/B,0; ratio, the smaller the B4/(B+Si) value,
which is opposite to Fig. 5(a). From Figs. 6(a) and
6(b), SiO, seems to contribute surely but partly the
formation of B4. Then, introducing a coefficient f, B4
fraction is expressed by B4/(B+Sixf).'” As shown in
Fig. 5(c), B4/(B+Sixf) value 1is seemingly
independent to SiO,/B,05 ratio and is expressed by a
polynomial function of A(y). The coefficients f for
various alkali and alkaline-earth oxides are given in
Fig. 6. Except for Li,O, a linear correlation between f
and field strength, Z/r is confirmed, where Z and r are
the charge and radius of a cation, respectively. The f
values given in Fig. 6 are applicable to the mixed
alkali and alkaline-earth glasses,'” indicating that the
prediction of B4 fraction is possible even in the multi
component glasses.

0.5 — T T T '+ T ' T T T 7
® o

, 0.4 Ba s e A
= Ca
- L. K .
2030 5 na
£ 02} ® OO
()
S

0.1F Li -

°
0 O 1 1 1 1 1 1 1 1 N 1 N
20 40 60 80 100 120 140

Cation field strength, (Z/r 2) / nm-2

Fig. 6. Field strength, Z//* and the optimal coefficient
f in B4/(B+Sixf) for the ternary borosilicate
glasses.'® Z and r indicate ionic charge and radius,
respectively. Open circle: f/2 for alkaline-earth
oxides.

4. Material and process design based on basicity
4.1 Compositional design in optical function
Optical absorption and emission of Er'" ions

change significantly according to glass composition.
As shown in Fig. 7, optical absorption, G, at around
1.5 um consists of broad magnetic dipole (MD) and
sharp electric dipole (ED) transitions." In particular,
relative intensity of these transitions changes
considerably in borate glass. In the usage as amplifier,
glasses with broad absorption and emission peaks are
desirable. When O™ ions neighboring to Er’* ions
have less electron donating ability, that is, small
basicity, probability of ED transition increases,
resulting in wider line width."” Then, relation
between the line width and basicity was examined.'®
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In Fig. 8(a), the absorption line width, AA, of Er*’
ions in various glasses is plotted against basicity,
A(x). As a general trend, AA, decreases with
increasing A(y), and as for TeO, and Bi,0; glasses,
however, A(y) is small but A), is not so large. Er’*
ions are highly selective for the neighbors. For
example, in NBO-containing glasses, such as alkali
silicates, NBOs are preferentially coordinated to Er*
ions." A(y) indicates the average basicity of overall
O”ions in a glass, and the basicity of O*7ions
surrounding Er*" ions is different from A(y).

Hence, relation between AA, and Ols binding
energy, Eg(Ols) was examined. As shown in Fig.
8(b), AN, is plotted against Eg(Ols), where Eg(Ols)
of NBO is chosen for the glasses in which NBO
components are confirmed in Ols spectra. Except for
TeO, and Bi,0O; glasses, in Fig. 8(b), a correlation
higher than Fig. 8(a) is recognized for the typical
glass systems. TeO, and Bi,O; glasses seem to be
highly basic in the basicity scale of Ols binding
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energy, and despite the small Ep(Ols), AA, is
relatively large as compared with SiO, glasses.
Figures 8(a) and 8(b) suggest that TeO, and Bi,0,
glasses have basicity dependencies different from the
typical glasses, and different material design is
required for TeO, and Bi,O; glasses. In addition, it
may be necessary to look for another measure of
basicity other than A(y) and Eg(Ols).
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Fig. 8. Absorption linewidth, A4, at 1.5 um band of
Er’* ion against (a) optical basicity A(y) and (b) Ols
binding energy, Eg(Ols). 18)

4.2 Development of chemical recycling process
of wastes

Inorganic wastes, such as municipal waste slags,
include transition metal ions, such as Fe’", Cr’* and
Mn*, from which wastes are generally colored in
visible region. Most of transition metal ions have
high polarizability,”” and they are expected to prefer
an environment in high basicity. Glass phases formed
by phase separation have different compositions, that
is, different basicities. It was thought that if inorganic
wastes could be phase-separated and transition metal
ions were selectively concentrated in a basic glass
phase, another acidic glass phase not containing



transition metal ions should be recovered by
immersing the phase-separated wastes into aqueous
acids, such as hydrochloric acid. Akai et al.*" have
applied phase separation to a recycling process of
waste glasses. Then, the author’s research group have
tried to apply the process to inorganic wastes, such as
granulated blast furnace slag’® and municipal waste
slag™ The results for a municipal waste slag are
shown in Figs. 9 and 10. As shown in Fig. 9, the
recovered solids are colorless and transparent in
visible region. As shown in Fig. 10, SiO, content in
the recovered solids is higher than 80 mass%, and
coloring agents of Fe,0; and S are almost completely
removed. Boron is not detectable with the X-ray
fluorescence apparatus used in the present study, and
thereby B,O; is not listed in Fig. 10.

@)

Fig. 9. Photographs o (a) the ash-eled slag nd (b)
an end product recovered from the slag (s:b = 9:1).%

It is also noted in Fig. 10 that comparatively large
amount of P,Os; and TiO, are remaining in the
recovered solids, suggesting that phase separation is
available for the recycling of valuable elements, such
as P and Ti. In particular, Japan completely depends
on imports for phosphorous resources, and hence
phase separation is expected to be used as a
phosphorous recycling method. The author’s research
group is currently investigating the distribution of
phosphorous during the phase separation of
borosilicate glasses, and it is revealed that
phosphorous distribution is greatly influenced by
A and Ti.* It is consequently suggested that the P,
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Ti and Al distributions shown in Fig. 10 are
dependent on the coexisting elements. By clarifying
the distribution mechanism, selective recovery of
valuable elements should be possible.

40
Content / mass%

60 100

Fig. 10. X-ray fluorescence-analytical composition of
the end products recovered from a municipal waste
slag®™ The ratio s:b indicates the weight ratio
between the slag and B,0; in the slag glasses. The
composition of the untreated slag is also shown for
comparison.

5. Concluding remarks

In 1992 the XPS apparatus was installed in
Okayama University, which was almost 20 years ago.
After that, many findings were obtained; not only
Ols but also Si2p shifts chemically, and furthermore,
they shift to the same direction. BOls and NBOl1s
components also shift chemically, and the magnitude
of the shifts are almost the same with those of the
core level components of cations with
strongly-interacted with respective oxide ions. Ols
binding energy can be used as a measure of basicity.
Heavy metal oxides such as TeO, and Bi,O; seem to
be basic in experimental Ols binding energy but
acidic in calculated optical basicity. To interpret these
findings, MO calculations have been introduced,
from which a number of know-how have been
accumulated.

Much knowledge was also obtained from
borosilicate glasses. Structural changes in borosilicate
glasses are quite complicated; coordination change in
boron and NBO formation. However, the changes are
successfully explained on the basis of basicity. BO
that looks like NBO was also found in borosilicate
glasses. MO calculations were helpful to understand
unique electronic states of borosilicate glasses. The
knowledge obtained from borosilicate glasses and
basicity has been applied to interpret the distribution
of elements during phase separation of borosilicate
glasses and vitrified wastes. There remain a number
of unclear phenomena in borosilicate glasses and
phase separation, and hence the author will pursue
the unsolved issues further.
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Abstract

Behavior of phosphorus associated with phase separation and the effect of TiO, addition on the phosphorus
distribution were investigated in Na,0-B,05-Si0, ternary glass system. After heat treatment, phase separation by
spinodal decomposition was commonly observed. In the phase separation of TiO,-free glasses, phosphorus was
preferentially distributed into B,Oj;-rich phase, and after TiO, addition, phosphorus distribution into SiO,-rich
phase was also observed. With increasing TiO, content, the amount of phosphorus distributed into SiO,-rich
phases increased up to 90%. *'P MAS NMR indicated that phosphorus in the glasses was mainly present in
negatively-charged Q° units with terminal oxygen atoms, and in the TiO,-containing glasses, Q' or Q° units
containing P-O-Ti bond were confirmed. Despite the formation of negatively-charged Q' or Q" units, phosphorus
was distributed into SiO,-rich phase, which was due to the distribution of Ti* ions with higher coordination
numbers acting as network modifiers.

Keywords: borosilicate glass, phase separation, phosphorus, glass structure

1. INTRODUCTION

Phosphorus has been widely used in various applications, such as fertilizer, agrichemicals, pesticides,
cement, toothpaste, food additives, and so on. However, Japan has long ceased to the production of
phosphorus natural resources and is almost totally dependent on imports of phosphate ores for the
phosphorus resources. Recently, phosphorus producing countries such as China and USA limit the
exports of phosphorus resources, and hence stable supply of phosphorus resources becomes a critical
issue in Japan.

The authors’ research group has developed a chemical recycling process of inorganic wastes by using
phase separation of glass [1,2]. In inorganic wastes such as granulated blast furnace slags and
high-temperature molten slags of municipal wastes, SiO,, CaO and Al,O; are present as major
constituents. When B,05 is added, the wastes are easily vitrified, and phase separation is induced by
heat-treatments. In the phase separation, coloring species such as Fe ions as well as alkali and alkaline
earth ions such as Na and Ca ions are preferentially introduced to B,Oj;-rich phase, and hence
Si0,-rich colorless and transparent glass is recovered by immersing the phase-separated slag glass into
acidic solutions. In the municipal waste slags [2], it was found that phosphorus was distributed to
Si0O,-phase at a high rate of 60 - 70%, suggesting that phase separation of wastes was also available to
the recovery of phosphorus, and phosphorus recovered from wastes was used as a phosphorus
resource.

Then, the authors have examined the distribution of phosphorus due to phase separation. In the
previous study [3], a simple Na,O-B,0;-SiO, system was chosen to reveal fundamental mechanisms
of phosphorus distribution, in which it was found that phosphorus was completely distributed to
B,0O;-rich phase without additives other than P,Os, and addition of Al,Oj; initiated the phosphorus
distribution to SiO,-rich phase. In the Na,0-B,0;-SiO, glass, aluminum was selectively distributed to
Si0,-rich phase, and in the municipal waste slag glass, however, aluminum was oppositely distributed
to B,0;-rich phase. In the municipal waste slag glass, simultaneous distribution of titanium to
Si0,-rich phase was observed [2]. implying that titanium also had a promoting effect of phosphorus
distribution to SiO,-rich phase. Then, in this study, the effect of TiO, addition on the phosphorus
distribution has been investigated in the phase separation of ternary Na,O-B,05-Si0O, system, and the
mechanism of phosphorus distribution was also discussed based on the structural analyses.
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2. METHODS AND PROCEDURES

Table 1 shows the glass compositions prepared in the present study, and the glasses were prepared by
a conventional melt-quenching method. The raw materials of reagent grade Na,COs;, B,0s, SiO,,
Na;PO4 and TiO, were mixed thoroughly, and melted in a Pt crucible at 1400°C for 30 min. By
pressing the melts with iron plates, glass plates were obtained. Differential thermal analyses (DTA)
were carried out to determine the glass transition and crystallization temperatures, 7, and T.

Table 1. Nominal compositions (mol%), 7, and T (°C) of the samples.
No. NaZO B203 SIOZ P205 T102 Tg Tx

1 10 40 50 - - 469 -
2 10 40 47 3 - 450 -
3 10 40 46 3 1 426 -
4 10 40 47 3 3 420 -
5 10 40 44 3 5 412 663
6 10 40 37 3 10 412 549

To induce phase separation, the glasses were heat-treated at 500 - 660°C for 16 h. After the heat
treatment, the glasses were immersed in nitric acid of 1.0 N for 24 h at 90°C to dissolve B,0;-rich
phase. The insoluble residues were collected with vacuum filtration, and after being rinsed in water
and dried in an oven, silica-rich glasses were recovered.

X-ray diffraction (XRD) measurement with a Cu-Ko radiation was carried out to confirm the
crystallization. Chemical compositions of the specimens, such as the glasses before phase separation,
the solutions and insoluble residues after immersion in nitric acid were determined by
inductively-coupled plasma (ICP) emission spectroscopy and x-ray fluorescence (XRF) spectrometry.
Microscopic texture of the glasses after phase separation was observed by scanning electron
microscope (SEM). ’Si, ''B, and *'P MAS-NMR measurements were performed with Varian Unity
Inova 300 spectrometer to investigate the local structures around Si, B, and P, respectively. For the *’Si
measurements, 0.2 mol% of Fe,O; was added to the glass batches in order to shorten the relaxation
time. The respective NMR measurement conditions of *’Si, ''B and *'P measurements were as follows:
magnetic field = 7.05 T, frequency = 59.6 MHz, 96.2 MHz and 121.4 MHz, sample spinning speed =
5.0 kHz (all), pulse duration = 2.5 pus, 0.6 pus and 3.3 ps, repetition time = 1.0 s, 1.0 s, 5.0 s, chemical
shift second standard = poly dimethyl siloxane (PDMS), BPO, and NH4H,PO,. Infrared absorption
spectra were recorded on an FT-IR spectrometer in the 4000 - 400 cm™ range using KBr pellets
containing powdered glasses.

3. RESULTS AND DISCUSSION
SEM photographs of the heat-treated glasses are shown in Fig. 1. Typical textures associated with
spinodal decomposition are commonly observed in the presence or absence of P,Os or TiO,. In the
DTA curve of the glasses No. 5 and No. 6, an exothermic peak due to crystallization was observed
(See T, in Table 1). As shown in Fig. 2, anatase-type TiO, crystal was precipitated in the heat-treated
glasses with TiO, content > 5 mol%.

JB8 48 5

Fig. 1. SEM photos of glass surfaces heated at 600 C for 16 h. (a) No. 2, (b) No. 5
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Fig. 2. XRD patterns of the glasses, (a) No. 5 and (b) No. 6 as-prepared and after heat-treatment.

Chemical compositions of the glass phases after phase separation were estimated from ICP and XRF
analyses. As shown in Table 2, phosphorus in the TiO,-free glass No. 2 is preferentially distributed
into B,O;-rich phase after the phase separation. In the case of TiO,-containing glasses, however,
phosphorus is distributed also into SiO,-rich phase, and the amount of phosphorus distributed into
Si0,-rich phase increases with the increase in TiO, content. About 90% of phosphorus in the glass No.
6 is distributed into SiO,-rich phase. At the same time, titanium is also preferentially distributed into
SiO,-rich phase, which is observed in the slag glass of municipal waste [2]. However, in the
specimens in which crystalline TiO, is precipitated (for example, No. 5 in Table 2), the amount of
phosphorus distributed into SiO,-rich phase decreases, indicating that the distribution of phosphorus is
strongly influenced by existing state of titanium atom.

Table 2. Analytical compositions of glass phases after phase separation.

(a) SiO,-rich phase / mol% (XRF) (b) B,0;-rich phase / mol% (ICP)
No. NaZO B203 Si02 P205 Ti02 No. NaZO B203 Si02 P205 TiOz
2 0.1 - 99.8 0.1 2 18.1 73.1 2.8 6.0
4 0.1 - 89.0 2.8 8.1 4 16.4 76.4 3.0 3.5 0.7
5 0.2 - 83.4 3.9 12.5 5 19.6 73.5 4.2 1.7 1.0
6 0.1 - 70.3 5.5 241 6 18.7 72.9 5.0 0.7 2.7
5 0.2 - 84.3 0.5 15.0 5 19.0 72.5 3.6 4.8 0.1

5’: TiO,-precipitated sample heated at 660°C.

*'P MAS NMR spectra are shown in Fig. 3. In the TiO,-free glass No. 2 (Fig. 3a), a peak at 5 =~ —14
ppm is observed, which is assigned to pure Q% unit and Q? unit connected to four-coordinated boron
atoms [5, 6], where 7 in Q"x means the number bridging oxygen (BO) connected to the X atoms. In the
Ti0,-added glass No. 5 (Fig. 3b), the peak shifts to a lower magnetic field side due to TiO, addition,
suggesting the formation of Q' or Q° units containing P-O-Ti bonds [4]. Comparing the spectra
before and after the heat-treatment, significant change is not observed in the glass No. 2 and in the
glass No. 5 until 600°C, indicating that local structure around phosphorus remains the same, and
significant change is observed in the glass No. 5 heated at 660°C. A sharp peak is observed at & =~ —3
ppm, and the remaining broad peak is similar to that in the glass No. 2, suggesting that the sharp peak
relates to the precipitated TiO, crystal.

Fig. 5 shows IR spectra of the insoluble solids after acid treatment, that is, SiO,-rich phase. In the IR
spectra of TiO, containing glass No. 5, additional bands are observed at 650, 750 and 980 cm . The
bands at 650 and 750 cm ' are due to TiOs and TiO, units, respectively [7], and the band at 980 cm™
is assigned to Si-O-Ti stretching mode [8].
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Fig. 3. 3'P MAS NMR spectra of the glasses, (a) No. 2, and (b) No. 5. '¥: spinning side band

It is revealed from the compositional analyses that phosphorus is preferentially distributed to
B,O;-rich phase after the phase separation of TiO,-free glass, and TiO, addition initiates the
phosphorus distribution into SiO,-rich phase. According to *'P MAS NMR, phosphorus in TiO,-free
glass is mainly present in Q? unit, and in the TiO, containing glasses, Q'p or Q’p units including
P-O-Ti bonds are formed. Since Q"p (n = 0 ~ 2) units are negatively charged, they must be coordinated
by positively-charged species such as Na” to maintain electrical neutrality. In the TiO,-free glass, Q%
units are compensated by Na™ ion, and hence phosphorus is distributed to Na'-abundant B,Os-rich
phase. In the TiO,-containing glass, however, le or QOP units distributed to SiO,-rich phase are not
compensated by Na" ions because Na' ions are absent in SiO»-rich phase. It is therefore expected that
Q's or Q% units are compensated by Ti*" ions acting as network modifiers with the coordination
numbers > 4. In the case of AL,O; addition [3], phosphorus distribution into SiO,-rich phase is also
observed, in which the formation of positively-charged Q* units including P-O-Al bonds is confirmed.
The effect of Al,O; and TiO, on the phosphorus distribution seems to be the same, and the distribution
mechanism, however, seems to be quite different, because Q"p units formed are different between the
cases of Al,O; and TiO, addition. It is revealed that the distribution of phosphorus is dependent on the
states of PO, units, and furthermore, the state of PO, units is dependent on the neighboring ions of Na',
Al and Ti*". To clarify more detailed mechanism of phosphorus distribution, distribution mechanism
of AI’" and Ti*" is also required.

4. CONCLUSION

Sodium borosilicate glasses containing P,Os and TiO, were
prepared by a conventional melt-quenching method, and
the effect of TiO, addition on the behavior of phosphorus
associated with the phase separation were investigated.
After the heat treatment, phase separation by spinodal

decomposition was confirmed by SEM observation, and at &

TiO, content > 5 mol%, precipitation of TiO, crystal was 5

also found when heated near 7.. *'P MAS NMR spectra o No. 5

suggested that in TiO,-free glasses, phosphorus was &

essentially present in sz species, and le or QOP species & No. 2
© |No.

formed after adding TiO,. From ICP analysis, in TiO,-free

glasses, phosphorus was preferentially distributed into

B,0s-rich phase after the phase separation. TiO, addition

initiated the phosphorus distribution into SiO,-rich phase, P

and with increasing TiO, content, the amount of 1600 1400 1200 1000 800 600 400
. . . . . Wavenumber (cm-1)

phosphorus distributed into SiO,-rich phase increased. It

was revealed that the distribution of phosphorus depended Fig. 4. IR spectra of the insoluble solids

on the existing state of PO, units. after acid treatment.
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Chemical recycling of inorganic wastes by using phase separation / Graduate School of Environmental
Science, Okayama Univ.; Shinichi Sakida, Yasuhiko Benino, OTokuro Nanba / A chemical recycling
method of inorganic wastes, such as municipal wastes and blast furnace slags, has been developed by using
phase separation of glass, from which colorless glasses with high SiO, content have been successfully
recovered. In this report, the recycling possibility of other valuable elements such as P and Ti will be
discussed. E-mail: tokuro n@cc.okayama-u.ac.jp
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3. ZEXH
1) T.Nanba, S. Mikami, T. Imaoka, S. Sakida, Y. Miura, J. Ceram. Soc. Jpn, 116(2), 220, 2008.
2) T.Nanba, Y. Kuroda, S. Sakida, Y. Benino, J. Ceram. Soc. Jpn, FllH.
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IRINDF DI\, & T TAFFETIX, M E Bk L7z 3 s RAR T 7 A BT 7 ZIZH 4 ik
& LT USRIy 2 WIN U120 T A2 FRL L . 30 ) o OB SV THE T 5
ZEEHME L,
2. FEBR
JFUEH T Si0,, B,03, Nay;CO3, NazPO,212H,0, ALO; & LT, Ny T i 15 g DH T R ZiEaEmiEIc X
DVERLL 72, AT A 3EAMELE 10Na,0-40B,05+ 50810, (mol%) & L. SiO, k55 D —#B% P,0s &
BT ALO; & HEICEWAT BB TY VAWM LT (Table 1) F£7-. ¥SiF L 0°'P MAS NMR I
FOFECTIEA B U fEfA & LT Fe,03 2 0.2 mol%isI L7, 500°C T 30 2y MMRRE L%, Ptif
T 1400°C, 1 Fiffliflte., Rn LA 7 2 & f5lc, 7 AD5HD T2 OBSLHET 500~550°C
T 16~48h 1TV, BRALEE(0.1IN HNOs) F 721X BUKMLERt: . WG| A, i SH7-,
AEEEIR T K ORI ORI T I, EE vt X #ootr (XRF) | ICP it vz,
7T ADOREERATICIL B, Si, P MAS NMR E% V., 437 T ZAOFEli & LT SEM #i%% L%
WERRE 2T > 72,

Table 1 77 Z#HE%(mol%)
Na,0O | B,O5 | SiO, | P,Os | ALO;
P| 10 40 47 3
PAI| 10 40 44 3 3

3. MR & B

BLHIZ XY P,Os OAEIRMULTEH T AP B LUP,0s & ALO; 2RI L7247 A PALIZW T
LI AAICEE LT, BB AY b (Fig. 1) MHan5n ko, BV (K4 HT) %ok
TR Rk G EEsMR) CHIBE O DGR S, BT ADOSHIZ LV E T 2 T T A0y
AR THEPBE SN EE2RLTVD,
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T AP BIOPALIZONT, BRI 5\ TBVKALELS DO AR ER TS I OVEIR O T 7 6
KD T-BBRAC ) DR % Fig. 2 1R LTz, ALOs Z¥RIM L TV T A P Tk, REEMHE AR
WU ATIFEAEFELTEL T, FERERICEHL TS Z LD mnd, 2Lk, T AP
TEHSHICEVIZEAEDY AL — R vy FHIZIRVIAENTWD Z &R I T,

—J7. ALO; Z LRI L7274 7 A PAL Ti, #UKE (HW) (2X 2V COEHFEIEMEL, R
BRI AE L7z, PAL HW (IZDWTIE, - R U U A S REBEIERFISFRAT LT 7203, BRALEE (AT)
TIEFT RV UAB Y UHIRIEERIEH LW, ZREy, U A vFHERL—FY v F
FHO 2HIZBEL 72D Tlde <, BRICFIE CRICRIEREB 3 D7 AMPER LT L B X B
B[], ZHUTONWTIE, SHOFEEE L,

%£7-'PMASNMR (Fig.3) £V U U 3BVLERTCTIX Q° (ZRFGIEEN 2#) & L TEfEL, Bl
B TIE AIPO, DFERMIZIT Vg, DF Y P—O—AIZUBIEEN S FEL TN D Z LR S
iz,

(a) P (b) PAl
100 ; ; ; : : 100 : : -
80 80 .
—PAI
----- PAI_HT500
60 60 -—PAI_HT550 g
e s
R B :
40 a0 ti .
/
20 20 L ,I i
/
0 Eadl] L L L I 0 -/ L L L L L
200 300 400 500 600 700 800 200 300 400 500 600 700 800
wavelength(nm) wavelength(nm)
Fig. 1 ZHFEAY fL
100 i — ] ] -29.767
0 Na20
80 +H U B203
O sio2
= W P205 « PAI_HT550
s O A203 3 * .
©60 s
L =
o iz
= c
= ] 2
‘@40 - =
£
(0]
m ’»
20 4
0 H -150 -100 -50 0 50 100
P_AT P_HW PALAT  PALHW Chemical shift (ppm)
Fig. 2 NEEIAD K L) DOFAF 5 (%) Fig. 3 31P MAS NMR A-XZ kL (%:SSB )

SECHR 1. RN (1990) J. Ceram. Soc. Japan, 98 (9), pp. 1029-1033.
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BREH A 7 70U DR
S5 e B R &7 LAV, S o RTO A KB

WK EE ST T 228 ORI - IS B — - KT8 2075 - BES GRAT

1. ¥
A, KESHEZ E Y A OAFEEIT, B EOFERELRO 7 6 2 Wik L7z Y iR
THEACHD, DD, U ERE 100%8 AT > TODFERBETITY v OLERMR
NEBERH->TEBY, Vol ¥4 7 V7 at 2O IECIThh T 5,
FREELE T o A RRICHLY VB TRATHA T IHICEEND Y Ly ORITEBE IS T
%V A DEAED 80%IZILHT 5 LB I TWD, SR T 7D U v DEYA 7
IR IND Z L2 K-> T, ERNICEBIT 2 Y CEROBERAFIH, EEMR L2
ROHT LW Y PR IREIOfENL, 7 a— SV RBRERARICEBNT D 2 LR ERHIRE SN D,
F VYA NY) UEFEOEELHGZEEZLND VU VIR E L TOFIHEE 2254,
PR T TG ENDIEERELEBIT TR, T =y NEOHEYEBICEEER 5 2
LILHEDO R EHN 2K 2 N CERAT L ENARARTHD, TNETOMIET, A7
THT7AOHGEEZ LD VBT U A ) » FHEIGERIRNICZV IAENDDIZR LT, 7l
VE&RT NV Y) FTHEERBIWNEEAEDEBERBIZINMATTIAI =T LIARL—F) »
FRICHREI WY IAEND Z ERMRENTWDS, KFFETIE. AT ZITMIREAR & L
T B0 NN A, MRAEEZ RN LE RN T A2 ERIT 5, Ok, (KR TERLEET 5 =
LKV T AZGMEE, TNEBICRIET D22 LICEVAL— M) v FHEZEHRIE,
VB OIAATES Y 1Y » FHHOEN Z AT,

il

2. EB
AT TIE M L RN ORIGEFT L EEHH SN Y VAT 72 W TEREZITo 72, #EX
FHTXRENC L W sRD 7MY > 25 7 DAL % Table 1 127577,

Table 1. Slag composition (XRF)
hj_(:% P205 T102 Mn02 Fezog, Kzo CaO MgO A1203 SlOz
mass % 3.1 0.8 4.6 242 0.5 28.8 5.4 8.7 22.7

FTHY AT I MRIEERE LT B0 2RI L, 1400°C T 30 Ziaflg 7 L 2am LA
IWIARD T T ARV 24572, o T VAE, Y AT 7 (s), B,Os(b)DEEIIZIS LT,
ZAEWY AT 7 R =73 ik % s70030 D XL O IR T 5, SRERLIZAT 70T
ZINTN L RO TH o7, BONTHT A% A THKTHREL ., REEHT(DTA) HIE
(2 X0 T AR S(Te) & f e LB ARIREE (Tx) &2 sk D72, F£72 650°C T 16h BVLEE-4 5 Z L T
S S, BULERRTE OFEHI R LT XHREIT AT (XRD) 21T 5 72, £ 72 2.5N HEEEIZ 24h {2
L., WS A, WlRSEHE LN -ER%Z XRF X0k E RO,
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3. BREBE 900.0

XRD JIEIT L D 5100, s95b5 (2R LTl SWO“%”
RO —27 BR BT, s(100—x)bx (x Q7m07‘mﬂ3””mon
=10~30)IZ 8 L TI1Z XRD /%4 — 433 § o '
L7 a—FThY HF AL LT, % WO T 05057740 5764 Tg
7= Fig. 1 \oR"7 Tg, Tx OBMERER LD | 24 2000 | |

0 20 40 60 80 100
RLBIR 2 650°CITRXE L CEBREIT o7, B,0; content (mass%)
ZORER, BB D s90b10 O XRD /3% Fig. 1. ¥AT 777 20 Tg, Tx
— NSRRI LY — 7 R BT,
s50b50

BLBEIZ (TS el L 7220y 72 s85b15 & H g §70b30
DT 21T > 1o & 2 ARG E KNS5 z 90610
N7z, BRLERIT AL BB 1g ISR LT g -
2.5N HC130ml C 24h 17> 7=, A RISL 75K -
Bl 72 D1 R OB T IR AL ER 1% D3 S

10 ‘ 2I ‘ | 20 50 60
BRSO3 IS X 2 [EIL AT R g 2. THLAD 5 0 XRD /s
otz Th b, Fig.4 DFERNL, 155

NWIERIZIZY U REENL, —HDY
IR L — MEE & BITERICEMR LT,
B D P,0s & A &I 1.3mass% TH v | i
VY RAZ 7RO D9 HHIT.8%% AT
HTENTET,

s50b50

Intensity (a.u.)

40 50 60

A E O ISR 24h & L7 78, 10 20 30

JLEEIRFR] 2 R < TAUXE BIZ Y  OWE N Fig. 3. %%ﬁz;;g?;@mm»w~y
ZE2oib, UV romHERE LTiE, B 100% -
U v AT T WMo AT I Fe, Ca 2573 ol o
LN EICERT S EEZOND, R a0
AT 7 HTCa0 & POs N FEAIREEIZH D | 60% | e K20
AL — MMEIZADRLT VW Ca & EBHIZY > s @ Fe203
DETTVWADTIHRVNEEZ NS, BMnO
LIRINTEIBE R Z 7 77T A D FIREEIZ D 20% [ 1Ti02
WTE AT T B EI(SEM) 72 £ TS JUY N 5 A S5 i
TETHAD, A s mmm | U502

Fig. 4. #0¢ X #RIC KL D s85 bl5 DFFEZE (mass%)
HOfEIL P,0s GA &
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[8.2 £&E&H 4] BERLIWIIABES - t33vEREIFHHS, 20104F 1 B, il

BEYMOBERIELE IO XD
(FELR) OfEAKKE: - IGFHE— - fLBZ2E - #MEHTEAR

Development of recycling process of waste materials / D. Fukunaga, S. Sakida, Y. Benino, T. Nanba (Okayama U.) / A chemical recycling
process using phase separation of glass was applied to granulated blast furnace slag. Slag glasses were prepared by adding a waste glass to
the slag in order to reduce melting temperature. Color of the slag glasses was dependent on melting temperature and time. From brown slag
glasses, colorless insoluble solids were successfully recovered after acid-treatment. SiO, content in the recovered solids was ca. 95 mass%,
which was independent of mixing ratio of the waste glass and heat-treatment conditions. According to ICP analysis, Si concentration in
hydrochloric acid increased rapidly just after soaking in acid, and after a short time it decreased steeply. It was suggested that the insoluble
solids were produced by a dissolution-reprecipitation process in acid treatment.

E-mail: tokuro_n@cc.okayama-u.ac.jp

[#EES] T4, PEEBETML B ORAEREE L TETNDH T 100 : : : :

B, CEET B EIIER A 7 A OWES AT & 7o T Wb, poe e
Hox ORFEETE, #ilTTJEMA 7 7 REFRRA T 712 B0; 5 8O

EINACRAR L, 77 AL S 7508 & BULFRIC X 0 FHS S D) I

%, BRALERIC X 0 MEEEIR LU B Y FARE RIS 2 gG%u & AL0, 1
LIHHL TV B2, 2OF B AT s nickmEs A
HESNTEY, #7AMESE B 1500CLL EOERE LB L F £ |
LT RNX—% L HRT D ENFEF BN D, T 2 CHRIR S 2oke

L LT, BEEMICHUE OIS 7 A 2 IS, VAREE % F

FHZENAEEE Y, 2R FOHNE, B R AFX —{LIZDRB D 0 n " : :
DTHRNDEEZ T2, o 5 10 15 20

= N et R \ Immersion time [h]
1}"‘?\7 Z R - REmye & ~ N E{: F =N 7
el 7 DI L 0 P8l 1 200~300°CHR L7e7s, AL Fig. 1. XRF analytical composition of the recovered

HIZ X0 EONTZAEHRED Si0, EA RN 95%LL ELEFITHS  wolids (s7wg3 without heat-treatment).
725 TWE[3], BEH T AZUIN LR WRER DR Tl Si0, & (a)

BT 80%RIE TH V[1,2], FEH T ADWIMC LD Si0, &4 RO 10 - - - -
B 72 10 2SR BTz, ﬁ\ﬂh¥‘ﬁ/4r—~£§
F 2 TARBIIETIL, SRR T BT T A2 NT 5 Z &1
L OERILT= 25 7 H T AZONWT, BUE, BB 52 S
FHZLICED SIOBEHEENED L HICET D00, HEt L,
[ EZBRIAHZE T 1L RPN O RERAT 2> B HEH S 7= iR KA =
7, THMEIGEIN SIS N TR T A B W CEREITo 7, K
WA T TVZBEH T A% LI2%, B4 25212 T 1400~1600°C,

(o]

Concentration [g/L]
TGN
L

2
30min~2h ¥k L7-, s S L RAEE L, 2L Z RO T T 2R
T, B, BIFAKIEA T T (s), BEY T A(wg)D E I 0 1 L L L
UC, BlARER T 7 BT A =7:3 30HE sTwgd O & 5 I2ls O O mmerdion tives (] 2
LT 5,

B AT T A BB A BRI L O E B T (DTAYBIE 2171, 030
ZNTENDH T AR R(TY % R 1=, BULFE A Jiti 3456 | Ty+20°C 0.5
DOIRFEIZT 16h PAFEF L 72, IRIZ A 2 7 KT 150 um LA RIS L, o0 T¥
2.5N HRBITIRIEGEE) L, ol A%, W SEaanate 4 m ~§02
WL, BVLSE - BT ORFHCR LT XRD, Sz~ 8 ]

R VRIE, XRE, ICP ST L DAL T Z1T 5 72, £ S
[BRLEE] 257 H T ADGITERIEE, BRFICK > T 8 0.1
REOSWRREAD DO D Tz, BULEL - BRILEATH D XRD /35 — éowéﬂ o B
W TR b N e — R E = LAVR ST, LB RE O FE R IR
D BIRD ST, BEIRENC A Td - 1=Kk & 2.5N Hiiklc okoo 0 0 @Fe

DI TLEGL T Land<iny, 24 BHZICITIZFEAEORE Immersion time [h]
RICZEAE LTZ 2 L n i, A A NI ]‘/f: Z EMbh éo LA Fig. 2. ICP analytical concentration of (a) Na, Al, Si,
KH AT SARIED G, B L 72 AR EFEHI AR TOY caand (b) B, S, Fe in the hydrochloric acid (s7wg3
WD BT, BEAEARME TH D L F 25, L% OE  without heat-treatment).
ERHAD XRF MOHTRERIC L D &, ATV LEEHN T ADIRA, BUHOAF IR, BRILE% O Gk
KD Si0, DEIA DI 95mass% T > 7=(Fig. 1)y AT 7 H T AZBRICRIER, WRTOREZLE ICP 12X i~
el A, Si, SITMLER 2 R E TR OREN EF L, ThUBE TR > TS Z EAbhoT(Fig.2), Z0
Z LN DIRRALERRE, REREATIHELGIC Ko T Si S EAE - AT L, SIi0, U v FARREREREIRS AL EZ DR
D0, FEMITBERF P Th 5,
[Z3%3CiER] [1] T. Nanba, S. Mikami, T. Imaoka, S. Sakida and Y. Miura, J. Ceram. Soc. Japan, 116(2) (2008) 220-223.

[2] T. Nanba, Y. Kuroda, S. Sakida and Y. Benino, J. Ceram. Soc. Japan, 117(11) (2009) 1195-1198.

[3] e, f@7k, 40, RM, L8, 2008 & ZHERY T F A ~, K.
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[8.2 £&&# 5] 3rd International Congress on Ceramics (ICC3), S8-P033, Osaka, 2010 £ 11 B

Phase separation of borosilicate glass containing phosphate
phosphorus

Y. Ohtsuki', S. Sakida®, Y. Benino and T. Nanba'

'Graduate School of Environmental Science, Okayama University
*Environmental Management Center, Okayama University

Phosphorus is a vital nutrient for all living organisms, and it is therefore indispensable particularly in
the fertilizer manufacturing. Recently production countries of phosphate oressuch as China and USA
limit exports, and hence the stable securing of phosphorus resources is needed in Japan.

Iron- and steel-making slags consist of chemical components, such as SiO,, CaO and Al,Os, which are
also included in widely-used commercial glasses. We focused on these components and came up with
the idea that phase separation of glass, which has been used for the production of porous glasses in
glass industry, could be applied to the recovery of phosphorus from iron- and steel-making slags.
However, little is known concerning the distribution of phosphorus after phase separation.

In this study, behavior of phosphorus associated with phase separation and the effect of Al,O; addition
have been investigated in the ternary Na,O-B,0;-SiO, system. The glasses were prepared by a
conventional melt-quenching method in air, and they were heat-treated above glass transition
temperatures. After the heat treatment, the samples became opalescent, suggesting phase separation. In
the ALLOs-free glasses, phosphorus was preferentially distributed into B,O;-rich glass phases after the
phase separation. With increasing Al,O; content, the amount of phosphorus distributed into SiO,-rich
glass phases increased. According to *'P MAS NMR, it was confirmed that phosphorus in the
ALOs-free glasses was mainly present in negatively-charged Q” units with terminal oxygen atoms, and
in the Al,O;-containing glasses, however, positively-charged Q" units free from terminal oxygen atoms
were formed. It was suggested that the distribution of phosphorus depended on the structure of
phosphorus species.
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Ca0-B,0;-Si0, 2 H 7 A D43 FRIZLE 5 WAL D45 BL
Bo Fh i xx 2 LAV, <]z o RTOZ A i X AD
il LR PERER B T OREP 236 - W B — - L8 22 - 8k 1EED
1. 5

WHFIRER Tl —RBEIEY) O S IRVREVLELIC X - CTHEH SR A 5 7 % H 5 A D4
BERL S 2R H L CHERILT 2 BB B TN TV 5[], BEOHFERICEBWNT, Th Y
G, ToB ) FEHAER., BEMTICEENT ENE D Fe IR L— U » FHICHEY
ARFENDZEDRINTWVDEN, SKRTINAT I HT AR E L TEENTSHEA.
DB A L — MY o TR IAE N WATREEDRH D & SNT2], S DT, EREIHESS
B SN EOREEREIEY D% < 1 Si0,. CaO. ALO; WX THHM, TDOHF T CaO 1T A
T ADFSBERR 2T 5 & S TWA[3], & 2 TR TIX, CaO 25 TeA v 7 A Bl
H T ADGFFEIRIZIB VT, Ti X Fe 2 GO BB BONEEE 20 L, T 7 AR, I’
IRy OMEE, BB LR CIRRE, JFR Sy O R K RIS 5 2 LA B E LTz,
2. Ebr

T2 H T AT 6Nay,O + 4Ca0 + 30B,05 * 60Si0,(mol%)., RBE% DEEN 15g12725 &
HFEIEZRE - IBE LT, EHICFDH T AD 1 mol%IZHHYS 3 58K & BE b & T L
oo ZOWIZHOWTIL, H T AERT EEBERA AL OENDB—EIZRD LI L,
F14: 221X & vy, 1000°C T 30 srfH O BEr% . 1400°C T 1 IRefE¥sEE L7z, DTAJIEIZ LY |
T ARSI &SRB IRIEE 2T E L, T OREEEZ £ 12 650°C T 16 FEEHT16), H 5
VN 32 IRFRR(HT32) DEGLEE % it L 7=, ESLEERE OFUEHE 90°CIZ T 24 FEfE], 1IN HNO 5 KIEIK
ICIRIE L, Wen s LA SR 2 e S8 72, RIEEIRORBRC TSI E Y X BRoHT, K
DFRAHITIE ICP 36tz AV, b DO R%Z2 b & ICEBEE OB EENC S
WA LT,

3. AER LB

K2 O HT16 EHI DWW T, BICRECTH S TZEIROEIE, 20V U B U v FHOEUL
% Fig. 112, SiO, oy DFE~DIEHZ, DFE DAL — MY v FHICEY A E T Si0, 5oy
DOEE % Fig. 2 12, KEBEBERBBRILYOB~DOWEHE, DFVHRL— M) v FH~OSELE
% Fig. 3 1Z/R LT, BB Z RN L THRWH Z 2D Si0, il DEIE 1 57 mass% T
HDHZ LMD, Fig. 1IZBWTY U B U v FFHOREIEN 60% % FEHEHI DWW TIE, 16
e OBV TIZ D ICHEDBEE CE TWARWEEZ NS, U BT v FHOEIERO AR
BT K A3E VX, Fig. 2 A L— R U » FFHF D Si0, EDE WA OHEIT OFREE & B
BRLTWBEEZBND,

F72 Fig. 3ITRLIEERY, BUWHZE L7 7 RO TE, 1FEAEDEBERENR
L— b U FHICHE SN0, Ti ° Cr 1T OBEB AR & T U DU FHA~OSEN
30~50%FLE & mWZ E DRI TH o 1o, OB AR ITEREEN+2 DAREE THEAE LHEE
ENDDOITHKE L, Ti R CridB LN ZENEN+4, +3 HDVIE+6 WV o= @RbECRETH
TAHNIAFET D Z EMNDEFEINCEB L VWD EEZBND, L, SEOEEMS
DOELAEENZ DN TIX, Ca0 DHFIEIC L VFHSDBERH EVH#EITL TVl L BE L Lk
TEETHMENRDH D, Figs. 4, SR LIz X 91, BUEL A6 U7- 7 A5EHE, S I
ENZE D WT B IR DO O IR O TR D3RR S v7e, F£72, HT16 & HT32 Ok
TIXHT32 O BHREOWDOEENREL LV SHEPETL TWD Z PRI T,
fig~D SiO, i DIEHENFE NS DO H D720, SH%IT LV OMBREALTT HT32 ODH T AT
LIFREDO PR THET 2LER D 5,
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2T L AR INEEZE D B D Si0, Bl 5 % 5 B2 0 3
5 Z o~ & 72 LAWh ~Niz o RTOD i LKA

BElrb
PR SEBR BT ER T2 OKRAY B - il Ho— - #8202 - 8 8RR

=]
) LR T, Wk 14 I TR R4 0] Z2REL, BAER - Hokl
DEINFRCZWVEEEREEY (5. a3V, 1TV T A) ZEERERE L THREL
TETz, TNHOEEMIW/NNAOREMELT, TAT 7L a7 —
NOFEM R SIS TWD 2, KRBT ON T SN TWD, £, EE
BRI IEOBERER B EA L TE TS, 2 b2 WET &R Y
AT NVOREENBE L T0> TV D, BIFRETIE, BIF KA T TIZHET 7 A%
WINUAERL LT AT 777 T R TRE & 7o 550 T, BRALBR 24TV, SiO) FIE 054
95 mass% D RNREERZ1ED Z LI L TWbD, Lol ikcskFek T <
NU— )L (WGERIEE) 2 HWEIGE. SO REEIERD Si0, FE DS 90
mass%fEEEF TR FLTCLEDY Z 030> T b,
WHFZETIE, N —I AR H 5 TEEBIIOWTHEH L, xR 21i%4 5
ZET, BEREMAT LB ET S,
FEHR
AWFGE T (LR OB D HEH SRR Z 7 ZHALERE ) B ik &
NN T A 3FIED ) Bk bRUS OB > T-HEOEN 7 A2 AW TEREZT-
7o ZZC, HEEN T AZHOWTISASL T LT b D L XU — I )L T
L7=bDD 2 fEHEZ, KA T ZIZOWTIIBEASL TR L2 b D& VW=, K
WA T 7L BEaBEN 7 AT HDOWT, 306 X BoHT (XRF) OfEF: % Table 1 & Table
IS, KIERTZ 7 7gioxt L, HEFET T A 3g OEETHE, IRE L. H&
5 OIFIZT 1400°C T O5Sh Im@%, 7LV ARWM L CAT I T AZER L=, LI'F
TN E LT, BRI LT HEBET 7 A2 A LT D% sTwg3-Fe,
NU =)V T LB EFET 7 A L D% sTwg3-PM EHEFET 5, €
D&, BFHONTAT T H T AN T AR RfET2.0h 7 =— /L& HE L, 96 X
M (XRF) IZ T 21T o7, RIC, BONTEAT T HIT A% A U
5T 150um DL IZHE L. 2.5N OEFE T 24h FRALER 21TV, 7 VIRILEMS) % 15
oo FO%, HFoNT T IVIRILE X LG A1 21TV, 70°C T 16h Rzl S
7. o BEBERIZES X B0 (XRF) ., 7o 2RI ICP R4t
(TR T 24T o T2,

Table 1. /KFERZ 7 DfARL (XRF)  (mass%)

MgO A1203 SIOQ P205 S KQO CaO T102 MnO FCQO_?, 1&
2.699 | 9.948 | 23.547 1 0.024 | 1.997 | 0.389 | 58.823 | 1.128 | 0.533 | 0.735 | 0.177

Table 2. HEABEN T AD#L (XRF) (mass%)

NaZO A1203 SIOZ KzO CaO F3203 ZnO NiO CI'203 {‘H_j‘

FRFLERIZ TRy

3.445

5.746

74.658

6.496

5.753

0.561

3.125

0.217

IR — 2 U TR

2.950

5.548

72.105

6.229

5.957

2.484

3.324

0.228

0.724

0.361
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3. fER & B
T ==L D 2 ODAT T T ATONWT, XRF HHT O R4 Table 3 1217,
s7wg3-PM H1{Z 1 s7Twg3-Fe {2k, Cry0s., Fe,03, NiO 3% < G ENDH T Lk,
NI —I)VDAT
L ZRRASINIBA LT Table3. A7 757 XD (XRF)  (mass%)
ZENPrb, EH Na:O | MgO | Al:Os | SiO: | P:Os | S | K:0
SDOW LI bR | sTwed-Fe | 3.872(3.718 | 12.619 [ 43.213 [ 0.039 | 0.119 | 1.140
2L AN a o | sTwE3-PM | 3.832[3.759 | 12.530 | 42.897 | 0.044 | 0.131 [ 1.100
%@,75§ % IO . E‘f: H CaO TiO:2 Cr20s MnO | Fe.Os; | NiO ZnO
DENTIE L A &7 | STwedFe [34.165 | 0434 0| 0217]0.261 010.198
T 7. s7Twg3-PM | 34.215 | 0.466 | 0.089 | 0.225|0.4820.015]0.199
PR LERA2 |25 B L7 BB ERIZ DWW T, XRF 58T OfE B % Table 4 12777,
ELHE0Y T MIZEB VT Y Si0) EAE DY 95mass%Rith O i W E NS D= 23,
s7wg3-Fe DX 9 75, £ 1.70mass% K
XN NS EERELNT. 7. Table 4. AAEAOFA (XRF)  (mass%)
Fe,05. NiO 72 ED AT > L A kD Na.O | MgO | Al.Os | Si0. | K0
BRI sTwg3-PM DIE 5 3o kx| sTwgd-Fe | 1115 0] 0.829 | 96.585 | 0.067
WMEA B LT, T LD O B, | S7we3-PM | 0.833 [0.238 | 0.985 [ 94.877 | 0.064
L.70mass% DL A 7 > L AT O s7wg3-Fe OC?;(3)3 0Ti323 5612363 = 0 5?32
f?gi?%i?f??i;?;g s7wg3-PM | 1.720 | 0.120 | 0.302 | 0.050 | 0.108
WHEEECTH o7z, FEEOERZ BT 722, Si0, FEDOETVT L
1.50~2.00mass% D T - 7=,
FRALERE% DR 5| AIEIZ & 0 15 5 VTR IHHRIZ DU T ICP F i 21TV, BRAL
BOWMIRIZEB T DK ILHEOER~DIEHZEZ KD Tz, Table 5 1R LTfEIZA T 7
H T AD N F 2%t
S BE A% LTy Tables. AT 7T T ARGy DEE~DEEHHE (ICP) (%)
bo Si DORKERIIITERIZ Al | Ca | Cr | Fe K Mg | Mn
" s7wg3-Fe 76.6 | 72.2 843 | 1050| 96.4| 734
a Hjﬁtjk-ﬁ: £ ,L_T s7w§3-PM 844 768 72.5] 95.4| 101.0] 101.0| 76.6
L TE TS 2 & . 4 1
. _ Na N1 S Si Ti /n
ﬂbﬁotoiﬁﬁi sTwe3-Fe | 86.6 979 31| 713| 905
DREITIIRIE N [7we3PM | 875 258 | 900| 34| 724| 936
L CWBHH, NilZsWn
T 25.8% & AN LI/ NS W Z ENBERICIEH LI W I ER otz
AREBRIZBWNT, AT U VAHFDORSG Th D Cr0s, FeyOs. NiO O L HT )
THDHZENghoT=, LRI T, NU—ILOEHIC L > TARERS D
Si0, R DEIAME T LIZRIKIIIcH 5 L &2 5,

& 3R

(1] fEakREE [l (LR KRR & 15 SC 2009
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BRI AS 7DDV DEIN T vt 20D B %

O PaZA 1| Iy B — 2 ALEP 222 || B A !

(R I RBEBR S || Rl L RBR B B2 7 —2)

VAT AVH FE, Faya, g T ORLAZETLLEHSNT, ARIZZALDENSD
#ig AN ZHE > CUNVD, ITAE T BB, IR T2 B COEENL RO T- DI HE HIETO
FHV VAL TOI, Vo i O N B L TEXTWAZEND, U ORERDNIENEORBLSH

T,

PR OMBFE CHEHH SN DB AT 7 I BV NG N TRY . AEMEm AV A O 85%F:
FEITH Y T2, £kx 72U B B RN R ESIVTWDN, SIFFEE CTIXH 7 AOFE BRI AL
TAZZ B Z BN T 57 0 ZADB 3 E1T> TS (Fig. 1), £, A7 MIRERZTRINL
THITAZVERIL  IRIZBVLBL A fi 9 Z eI KO T A% fp fR S5, BACERALERIZ LY | BRIZ AIIA7R
T AE R ST D, VATIREBE RS DR E BRI T %, XRD, XRF, ICP T35
T X T VDA ECEEEN A B DI L, RV DRI T EE R D,

M4 4G tokuro n@cc.okayama-u.ac.jp

phosphorus

brate rich phase_silicarich phase
_ insoluble
residues y
acid
treatment

acidic
solutions

Fig. 1 Phosphorus recycling system using phase separation of glass
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Phase separation of borosilicate glass containing phosphorus / (Okayama U.) Y. Ohtsuki, S. Sakida, Y. Benino and T.
Nanba / In this study, behavior of phosphorus associated with phase separation has been investigated in the ternary
Na,0-B,05-Si0, system. After the heat-treatment, the glasses became opalescent, suggesting phase separation. When the
phase-separated glasses were soaked in nitric acid, phosphorus was completely eluted with Na,O and B,0;. That is,
phosphorus was preferentially distributed into B,Os-rich glass phase after the phase separation. According to *'P MAS NMR
measurements, it was confirmed that phosphorus in the glasses was mainly present in Q* and Q® units with terminal oxygen
atoms, and change due to heat-treatment was not observed on the environment of PO, network.

E-mail: tokuro_n@cc.okayama-u.ac.jp

(=]
Si0, & B,O; Z XS ETDHH T AIE, NayO R EDT D ) GHBEMEVHEERIZBW T 7 AEBIRE T
PLEDEEIC L DEUEL T, SO, ICELH T AL B,05 ICETe N T AFHD 2 MICHISEET 5 Z & NBEICa b T
BO, YRR TIIINE THH I IBEA 7 7 REIF KR T 770 EOWHREIZY & 1 7 2Oy S %
FIF L CHEERIET 2B 2R L TE =[], BEZOF a2 2HWTHY V25 706 U 245 BEREIN T 5
TaAERE LTS, MASBECEE D ER D O DB XTI EERNIC LV IRESND WY T ADRILE &
IR BRMEIC X 0 KR ENDLD., ST T ZATBWTUIRMOEY NE VN, Z 2 TAFE TIL, Mka B
WAL L2 3 RO BR T T AT T AITE 4 s LT UKy (P,05) MU T 2 &/ERLL, 4
HBOY v DOREEICONTH T AEEE OBFENOTET L2 2 HME L,
[E85E]

Na,0-B,03-Si0,-P,05 56 7 7 A DWW T, JREEEE AR, BA L, PtHIRIC TESIF T 1400°C, 1 FFEAR
FFHR T CH%E., Sm LTl 7 AR 21572, DTA HIEIC K VRO T, LV @WIREE T 16 R BVLEE 2 L
T2o T D%, REE 1.0 N BYEEIC 24 BERDNRTE LIS 21T\, S| ARG S, BT 5 EERRE 257,
T AERL . BVLBRTE | BRALERTE TENENG L N7 3EHT DWW T ORIl 2 15 =R E 3 L O SEM 143,
FAER BT % ICP F& LTIk, #EEf#AT 4 MAS-NMR JIIEIZ L V1T o7,

[FER L E25]

VERUL7- 47 Z 2 OREKIE 10Na,0 - 40B,05 - 47Si0, - 3P,05 (mol%) Thd, ZDH T AFEHIEMLIRIZ L LA I
Z L, SEM BIZIZ LY A ) — X ViR X D 5B HER Sz, £, ZoREHNIT 7 AERERSCTh
TICHBEOTH =2 D, POsIZX D FEMEE ST Z E N EN S,

Fig. 1 124 7 ZFBOBULELR T @ *'P MAS NMR 227 L Z&RT, 26O E— 27 T —ANCiE QITIHE &
BN, ZOHTZARBOBA[BO) 2=y MIHALEZ QOmRELH 5 [2, 3], 22T Q" LITLUBEAHED n
e Z EBWT 5, £z, BVAEIRHIHE TR MW iZ -7 2
Enb, U VEY OBBEITIT T AERZBICRE o TS, EIET TIZHHE
LTWADIZBE 2 LT H REREBITRNWEEZEZ HND, Fig.2 I
13 T AR OBULERET% D "B MAS NMR A2 b L& 7R, BLEERT#%
T NECETR DN o7z, £, 7 A3k R fl( Na,0/B,0; =
025) NAEZEIEARD L NAEDTTDN/INES N LN nD, ZOH T ADH
I NBO 234K L7 & SRAHEIRTH D . 2Si MAS NMR DFEREN 5
H NBO IZTFELZRWEEXBND, £/, 4FMIARTHEE QDY iz -

BO Na' A A OBMHEELELTL2E00, VN TXT QR EWV) O oy T
ZEEFEZIC, 2FED ) T QB LB 2=y hEEALEQ L Fig. 1. *'P MAS NMR spectra of
LTHHET 2 B2 DN D, £To, Table 1 1T LA 7 ZADOFMOHT  glasses.

W2kl UEBEBRMIZAL— N vy FHRIZOE SN LB X DD, * : spinning side band

MR 2 AL ST B A DN T A REEOEL BT Y VJE ) oREED
ZAbE U OB DOBRICOWVWTHERETHFETH D,

Table 1. Analytical composition of the glass phases after phase separation

~ HT600_16h

Intensity / arb. unit.

*
as-prepared
*

3.7
-14.0

(2) SiO,-rich phase / mol% (b) B,0;-rich phase / mol% §
Na,0O B,03 SiO, P,0Os Na,0 B,0; SiO, P,Os £ HT600_16h
0.0 4.2 95.7 0.1 18.1 73.1 2.8 6.0 ’g

[1] T. Nanba et al., 2008 J. Ceram. Soc. Jpn. 116 220
[2] S. Elbers, W. Strojek, L. Koudelka and H. Eckert, 2005 Solid State Nucl. Magn.

as-prepared

Reson. 27 65 © Chzeomlcal shoift, é /-égm e

[3] M. Zeyer-Dusterer, L. Montagne, G. Palavit and C. Jager, 2005 Solid State Nucl.

Magn. Reson. 27 50 Fig. 2. "B MAS NMR spectra of
glasses.
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Na,0-Ca0-B,0;-Si0, % 7 A D431
CALEFCE - BERAEER
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The distribution of transition metal elements associated with phase separation in Na,0-Ca0-B,0;-SiO, glass system. /
OM. Ohno, S. Sakida, Y. Benino, T. Nanba (Okayama U.) / Distribution of transition metal ions associated with phase
separation of borosilicate glasses including CaO and Na,O was investigated. Most of transition metals were distributed to
B,0s-rich phase, and Ti and Cr were, however, distributed also to SiO,-rich phase. The difference in the distribution behavior
was discussed based on the oxidation number of transition metal ions.

RI&4E : benino@cc.okayama-u.ac.jp

(S]] BHFRETIE, —REEYOSIEERLEIC X > TR Sk ﬂx7?@k®ﬁ%ﬁ
BEZEW) & 7T T A DS %ﬁ%%ﬂ%LTE%EM#%&W%%%@&OTV% £ DBFFEIC
WT, TAR Y ERLT ) HEGR. BEEDTICE N LE W Fe oI TR IREYITHR I/~
U FHICERVIAEND Z EDRENTNDN, SRTINAT 7 AT ARG E LTE
ENTHEE. SRR L— M)y FHICIRD AENRWATREENH D Z LA RE Iz, £,
HERE RTINS G END Ca0 1T/ T ARG ZMH+ 5 L &nTns, £ 2 TKHW
TIL, CaO %aiﬁ‘?#%ﬁki’ﬁﬁ77\® PHFEIRIC VT, Ti X° Fe 23 DI EBBAE TR D4R
Zhagd L, U7 A WIS OME, BbiEsoikig, Fln OB E B L, &
L 2 Ik T [ %béﬁ%%ﬁwﬁﬁzk%ﬁ%kbto

[EB L] £ H T Z2DHMAIZD6Na0 + 4Ca0 + 30B,05 * 60Si0, (mol%)& L. D 7=5H@
10Na,O - 30B,0; * 60Si0, (mol%)ﬁ FABER LTz, HT ALY EEBEEA A OFE/NLLN—
EIRD XKD AAEIT 1 mol%l YT 2ER GBI 1 iy 2Lz, Be2 0 E 2 v,
1000°CC 30 73 DOFER ., 1400°CT | WFfHliR@E, 2m LA 7 A&7z, DTA WEIC LY, T
7 AR &GS EPRARIREE 2 R, £ ORERZ B LIT 600CH 5 650°C T 16 - 32 - 48 HFfH]EA
WUERZ i U7z, BAVLERDS OFUEHT 90°CIZ T 24 FERE], IN HNO; K¥EIRIC &%L\&ﬁﬁﬁbﬁﬁ
[ A ot S 7o, ANEER DR HTITITE0E X M. IR ORI AT IT1E ICP 86Tk
%ﬁw\:ﬂ%®%ﬁ%%%%kﬂ%%éﬁmﬁ®“mﬁ@LOWTﬁELto

[FER & B4 Fig. 1 1R T L 91T, BULERA i L7 7 A2 T, AL A RV IE &l
ROWOPHER SN ZE LV, ZPHMOETAEZLSBND, Ca0 ZFZFATWRVWQODH T XK T
I, ®@ﬁ7x+&ﬂ FOMIE L7220 b 6§ RERFBHROLPHR SN2
CaO |2 & 23 tHMEIER 2R S s,

B ONTIT 1 E A EDEBEEA 4 NAL— ME~GEL S22, Ti & CricBiL

T Y AHA~D4 \ﬁﬂﬁ) A olz, ZDOZEnD, M B2 EREREA A 1L, U I
SO ENRTLRLO TRV N EEZ X BILD,

100——T————1— 100 T T
80} 7 P - 80 Dt
I el s ’
60l I/"/ | 60 I/ '
5 ’oy = P ]
SRR S| /.
— 40} : ! . — 40 II , ]
|1 7 —e6-Tio, | : L o
20| ¢ ----6-TiO; HTI6 - 20 ! l----ig-?ngTlﬁ'
B R 6-TiO, HT32 | i J T
0 T o s IOTIOZHT?)Z
500 1000 1500 2000 500 1000 1500 2000
wavelength[nm] wavelength [nm]

Fig. 1. Transmission spectra of Fig. 2. Transmission spectra of
@ glasses as-prepared and heat-treated at 650°C (2) glasses as-prepared and heat-treated at 650°C
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Phase separation of borosilicate glass containing phosphorus

Y. Ohtsukil, S. Sakidaz, Y. Benino' and T. Nanba'

1 Graduate School of Environmental Science Okayama University/Japan,
2 Environmental Management Center Okayama University/Japan

E mail: tokuro_n@cc.okayama-u.ac.jp

In this study, behavior of phosphorus associated with phase separation and the effect of coexistent
components has been investigated in the ternary Na,O-B,05-SiO, system. After the heat treatment, phase
separation by spinodal decomposition was observed. From the result of compositional analyses, phosphorus
was preferentially distributed into B,Os-rich glass phases after the phase separation. But the distribution of
phosphorus was changed by introducing the other components. For example, with increasing Al,O5 content,
the amount of phosphorus distributed into SiO,-rich glass phases increased. According to ’'P MAS NMR, it
was confirmed that phosphorus in the glasses was mainly present in negatively-charged Q” units with
terminal oxygen atoms, and in the Al,0;-containing glasses, however, positively-charged Q4 units free from
terminal oxygen atoms were formed. It was suggested that the distribution of phosphorus depended on the
charge of PO, units.
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Chemical recycling of inorganic wastes using phase separation of glass / OK.Ohmura, S.Sakida, Y.Benino,
T.Nanba (Okayama U.) / The authors’ research group has developed a novel recycling method of inorganic
wastes such as granulated blast furnace slag and municipal waste slag, in which phase separation of glass was
used to obtain SiO,-abundant transparent glasses. The purpose of this study is to investigate the distribution
behavior of the slag constituents. Among the constituents of a municipal waste slag, P,O5 and TiO, seemed to be
preferentially distributed into SiO,-rich phase. The dependence of processing conditions on the distribution
behavior will be introduced in the presentation.

f4&%% : E-mail  tokuro n@cc.okayama-u.ac.jp

[F6 5] T, PEEFEFTYO—RFEEY 72 8 ORKASIIIEFICHER ST 2o %
BRI T 2 7K L CE RGN EFE LN TS, RIFFRE Ttk RBEEM O 7 2
TNV HA 7 VRO MEATEY, EORTEEFKIER T 708 Z AR Z 712200
TlX Si0,, ALO;, CaO 72 E DAY MM KERy 2 5O TR WY T ADpSy & FEFITELIL T
WAHZ WS, T ADOMBBERSEZFIHA LT YA 70T ot AOFESIN TERNNhESE
Z 1o AT TITHMRERE LT B0 2T 5 2 & TR LI T T A TEULELIZ T 2 FHIZ
FHBEL . AU 2 2 & CHREFICHEDOE W U DT T A %255 2 STk L
TWD[1,2], ABFFETITES T ZAR@A 7 7 BIERL L 720 7 A B A BE S B2 BRO & %5y
DEEINC OV TIHE AT T,

[EBR VL] #m 2 ER A Z 7' (s) & B,0s(b)% 10:0, 9:1, 8:2(wt Lb) TH & - IRA 1. Pt HIH
IZAFL, 1400 CIZfR - TZBXUFNT thimig, SmT 228XV AT T H T 22/, 15
HITZAT T T AR L, T AEBIRE LD S0°CHEVERE T 24h ZVLER 2 i LA 74
T A% 2 FICHSBESE T2, £ D% 2.5N OEFEH T 24h §i& L, W51 A & 0 Bk B4
1TV, YU EERDETHHT A EET,

[ L ER] ERLI- R T 7T A% Si0,, ALO;, CaO % FHisr & LTE Y MERK (< 5.0
mass%) & L C Na,O, MgO, P,0s, TiO,, Fe,0; & & te, MHBEL 7= AT 75T A RRULER % i L |
W12 VA Y v FHOMBOIRERNSL T U DY v FHA~DOKTEDOHEREZ KD
Fig. 1 lZ/R LTz, B 7B W THEEL LR G 60, Si OfMIZ P Tinv Y Y v FHH
(B ST VMEHIENCH D, 2, UHIO TR EITERZR Y B0 IRINEN Y 2 5120, P, Ti
DY Y FFHASNDOBENET Tldd 5238 S 0SB H - 72, F7- B0, ERIMD A
TAZBWTCHMHOEENREL TWD EEZD

AUy ByO; LSOy BT BEIC R X < 8% 5. - - T '
ZTCWDEEDID, ¥R P & Ti & ORfRITIE
WICEHEThDEELBbN, VA rTae N

ADBAFEIZAT THEAR DM BBLETH D, Mg |
(%% Ciik] Al
[1]T. Nanba, et al., J. Ceram. Soc. Japan, 116(2), 220 ’

(2008).
[2]T. Nanba, et al., J. Ceram. Soc. Japan, 117(11),
1195 (2009).
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Chemical Recycling of Inorganic Wastes by Using Characteristics of Glass / OT. Nanba, S. Sakida, Y.
Benino (Okayama U.) / In the authors’ research group, recycling processes of inorganic wastes have been
developed by using characteristics of glass such as phase separation, in which colorless and transparent
silica-rich glass has been successfully recovered from municipal waste slags and granulated blast furnace slags.
In the present lecture, research achievements for the chemical recycling of inorganic wastes will be introduced.

R4 © E-mail tokuro_n@cc.okayama-u.ac.jp

1. HE LSVRFEREZHDOWRMA T 772 E O WA FEIEYIX, Si0,, Ca0, ALO,; 72 X% L&
LTEATEY, WHTZ RVl Z b DO Z, LL, HEEBLTNWAHTEHT T AR
BE~OBER T2 I TV, YRR T, EEREEDTOEORDOREFEL LTHT A
OGEEERIAT 22 EMTEDZOTITRW N EBEZFFEREZRRG LT, FOETTADY A 712
WHTE 5D Z LIEBRCHE SN TV AR Y, YHFER T EF KRR T 798 Z IS A 5 71250
THEATTRETH S Z LWL LI 2, ARETIE, YRR TITo TE LR EZHENTH
Lz, BEED T DRSOV T HENT S,

2. MEBTOVR FEEWITOHIEER L L THTERD B,O; IR, SIRTHREL-%, Smick
D BOsBHAT I H T ARMER LT-, ZD%, HTAEBA Tg L0 EIETEWELZITV, 2T 7 H
T AEGHISET, ST T A0 UERRISIRIE L, BRICAIER T 7 AMEEH S, &Kk,
A7 LT B 2 TRimiz X 0 B L, /KPER LI Tz S, RRAERM Z15T-,

B FEREER HIFKWEAT 7 EHTH ZAIREA T 7 BIEL U 7 AEE AR O/ % Fig1 128 Lz,
ARG D 25 712 SIOy R DEIE B EmL o TEY, 1FEAEDORSITMBICIEH L TWAEZ &n
Db LnL, P0s & TIO DWW TIEAREEIRFICE < RIF L TR Y, DFICEE S ol 8ok
WL TENDHDLEE 2D GEM NIRLRFER), TT ADHHELRITY v RoF X o 2II LD ETHE
e ORI BN TEE LTA T D EE 2, YMERETIEHIE, Voo vt 20B%
WCHED A TS,

Bl untreated slag , 3 ‘ ;
[ ] acid-washed slag T|02_§J 777777 L B slag 7
[] s:b=9:1 - L] s:b=10:0
[] sb=8:2 K20 3 ] sb=9:1
[] sib=7:3 N N o [] sib=8:2
: S 1 - -
] i i ] i 1 i ]
0 20 40 60 80 100 0 20 40 60 80 100
Content (mass%) Content (mass%)

Fig.1. XRF analytical composition of end products recovered from granulated blast furnace slag (left) and
municipal waste slag. s:b indicates weight ratio between the slag and B,0;.
HEF OARWIEO —ERIE, BREEE - ARSI RHEER SR B4 (K2132, K22052) (2K VAT
bz,
SE X

1) 7R, NEW GLASS, 21, 15 (2006).

2) T. Nanba, et al., J. Ceram. Soc. Japan, 116(2), 220 (2008).

3) T. Nanba, et al., J. Ceram. Soc. Japan, 117(11), 1195 (2009).

4) KA D, BT WHKET R YT A, 2HIS (2011).

122



[8.2 £& & ¥ 14) The 28th Japan-Korea International Seminar on Ceramics, GO-O-6,
2011 4% 11 H, Okayama.

Effect of TiO, on the distribution of phosphorus
due to phase separation of borosilicate glass

Yuki Ohtsuki', Shinichi Sakida?, Yasuhiko Benino'* and Tokuro Nanba'

!Graduate School of Environmental Science, Okayama University, Japan
’Environmental Management Center, Okayama University, Japan

*benino@cc.okayama-u.ac.jp
Keywords: borosilicate glass, phase separation, phosphorous, glass structure

1. Introduction

In fertilizer manufacturing, phosphorus is indispensable element, because it is a vital nutrient for all
living organisms, and in Japan, however, there is no yield of phosphorous resources. Recently exports
of phosphorous resources have been reduced in the producing countries such as China and USA, and
hence recovery and recycling of phosphorus becomes urgent need in Japan.

In the authors’ research group, chemical recycling process by using phase separation of glass has been
developed, where inorganic wastes consisting of SiO,, CaO and Al,O; were vitrified by adding B,O;
as a phase separating promoter. After soaking heat-treated waste glasses in acidic solution, colorless
and transparent SiO, glass was successfully recovered [1,2], where 60 - 70% of phosphorus originally
present in the wastes was distributed to SiO,-phase [2], suggesting that phase separation of waste
glasses was applicable to the recovery of phosphorous.

Then, in the authors group, distribution of phosphorous due to phase separation of borosilicate glass
has been studied. In the previous study [3], it was revealed that Al,O; promotes distribution of
phosphorous to SiO,-rich phase. In this study, behavior of phosphorus associated with phase
separation and the effect of TiO, addition have been investigated in the ternary Na,O-B,0s-SiO,
system. And then based on the structural analyses, distribution of phosphorus was discussed.

2. Experimental procedure

The glasses with compositions given in Table 1 were prepared by a conventional melt-quenching
method. The raw materials of reagent grade Na;PO,4, Na,CO;, B,0;, SiO, and TiO, were mixed
thoroughly, and melted in a Pt crucible at 1400 °C for 30 min. The melts were quenched by being
pressed with iron plates to form glass plates. Differential thermal analyses (DTA) were carried out to
determine glass transition and crystallization temperatures, 7, and T.

Table 1. Nominal compositions (mol%), 7, and T, (°C) of the samples.

No. NaZO B203 SiOZ P205 TiOz Tg Tx
1 10 40 50 - - 469 -
2 10 40 47 3 - 450 -
3 10 40 47 3 3 420 -
4 10 40 44 3 5 412 663

Heat treatments for phase separation were performed at 600 - 660 °C, which was the immiscible
temperature of the corresponding glasses. After the heat treatment, the glasses were immersed in nitric
acid of 1.0 N for 24 h at 90 °C, and the insoluble residues were recovered with vacuum filtration. After
being rinsed in water and dried in an oven, silica-rich glasses were obtained.

X-ray diffraction (XRD) measurement was carried out to confirm the crystallization. Chemical
compositions of the specimens, such as the glasses before phase separation, the solutions and insoluble
residues after immersed in nitric acid were determined by ICP emission spectroscopy and x-ray
fluorescence (XRF) spectrometry. Phase separation was confirmed by SEM observation, where the
specimens were etched in 5% HF solution for 30 s. Local structures around Si, B, and P were
investigated with *’Si, ''B, and *'P MAS-NMR measurements, respectively. For the **Si and *'P
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MAS-NMR measurements, 0.2 mol% of Fe,O; was added to the glass batches in order to shorten the
relaxation time. NMR measurements were carried out at 7.05 T on a Varian Unity Inova 300
spectrometer, and the respective conditions of *’Si, "B and ’'P measurements were as follows:
frequency = 59.6 MHz, 96.2 MHz and 121.4 MHz, sample spinning speed = 5.0 kHz (all), pulse
duration = 2.5 ps, 0.6 us and 3.3 ps, repetition time = 1.0 s (all), chemical shift second standard = poly
dimethyl siloxane (PDMS), BPO, and NH4H,PO,.

3. Result and discussion

Figure 1 shows the SEM photographs of the surfaces of the heat-treated samples. Regardless of P,0Os
or TiO, typical morphologies due to spinodal decomposition are commonly confirmed. In the DTA
curve of the glasses No. 4, an exothermic peak due to crystallization was observed above 600 °C (See
T, in Table 1). As shown in Figure 2, TiO, crystal (anatase type) is precipitated in this glass after heat
treatment at 660 °C.

(a)

Intensity
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2205 8geBoer S B & 18 4g SR . 28kYT X s 19 4BESEL Angle, 26 / degree (Cu-Ka)
Figure 1. SEM photographs of the surfaces of the glasses heated at Figure 2. XRD pattern of glass
600°C for 16 h. (a) glass No. 1 (b) glass No. 3 No. 4 heated at 600°C for 16 h.

Table 2 shows the chemical compositions of the glass phases after phase separation obtained from ICP
and XRF analyses. As shown in Table 2, phosphorus in the TiO,-free glass No. 2 is preferentially
distributed into B,O;-rich glass phase after the phase separation. This is related to the charge of PO,
units [3]. On the other hand, in the TiO,-containing glasses No. 3 and No. 4 phosphorus is distributed
also into SiO,-rich glass phase. In addition, the amount of phosphorus distributed into SiO,-rich glass
phase increases with increasing TiO, ratio. Moreover, titanium is preferentially distributed into
Si0O,-rich glass phase. However, in the sample No. 4 in which TiO, is precipitated, the amount of
phosphorus distributed into SiO,-rich glass phase decreases. It is suggested that the distribution of
phosphorus is clearly affected by titanium atom.

Table 2. Analytical composition of the glass phases after phase separation

(a) SiO,-rich phase (mol%) (b) B,0Os-rich phase (mol%)
No. NaZO B203 SIOZ P205 T102 No. NazO B203 SlOz P205 T102
2 0.0 42 957 0.1 - 2 181 73.1 28 6.0 -
3 0.1 - 89.0 2.8 8.1 3 164 764 3.0 3.5 0.7
4 0.1 - 832 33 134 4 16.8 764 28 3.1 0.9
4’ 0.2 - 843 0.5 15.0 4 19.0 725 3.6 48 0.1

4’: glass No. 4 heated at 660 °C. Glasses No. 2 - 4 were heated at 600 °C
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1. Introduction

Phosphorus has been widely used in fertilizer, food additive, medicine, and agrichemical, and Japan
relies on imports for 100% of phosphorus resources. Recent years, the demand for phosphorus is
increasing in a global trend because of population increase. Phosphorus is, however, produced only in
the limited countries, such as America, Morocco, and China, and these countries are reducing the
exports, which has caused an increase in the price. Thus, the securing of phosphorus resources has
become an urgent need for Japan.

Iron- and steel-making slags discharged from the processes of iron manufacture contain small amount
of phosphorus. The total amount of phosphorus contained in Iron- and steel-making slags corresponds
to 85% of phosphorus present in the phosphate rock imported [1]. Various phosphorus recovery
processes have been proposed so far. In the authors’ research group, chemical recycling process of
valuable elements present in inorganic wastes such as granulated blast furnace slag [2] and municipal
waste slag [3] has been developed by using phase separation of glass. In the present study, the process
has been applied to iron- and steel-making slag to examine the possibility of phosphorus recovery.

2. Experimental procedures

In this study a dephosphorization slag discharged from an ironworks in Okayama prefecture was used.
The chemical composition of the slag is 18.1 mass% SiO,, 25.0 mass% Fe,0s, 44.0 mass% CaO, 4.3
mass% Al,O;, 3.4mass% MgQO, 2.8 mass% MnO, and 1.6 mass% P,0s. SiO, and/or B,O; were added
to the slag and the mixture was melted in an alumina crucible at 1500°C for 1 hour. The melt was
quenched, obtaining glass. Expecting phase separation, the sample was heat-treated under various
conditions. The heat-treated samples were soaked in various solutions, such as acidic, basic and
neutral water solutions for 24 hours. The chemical compositions of residual solids not-solved to
solution and elutes were determined with X-ray fluorescent (XRF) and inductively-coupled plasma
emission (ICP) analyses, respectively. Based on the results, the recovery of phosphorus from

dephosphorization slag was considered.
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which a texture like small cells is confirmed in both glasses. Figure 3 shows the XRD patterns of the
slag glasses, where a small angle scattering is observed at 26 < 20°. These results suggest phase
separation. The glasses shown in Figs. 2 and 3 have not been heat-treated, and it is therefore suggested
that liquid-liquid separation was induced in the melts.

The slag glasses were soaked in 1.0 N HCI solution, and elution rate of the glass constituents was
estimated. As shown in Fig. 4, the B,0s-added slag glass was completely dissolved, and in the case of
the Si0O,-added slag glass, solid containing phosphorus was successfully recovered. In the SiO,-added
slag glass, the recovery rate of phosphorus is ~70%, and other elements such as Fe and Ca also remain
in the recovered solid. In the case of immersion in basic and neutral solutions, the slag glasses were
not dissolved. It is finally concluded that further revision for the process is required for the selective
recovery of phosphorus.

slag : SiO, = 60 : 40 (weight ratio) slag : Si0, : B,O; =1 :1: 1 (weight ratio)
. i g ; . : ‘ \_{ ~ ) 3 '. ‘

A

Fig. 2 SEM photographs of the slag glasses prepared by adding SiO, and B,O;
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= 150
© ] C
= X A L
g 1001 "
= slag:SiO,:B,0, ° A -
1:1:1 5 - -
5 507 0
L _ 5
20 40 60 80 0- i HH EE BN N EH Nis
26(Cu-Ka) / degree B Si Fe Al Ca Mn Mg P

Fig. 3 XRD patterns of the slag glasses Fig. 4 Elution rate of glass constituents to aq. HCI
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1. Introduction

General wastes such as household garbage are currently emitted as molten slags which are glassy solid
produced by high-temperature incineration furnaces. The waste treatment is effective for the
decomposition of dioxin, volume reduction of wastes, and life extension of waste disposal sites.
Moreover molten slags are also reused to asphalt pavement materials and concrete ingredients,
because they have high chemical stability. The chemical components of molten slags are SiO,, CaO,
and AlL,Os;, which are the constituents of commercial glasses, such as cups and windows. In the
authors’ research group, a novel waste recycling method has been developed by using phase separation
of borosilicate glass, in which alkali, alkali earth metal, and Fe ions are preferentially distributed into
B,0O;-rich phase [1,2]. Among transition metals, Ti indicated a different behavior; Ti ions were not
incorporated into B,Os-rich phase after the phase separation. It was suggested that the distribution of
transition metals was influenced by the nature of transition metals. Transition metals are widely used
in the field of glass industry as a coloring agent, and in the recycling of inorganic wastes, therefore, it
is very important to clarify the distribution behavior of transition metals due to phase separation of
glasses.

In this study, various transition metals were introduced to the borosilicate glasses in the system of
Na,0-Ca0-B,0;-Si0,, and distribution behavior was investigated, obtaining the effect of glass
composition, redox state of transition metal ions, and influence of co-existing additives on the
distribution behavior of transition metal ions.

2. Experimental procedure

Glasses with the composition of (1) 6Na,O-4CaO-30B,0;°60Si0, and (2) 10Na,O-30B,0;°60Si0,
(mol%) were chosen as matrix glass, to which transition metal oxides, TiO,, CrO; s, FeO, s, and ZnO
equivalent of 1 mol% of main glass were added. The raw materials of reagent grade Na,COj;, CaCOs,
B,0;, SiO; and a transition metal oxide were mixed thoroughly and melted in a platinum crucible in an
electric furnace at 1400°C for 1 h after calcination at 1000°C for 30 min. The melts were quenched,
obtaining glass plates with a thickness of 2 - 3 mm. Differential thermal analyses ( DTA ) were carried
out in order to determine glass transition and crystallization temperatures.

According to the results, heat treatments for phase separation were carried out at 600 and 650°C for 16,
32, and 48 h. After the heat treatment, the glasses were immersed in nitric acid of 1.0 N for 24 h, and
the insoluble residues were recovered with vacuum filtration. The insoluble residues was dried in an
oven, SiO,-rich glasses were obtained.

Chemical composition of the acidic solutions was determined by an inductively coupled plasma
( ICP ) emission spectrometry, and that of the insoluble residues after acid treatment was by X-ray
fluorescence analysis ( XRF ).

3. Result

As shown in Figs. 1 and 2, with increasing the time of heat treatment, transmittance decreases at
shorter wavelength region, suggesting the development of phase separation. In the CaO-free glass
system (2), significant shift of transmission curve is identified, even after the same heat treatment with
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glass system (1), which suggests depressive action of CaO on the phase separation of glass. Among
transition metals, it was also suggested that Ti and Cr have accelerating action on the phase separation.
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Fig. 1. Transmission spectra of glasses (1) Fig. 2. Transmission spectra of glasses (2)
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Fig. 3. The elution ratio to nitric acid for Fig. 4. The elution ratio to nitric acid for

transition metals in glass system (1) after heat transition metals in glass system (2) after heat

treatment of various time. treatment of various time.

Figures 3 and 4 show the elution ratio of transition metals to nitric acid, that is, distribution ratio of
transition metals to B,O;-rich phase. As shown in Fig. 3, the elution ratio decreases with increasing the
time of heat treatment in most of the transition metals. As for Fe and Zn, the average ratio is higher
than 90%, indicating preferential distribution to B,O;-rich phase. Ti seems to be evenly distributed to
B,0s- and SiO,-rich phases after the heat treatment. As for glass system (2) shown in Fig. 4, the
significant difference compared to glass system (1) is confirmed; elution ratio of Cr is much lower (<
20%), indicating preferential distribution to SiO,-rich phase. It is consequently suggested that
transition metal ions with higher oxidation numbers or accelerating action on phase separation are

distributed to SiO,-rich phase.
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Effect of additives on the distribution of phosphorus associated with phase separation of borosilicate glasses / (Okayama Univ.) Y.
Ohtsuki, S. Sakida, Y. Benino and T. Nanba / Sodium borosilicate glasses containing phosphorus were prepared by a conventional
melt-quenching method, and the effect of AL,O; and TiO, addition on the distribution behavior of phosphorus associated with the phase
separation was investigated. After the heat treatment, phase separation by spinodal decomposition was confirmed by SEM observation.
Without additives, phosphorus was preferentially distributed into B,Os-rich phase after the phase separation. On the other hand, with
increasing AlL,Os or TiO, content, the amount of phosphorus distributed into SiO,-rich phase increased. It suggests that distribution of
phosphorus was influenced by Al,O5 and TiO, addition.
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Table 1. Analytical composition of glass phases after the phase separation.

(a) SiO,-rich phase (b) B,0;-rich phase
Na,0 B,O; SiO, P05 ALO; TiO, Na,0 B,0; SiO, P,0Os ALO; TiO,
A 0 4.2 95.7 0.1 - - A 18.1 73.1 2.8 6.0 - -
B 10.0 1.8 76.9 2.1 9.2 - B 14.2 82.0 0.6 3.1 0.1 -
C 0.1 2.4 83.0 4.1 - 10.4 C 19.6 73.5 4.2 1.7 - 1.0
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Development of phosphorus recovery process from iron- and steel-making slag / (Okayama University) H. Kawanishi, S. Sakida, Y.
Benino, T. Nanba / In the authors’ research group, chemical recycling process of inorganic wastes has been developed by using phase
separation of glass. In this study, the process has been applied to iron- and steel-making slag. The slag was vitrified by adding SiO, and B,0s3,
and liquid-liquid phase separation in the melting process was confirmed by SEM and XRD observations. After soaking SiO,-added slag
glasses in acidic solutions, insoluble solids were recovered, but separate recovery of phosphorus was not achieved. Under some conditions,
AP ions which have negative influence on plant growth were successfully separated from phosphorus, expecting reuse as fertilizers.

E-mail: tokuro n@cc.okayama-u.ac.jp
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Characterization of glasses based on basicity / OT. Nanba (Okayama U.) / Basicity is a measure of electron donating
ability, which is associated with electron density of a material, and it is hence expected that physical and chemical properties
are correlated with atomic structure of materials through basicity. In this presentation, various studies concerning basicity
which have been done in the author’s research group will be introduced. The research outcomes, such as, basicity evaluation
by XPS, relation between basicity and glass structure, material and process design based on basicity are shown.
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Fig. 1. Correlation between experimentally
obtained Ols binding energy Ep(O1s) and the
optical basicity numerically-estimated from
electronegativity A(y).
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