TR 29 R

XEHFE ERFEMICEMRMAFEMEESSE
R ZEHREE LR F AR - AMBRHEESX

BRIKWBZRREEMPRA S ) — RO REHERE
DL EERATE - LHE - L5 DT=HDREK

ESRYR

[&l % b £ 1t 0D Al

RRMES

T30 %3 A
RHEFEEAN BRRFIY

ek T




ARREFIT. SCHBFAE ORMEREE L

JRF IR Al - A BRI EEIC LD E
FEER L LT, ENLHFZERSIEN B ARRF
TR 72 B S AATE 23 SE i L 7 SRR 27 —29 4R FE
(V5 YuK AL B IR BEFE) A T ) — K OV B
R DT BRI « B - W5y D7D DO
KEEEROBE ] OREETY £ &7
HL DT,




L T R v
1. [ZLDIT =+ = v s o s m e m e s e e e e e e e e e e e e e e e 1-1
2. EFEEtE
21 2AKSHE » » = = = = = = = =+ 6 44w a e 2 1-1
2.0 RAFESHE » » = = = = = = = =+ + # #4444 4w e e e e e 2 9-1
3. XBORENBTRURE
31 BEEEVOESREFFE H27~H29) - - = = =« v v v v e e 3. 1-1
311 EEEYOMLE - « » = = = = = f ot e e e e e e e e e e 3. 1-1
3.1.2 MEEEEYMDER - » = = = = = =+ + v v v e 3.1-3
3.1.3 IEHIEEYOIFE - - - = = = = = o+ oo w e e e e e e 3.1-7
3.2 BAKEIFEEMDEFE (H27~H29) - » = = = = = = v v e v v e e e 3. 2-1
321 BEREME« « « v ¢ 0 0 0 0 0 st i e e e s e h e e e e 3 2-1
3.2.2 BEIFIKAIEE « = = 4 v v v e e e e e e e e e e 3.9-9
3.2.3 XMSEIHTHRER « « « = = = = 4 mm e e e e a e e e e e 3. 9-3
324 BEETIL - = + » « = n v o w e e e e e e e e e e e 3 9-4
325 FKEHRFEES - « » = = = = n v v v n e e e e 3.9-6
326 R —JLT U TRER - = = = = = =+ + v v a e e a e e 3.9-7
3.2 7 —EHEHERRE - « = + « = o+ orow s w s x e wax e aaa e x o s 3 .9-8
3.3 METREETDOEEFFM (H27~H29) - - » « =« = = v v oo 3.3-1
3.3.1 BBEISAER « + » = = = v n nn e e e e e e e e e e e e e e e 3. 3-1
3.3.2 MBI KELHEBREENHE (BEEL: 7ENADIDY) « = 0 - - - 3.3-5
3.4 BREEILYORMLTEMSM (BRFEL : REKRE) « » = o v v 00 e 3. 4-1
341 SEMEE « « « « 2 & & 4 4 4 s s s s 4w e e ww s e e 3. 4-1
342 BERRBUEBE - » « = = = = n mnn e e e e e e e e e e 3. 4-2
3.0 REROMERDHE (XEHARLE: P2 T4 —ILFERFE) « =+ = v = v 0 v s 3.5-1
3.6 FRZEHEME - = « + + = = v v e e e e e e e e e e e e e e 3 6-1
- — 4-1
2t S T T T 5-1



®—E
# 2-1
# 3-1
# 3-2
7% 3-3
7% 3-4
7 3-5
7< 3-6
7 3-7
7 3-8
7 3-9
# 3-10
# 3-11
# 3-12
# 3-13
# 3-14
# 3-15
7 3-16
* 3-17
7 3-18

M—%
3-1
3-2
3-3
34
3-5
3-6
3-7
3-8
3-9
3-10
3-11
3-12
3-13
3-14
3-15
3-16

SRER T L DAARTFZEAEIREI] « » » =+ + o o o 0 o 0 e e e e e e e e 9. 1-1
FECE, BISKRECS OPEIR « ¢ ¢ o o o o v vt v v v v v v v v v o 3.1-3
ANTHEAKVERIFZRIE « « o 0 o o v v v v v v v v v o v e e e e 3. 1-4
BIREEOHACI A A APREE o 0 oo v oo e e e e e e e e 3.1-7
P CE OZEMAE L DL « o ¢ o o o o o o o 0 o o 0 0 o v 00 0. .. 3.1-8
FofiE 1S M OMBLE CS O B¥BHEH DAL A AU AJREE <« v o e v e e e e 3.1-8
HOE XTI & DA IS KON CS DT (Wt %)+ « = v o 0 e o e e 3.1-9
REQDE ZHE LT A ORI (wt. %) = 0 0 v o v o oo oo e e 3.1-10
PR IS RUVEHEECS M pH e ¢ ¢ 0 o o o o o o o o o o o 0 0 o 0 0 0 o 3.1-10
PRt 1S ROV CS DREIREL « = ¢+ v v v v e e e e e e e e e e e 3. 1-11
LR IS B OMEHRE CS DG « « v v v v v e e e e e e e 3.1-11
fELE 1S KOMSHE CS DRHERTZROEEL « » » 0 0 v 0 o e e e e e e e e 3.1-12
R A 15 A T T 3.9-1
E IR T T 3.9-92
CAP @ G, (Hy) » # © = o o o o o o o o o o o o o o o o o o o o o o o 3. 2-6
CAP+CE, CAP+IS, CAP+CS @ Gy(Hp) = = = « ¢ ¢ ¢ ¢ ¢ o o o v v v v v v s 3.2-7
CAP, CAP+CE, CAP+IS, CAP+CS DO —WfiEAEIRE (MPa) = = = = =« ¢ o« o 3.2-9
R —/NT w7 LTz CAP O—BHEMETREE (MPa) + + « ¢ = = @ 0 o o o o 3.2-9
1 Y720 OEHEORE (mg/L) « « ¢« ¢ o o o o o o o 0 o 0 o 0 3. 4-5
I STROME « « ¢ o o o b e e e e e e e e e e e e e e 3.1-2
SRTER LRI OREET « ¢ ¢ ¢ o ¢ o o o e e e e e e e e e e e e e 3.1-2
FEEE CE/EBL 7 — o ¢« ¢ o o o o o v v e o 0 v e et e e e e e e 3.1-4
B UTHEAE CE » =+ ¢ o o o o o o o o o o o o o o o o o o o o o o o 3.1-4
= RN E%1 U e T O T R 3.1-5
B UT R IS« =+ ¢ o o o o o o o o o o o o s o 0 o e 0 0. e .. 3.1-5
= G (E%1 U e I 3.1-6
B UTFEE CS e @ v o o o o o o o o o o o 0o o o o e e e 00 ... 3.1-6
FEROBHEAT UV —OEEE (53 700 ff5) = = o o oo oo v oo oo o e 3.1-9
S SN w SRR 7pY =¥ ey Qs o< S S R R S S S 3.2-3
U ‘/Eﬁ;ﬁfb{zﬁ@ XRD jﬁ:% ...................... 3.2-4
FRIEONY VERREALIRD TG FER « ¢ ¢ o o o o o 0 0 o v 0 0 o 0 . 3.92-5
FRIE N VERRBEALIRD DTG FESL « ¢« ¢ o o o o o v 0 0 o 0 0 0 o o 3.2-5
A — )L T > T U7z CAP DAL « ¢ ¢ o o o o v v v v v v v v s 0. 3. 9-7
AT —)VT v T Uz CAP OFRIFRFROMRIELA « o 0 0 v 0 v v v e e 3.2-8
SA/VETHEDORNDBEIR + + ¢« « ¢ o o o o o o o o o o 0 o v o 0 o 3. 2-8

ii



3-17

3-18

=

3-19
3-20
3-21

3-22
3-23
3-24
3-25
3-26
3-27
3-28

3-29
3-30
3-31
3-32
3-33
3-34

3-35
3-36
3-37
3-38
3-39

BEE—
ALPS

CAC

CAP

CE

CS

HAp

JAEA
ICP-0ES

IS
PP
RW

IR K E LR AE & 2 F V7

BREFIRIL « ¢+ ¢ o 0 o o o e e v e e 0 . 3.3-2

%%T%EW@EE\ﬁ?X%WEﬁ&@ﬁE@ﬁ%%m -------- 3.3-2
FERRH TR O FIZB T 2B ORI UKy R e o o o v v o v vt 3.3-3
BEATICRT 2 ) UEGRELIROREREG « « 0 0 0 0 e e e e e 3.3-3
FRST Tt 2 90°C THIK[E L L7z CAP DB EZE( + « « « + o o v o - 3.3-4
BIAKBEULIEFD G (Hy) = ¢ ¢ o o 0 v o oo o oo oo e e et e e e e 3.3-4
BB OB K ECERBRIEEIMBL « » 0 0 0 0 o e e e e e e e 3.3-5
INEAB K EALRREREE B O RN « ¢ ¢ 0 0 0 v o e oo e e e e e e 3.3-5
D A= 3 3-6
&Eﬁﬁf&@%f‘gmm,b@yﬁgﬁj\jﬁ ................... 3.3-6
@(Jﬁz L7LC7K§7\ % e e e e e s s e e e e o e o o o o o o o o o o e 3. 3-7
50 g Y4720 OFREHIXTT HAKRSARE L OHER (g) « + + =« = = - - - 3.3-7
T o~ RRRGRBRIF OFBHEEE DT <« ¢ v 0 0 v 0 e v e e e el 3.3-8
— Ru LB EREZRGET. « ¢ o ¢+ o ¢ o o o o o o e e e e e e e e e 3.3-8
WO LEEERE LI ESE P o v v e oo v e v e e e e e e 3.3-9
73[] (@Hjuih% %@ﬁﬂﬂ% ...................... 3. 4-9
U R EARAA (CAPHCE) (T35 1) 2 AL BB A Y 7= V) OfS 5B - - -+ 3.4-3
CAP+CE DIRIEFABRIN DG DIV AN O A A PRBE < o 0 0 0 o 0 v e 3.4-4

CAP+CE DNNEPA HFER ) B 15 D VoM O A AR (f2M|) - - 3.44
CAP+CE DNNEIA HFER ) 15 D Ve NI F O A AR (G| -« 3.4-5

CAP+CE OBESRNNHIAHFRERATO XRD /87 —2 v o v v v v v oo o v v e 3.4-6
CAP+CE @EEHjJD @mui%ﬁfﬁo) XRD /\5_./ .............. 3.4-6
CAP+CE @ DTG EHH;%JI?( .......................... 3. 4-7

:Concentrated Effluent (2

i)

e BE R )

:Tron co-precipitated Slurry (&3t
: Poly—Phosphate (AR U U L 2)
: Remaining Water (FE{EKSR)

iii

:Carbonated Slurry (RMHE A7 U —)
: Hydroxylapatite (KEILT X¥ A )
: Japan Atomic Energy Agency (H A1 IAFFEEH3sHAE)
: Inductivety Coupled Plasma Optical Emission Spectrometer (ICP 3&3t43 Y650 Hrd

kA7

: Advanced Liquid Processing System (ZA%ZFE[RZEER1H)
: Calcium Aluminate Cement (/LT T AT LI F—hEAL )
:Calcium Aluminate Phosphate cement (U v fig 3% [k &)

7 U =)



TG : Thermo—Gravimetry (EN\E &4T1E)

UoS : University of Sheffield (=7 4 —/L K KZ)
XRD : X-Ray Diffraction (XHR[EIFT{E)
XRF : X-Ray Fluorescence (d#¢Yt X BR43H7T1%)

iv



RS

T — R IR EFTOBE LB AT 72D M N T, (YK ELI T 52 LIk - T
T2 ORHEFEIEY) (5 KALEE —IRBESEY)) MRAEL, BFFEINTW5, RO EE LT
W R IRMEIE B ) O R A LT IRMEFEIR . BUAERRME) L U D B IR L5 K O R 2 R 25
RIEDDREL TV ABIEE AT U — R ORBIEA T U —1X, Wb EEED “Sr & KEDK
B OGRSy % B TN D e BURPEE % @R EE S E T R E D KITHER SRR K 2 K3 AT A%
ADIRKR E 725720, ZDFFEOMER TEMIITE L72BRICIE, RERG OB REEIC X DU
FW O AN KR OKFES A L DBEY 227 KT 5,

AAFFETIL, EFROVGYAKALIE “IRBETEY % . £ DIV K OKFEHT AFED Y 27 %R L
LEIVCHT « JLBR - Wy 5720, U VEERESRULHM Z AW CEL L, BRI Bk %
Fhid D Z LI K VKRBT AFAEZIEIT D L RIRFZ, Sr KOV & BB DL E b G
W35 L THEREMT DREBEMRMCEIRZRES 2, UV BEIHO—FETHLT "2 A M,
Sr O LIAHICH LIERMTHLITET TR, FRC oo vl A4 rh
Caio(POy) ¢ (F,CL,0H); & LTIREFTH Z ENMONTEY, Sr L Cl 25 TeRfEhEk, St 2
TV =R ORBEEA T Y —%ELT 20108 LB ch b LS5 25, L, MEKZED
RN SEE LN 2 E TICEL | B K D% - Bl oBI%E. MBSO Ki#E L,
LR O ECARFRE~DRBEEH ST A HLERH S, AL T, (1) EEEOFEFEY & AlHE7R
PR TERE AR L - BB 2 W5 2 & QM BIOMEE Z 4R L7z 5 2 TH LW EkIED
B DD Z & () AN T CoEbRN 28T 5 2 & () FEORINZE M Z M
WL TR 52 L2 LT,

AREFEEBHIL, FICHEEY =7 0 — /b FRF L BARFE A I8 O W5 S N L7 s i
Oz, AFEEICIX, FICHARM ORI 23 E LTV D)3, Appendix & L CHEE D A&
WEFLIMST D, AFEO TR E LT, (1) BMICE - BRI, kb 2
ZU—, BRRBEA T —%2 5 TE, 2) KoEGAEMEWY UEREAEAZBR L, K
FIAFERBPMENZ L 2R LT, (3) U UEEREULIRT ~DRKY 20wt. Y% OIEHERMEFENR, 1HE
BRILTEA TV — BRI A T V) —OUINMPB KSR, i, KEHARERICKITTHE
PERWZ &R LT, () BE T CRERBENATRETHY, TAZHEMTE HAE AR LT,
(5) Sr KON Cl OREE(LZFHET 5 72 DI IERER K OEXINER HRBRZ ML, Bk Lz
VEERBEULIRIZB T, ZTNOLOBEHEME T T 5 2 AW LMNCLIEEREIT LN,

YRR 27 ARPE DN DK 29 AR FE ORI SN L 7= U R R B LR A O 72 K B BT 00 B FS 1 %
D HIW ST ORI S @AM E LT, U VEEREILRZ BAK T 2 AR, xS [
B, BB, E LM B OTREE K O ENE & W o Io G I e BLE N 6| 18 BTG YKt
CRBEFEMOZERRYITERICHEA CE 5 AREMA AT OO TH D Z RSN, o,
FERICIT TR, A7 =7 v FIZER LT, BKREOIEFESLE LAY A X OFREEICFRED
HLIERHLMNEIRoT,

Z OMPEDIRRIZNL, A —NT v TR OND T T v 7 ROFRAEK G FE K D BR A 72 iR
. ROZ6OBIGZMEIT 25 & 5 2R TRIZE L2 BKER OB R LETH D B 2
bivd, B2, FEERIOR 7 —T v THRERICB W THWe~ A 7 a7 = — 712 X 2 EWLK
X, B A —ERECTNEAT 5 Z L RNETH Y . ERFTRINEANZEHOERICH 725, ¢



2T AT =T v T OIZDIIE—ERE TLEITMBAATRE R UK TIEFE ZRETT & TH 5,
S — R BT IRE STV DR IAIR D BEZE %2 22 R WIRTEL « 53+ 5 T2 012iE,

EfbED~ ~ U 7 2B O e 7 o 2 s S ERYIICHA CIAD, 7o TES)RY

KedER, MEEROBRIENE - ZaMERIEN T BB 2 ikt T 2 BEN H Y |

Z DTSRRI R 1T 5 FERERBRIZ 22 9 T2 O D & 6 72 2 AR AN DML RO b D,

FREOMVEZ MR T 2 Z LT X0 | R ETEYKLEE " IRBEFEY) 0L E Te R RTEI 36 T rIRE 722 B

R OMESZIZRE S HEATREETH 5,

vi



1. [EFL®HIC

TS — R I FE BT D BE LA BT 72 B FAZ I T (YK E BT 5 2 L2k - T
T2 ORCSHERESEY) (TBYKEL “RBEFEY)) MRE L, BRI TS Y, RRCHINcRBmE L
TV AT IRMASEE ) B I L U T2 IR FEIR (CE) . BUIERRM) L T 2 ZALFEER Ei% i M O 2%
FEBREFRH N D RAE L T D8I A T U —(1S) KRB A 7 U — (CS)1E, Wb miEED
WSr & REDA KR OHIKESS 2 E A TS, Z0OX 5 ITHEHEWE % & 2 & e R B KTk
SR RIZ L DKFBT AREDIRK & 22572, D F FOVER TR L72BRI2IX, HoRtE
PEFEM O Z VKL OKFEH AL DBREEY A7 N ERT 5,

R L~V EBESE D © B I EIME 2 B O ACR X O RIR D BEFE 1T, IR ALBEAE O RiT AL
iSRS, Eik AL FEAWTHE - H—FEiEE UTREER S, L5 F TOHIM
Hriek ST RICHRR ALy S D P B 15 Yk AU IR BESEW) 2 il D& A v b Bk IE T AL
T 5L, BAMHEFEMORZ VDY 27 2T 5 Z LIEARETH 528, & A v MEHHIRIZE A
SNTWDKZDT=D, KO DGFRIZ L DKBTADIAEDY) AT NEOFEEKRD, ZD
E. BEEWMNAKEZ G TS, WEKIED D O A A U BEBRKO FIZFERE LTS A, B A
¥ MR OKEBC TN T LOEEEIMEE S L, BREIZMEBI ORI A<, 1o T, ZNH DR
FeW) 2 RN R - WL - U3 27201, KFEHT A DOFAZ WIS 25 & i Sy ROk
WA I BT REN 2 ZEICEELTE DM AET 25 2 L IXRaLrET 5,

WHEOE AL ML DEILEN KRS TH LK L, VB~ 7 2y T DN VS
N2 BERGHELIE TR, U UigA F U Db~ 7 320 7 AOBIE I VT LD LS 7l
EEom b aY EBERIRIC Lo T T2 Y, 20, UV~ 72U AR VR
TN bk RWTEEIGIER OKS ZRELS>HOBAELEE LT, LG &2 EEICEL
EHOKEZIRHT 5 2 &N TE, AR O KO BRI IR K 2 KT AFAEO I 23 7]
REL 725, & 2 CAMETIEL., BEWOIR AWK UOKET AFEAED Y AT AR L LN DRE
TS 272012, U VB~ 7R T LR RV T W O T BEAFE O BB & LT
B AR DI LRFZ K E EL 2 i35 Z &2 KV KR T AFREEZIHIT 5 L FRFIZ, Sr LD
WKy % 2 B FEAL T D MM 2% T 5, Zh b U VEEOFEIKIC L > TAERKL 9
BT REA X, Sr OFEEICHE LB TH D VIZ TR, FRCl XA 4
> Cai(P0y)s(F,ClL,0H) . & LTREFT A Z ENFBNTEY, Sr KU Cl 25 Te CE, IS LVCS
EE(LTHOICHE LM THD EE 25, LovL, MEBIKEED 2R SEL L7ZFlIxZnE
TITHEELS | INBWLAK DT - B oBags, MEWiIKD & A X 27 & &Moo mE b, kK OFE L
REHE~OEBEHL T HLERD S,

1-1



2. EBIE
2.1 2f&itE

ARILEFGEIE, U PEFEEY) O R HTRR « AL - AL RIS 1T 5 /K58 T A D38 A K OV %
WU A7 OIREE B E U, YKL BIRAT D IRBEFEM TH 5 CE, 1S KT CS D iKIE
EALEINZ BT 22 2 BB L T, (D) EEEED O AR &R I, (2) BiAK B &bk DB,
(3) F SRR R S D BB A . (4) IR G B4 D = W22 i PR REA M OF (5) WP ZEHEME 2 B 5805 A3 W /)
LCEMmT 5, 3R & ORMEFIFERGIR LR 2-1 ([Z77, AARATIZO BT, EBED
BEFEW) % TREZR IR V) IEREI KRR L - BURBEIEM 2 AR L. Z OTIRE OBIE R ORI % E e
T %, (2) TiE. LitoOBEREEYZ AW VBRIV D ARMEHT X 5 B K E E i & B
Y5 LT, ER U 72 EIER O RERE A2 FEhEd 5. St ROV KR sy & EEL TE, KEH A
AR B/ NRICEN 2 D EL SR 2 B35, (3) TlE, UG T CHRRERELZ HHT 5
TINEABE K A b aR R S & DX R « BUE - SRR 25 L, R K B EA IS MAE T 528 % 5
Do Fio, U UBEEAGR D EWIHTER OB 2 LI~ BELR D2 L &b TEEDRE
FeWy & AR SRRV T (2) TR T 2HEiomEAEEZ I 2T 5, (4) TiE, KRIER
Bk S OVEE SN IS HHRRBRIC K 0 IR G B O BRI Z ENVEZ TN L, A0 2I1C BT 2 R e s
ZFECHCICEAT 2R EG D, FHEMITIE, @QIZBWTHARD RS Y VEERIEE FHW T,
H A & [R] CAREBETEY) OB K B LRER 2 33 5, I HIC, A7 — T v 7 L Kkl
ATV, FABRNIE 2R T 5, () IR W T, EERERARZ EE L. R « L0

BT DA RS O EE(LEREZ 7T 5, (5) TIXH BB EZF O T T, S£FEHE
HEOEEDO Y =7 ¢ —/L FRF(UoS) & DEEEL I L THIEAED . BERZIY £& D5,

% 2-1 B Z & ORI R EFE

FE X R .
- - AL 27 R 28 4 TR 29
() BB O S B & 5FHE T e HEBRICHT HEERENO /R BUERIC T HEEEEN O
(BRFHH4H8) - "
BERENESTLOERILHO BREENESCERILHO
(@) BKBEIEAL i OBasE FREAR MK EL MEBKEL R
(R T1818) RN E SOERICH MR
(HE)
TN ORI
QO BAHRIS DR B MRS T =B SR RS S ARSI 5 MR RN E S
DRRAER BHERORE | s BHmomEE LONE | CELHOHEEEORE
(BT NHgH) ¢ >
B RES T AT S
@R KB REREE DB MEBEUKELRBREB | BARENT TRATSMAKRKE LR AR S T CHEAT MBIk E L
£ (FRRVIUD) HAROBE BEEOHLE HBEEOUR
BEMETHRROR SIERDEE
@EREELHORMRELH BAIES T RAR BRI HER | o BB R
i (REA) >
(@) ERLH OB ESH ERERNESCER MO B RBEN
FEHER Fen- (FRHE  mg-pmosRmm SO |BRGE  EH-BE-HRRE F0
(5) FRZEHEHE PoE:ES SE  |[FEORE  RROEZB-IrO— D FHORE & ROWRD-TAO— -3
> > < > < < > ¢ > < >

2.1-1



2.2 HEEFE

AILFERIZEIL 5 SOEA PR SN TR Y . £ Th () BHEEIED OERL L R, (2) Bk
EE BT DOBIZE, (3) BRI OB T, (O IRE B O KB ENERHE,  (6) bFFEHtE
EHRLTWD, AIONTT OFERER 2 LT ICRE T,

ERK 27 AEE (2015 4F 11 H ~2016 43 H)
[ A A e ]
(1) BT DA R & RFf - (JAEA)
R BT CRE STV D EEYOIF R, BMFEOREFEELSE L LT, HiHECE,
LR TS M OMRLAER CS ORSLEEBETE 2 ERS 5, (RIS D BElEpEsE) 2 20 i L TWERRY - (LRI
PEDERET — 2 2 His L. ABRTERZR 818 S0 FREFED ORI & T 5,

(2) B EEAL AR OBAZE  (JAEA)
BLEERE ) & R EA OIR G O Wik B ERER O FE 2 M T, SEERAEE OFEE & AR pE e
Wa G Ly UERREMIED I KX 2B S 2 mat L, MR AT 5,

(3) R R R 5 0D S BT ATh
OSSR (JAEA)

TSR TI2H1 5 U VR E IR OREIEL L R OUK BT A S AR E 2R T2 2 L 4 H
1Y & 3 2 BNFRBR OB S 2 EREEM OB ESFITHEDLE D7D, FECE, E IS LUVE CS Dk
FHREA X2 DY ZABIE#RDHER L, BAERBRICKS T 2MESFITEZRET D,

OMEABIK B LFBREEE OBRR (FFZEFEE : 7 R oY)

TR B T3 TINEBK L CREMEEREE 2 (E I 2 @ A 383 5 720, R F ¢
DINBAST LS 2 R4 5 & T, BAET DKEL[OYERHERE, HEHRIBH T2 X - TRET DK
T AGEOREF L, EREELZBET 2 HESERH L, EEOMEEED D,

(DIRAEUH ORI EIER M (&R « L& RF)

RIS O 2 HBEITHE 5 WA B 2 e R TR o oo, BRUnEE Lz
BT 5, £FIIRERED G LY VESREMLAZ W TERUINERE H O T 2355k 2 5
iU REM OV e 2 3l 5

(5) tgeHeate (1K)
MRAEEDO T T, SWREER KLU VoS & DEHEL I L TIFEZED 5,

(<= e ]
(2) U VR EUE RO BKE LA oA GERIBFIESE : UoS)

U U SRIEEAR O BUKELRFIC I D ISR (R, 1RE) (2RI L T, HBEREh z 5 A L
Y SR E IR 2 IO TIAE T 5, EEIARD TG, XRD S0 534 2 %kt L. LA O AR
DIRREZ RS D,

2.2-1



(4) U R EU RO HEER (JEFRIDFSESE © UoS)

AR B SAE 28 U  BRRE LR OVAREEENC T T B LMl 5720, BEEREENZ A L
72N RSB E AR OR HFRER 2 ANST/ANS 16 1 (23S WTCRIAT 5, ICP-0ES RO A7 1
~ T 7 4 —F AW, BHEE DT 5,

SRR 28 4R (2016 4F 4 4 ~2017 4F 3 A)

[ B A F 0]

(1) BEpRBESEM O ARk & FFM - (JAEA)

UoS 12817 2 i /KE E(LaRERIC U3 D HHEFE Y (B CE, Bl IS, FfE CS) ZAFfL ., fit
fad 2, HEFEIEMOFERIT, PRk 27 FEORFT, W - (LFRRER ABIERIOR S
D EREFORHEITE 725 X 9 ICHMRR0E LT B ESEMIF A L 01T 9,

(2) B EEALELART OBAZE  (JAEA)

U R EAR Z S RN KT 5 HIEKR O S & Cl ZBEE T 2 &Iz 2, 207
DB T 2 A T2 Sr & Cl DI Z DTN T2 EbR 2T 2 D4t (BT,
IMBGREE 72 &) TERL . EULIRORES Sr & Cl ORHMR EDTF — 2 25T 5,

(3) kst B oD B A
OIEABIK EALFRBREEE OBRR (FFEFEEL : 7 R o)

VR 27 AEREEICHRE Lo HARICEE D & . BRI Tz W TINEK U CRELd 2 288 2 5%
At BUET 5, BUE L 2EE OBSHRIES & U e W S T o P2 K OB GTRER C© o i H 920&
ICHEESELRAEMN L, MISRENLRT 5,

QWFRER (JAEA)

BUE S N TMBDUK EEERBR AL E 2 IV C L B REY 2 5 E W EBIRIT R LT s
FELROWFIECOTERREIT 72 %. IR N OBUKELEERZ JEM U, s 25T
BT — &2 G T 5,

(4) REEEH ORI ZEMERN (FZEFEL - AEKT)

FRERBEFN) 2 & Tl AR O FE RS AR B 22 F2hi L. SBRASIEDS Sr KO C1 O HHZEEhI )
E B ERE T 5 LT, RBRICHE L2 B O R OV I B 2 3§ 5, E72, BRI
W2 ATHRUNRTEIT K 2 f R 2 92 L TR ARUINEE HEER DR IR & i~ 2,

(5) tgeHeate (1K)
MRAEEDO T T, SWREER KLU VoS & DEHEL I L TIFEZED 5,

(= e ]
Q) BERFEEM ZGAT 5 Y VBSRELRD UK BB ST OFRA (UoS)
U SRR O BUKEACIHZ 31T 2 MBS (R, JRAE) (2RI LT, JAEA 23R L 7o e
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BHEM A GH ST VEEREULIR A ERLL . Rk 27 FEICHE LI ARBEREED S L7
U U EERBEALIRORE R L b9 %, TG-DTA. XRD 22D 5507 % ki L. BEALIATE O 45 % ek
%, BRFEFEY 254 L) VERRELIRE AWT, A — T v 7l E T D,

4) B EEM A GAT 2 ) VEERELEAOR HRER (UoS)
FRBEEM 2 5835 V) U ERBEILIR DR HEER A2 ANSI/ANS 16, 1 |23\ TS 5, 1CP-
OBS KO A v~ vTT 7 4 —%HWT, BREWEDNITT 5,

Rk 29 AEFE (2017 44 H~2018 -3 H)

[ A A e ]

(1) BRI DA R L 7Ff - (JAEA)

UoS (ZH1F 2 Bk EELER & (2) THMT 2 BEHEREIEY (B CE, it 1S, MifiE CS) ZER
L. B35, BUEFEFEMOERIZ, TRk 28 RIS & Wk 27 FFE O TWEERY - (b
FHIRFEDS ABATE IR S D EBEFW OREIE S 725 K 9 ICSMRE L IR B (E R
BEIZEVIT D,

(2) BRI ELEEITOBTE (JAEA)

HIBEBETEN 2 0 ) VIR B IR OBUKE LRI 2 I L, P2 IS 5. HaleBesem %
G0 ) VEEREIEORBESICHT 57— ¥ 2 TG L, T 28 5ICHUS L7 By
EEERNY VEREHLIKOT — 4 LI B, UK ) BRI O M K IT T
BT 5,

(3) HUF R IR 5 0D B2 B R AT
OB K E LRSS R OB (FEFEk : 7 R r=ry)

PRk 28 AREEIZHRUE L7 SEE O S DRl L 72 ORISR IS & | EZURT 2,
QWFRER (JAEA)

SR L7 BB K B LR B 1 2 N C L SRR EM 2 & e U VIR E LRI ) LT, B
BRSO K E L ERBR & S50 L. BKEEREIZ 3510 D BURBR OB AR~ 5,

(4) REEEH ORI ZEMERN (FZRFEL - KT

iAK 9% SeE TR L 7 s 2 ot ) VIR AR DO E RIS HRBR 2 i L, Sr & OCL
O RAT TR AR T 5 &, BB U7 B OWIE K OV I ESEY 23740 L. 2Pk
28AFEIZ M L 72 fBiK L 72 SRfF TR U 7o e e 2 2 B BRI R 2 Rl 2R & Fhile g%,
F7z, BRUMEZATHRWRIRIC & SRRz J2fi L CREAIMEAHFBROMR & 5,

(5) WtgeHeite (1K)
WRAEEDO T T, SWRHEB KL UoS & OEEEZEIZ LTIt A D, MERERD £ &9
60
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H BT DFERIZ DN T OME BRI 2 Fhi T 5,

(EEsL )|
Q) BN 2 G625 U Y BREILAROBUK BELAEROFHE (UoS)
PRk 28 AFEED Okl L CIEBEREEN 25 AT 5 U VEREULROBUKE(LRHZ BT 2 INECE

HZEIT AR AR — LT TR A EiT 5,

(4) B 2 &8T5 U VIR ELIROR HFBR (UoS)

AR 28 AFFE D Dk L TR 25 H 9 5 U VERRELIR DR HEER 2 ANST/ANS 16. 112
FEONWTEmT D, ICP-0ES KA Ao a~<w 777 4 —52HWT, BIERAE DT 5, HIE
WG DFEFAZ DN T ORRAEBIRRE & i T 5,
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3. XBOEBABRUKE
3.1 EEREEMOEREFTHE (H27~H29)

YRR 27 FEREIZ I T, CE OBURBEFEMIL, ABTE IR S 2 ZRF8 IR M AT O BER D b A
AU R ORISR E 2B & L, TR0 AN THEKZ RN L CER Lz, 1S O
PBEFEMIL, ABERICR SN D EREFMOSITHRERESZ L LT, Bbgk v #
b~ 7320 AR OKERLT MU O LAZRA L, KEMLESEZ LB SE 5 2 & CERI L7, CS
OREHREIEDIL, ABRBERIORESND EREFEDOSITERE2SEL LT, KRBT MY 74, ik
NN H~ TR T A ROUKEIE T R U AERRAE L, KRBT DEEZLESED
ZETERIL, MER LS TOBBREEYICIZa— L R L—Y—L LTHILR b F oL
BRI U7z, BB U 7o CE \IZ Wik, M kWA A A REZ 8T L, ARG #HR & ik L7e,
VESRL U 7248 TS M O CS IZ DWW TUZ BN BV E D T 21TV AR IR 415 B
FEW DRFVE & il LTz,

FfiE CE CIIABMEMICIE DWW CERE L7 bWy 1 A IR L [FIREE OBk A 4 U RETH
Db KR IS OPRIRITABIER L EBIL TV A Z & Bk CS 1T ABE ROk & R C#iFE T
HoHZ L, EEERTOHEA A RELFRETHD Z L R Lz, (ERL L 7o iR
WL, A A A RREE, FIRIRE, pH B K< —E L., Mk, EIREITER Lo/ R E2 R
L. HWICE S T BBRFEEM N AR T E 1=,

YK 28 AR IR U I B BRI R TR IS S S S R TEM 2B U, Sk A A R
D3R 27 IR U7 E RIS CThH H Z L 2B Lo, F& LT UoS 1231 DMk
B ECRRBRIC T 2RI (e CB. A5 1S, A5k CS) ZAERL L7, Ak L7- MY
FOGRENE UoS 2, ZNEN 3 MG 2 kg 9°2), 1[E GF1 ke) ftfa L7,

YK, 29 AEFE IR U I B BEEM BT RIS IS S S B RETEM 2B U, Ao A iR
SRR 27, 28 AR AR U 7o SRR L RIS T 5 2 & Zfifesd Lo, VBB L 7oA sem %
T ) USSR EIRE IR T R OSEE Y = 7 ¢ — /L FRFPICHERS LT,

311 EEREYOMK

FEFEIEM TR ORI 2 AT 5 2 L 2 BANIC, 2CE, £ IS RO CS oMk Z 3
L7, FECE L, PRk 23 4F 6 A A SN AGERIAKRBEI S AT 2 D OB CRA LT
IRHEHEA (RO JRAEHEZK, RO : Reverse Osmosis) %, MIEVEH S CTEEMEK (BK) Z08ET 2
L THERMELIZLOTHD, PWAMLLERRH A S 2 KBEEE L, REITE RN K
ZIRFIFEKICEER T 2720, ZOWMEKICEENLIEHERET L2 L2 BN, HiREE
B, FRFIRAEEEE O TR ST D, R IRME LR AT O IRAE R K P O A 4 R IR
KT 12,000 ppm” TH Y, ZAUIHEART O A A L PREE 19,350 ppm® D) 2/3 ITFAY T 5.
BB DI T o 585 IME T (GEE) OME ALK 3-191R" 7, ARRMEEIL, WK EFE CE
DOEREIGHIS T LT 3D 2ENH D,
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O O E— kR T

sEERS

L~

EEAEIK O

BiEK
o7

Rk (RHEEA)

w7

X 3-1 ZRIEINE TN ©

F IS KROE €S 1%, HICEHMEMRER O ORTUEECRAET D (K 3-2) . AILEZHIL. o
A, “Co. *Mn FDREZAT O SILILHRRE, K OWAEREA 4 (Mg, Ca %) OREET
) IRIRYEILEALBRGR A 2 DR S D, SRILIDALEIE, B O S REFRRR M E COWEM O
PRE LR & 72 2 BRE R GAZFR O AR &2 IR R IEIZ K 0 5+ 5 2 & R OMLBRRI G K I AR
Do E KBRLERC L0 I L CBRET D Z L2 ML L, REERERT MY v A Hkek
(I 2@ L7, pHIHFED T2 DITAKER LT N Y U LA EZEI L CTOKBLER A ER S, EHITHE
T ROEERZ AL TS, 7o, RHEHREROIE NI YI OB ChiIkIh T b
PRI LR L, SR EFEEICB W TREMIZ L D Sr OFREZET 5 Mg, Ca FHD 2 1fi
DERBERBEIZLIVRET 222 HME L, WhF 7RI M) v ALK LT R T
LEFRML, REBEZAR ST 5, RBOHECX Y EISNZEEMIT, 7ax7a—7 L
A= X VPRSI, mtERER AR (HIC) TRE ST\ 5,

o

‘ BERRDAMEBREBETEHD. £V LERE LISERK

S ik E=R G (ALPS)

BILEER R

FHE | REUEHRE
R IIRER AR

H 1 \ B & M HEHEWE
: 2 = 5 = =

BHhERs —FHREBR A
( ? e ’[> %2 LER

4 3-2  ZAZFEBREBR AR OB

.
w V !7”7-

X

”i”i'ﬁm.”-”irw =3
R 25
148 R EM S (h5 L3t)

FECE, IS KUVFECS OMIRICEET 2 AR 2 £ 3-1 1R T, FIS KOVFECS 2oV T,
SEEPRIES, MK, B O pH, BERE O SUTW DA, FE CE OPRIRICOW TR,
SNTWerolz, ZOZ NG, E CE OPERIZOWTIE, 28I O EMEHE K P O
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A A PR R OB B DI N (EE) ORI F CE h OB\ A 4 L IRIE
ZHER L CHS DIV IRMEERIC K o T KRR 2 R0 L7 b 0 & ARy & HERI U 72, 7858 RAE
ATOEALI) A A R 1. 2X 10" ppm DIEMEHE AT LT, MAKIER T0% DRI B T CERE)
IZ L DB EATV, % DFE CE DEEN TOEED 30%I278 > 1258 (BHEMEER 3.4 %) |
WY DN IRNE LT RIS 2 TRATT 2 S IRETHUE, & OZEFMBRSE OBER OB A A I
4.0X10* ppm 725, ZDT LG, FE CEICHOWTIE, S A F Y- 4.0X 10" ppm & L
THERAIEDORF 21T > 72,

AW T, BTN L) v~ 72U A b LX) VALY U AOREE &
KEE LB O E T SN D W E OB E R T2 HERH H, ZOMREE L
T, BEE—REBEITOTEYKLEE "R FEFEY O EEREFE T 5 Sr OREFNIRTH 5 Sr & %~
DORRFEFRICIMT 52 & & LT,

#3-1 ZECE, E IS KOVFECS DMK

£ CE F 1S FCS
B A A PRI (ZRFE PRI NBHT — 2L NBRT— L
(ppm) 1.2X10% 9
FHIREAE (1 m) NBRT—Z ML | BT ETEE LR OERIRIR Y | 3. 6~7. 4"
FAEK (wt. %) INBITF—ZMEL | FITFe0(OH) « H0 : 72.0'” | CaC0s:36. 2~62. 5'V

Mg (OH) 5:38. 9~53. 3V

pH NT—2 L | AT — X HEL PR ;11,20
[ 7% L AT — XL | 10/90' 8.1/91.9~13.7/86. 3V
(FEEI)

3.1.2 EEERYMDERK

(1) e CE DAL

5 CE 1%, MiK%E B TREF M K 2 2 B LB & ZRIRMALEL D 2 S0 TR TG L 72 BEiik
ThbH, ZOTRITHO, AN THEKOREZRIE L, WRERELIRS O WRMEE K 2 L, gk
I SEDH T LT, B CE 2/ER L 7=, e CE/ER 7 o0 — %X 3-3 12",

WO Va5 BIH 32 IR TRIEONFRIZR D L I3 LOANTHKEER L, K
2, HEA ba v F U L6 KM E 4.47T ¢ HETeKRIEEZ 2 LIERL, ZhE 3 LoANTHEK
\IRA S THALY A A IREN 1.2X10" ppm TH 5 1. 67 5/ N LK (FEEEENEEK) 5
LAERIL7Z, 5 L OREEMEEKDO a2 1 LAY ABNICAN., Biez 80°CHOEIRMEN TK
53 % 7T S TR S BT, T0% DRAKEEZIFHITIL 3.4 L OBBRRMEEAKEZ 1 L & CAFIEN
TOMERD DT, HasNOREDS D LTz H5% D OFERRMEE K 28T 2 1EEE VKL,
1 L OFE CE 24K Lz (X 3-4) , Bl CE 28T 54 TR LERI L =Bt of b1 4
CVIRERA A7 n~ b2 7 (DIONEX f 1CS-1000) THIE L7z,
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/)\ m— / se7k T BRD fERLTFIE
T i@k 3 LaR S
T /SrCIZ'E-HZDtUI?g:}%)\/

/ pHs.2|C §RE / y
T / UK TIERR. 2UCER /
/ B 7 / 1
(CHBESHE )
; | |

SR 2 15ThE

7 soam an & ]
3 Soptle V)
(g EAER

TEE4E 1,000 mL N
Y

C roomirmzT )

3-3 A CE{Efl 7 o — 3-4 ARk L7-FE CE

# 3-2 N THEKVERTREE

No. K54 WEE (o) W5

1 b~ A (6 KF1#) 33.33

2 b T AN (2 KF) 4. 61

3 bR FurF UL (6 KF) 0.13  ATHEAKHIZ Sr ik 14 ppm &5
4 MU T L 2.08

5 IREKFES MY UL 0.60

6 ELUU UL 0. 30

7T KU 0.08  ANT¥E/AKHIZBII 4.7 ppm &
8 ZwvibkF hY DL 0.01  ALVEAKHIZF i34 1.4 ppm &R
9 HFRU DA 73. 60

10 Fifgr R YU v (JEK) 12. 28

(2) HEEISO A K

AT U — ATV —OE 7 at A2 L, ORI L 2P EEFA L TE
AR L7z, HEE% ALPS & BERX ALPS THLEE 2 /KEIXIFIER U L UE L7, HEEY ALPS JLBERI Gk o
KEPNZED L, WA A PRE, CaiRfE, Mg IRFEDFHMHEIL, 2.5X10% 1.06X10% 2.0X
10% ppm T o7z, Mg A4 THEAKH R & FHUE, WEAKIZIIT D Mg JEEIE 1. 3X10° ppm” TH D7
B, WEAKOK) 0. 16 EAFUTAI L T 5, AR, MKOELA A L IREDK 2.0X 10" ppm” TH
0. ZD 0. 15 fEARILH 3. 0X10° ppm & 725, Call DWW TIE, ABERICIE D < REOFHMHE
1% 1.6X10° ppm TH DM, AMFIE TIZRSFRIOFHE & LT Mg & RIZED 2. 0X10% ppm & L7,
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RPN 2 B 1T, 2. 0X 102 ppm DHEALER (M) (FeCly) W TH D LM STV
DA, B IS OERICB VT, ERETHR O WK O EZ O T2, RIEORE L 125 %
L7=b D& AW, i ISITERl 7 o —2% X 3-5 128 %, 500 g DAKERLT U DA% 1 LDAA
ARPIKICEMR ST T, 1 L o pH MR AFR L7, 3.04 g DIELA br i F UL 6 K
M1 LOAF KIS ET, A harF U aRKAER L, 250 mL O & ha v F A
Jik % 2.5 LIS L7 (R bRy F U LAERK) . 502 mL @ 40%FeCls ik, 779 g OV
YU AL 2,351 g O b~ T 2T T L6 KR E A A AR BRI S, 10 L OWRIE % {FR
L, &HIC2.5 LOAMaYF U AERERIN L, ZOWRERE LA pH 812725 X9
(2 pH PRI Z RN L, KEMLERZ IR S B 70, B 1 FERIMKGE L7ot21c, KM REL
RNEHICEEAD, FE Lo, frERIC, BB O A A U PREED 30X 10° ppm (272 5
ET. EEHROBRELRELZ LEE L RO pH 8 ITHHEE LKA A D HEEZ R LT-,
¥R DAL A A YREEDS 3. 0X 10° ppm FREE T D Z L A fEsE Licth, KA ATREZR PR Y
BREL, WA SRR Z2R 4 LICTHE Lz, RO —E&N ARSI N OB OEEL
R L., BERRHEOSRZ L L, B EZET0ERE BORE L, WY 2 & TR % 250 nL
DA 2 A1 200 ml pHR L7, w050 BT, 343 3.0X 102725 1.0X10° rpm ClHIR S+
DEREA 2~3 [ EhE L7z, B2 6 g/100 mL 12725 & 91 BBk Z2BRE LT, BifE 1S 24
L7 (M3-6) , REHTOEMMA A BEEZAF L ru~ 757 THELE,

PREBEEEOIACER

RRTOERILHED

pHSD AR

A CERCHIR

LEERRO IS LR REIC S T =

P PRAERE

FTE-THHICHE

HRYAOTESRE

375 MR IS Rl e — 36 ARk LI IS

3.1-b



(3) FLfEECSD A Rk

BfiE CS DARUCIB N TIE, ERECTHIR I WIROBEZWO T 720, RIEOREL 25 F L7
D& AWz, FEE CSFR Y v — 2 X 3-T (2R, REEHE ] ol SR EIRITA 1.6 LA A 42
BOKIZIREEF B U 7 L% 384.8 g AL T, A —F— ECIRIRZHR A0CITME L7 S HHEEE L
IR S TR E . SR AT U — o pH i8S 312 mL ZIEE L, A A &K T2 LIZE
RLUTHELZ, AMu T ULERIE, #EEISOEKERUTHD, 137.5 ¢ DIV D
LE 4175 g Ot~ T 32T L 6 K% A A2 ZHKICIEfR S, 10 L ORREER L,
Q) TRULIEFIETER LT 25 L OA M F U AERERIN L., ZOBKRERIELRN S
pH 121272 % £ 9 \Z pH IR 2 N U, IRIEHE 2 TR S ¥ 70, fiHR 4 1 REEfkeE L 721212,
KRAPAEFELIRWE D ICEZMD, B LTz, fHERIC. AkT 2 LBARET OH 1 4
JRFEDS 3,000 ppm (272D £ T, EBIEOBRE L BRE Lz BB E RO pH 12 ([ZHH5E L7 KIRIR
EINZDBMEEVIR LT, T O A A PREED 3,000 ppm FEETH D Z L 2R L
7otk EERAEATREZRBRV BRE L, LA B 0WIRAR 4 LIS Lz, HEPE%Ro—E&1 D
AR ENDIREM O BEREZHR L, BIRREOSE L Lz, LW E &G LIREZ O L.,
L) & oA 22 250 mL OEPEE 2 ARIZ 200 mL AYER L 7=, O BEME T, 5 43 4, 000 rpm
TlRlfs S W5 #EEE 2~3 B3840 L7z, B2 12 ¢/100 mL (2782 X 5 ISR 2 B 2 bR
LT, BgcCS 268l (X3-8) , EBERTOEIHA A REEA L7 a~ 7T 7 TH
E LT,

:
LmeE LEAETHSR S
3 ¥
[reeveonien | s
I
NaOHT pHL TEUSE RETOEZLLED
¥ 1
pH1ZD A [ R |
! I
[ e | ERECER
I 1
| LB R ED G | |ﬂ{-ﬁﬂ§=ﬁ@\2ﬁ|rr§r§ |

FUWTHHITER

3-T fEidEE CS (R 7 m— 3-8 Ahk L 7oA CS
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3.1.3 EHREEY O

Bk LT BRI O\ T MR T 2 S hE L7z, ATHEE 1L, EREFEMOMIRICET %
FAECTHOLNTHBIZINA T, FEEYE BECALIET 5B L 5.2 5 LRI SN HTHE 2%
E L, B A A IR, SR, AL, pH, FEHREE R OEEE & L7z,

(1) A4 CE DA

BifgE CE 2oV TR, FEFEFEYOVEIRICE T 2 MG NN -7 Z 0D, ZRIERMRT O L)
A T RE R OFEFEIRME DB AACR NS EH LT HEEA A IRE L Ol E1T o 72, AT, K
WK R L2 07 — 21T FEERHERFC BT 2B & LT, pH KOREE 2 ]IE L7z,

BifEE CE 2B T 24 LR LERIR L 72ilBt oA 4V IREZ R 3-3 17, FRTED
HRAZOWT, BE LA A RE GHE BRI (LT, £ 6%DFMTERTE T
WD ZENDhol,

# 3-3 KRR OEA A A IR

HEFE FE LT A F o EE (ppm) HEE (ppm)
HEREDNTHAK  2.0X10 2.1X%10*
PR IEAR LK 1.2X10° 1.3X10° (H27)

1.2X10° (H28)
1.2X10° (H29)
TEHE CE 4.0x10* 4.2 10" (H27)
4.2X 10" (1128)
4.1X10" (H29)

pH FH%& FHWT, f5if5E CE @ pHIEZAT 7o fER. 8.0 £ 0.2 Thovo, FEEEITIREALKEE ]
(m—=T v KT ¢ #, Sv-10) THIE L7z, KELEEZ 10 00, 5 BT LICIEL T, FHHE
(20, MERN = 121) ZFM Lz, #R. B CE OREIX, 1.05 + 0.02 mPa-s (JREE :
19.5 £ 0.6C) Tholo, 20CIZRIT HKDKEEIL, 1.002 mPa-s Tod V| #ifE CE OZ 3ok
DOHEE L RIETH -T2,

VI EDfERZ | J2 CE OPRRE B DR TE 34 (IR T, BT 5B X, RN OIRNE
HEAKDNOHEREL 2X 101 ppm DI T 5, FECEDHALA 4 L EEITAB S TN DD,
3.4 FEITARIE M L 7588 CE 0 CLIREEIZ. BARMA 4. 0X 10" ppm (Z6f L TIEIEHIFFIE D DK 4. 2
X 10* ppm NF BTz, AHFFECTHRR LI CE OB A 4 R, £ CE 2R TE L
S5,
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% 3-4  FEEE CE OFRFANRKE R O Lk

AT FCE JELAEE CE
WAL A A | FRFEIRME AT O PRI K O IR | RN K (CE O A D)
I=E (ppm) 1.2Xx10* ? (1.2 = 0.1) X10*
3. A fEE MR OHEEM - K94.0X | (4.2 = 0.1) X10*
10!
pH NERT— L 8.0 = 0.2
K1 (mPa s) NBT—H ML 1.05 +0.02 (19.5 = 0.6°C)

(2) BiEEX T U — (e IS, #sE CS) DFkAfh

FEgEE 1S K OB CS I DWW TIE, S S QW0 2 EZEITEM O 2 FEIC, WAL A A R,
SRR, MHEK. pH. [EHREE S OREEE ORE 2 520 UTe, e 1S K OMEHE CS o Lk ok
WA A PREE H SR 3-5 1R T, MR IS R OWEHEE CS O LR O b1 A R, BE L
fll S NFIERBRICT D BT,

#£3-5 R IS L OWEREE CS O EEE TR O A A PR

e 7Rk RE LTt A A U BE WIEE (ppm)
(ppm)
e IS o W% 3.0X10° 3.1X10% (H27)

2.9%10° (H29)
FifE CS o EERE 3.0X10° 2.6X10% (H27)
3.2X10° (H29)

PR FEFEY) DL & . RBEFEM ORIAIE & [7] UL T 2 BgEITE (N 1y 7 24k
WP N~ A7 nAa—7 KH-1300, ARGt B AAT - 30 7 h 7 =7 WinROOF2013)
THIE LTz, BHRAEATIEIC I TR A B T~ D BRICHE ] U 7458 CS & HE 1S g 23]
39 TR T, B CSITRI A TR L TV D —J7, 15 IS 1T 2Bk L 2 W ikJeik Th - 72,

FEHEE CS DG & 450 E ORI O S PRICET 27 — X ZB5 L. £ OFERIRIEL5.9 um
Tholz, BEHRMENTE CERIS L723E CS OFRRIR 3.6~7.4 um™VTHY | RFIETHE L
WHPRIRIX 5.9 um THDHZ LD, AHEORREFRIOATY —LF 25, F£ IS OMEIRY, ki
TER LR WEIRIR CTH D Z E N HE SN TR Y 10, B CS R OWHE CS 1T, T T3k
T DRI ZEHEE TE TV D,
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B L XS —(15)

e | e
(h?@ﬁﬂ*ﬂ) (ﬁ?@ﬁﬂ$ﬂ)

X 3-9 EROFEHERA TV —DEE (53R 700 £%)

HOE X BRAELE RS & AR IS K OWHE CS D HEMK A % 3-6 1259, XRF (%, MR SEE
HOFEHERE 2 F VT p L F— L REIR O IEZ (T o 72, 1B 1S 2k 5 1720081 Fe T
BV K CS AR T D T I, Mg N Ca Th 7o, il IS 128\ T Fe lIKkmRfbgk & L
T, B CS IZB W T Mg 13K b~ 7 x> U AL LT, Caldkig iy v ne LT L7 &4
E L, TNENOREBWZWEITHE LR R AR 3-7T 1287, Bt IS OERs Ch 5K
BOEIAIT 1. 2wt. % TH Y . KIS OZOES 72.0wt. % LV b RERMEER LT, Zhud, %

EZL OARMMNEEN TS Z EICERT 2 EFZ 2 65, il CS OFRs Th 2 KEE
m?ﬁz/?A&Ur&Ww/¢A®ﬂ IXZFNEI 30.2, 67.8wt. % THY, AN TND
FECS DEN S DOEIE 38.9~53. 3wt. %, 36.5~62.5wt. % & TV MEZ R~ LT, 1 1S M O CS
DOFAFRITAEFERL L 72,

# 3-6  HOL XHHAIEIC & D1 IS KO CS DIeFHAL (wt. %)

Na Mg Sr Ca Fe Mn Si
FRfRE 1S N. D. 3.7 N. D. 2.2 8.3X10! 4.5X107! N. D.
FRfRE CS 1.3 3.0X10 4.2X107! 6.4X10 N. D. N. D. 5. 7X10"
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* 3T NEHLWE ZR8E LT 586 OB (t. %)

Bk Na,CO;  Mg(OH),  SrCO, CaC0s; FeO(OH)H.0  Mn(OH),  SiO, 1,

HEE 1S N.D. 5.2 N.D. 3.2 9.1x10? 0.4 N.D. N.D.
BERS SRS AL-S1-117 N.D. N.D. N.D. 2.0 7.2X10? N.D. 9.9 1.4X10'
% CS 1.3 3.0X10"  2.9X107! 6.8X10" N.D. N. D. 0.5 N. D.
BERR pR WA BAL-S2-2'Y 8.6 4.8X10"  1.8X10"  4.2X10"  2.6X107" 0 L0 N. D.

B Bt AAL-S1-1'0 9.3 5.3X10"  1.2X107"  3.7X10" 1.6X10" 0 0.93 N. D.
BERR IR FRYE AL-S2-1'0 4.7 3.9X10"  2.4X10" 6.3X10"  5.3x10" 0.09 1.7 N. D.

pH #F 2 W THRIE L7255 1S R O €S @ pH 25 3-8 (21, 32 CS @ VIR D pH 23 11. 2
EHEIN TS W, 5 R CS ORREIA K O EEK O pH 1X, £ 21 11.0, 10.3 ThH
0. ECSOEEED pH L RFE U Thotz, Wi ISOpHIX, RE L pH LRI%ETHD Z &
ERER LT,

#% 3-8 FfRE 1S M OUMsHEE CS @ pH

Ak pH
MR IS IR 9.5
R 8.7

MR CS  RRmIR 11.0
R 10.3

2 Cs abicRl 11.2

BRVEIR DR 1S R O CS 2224 1 L ZEREL L, AR oHrE (X hT—+ LK (BR)
HC103) TR EAME LT, WEEEOIREIE 105°C T, JIER T OSMHE 5 2FIC 1 ng OEEN
VA & L, 7858 LT2KAy L BRAF LT[R & BB O iR 2 5 Uiz, B 1S K UM
1 CS DENEIL A2 3-9 18T, BASNTWHE TS OFERIFEREL T 10/90 TH Y 10 ik
IS DRKRDEFEITDTNCE N, AFZETIEDIAZ HIE LTS, KOBEWIE LK
DEE LV CH D B X TRV, AT EOREITEV, A I TWA5E CS OEIK
FeiZ 8. 1~13.7/86.3~91.9 TH Y 'V % CS O & Bl Uik & FoffE S 2T
=7,
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% 3-9

Fdie 1S S OMEHEE CS oD [E ik bt

I LTk

BirE ()

A (g) [ %
(g)

BifgE 1S 1. 057 0.993 0. 064 6.1/93.9
F 1810 AT — 2L NBHT — 2L AT — 2L 10/90
FELfEE CS 1. 064 0.915 0. 149 14.0/86.0
gz sty AT 2L ART—XMEL ART—ZML 8.1/91.9
gz sty AT —H2L AT mL ART—FML 12.1/87.9
gz sty NET—2mL  ART—X®L AT —XM|EL  13.7/86.3

HERE I IR CE & [FIRRIC, IREVEDREEEGHCHIE U7, Mg TS S OVBEHEE CS RS LIRS 10 4y
M., 5T LICHEL T, FEZEL Lz, MEORRAR 3-10 (TR-T, IS L OEHE CS
IR E I EARS R L, RERIEDL DX ZFEOME R o7, 20CITHIT KDL,
1.002 mPa*s T DI LD, Bl IS KO CS DXL, HIEHEI O ERL I FE BRI &%
525 DOKDOKEE LY b 6~60 5, KEREWREITHD Z LB bo o7z,

#3710 HEEE IS K OMHEE CS DR
KEE (mPa-s) R (C)
6.5 * 3.7 24.3 = 0.8
63 = 17 24.3 = 0.9

PR 1S
P CS

PR TS R OMEEE CS ORISR Ol A3 3-11 12 % & TRy, Rl 1S L OMEHE CS 120
TIE, WA SIVTW O EFETY OMERZ IS, WA A A IR SEERIRE, AL, pH. [ERH
o OSREEE DOIE 2 0 U7-, At 1S KOt CS Ol o 23 3-11 1[TR"d, EATY
—IZRBIT DA DA A A PREOFHMEIE, 2.5X10° ppm TH Y | HEEAT U —0 LR
DOYEFENRFRISETHDH L 2R LT, HIbyEIC XA 1S R OWHEE CS OFHPRR KON pH 1,
NEHENTODEHRE X< —B L7z, MARKROERIIE, B IS ITBWT, BT OERIHER
Entz, E IS IR E L L ETel-), FeO(ODH0 DOFEMNMEWNE D EEZ BILD, EBREN
DEEIZRE N T, ENSER L TWDH T2, 1FI1E FeO(OH) 0 O IS & 7e o7z, EEthi
TRHEORBIC L VBN AETH D, AR LIEEA T U —13, b A 4B, EERiRR,
pHEN K< —F L, Mk, BERIZERI LR AR Lic, RIERFETEMOMEHO BRI, Bk
REIZE EN D OEELERET 5 2 & L UORHEFEEY OB IABZN Y U ERRFE KDL
EVEICRETHELHET L2 2L ThoHd, HNICA S TR N AR TE b0 L E X
bihvd,

ER.S
F CE DALY A A IBEITABENTWARWNE DD, 3.4 [FICARIE MG L /- CE © C1 B
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%, BAEME 4.0X 10" ppm (Zxf L CUZIZHIFFIE Y OF 4. 2X 10" ppm 2353 Hilz, ARAFFETERM L
T H5L5E CE DA A A IR, ECEAFIE TSI L F R D, B L7 IS MO CS 13,
WAL A A YRS, SEERIES, pHEA L < —8 L, Ak, RERHIL, E IS ROSECS SHEPI L
iRz s Ule, ABHEERCEI O T o BR9lE, FBEEREICE EN D OFEEMZHRE T2 2 &
K O FEFEY DB AR Y VR ERO R EMIC KT B R T2 L TH L=,
HINZ B o TR N A TE b D EERZ BN R D,

F3-11 e IS M UMELEE CS D RFAMhAG R oD Hhis

FHMEE | EAT VU — A T U —
1| ko | ABRT—F ML PR 1S O LR 3. 1X10° ppm
PR FEHEE CS D LR 2. 6X10° ppm
2 | EEPRIRE | ERAENTIE B AT
FIS R E AL LW ERER (7525 W A | 75 A XA AL/ SIEHVN
FECS: 3.6~7.4 pm'V PRERYE « SEHIRIAE 5.9 um
3 | ARk FEATZ U —mYfE L, ICP-AES THIE | =L X —2y B X oo A 4 CRIE
2 IS : EIT FeO (OH) Hy0 : 72. 0% HitE 1S @ 3212 FeO (OH) Ho0 : 91. 2%
52 CS : CaC0y:36. 2~62. 5%V HLHE CS 1 CaC05: 67. 8%
Mg (OH) 5:38. 9~53. 3% Mg (OH) 5: 30.2%
4 | pH FCS o R - 112" P CS OB & LK - 11.0, 10.3
5 | HERE F£ 1S : 10/90 R E —E R L, ZRISHLE A O B & AT
F2CS 1 8.1~12.1/86.3~91. 9"V FEHEE TS : 6/94
FELAEE CS ¢ 14/86
6 | R NERT— 2 ML FEHEIS: 6.5 £3.7mPa s (24.3 = 0.8 C)

B CS:63 = 17 mPa s (24.3 = 0.9 C)
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3.2 FBKEFELHEZMORFE (H27~H29)

YRk 27 AREEIE, TR, DOTHES, AFEERE A SRR Lo, AK/ERUEA R ONRE 2 Stk & T 5,
FEHEFEREN) 2 N 2 72 W R BRSO A0 K 2 KB T 45500 2 53 L7z, £ OfsR. K/FERYE
MR R EWEFICB W T, RBREICOVENRRAET D2 EBlbhol, £, MAVREIC
DOWTIEL, IRED ERIZEOERIRR DK ENEADT 5 2 L RbooT,

gk 28 AEFEIE, TERICB W T SN TWAHAKFIE A b TR EITER LR D AKFIE A b,

U R BRI A . BAGRIE S W72 ) R B A 2 T VAL O E AR O B oK [ LR
M LTz, RURFEEAM, REaAEE, BB R ORI A7 SV ERE L. B R
ORMEZ T 5 & 2, UoS THE G-k fbtiG, MFLE, & BB O/ R AN L

2o ZTORER, 7 HH 90COBKEALSMETHERLZ Y U EREAEARIZT, SR 10 MPa L LS
V. Sr RONCL Z[EETE D02 ORI E AL L. BHHERARDZRWEIKETH 72,

F7o. R THARBEL L B 4 FEOBIKIZIBW T, St LT CL DR HHEEE 2 3l L 77

F. WLHFELICY VEBEREILAR R BN N0 U CERREULIRD BEIECIER B EALE
AN g

YRR 29 REE IR BRI & 58 ST ) VIR E IR A R U BERRFESEY O WIS LA
D G M IET B A M-, 60, 90, 120°COIRFESIEICI T 2 EER, #& s, B
BEACSE DT — & 2 i US55, BEEEY ORINC X 5 BB R ERNHER ST, 90CITk
WT Sr RONCL Z[EELTE DIMNHER SNIZZ LD, BHEEIEM 2T 2 58180 T
HICOEMENEL TWAHZ L EZMHHIZ LI, ZNbOREEND, 7 HH 90°COB KR LS
TYER L7 ) VR E LR OIS S MAZ TR IR O TR EFHE L7, & 512,
Rg—nNT v TRBRE I L, ERICmT T ERE A A L,

3.2.1 HERGH

ER L7 EHT, U VEERERYEM ORI CH D N T AT VI X — A b (Secar
51, Kerneos Ltd., AT, CACEF 9, ) . AUV T MU UL ((NaPOs),, 65 - 70%,
Acros Organics Ltd., LAF, PP & 59, ) ThbH, XRF (EHBAEF R EDX-800HS) % HWTh
Br U 7= ARKF0 CAC DA% A 3R 3-12 1Z/R T, XRF 13, AL SBEM O HERE 2 iV Cmx L
— &R O IEZ T2 72,

# 312 A NOMEK

Chemical constituents (wt.% as oxide)

Raw material
Aleg Ca0 SIOZ Fezog T102 SOg K20+Na20

RIKFA CAC 54.72 35.01 5.83 1.90 1.81 0.29 0.25
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ARBLOBL G St A2 3 3-13 1R, PP ZARKFI CACITHN X, A A L AZHAK, & 71345 CE, 5
e IS, B CS 2 AL, U VR ELIE (BUF. Z4Z4L CAP, CAP+CE, CAP+IS, CAP+CS & &
9. ) BERUI, BEEYOKSE/ AL M (w/e) 130.35 E—@i2 L, 30 BEITREE1T
ST, BRI (Silverson LSMA high shear mixer) (T4 %iR##HZ 120 F6[# 2, 500 rpm
TITW, B~ =R MR E LTz, B OE A =2 % 50 nL R Y FEHRNIZA, L7
7 LU AL LT 20CoEAELA, S HIEHRE 12 60, 90, 120°COFRERE DOMHEIRMEH T 7 H
MFrE L7,

KB E R P OREI O EREAFHE L, EEKRRE(L)» DA LKy &Ik 2 £
T2, TG, XRD S3Hr D=1, BiKE E(LFERE OREL Z ML, 5D 0L v 57 63
pm ELFIZFREE U= Ralkb 2 iz, TG IX BN NA 7 7 RSt H o TGA/DTAT200 % VT,
FRIEE 10 C/min, EHRFFSK F TH00°CE THIE L7z, XRD (XD H 7 RSO Ultima IV

(CuK,) ZJAWT, 5° 2°5 55° O#iHA 0.02° 27 v 75 1° /min THIE L7z, VR 28 4F
FEIZRWT, A A8k 2 IV THERLL 72 CAP TS S 7= 8 M UM E TR B 10 & beilg & L
77

7 3-13 HBloRl & &

Mass fraction Compositions (g)
Sample
w/c FEHE (wt. %) Cement PP W FELfE CE FELAEE FS ToEHEE CS
CAP (H28) 0. 35 - 100 40 35 - - -
(35 mL)
CAP+CE 0. 35 20 100 40 - 35.7 - -
(35 mL)
CAP+IS 0.35 21 100 40 - - 37.5 -
(35 mL)
CAP+CS 0.35 23 100 40 - - - 40.7
(35 mlL)

3.2.2 BEKHE
20°C CHAE L, KU 60, 90, 120C THKEL L7zt A > Pk D547k 575 (Remaining
Water: RW) Z3(1)IZ ko> TEEL(LNLRDT,

Wo = AWe 100
W,

0 (1)

RW (wt%) =

22T Wo KO AW (T2 sk ISR L7k (g) R OMEN D > 7o () 2R L T
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W5, A NREH ORI KA 3-10 1277 F, 60, 90, 120°CICHIT DRI, 3~4 OFE
HefRz= (28.D.) ZRLTWD, BENRINTNWARNWT —XX, Yoy hOFEHANTH D,
20°C T4 L7-3BE (CAP, CAP+CE, CAP+IS. CAP+CS) 1Z. W94 RW D3 )N~ 7=, CAP
1%, 60°CLAE CEERSHERE S, BEO SIS RV D Lz, BALTANEERES
NTWRWZ EiE, BICKIEBES L2 oD, v 8 7 ZRITHESFEE L TW O KRBIFEL
Teleb Bz bivd, g CE Z ALY U RE(bIA (CAP+CE) | ffE IS ALY VR
REALA (CAP+IS) | B €S ALY VEERELR (CAPHCS) OWTHOLGEIZE N TS,
CAP L HEEZFENNELIL Tz, ZD72®, FRAFKTROWA TR D BB O MNIN O 58X
Rbhiehot,

120 120

Jé (a) CAP EE (b) CAP+CE
100 O 100 o O O O O
_ 20 —E _ 20
ES =
S )
z | 2
40 40
20 20
0 ]

Time (day) Time (day)
3-10 &AL MR OISR
(a) CAP (H28), (b) CAP+CE, (c) CAP+IS, (d) CAP+CS
O :20C, O:60C, <:90C, A:120C

3.2.3 XiREIFHER

Rk, B A K OWiKE L2 U R E bR (R 28 4REE) | KR OMEHE CE, #fE 1S kY
TR CS Z G teElas A2 R O KEL L7z Y iR E IR (SRR 29 REE) o XRD A5 R % [ 3-11 1
AT, AL 28 REICHEG LAY U Ui MU A (PP) IFFEREMETHY . A TR
— I DFLE LRy o T2, 20°C CTEHEEE, 0860, 120°C THEKIEAE L 72 CAP O XRD D B — 7 [%,
HKIKFH CAC (Secar 51) DZFiLE—FH L7z, —F5 T, 90°CTH/KIE(L L7 CAP IZF\WTiL, Secar
51 DE—7 Oz, &7 A Rr X7 /3% 1 K (Cao(P0s)s (0H) 5, HAp) DE—27 ZfRH L7 Y,
CAP+IS KT CAP+CS (28T, CAP Dt & [FAIERIZ 90°C TH/KEL L 725G D7+ HAp D B —
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7 &Rt Lz, CAP+CE 2BV T, WTFILDIREIZBW TS HAp D B — 7 I3 S 2o 7z,
FLfEE CB 1k, FiiE TS MO CS &Ml L ¢, BB O A 4 U IRED 100 fEFLE S B
BENTEY ., TR BNECZZ EN RIS, HTIRIZEY ., AV RNEEITHD CAC
DOEET 2 Ca? 0 ALY DMIfl S AL, 737 A METBRIE & 7 2 BN D72 7podeizd &
Ban5, BEOHRSE WEREERIZ, 120CTIEXT 32 A FAERSNZ2NT 16, 90CES
& L GRE L,

(a) CAP (b) CAP+CE
CAP 120°C

HAp CAP 90°C

MM CAP+CE 90°C
CAP 20C CAP+CE 60°C
Secar51

] CAP+CE 20°C

5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
20(° ) 20(° )

(c) CAP+IS (d) CAP+CS
HAD HAp

/W»J CAP+FS 90°C CAPHG B0°C

CAP+FS 60°C

CAP+CE 120°C

ESBEE
ESHE

ESHEE
BB

CAP+(S 60°C

CAP+FS 20°C CAP+GS 20°C

5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
20(° ) 20(° )

X 3-11 VU UEEREALAD XRD A5 5
(a) CAP, (b) CAP+CE, (c) CAP+IS, (d) CAP+CS

3.24 BEELIL

Rk, B A K OWiKE L2 U R E AR (R 28 4REE) | KR OMEHSE CE, % 1S,
#E CS Z A ToEHE A K OWIKE Lz U R E bR (R 29 REE) @ 16 RO DTG #5 R % %
NENE 312, B13-13 127" d, 100CLA MIZ A BAK, E3dEREPICRE S LT 2DKRDZE
FATLE O BB, 150°CITITRE K (FES, B AT T LTIV F— k10 KF) D4R
WX AEE R, 230 — 280CIXENEIUEEKE LTHRVIAEFN TWDKRELT LI =0 A
(A1 (OH)3) DOEVMRIZ X Z2BVER P2/~ d, 20CEmEEE L CAP Tid, HEA, £33
P IR FEA LT D KDOERE PR STz, CAP 1BV T, KOS R E 5 BV B
DERI SN TRE ST, KW E R 22 WS RIL, XRD & K< —F L7z, 60°CLLETHiKE LS
ATz CAP 1&, WiKEMLIREE O EFITHEV 100°CLL T OV Sl iR 2 1238 Lz, 60°CRi/K[E
L L7z CAP IZIBWT DI, 220-280°COBNE BN MR S, —H2 M EMEDKEEILT VX =
TAhELTAERSINIZZ ERbhoTc, ZORFRIL, CAP+CE, CAPHISIZBW T HIA%E TH -7,
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90°C J TN 120°Cli/K[E{l L 7= CAP,

IRAER L 72 ORLKEALSE

THEIIEWbDLEEZ ONZ D,

CAP+CE, CAP+IS, CAP+CS W OEHZIIB W T, 1FIX[RS
TR DEEEBEEY ORI IZAFET 2 K DOIZREIZ M IF

105 105
(a) CAP (b) CAP+CE
100 —— Secar 51 100 +
= 95
£ T e 120
2 90 - CAP+CE 90°C
T e o CAP+CE 20°C
T e |
80 : :
o0 0 100 200 300 400 500
REE(C)
105 105
(d) CAP+CS
100
= ® 57
,E, g o awlzn%
CAP+CS 90°C
P S —
e AP 0%
: : 80 : : -
0 100 200 300 400 500 0 100 200 300 400 500
REE(C) JREE (°C)
3-12 JFRR VY VEEREAARD TG 5 R
(a) CAP, (b) CAP+CE, (c) CAP+IS, (d) CAP+CS
0.05
(b) CAP+CE
0 - I
CAP:+CE 120°C
E o0s
z
g 04 CAP+CE 60°C
0.15 CAP+CE 20°C
0.2 : : ' : s = s
0 100 200 300 400 500 0 100 200 300 400 500
RE(°C) REE(C)
0.05 0.05
(c) CAP+IS (d) CAP+CS
0T apers 120% 0 CAP+CS 120
8 -0.05 ﬁ -0.05
§ F cap+Fs 90°C §
o -01 @ -01
g B
CAP+CS 60°C
0.15 CAP+FS 60°C -0.15 | capsCs 20°C
CAP+FS 20°C
-0.2 t t -0.2 t t
0 100 200 300 400 500 1] 100 200 300 400 500
RFE (°C) iRBEE(C)
3-13  JEBF RN R AR D DTG it
(a) CAP, (b) CAP+CE, (c) CAP+IS, (d) CAP+CS
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325 KRHRAHKEES

Bk, B A K OWKE L2 U CEREARAR (PR 28 4REE) | KR ONERK 29 42 EE (AR CE,
FELHEE TS, Ll CS & & et B L O KE L L2 U VB R ELIR (H29) % &Rl FERT
SR RIS AR (LLF., @) CTH U ~MEBE L, KEDTAREREZFH -, B
RN OFERRRE OB TR 28 FFEIZB WAL TH Y., 60 kGy LLFIZIBW TR M
T L ERMER LT, BEREEIEY ORI OUKE T A A RIS RT3 2R 5 12 0 Dk,
20°CC 7 A REEHmaE A U723k & 1860, 90, 120°C T 7 HEIMLKEAL L7723k 2B L. 63 umbh
TIZSd b LicborE W, KEFTAREEROWEIX, IR~ IT77 ¢0— (FEH
GC-2014) Z# v, RX(©2) LV 6 H) ZHEH LT,

My, (mol) x Ny(molecule/mol) x 1.6 x 10717 (J/100eV)
R(/g) xw(g) (2)

Gy (HZ) =

2T, Mpl3AFEHAOE/NL (mol), NIIT7TRA Rk, RITWIGHRE (/). witilblEE
(@ R L TND, TRk 28 FEFEDRBRIZIH N TIX, 50 ml A TV 1 g OREIEBRALIZ G
D& BEHTHWZ, TRk 28 AEEEICHEE Lz 20°CEH A L OWiKEE L7z U v BER E bR
G,(Hy) 23 3-14 (/R d, #2713 2S.D. ZoR~$, 20CIZBWTIE, 6,(Hy) ZHE T 572012, 4572
IRFEH A BERMTE I, 60°CIEL S/N EEA/NE L 72D | FHEICR L TR E RREE SRR
Ehofe, IHIT90CL LTI TFIRMEE 7eo7c, 2D NG, ik 29 FEOHERIZEHB W
TIE, 20 L ANA TVHEIZ 5 g DFEHEBA L, KFEHAREE BT, KFETAFAEEZRIE
L7,

% 3-14 CAP O G, (1)

1R (C) Gy(Hy) (molecules/100eV)
20 0.05 %= 0.02
60 0.02 £ 0.02
90 N. D.
120 N. D.

600 Gy/h T 5h WU L7- 5512461 2 B 42 L O /K [E{k L 72 CAP+CE, CAP+IS, CAP+CS @
G, (H) 23 3-15 (T3, Ak 29 4EFE 1T A 7 /LHE (20 mL) (2xf LT (5 @) A LT-Z &
W20, 90C, 120CIZEB VTS G (H) ZHFTE, 6,H) 1L, WTHOMEHZIB W T HIRED
EFICEOED U, BKE IS X B AKRFET ARARDIKET 2 Z & 2R Lz, 90°C CHiKRE LT
HZ LIk, 6 (H) & 1/2 IR T E 72,
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7< 3-15  CAP+CE, CAP+IS, CAP+CS @ G, (H,)

Gy(Hy) (molecules/100eV)
R (°C)
CAP+CE CAP+IS CAP+CS
20 0.06 = 0.01 0.04 £ 0.01 0.04 £ 0.02
60 0.03 = 0.01 0.03 £ 0.01 0.04 £ 0.01
90 0.03 = 0.01 0.02 £ 0.01 0.03 £ 0.01
120 0.02 = 0.01 0.01 £ 0.01 0.02 £ 0.01

R 1 SR 2 VT, 20°CT H RIEH#EE £ L7z CAP I FHRIRST 2 920 L. Gp (M) 2%
H U7z, MEBE 2 W, B 1 mA, &1 30 em ([ZRAEIZ25%E L, =2 X7 S (1 m/min) %
Fhiti L7z, #REFRIL 8.3 kGy/mA/pass Th o7z, £D7=, 2 pass (FEEME 16.6 kGy) THE
i U7z, BH &7 Gy(H2) 1% 0.04 £ 0.01 (molecules/100eV) & 72V . G,(H,) ® 0.05 %= 0.02
EEL =KL, ZoRICEY ., BERIEOEND/ NI WD EEMER LT, £70, B
BOREEZHWT, XRDIC L A FEEEE R N TG IZ L 2B E &b Z2WE L2, EWRRLI
HofoZ L h | HEES ORI TG LT,

3.26 Ry—)L7 v THER

THETEEE RS —L (2.5 cm® X5 cml) TIEEL L TuV= U UEERE(LA (CAP) DA
=Ty TR A FERM L7Z, 5 em® X 10 cmH LTV 10 em® X 20 cmH @ CAP (ZALZ Vi n
= 3)% 3. 2. 1 Hi L AR FIACIER L7z, ER L7 CAP %2 7 HIH, 90CTHIKEM LTz, R —
NT w7 LTz CAP OAMBL A X 3-14 1T T, A7 — /L OHRITHEV, Bk E L OB IR
ERT Ty BER LT, X, A7 — VR T DI, BUBHNEBIC S £ KIS
LB D REICAN L B AT L EZXDBND,

3-14 A —)LT7 w7 L7- CAP DAVE
(a) JRMH%D5 cm® X 10 cmH @ CAP, (b) 7 HEIMLAED 5 cm® X 10 cmH @ CAP, (c) VR

® 10 em® X 20 cmH @ CAP, (d) 7 HREM/AK#ZD 10 ecm® X 20 cmH & CAP
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A —vT v 7 LTz CAP DFRAF K RO 2K 3-15 (2”7, 2.5 em® DELE 27—
SR, RV ASK) 50wt. %I L 7= DICk L, A7 — AR BISEOEIE K SRMN EJ LT,
ZHVUF A — VB RIFIZ BT D R mE SA/VICER L TWA D EE X LND, hREMEE 7
H%D RV AKX 3-16 (2”7, bhRmAEE 7 H%O RWITMHEBIRER® = 0.99 TLHAIBRICH D Z
EDURENT, 200 L KT A5V A X (JIS Z 1600) TABLKE L& F2hE L7=84. CAP % 58
em® X80 cmH #A L CERid 2 EAET D & SA/VA30.0125 £720 . RW A 95wt. %o & 72 b &
RS D, 200 L K7 AEYA XA T DB 20 SA/V ISR LT MBG LA Bt 2 2
EhRH D,

120
100 ¢
100
80 J\D\U\D
£ 500
2 60 '
2
o
40 2.50
20
0
0 1 2 3 a 5 6 7 8

B fE (day)

X 3-15 A4 —/LT v 7 L7z CAP OFELFK S B ORMEAL

100

y =-236.3x + 97.451
R? = 0.9956

=) jes]
=] o

7B & DRW (wt%)
=y
o

20 £

0 0.05 0.1 0.15 0.2 0.25
SASV (em1)

%] 3-16 SA/V & 7 H{#% ® RW O RI%

3.2.7 —BAEMEARE

JEAETREEE FREHIMAAE L L, @S LEROLE 2 Sz -, —HEMRE TV 2142
H B ERERER (v VA BNg T 7T ¢ 2-200L) &M L7z, mLE A7 —/ L CIERLL 7= S
F/E K OWIKEAL L7z CAP, CAP+CE, CAP+IS, CAP+CS ODJEAFEIREL & 3% 3-16 [TR$, Rk 28 4EE
(ZHUS L7z CAPIZEE L T, IR D BRSO — sl ERTREAMET L72d, WP oEEIZE N T
b —WhEME TR 1. 47 MPa AL DfE 7R L7z, BUEE CE, AEE 1S, MifiE CS 2 a1 U U HR E LR

3.2-8



TIE, FEEBEIEY ORI LY . 20°CENRE AR O —fil EAERE IS T L7223, Bk K 25—l
JEAETREE O T A 5409, 42 20 MPa O —BlEMETRE & 72 o 7=, WTNDOEEIZBWTH,
1.47 MPa UL Eoo—#ilEfaiRE 28D . O & L 9 4T OB LAERE 9 277~ LT,

#3-16  CAP. CAP+CE. CAP+IS. CAP+CS O —HiliEHEsmEE (MPa)

20°C 60°C 90°C 120°C R

CAP 46 20 16 16 H28
CAP+CE 22 19 23 32 H29
CAP+IS 16 11 31 31 H29
CAP+CS 7 23 19 19 H29

g A2 OWIKE L L 7245 A 7 —/L D CAP O—Hl [ EREIRE 2 % 3-17 12”7, 5.0, 10 cm®
(2B % CAP O— B EAETRE HIE 1T n = 3 TEM L., ThEnEohi-Eae KLz,
3-14 T/RLIZEY . AT —NT v TS TT T v I BBEL, BRENTZT T v 7 OFIRIC
& o T—HEMETREE (MPa) 23, #7210 em® D CAP ([ZB W T L LTz, ARBRCHE LA
—VEIFIZ W TR, — il EARRE 1. 47 MPa UL O EEE AT b 0D, A7 —1L7 v
TULIEGE, 77 v 7 MEINHETH D Z EnbhoTz,

#3-17 A —)T v 7 L7 CAP O—ifiEHEE (MPa)

EHE | & — W EAERE | AR
(cm) (cm) (MPa)
2.5 5.0 16 H28

26

17 H29
5.0 10

26

6

15 H29

10 20
8

ERRS)

Fige CE, MBLf5E IS, FffE CS 2@ U RR AR DO BUK SRR 2 520 L, Bi/KeRBR AT O
BIEREEZNOZENEND ) VEEREULIET OXKyEE T Uiz, RN OFEICED ST
90 COMEMK TIZ 7 A E TIERRIFINT AR BN L, EKEK b0wt. % £ TRy &L D
SEDZ LTI LTz, BAKIZEEY OB NS NWEF 2D, XBREFHRERNS . 90°CTHAK
Liza. BUBETICT N2 A SO TR S 4L, St KO CL ORBIEE TSN D Z &

3.2-9



5. 0CTORPAPHELTND EEZXBND, BEESHTOMENS, WED LFIZHE 100°C
UTFOBEHBAKEGBAD LTS Z LR L, S 512 90°CLL EDBiKEEER TlImiEKIz

L LW E &R LT, 22 enb, KUY UEREAED D HERS OKERETE TV
DT ENDInoTz, 0CHKE LY VEEREULIKIZINT, 6,(H) (X 20CHHEAE LY &~
MRE(LARDORK 1/2 THY | KFBHAFEEE /2 I TE 72, 612, BKERED Y ViR
FRECARIIOD TN ORBEEIEY 2 RN L7ZBRICB W T hH . —fliEMERE 1.47 MPa LLETH V|

IR B 2l 729 2 L 3o o T, R 28 FEIZIVNT, S LN CL ORI X, iR

W2 U UREIRADR BBV E Do T H R AR TS, LEDZ L& lE 2 T, 1HHKLEE
WBEFEM A 7 VU — K ORRMEBEIR DL 272 RIIRTIR T D 72, KFH AOFAZIHIT 5 &2

WSt M ONEAU A A v BT R 7 2 E [ E(L T E D EM A BT T & 7, AT O PRI
SEMEEMERR T DT, AT —AT vy TRRE T LT, TORER. A —AT v TRICBIT D
R EREAMAEINCEEL G2, 77 7 OREICORNBDL T ERNDLNY | R IR 55
K7 T w7 OMBIGIEEBRRTT2BENRS D Z Lbh o7,

3.2-10



3.3 IRGTHREBS DR BT

SRR 27 AREEIL, FE CE, 5 IS KMUVE CS OMEHEA v~ MY ZARBE#RNOHAE L, 0D
W, IO OEREEMICE EN DML OSr NEETHDH Z ERNbho T2, FEEEHE
WO R ESE L U TR RME8E LT, RO ECIROHERBRAK OOKE T A D
BRERARZIRET 520 OBRHERRICOWTIL, EHMOBBEREEZFET 5 - OICERERD
MR S E 2 | KB EALIRE D AR O RS O BRI X 2 880, Bk DKFE T 2564 &4 4
B 2720 DRKFBRIC OV T, EREFEYOMERITEVMERERORNRMELERE L, &
FREHDT RNV D2 W T, IABUKE LB E Ok & E D T,

YRk 28 AFREEIX, T RNV T OB T CIEIK L CREL T R E A YR L7,
VB L7 2508 0 723300 K ORI RIS 351 2 FRES BB C ool AR I FE S W\ T B R A i L7z,
JAEA 1T, BUES Nz 3E@E A VT, BRI 25 £ 700 ) UERRELIRIC R LT, R RS
ZLIRWERFETOTEGBREZ PR 284 12 H 7T B/ 6 15 B, SFRK 2945 1 A 11 B2v5 13 BICE
B L., HEEANOEE, fGaiEdE, BEREOT — X 2B Ls, BEHRIBS T2 2 Bk EbR
BRI, k29 422 A 1 BICEIBIIOH >~ IR SENICIEE 23R E L, 2 A 2 RIS & Bith
L., 2 H 9 BICHBEZKT L, SRR T CoRKBEILRBRCIX, TR T3 L2 HlE
[Nz, BB R OKFES ARAERERS Lz, KEDARERITRFOICHE D L&, 7
AT TIRE & Ze o7z, ZEENOBEHEEIL, 90 £ 3CTH Y, FFRH TORER LT
SUETHET 52 LN TE I, BET% ORISR OEVE &2 N IERA R TOZN D L ik
L., AETHDZ L amas Uiz, B TICBT 2 BiKERER A i L, BEEEDZ & 0
BEULRICH LT, KEHTADY 27 BMMEKTE 5 Z ERbhoTz,

YRR 29 AL, T RN I UANERR 28 AR IR U 7 B O ff B JERR > D Rl L 7R
KIERIHEDE | EHEAUBR Lz, ZOFE. 27—/ REREE N COBELBRIER T 77 2 % i
PRI FCEBLL, AT 20 ADO0H & ERZb K ORBIOAME O L A BlEET 5 2 & 03 AlhE e
FEEZHFET D2 LTI Ui, JARAIL, BYESh B2 AWT, BEEED L ST ) VBR
BEUEARIT S LT, ORI 2 U7 WS ToBK B aRER A4 S0 L, 2E@NOIREE, Kook
B, G, BEROT — X A 0UG L7z, BURBESE T2 2 Bk EERIE, ST 7
VBRI S NI R L7 A RRE L, SRR 29 4 10 H 16 BICH R 2 Bea L, Pk
29 4- 12 A 20 BITHET Lo, ENENOBERIEW 2RI LI2GE8I2RB 0 ThH, BEBRENG 7
AR BT AT A S M TR & 72 o 7o, BRI O db i & OVBAER =28 23 9E BRI S
TOZENGLFAETHL Z LR LT, Fio, N—Z e LB TR 2 R 1 50
Hs THLE O Y CEERERICR L CHEM L, KETARAE R, EaEEEOT —2 2 IG L
7o W<l BAHICE D RERERZ e U7 R, S~ BB I L3Il Lz, MRS
FIZIBIT D WKECERER A Fehn L, BHREEMZ 5T ) VBRERIZH LT, KETADY
A7 PR TE D Z EnbnoTe, MBRERIT, 3. 2.5 HITRLTH D,

3.3.1 HRETHER

A~ MR TR D BUKEARBRIL,  mlarif o A7 > ~ MR B 28 S ARBE K [ R BR
ZRE L. 7 A, MARABRE R Lz, RIFESHZiE@ % VT CAP, CAP+CE, CAP+IS,
CAPHCS ~O HRHT IR 2 St L 72 (K 3-17) o INFABUK B LERBREEE 2 W CL NEBICIRRIEL (% O

3.3-1



U UEERBEARIAZ AL, BREHEE 90°C THEM L=, HESNTWE AT U —DN, &bEWOiE
BERIL 190 mSv/h (mGy/h) THV 7, KRR TIL. LEKEROKEDT A BT D722, 2
HimWERERTH S 40 Gy/h T, 7 MRS L7z, BEEMREITZ6.6 kGy ThoTz,

A
B4 3-17  INEABEK B LRk 2 & 2 F V72 BREPIR T
(a) PRESSENICERE L7-2EE, (b) HEEN

FRE FEEBNOIREE, 77 2AENTES RO — R REORIKZELZ K 3-18 [IRT, &K
BATOEEICBNT, BEOWFIR (A——Ta2—8) DR, WBEHZOEETIE, &
—N\—a— & PID HEHEIC L > TR L, A——va— MESIEEZ ER &7, REHE
FEIX90 = 1CThote, F7o. EENEHIREKRON T ZAEREILZ 0CHLDOT —F &L
THY, ABEHOEENOREITAEE oMM Lic, BT — I Lo THAG LI EBENE
INE—ETHY ., HTARBIEDO R A 7 ) A RPFREHRE & HlcR s, v— NeUERE
X, REf & T LT | BB BRI LT ISR, B LTnD Z &R

wahiz,

150 100 1.2
(a) i _. () -
| O—F+/LiERIE ]
EERLERRE o [T— =i JEE!
100 | { | l e | £ 1
e == R R EBREH P E
oot = H _ |ﬁ 0 ¢ = j
B ASAERE R - BES-
~ 50 ﬁ
.50 4
L - 0.8
ER- 1
0 = B —— b 100 - e 07
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
B RE B (h)

¢ 3-18 S FERENORE, #T7 ZAEWNET) KOV EORRZAAL
(a) PRE FIEENORE, (b) HT AENES KO E

FERRGT T R ONRST FI2361T 2502 BARFE LT K B2 X 3-19 (TR 7, FEMRST T 90°CIaliAs

3.3-2



CAP (O) IXFHEBREBREE FT5H0 g 4720 D CAP HIAK LK E 20, #EHEn = 3) TR
LTCW5, FERH T R ORS TIzB W TINMBBK E L REREEE NI 50 g 24720 @ CAP 7 B itk
Lizkm®E (Zh2hd, B) %L TEY, 3!55'@%?&0%%? FBUNTHKICBARE 22 250%
RONRholz, Fo, BEFEFEMIRNOZELZET 272010, REE LTHRR T 90°Cn#E
AGREREEE N D CAP+CS 22 HZRE LTk & (@) ZaRT, %%ﬁg RIE T & [FERICAHE B
DOEMDBPK BN RZTHEIIR ONR D o7, ZDTd, BEHIZIW T I ORI
DSRWAICHEZ KT SN2 EnbhroT,

6
B I
i a i i
<R T
%4 | O
N s O
..33 5 1
&R
W , !
’;02 I J
i
B
0w ‘
0 1 2 3 4 5 6 7 8
B (8)

3-19 FEMEH TR OBH TICBITAREBIN LA LTS &
O : FERRH T 90°CIEIEFE CAP, [ : FEMRET T 90°CHNEI K [E b i BR L E CAP, M : FRET T 90°C
IR K B FRBREEE CAP, @ @ FRET T 90°C MBI K [Ef b il BRIEE CAP+CS

PRI TICBIT 2 Y VR EL RO RSB K OBE &2 21U 3-20, 21 1237, B
K EEFRBREE E PN CBLK B (L S 4072 CAP, CAP+CE, CAP+IS, CAP+CS %, MREFOHAEEZR D & F,
[%5 72 XRD A& SR A7 Lz, TG OFERIZIBWTIEL, 90°CTHKE L S Hu7z CAP IZFREH o A BT H
59, SRR AR Lic, BOKELREO BURHRDY CAP 5 dl & OFERS S AR I B E - B TR

Shieinolz,
et ™ i,

%‘JW

CAPZERESTT90°C

5 10 15 20 25 30 35 40 45 50 55
20(° )
X 3-20 REHTICERT DV U EEREALIK O S S

3.3-3



105

(a)
100
95
B
[T)
= 90
—CAP3ERRSTTF90°C
CAPERST F90°C
85 —CAP+CEFB4T TF90°C
—CAP+ISEBST TF90°C
—CAP+CSEB5F T 90°C
0 100 200 300 400 500
RECC)
0.05 —
(b)
0 L
. 005 "IM
o
S~
X 01 |
(0]
& 0.15 —CAPIERE ST T 90°C
et CAPER&T F90°C
F —CAP+CEFBSTTF90°C
0.2 - —CAP+ISHBT TF90°C
F —CAP+CSEE 41 T90°C
025
0 100 200 300 400 500
aEE(°c)

3-21 MHFIZE T 5 90°CTH/KEL L7z CAP OV &2t
(a) TG ph#E, (b) DTG iR

90°C THiI/KE L L72BED CAP 7B F8 A4 L7 kKFE T A B2 R|E L, (2) LV 6,(H) 25 L7,
iR EERED G, (He) % ¥ 3-22 (T~ T, BKEAE 1 B BITRETIKRBFAEL TR Y . BB X
ST Gy(H)230.09 & 0.02 molecules/100eV &7~ L7z, A1 LT, Fpk 28 FEEIZHUS L2 b
D LRSS TH T, FEFEIEY 2 BN L= CAP+CE, CAP+IS, CAP+CS @ G,(H) (X, 1, 2 HHIZE
WT, ARVME AR Lo, WK EARRFOD CAP 0 G (Ho) IZFERFAYICINA L TV E L 7 HERIZITRRH TR
L 7xoTz, BAKERHCIR T D, KRBT AL DREED ) A7 PMETF T2 L &AL,

0.2
OCAP
015 - A CAP4CE
[ [1CAP+IS
-~ © CAP+CS
L 01—+ Jf
o
Q
005
? o9
= B
o BB DB G
0 1 2 3 4 5 6 7 8

Bl ()

3-22  JKE(ERED Gy (Hy)

3.3-4



3.3.2 mEFKEILHBREEDORRE (BERIEL: 70 IVD)

K284 FE DFRER THIH S - RIS OW T, ISR L RIC LR ICE#E T 5,

BEA T : RBOE MR IMBNTE TV o722, REMIEAL b — 7 —REHCEE T 5,

BERA2  EENTREAELILKEREZHETE e olold, TABRT A V&R, BAELE
KREREBALI N T BNV KRS T v T THERRET 5,

BRA3 : HTAENEN EFICE Y v v 7 MRS, REEOEREICED LT 0%k
Tr— NELOERENENT D720, 0 — REAAB L EBINET NS T T AE
WIZEET 5,

WRRA4  EE o —OMEE, B EAS SUERS LoD, MELEEE U —%
L, T ABE B s LRI SN O T AEER T A ERET D,

FREOB R R 1~4 (RS OIMBBK B bR & SMBL 2 [X] 3-23 127”7,

3-23 LB OIMBYBIK [ELFER L E A8
(a) NEAERESME, (b) 3Bt v MZE

EREDBR A 1~4 (TSR OB S ERAEREE & O AKX 2[4 3-24 1R T

B I H 2 e
LEE L il '
GEEVAN-s SRS ) AN e 1] B
— = R b - — 5
_ﬁiv_r ﬂ{
=t 1 e i ok
Il 1 i
1 P R A —
;’j?\i% l:l I 1 H - - JF

EN

X 3-24  JINENB K [E 4L RABR AL E D KA SL X

3.3-b



FREOWE A 1~4 IZRSH DO RM 7 v — %X 3-25 [T,

(e =) i
1] meER | || et
T s

7]!] ﬂ" »__;-" ¥l :tj]'t’./"j'—
tﬁ/hﬂ*

W ouT

b—f [T

|
ETES "-‘ Jl_ Wk [N
FES ;
TBEER ey
BEtEs | !
e | (]

X 3-25 A7 m—

-

] karrsv
| HRBRAT

-

Ll

S BT OEENTLOBE S Z K 3-26 (T3, HBEOX Y AX—ZR]0H L, HEE2K
DESEET S, REMIELY b — & — BB e H u’:o ZORER, BSEHRIE OR s 225
mmH) (ZxF LT, R O HLIEEHLE K OISR A Gt 5 2 LN TE e, WRANTRE
bz 90°CIZ LI23E, EMIEICB W THRI-30C~+20°CDIRESAM N H > 7= DI L, kB
ITH-20C~+3C L7220, B Z LD E—ITET 5 Z LB AfRE L 72 o T,

HREE

K——>
120
110

o P R e

80
70
60
50
40
30
ig |- SOE R E R (H28)

0 | | \ \

0 50 100 150 200 250 300
BB E [mm] (EH FTiiZ0mm)

5 ANIA
: N

iR FE[C]

+ 1H§&
1
I

y

WERHMAERE (H29)

X 3-26 i B AR DR E N F O OIREE3A

PR EIBICRRT o W AR O RO E NI H D T AH AN % SUS BIZ LD, MU= E TR
Wa2R T (TABRT A V) . BEENO SUS BEDORTIZ, Ky hT v, R FROH A
WHEOZHE L, %Wfﬁﬁﬁﬂ‘éhéﬁiﬁ*ﬂrb%%ébt KA OV \ﬁmx%n“/7
FOWEI L, HAPEERT A OBEHFITERE LTeKS N7 v 7 TR EHE L, BHELKS
T v 7&K 327 (TR, Koy k7/7ﬂP I VT BB N, TR L O FE A -

3.3-6



T2 Lo IHER OBk E LT,

@f”

e ——— 1

X 3-27 BUELTZKD T v
(a) BEHX, (b) 44

50 g %4721 @D CAP |Z%f9° 5 90°CIEIEAE N T CAP & ik L7ZBRic sz EE, KO 90 ChiEk
K EYEFRERIEE N C CAP 2K L72BEDKS T v 7O BEBEEZK 3-28 12737, 90°CHIER
K B EFRERIEE N C CAP & K L72BED Ky 7 > o s &2 kL, 90°CIEIRME N T CAP /it
KUEBICKRbNZER GO n = 3) & 20 DEFENTEHLTEY, TAERT A > DR
HCEERE L7okor b7 v T oEEE(bE K<~ L, Ziud, Ko b7y 7FHRICEE Ltk
AN 7 (CaCly) WAAFEERT A HOKERE L, Hbyh 2 KimR 6 KFny)
(CaCly » 2H:0, CaCly « 6H:0) &720  CAP MO LK E LSHE TSI L2077, Th
2L BRE TR TNBBK E LB EE E N DI A LTo K% T AIEER T A+ O RGN
(ZRRIE LToKor b7 TTHIEATRE L 70 0 . BRIFA B O H BN DD K 912k 7z,

[e)]

a
1
® 5 ¢
3 o
B N
&
s o
% &
B
) e 2 -
4 N
L L
% 1 — O%CEREMTAPERKLIRIZEbh-EE
"o - 090 CHNEE KEL EBRTAPERALIBOKA Sy THEETL
(=] L
B 00 | | | | | a |
0 1 2 3 4 5 6 7 8

BRI ()
3-28 50 g Y47= 0 OFEHIX T DK ELOHERE (9
O : 90CIEIRFE PN T CAP Z ik L 7=z kb -EE, O : 90°CHNE K [E (b 3R BR 3 & PN C CAP
AR LTZBEOKG N v X THESNT-E
H o BRI ER G O FBHEE D Lbig 2 %] 3-29 127, Rk 28 AEFEICHUE: L=k BRTEEN

3.3-7



OFEHRE L, BAHE 90°CIZx L TR 2. SCOEE N o 7o DITxt L, R 29 R IZEG L7
W RZEENOREPHRE I 1. 0°C L o7z, OITER T A HERFIZIBIT DAL 7 ) A X T
B D, MBI E L ARBREEE N O R AL AL 1T, K VREO/NSL D 2 ENb
Molz, ZAUTIK 3-26 (TR L7 ZEENOIRE AR & FRIFRIC, SR% DOREENIREREHIZIE &
D¥—{bIhicZ & &5R7,

105

100

REERE(CC)
8

85 H28BLAHRE (°C)
—H295 #HEE (°C)

0 20 40 60 80 100 120 140 160 180
B (h)

X 3-29 A L~ KRR R R I O FUBHE E O

Rk 28 T, v— R 2B OR#ET L2 DICNBEEOMIEEL, 0 v 7 Ty—b
SN/ery 7 bxE L CGRBOWE (E&E) Z2HETMEE Lics, M X2 T 2 ENO
LURDIZIRSS T AHED =D DR T OWRENC X DETEIZ LY v 7 MRS, E721E5]
DI, TOWMEEE 0 V7 REE L, v— R AOERRMENEILT 5720, REtEEOZ(L
WRIETE Ao de, Fak 29 FEIX, v — NE/UEEZEBINEHE DT 7 AERNICET LTz,
ZOR, m— eV EZBNLRET L DI Ty 7 P r— FELOMIcET
v I AR B, Flov vy 7 NAKRLBOEDY 2 FiF5 2 & ERELLAIEREZ N EXE5
ZLDlDIThEREE Lc, v— NE/VENERGERE R A 3-30 [TRT, T AENENE
L TH e — FEAORREIZZ LTS, B EENRIE R & 72 o7, BUBMIEREE & RN
NHBERLTH, 7— REICARENTROHEE & 72 o7z,

120 50
; BeEE s
100 + L a0 Z
5 80 +
8 : 30 2
# r yd g
pg 0 T / HEAEH =
I I 20 E
T‘li 40 _j,_,_»""/ 5
20 75 10 m
O—KeILERIE
D - T T I 1 O
0 0.2 0.4 0.6 0.8 1

Bl (h)

X 3-30 ©— R /LB/EmZRE S

3.3-8



Rk 28 IR, B o —MBVE BT OBLE ICH) T Th Y, REENICHRE S
Tz, MERERPIC, SRR LV E e o —0 M L T 7 AEWNESORIERR
REL 7 odz, Ak 29 FEIL, MEELIZENE P —2 ML, T ARE ORSEIMICHE L
oo WO IEEAEE L2 EE Y —%K 3-31 127, BERBRPICE P —2ikET 25
Z S HEBNOENMENATREE 72 o T2,

¥ 3-31 HROfHILEZER LIZE ) ot —

YRk 28 ARPEICAERL L7 2 O AR i Lo ORNISRICH S S HEALR L,
TNOOEE R LTz, 3 FHOEFEEE LB L T, 23—/ FREDOERETIThhi T,
AN TLTNIR—hERA NERD Y CEEEZIEWIAK L TEMEEZERT 505 etk
ORI T CEBR L, BAET LT AD5HT & EEELROREIONIOE(LE BT &
INFREZREEE A BRR T H 2 LT LT,

EROFERNG, TARR T =SB MBI EL O B fEME AR Le, AREGTO L7
WZHFERTRECTH D Z L ARTICIE, LV RERFETORBRBLEL 725, ZNETOMRRELD,
PERL L = HfER @A & o —)L REBRCHEA L T2 [EIRMR TR KR, fEfmis, 2@
BALICBWTHEBEREORRONR -T2 2 L5, IEWUKELRBREEZ A r—L T v 7§
gt LCiE, BUTOER L - MR EER AR Lo E F, EEZ2 KT LIE - T,
HWPIZEENTVD Y VBREEOBKRFRETH D, L LR s, HEEICAN D ELE
EAG—NT v 7T LA, 3.2 EOEY | MREEOK IS U TERAKTERERL, £
WL T T v I RRETDHENBZDND,

JINEAE K [ (LR EE 1 O RAUKIZ B3 2 REEICBI L Tk, UFRBZ biLd,

(1) IREESAR

BUROHEED £ E AU LI-5GE, EENOBEESAOIEL2ENRKEL LD ENBZZLLN
Do Flo, KEULIZHEO ETFHE S OBEH ML, FHCEEEN T OEENME T 5 2 L2
FREEE LTINS, ®MREL LT, e—F—% Lk, H, Fo 3 REEIZST T, &/ —»T
MNL L CHIENZFT D Z &I2k» T, EHENOBEDAOIELDEE/NSLTEDHEBZ2LND,
SAN B ER T 7 2B AT NETRIRR A SRR R S 5, ZEE N TN B & 5%

3.3-9



F. BRI ST, FEICERN EEICOWT b I 2 3% 1T 5 2 &1 & 0 B 2 (K &
HHZEMTED,

(2) EENE

U— 7 EEOIMNIHIET 272DIlr — FELOFENRKE 20 ZHUCEWoiEEE (B
Fofl) BDREL DI ENFEL LTHETFOND, MRELLTUL m— FEA &0 ) HEeE
HOWREZROT, @EEr— RELEAWD Z EIcL Y, HfiFiEE 100 g LLTFICET 52 & T
KT %o

(3) HER A AALEE

REUGITHENPER T A& TN DK FEAERBINT 5, TOEEHRTIH L. BEMO 7 4
NE—OHEEE D e EORBENRAET HZ ENREE LTET oD, MREL L UL, 2T
vh— (BEfEdR) & I A MEANL—F ZHERBEICRIT D Z LI R0 PERT AR OKS ZERE
T 5, £, HERBE OBEUIRMEIC FL ok a5, HEILUT, 740 F—% VR
b— = TE, RIET 5 Z & TRUGATRETH 5,

(4) #EEOKEA

EEZ UL L7256, BRoE (7 2E+0 U 7ohR) TIEEEE 0K 2R+
DENEEL, KON T AEORWEEE 2 PORBENMEE LTETF NS, ®ARELELT
I, REIEEZ 7T U UREE LT ETOT7 70Dz 0 U 7 a3%T 5 2 & TRE 2RI
EET D,

(5) AEIOWL, FHE

BUEITREI LD 726 . BB OB EIIAINC L 2 BENFEETH - 72, KAUL L7854
BV OT-DEHOWREENMLEL 2D 2 ERNREE LTET LN, REE LTL,
BEER LR —F 4 7R (FREZRED FICHREBE L, K2R, BISE, ) L LT,
A RTEOWREEAMARDEDLZEICED . BHICU — 7 HINEEE ISR E R L T 5,
HL, EANN—Z (RIZEHI) FEREHLELRD,

A 1% DOINEBK B RBREEE O KAUKIZ, R hoao—F 4 o 7RO R EZ b, U
UIEREIERE A 2 R AKX TRM LI, NV ha X7 CElRT 5, Ahban—7 400 7%
KOMBFRITEA LT, IRERIEIC XD BKELRS AR TH D, £DH%, BKELED BT A
15 & IFRta (2L b 2 X7 CHEENARETH D,

FL

e OREAEfER L, 2 —/V RREOERE TITbhTe, U UERE(LAZ INEAAK LT
BEULRZERIT 2 LD 7' R & BORHRIRE T CHBLL, BAET D H AN & BEEEE D
RO OZA A BEET D Z E PRI EE A BAF T 5 2 LTI Lo, AR%EE A Tk
FID Gy (Hy) ZBfF L7 R, 20 fi5 Kk & WRRESRIZIS U 2 B HRIRES 28 CAP @ G, (Ho) Je OV 451
FRAETRBIIMER ST, E72 20wt. %IF & O CE, R 1S, B CS O L 518V R
SR oT=Z Enn, U UERRERULH & V2 AREE(LHATS, ECE, IS, ECS 2 ED
TEGHERRID DO BT & L CKRBAT AL DB ) 27 2RI FTRECTH D L i S b,
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3.4 REELYMORAXEMTME (BEFRL  ZHXE)

Rk 27 AR, U CERREIAR A O CRESINEE T2 A i L7, BERINEEL T
SRR OV IR % 0T U CRIM OB B 2 3HE L7z, 2 OfER. U CBRERIL, @F ot
A b &R L TR OESIEPIRNIEF IO E W REREST-, ZoZ b, BRI
WHRBR A X0 2EIIAT ) 72D, KV BREEZ &< T2 HREMGT 5 LB TRE &
LTt Sz,

YRR 28 AEFEIX. BEEEEIEM OR Y IALIN Y U ERREL RO 2 BV R E T R R
DT, HHRFEEWEEH L) VR EEE VT, BRIV 3R & VEXUINE A 1T
D WIRHRER 2 B L7, HEEDZ ST ) VERRELIARZ N 500 VOEEZEIINL 72
RN H R & OB RIE A 1T D e W RO R . BEXUINEEHRBRTIX 1 Y4720 o
Na DIRHENRER L, A 4 OBEHAIES N TWD Z & 2GR L, BRINE LZHA B0
TH, 1 HY720 O SriEHENMEL . Sr OFEEDENLTWD Z ERbho iz,

VR 29 AEFEIX, HEEFEEEY OLY IAZIN Y VERRELIRO B EMICRE TR AL RS
H1-9I, FfE CE & te 90°CTMEWIAK, KOBLAK LIAaWERED Y VR EAEZ VLT, &
SNRVA H R K VBRI 21T D7 W HERBR A 50 L7z, WO REZ Lz L 2 A,
K U7z Gtk o J7 i3 BB AINEHE R CIX 1 B %4720 0 Na KOV AL OVEHEDEK L7Z0cxt L,
CUTIEHENRAD T2 2 L dbnolz, BRIMEEHRBICE W T VERRELED~ N 7 2
DEEHPERLTWTH, Sr L CL OFEHMENZ L 2R L7, £z, ERINERZ OB
HEE~ORBIIMER S e o7,

3.4.1 HEBHME

MEHCEEZHINT 5 Z & T, B OA F iz S8, EERICIREWICbRE 2800
BEh-CIEBL e > S 2 BB CHE T2 2 2 L L, BEEEYZRM L) VR E L
RO SN B A Fh LTc, RBREE ORIEICY > TR, EAZARa 7 ) — o
WAL A A AR ORI AV SN D BERIKE VR P 2B L L,

FEKBIX, &AL MRAKFORBEZTHET 2 Z 2B E L CHRERBRIEIC L 57 A2 M
{BIEDEBB S O G 2K A > RS 1.0 DB AL F_X—A FZ2%5 L L TIToTW5
199,20.20 - Z DfER AR OBKAMEERR TIIBA 4> LIaA A OBE AN ER S L R
7257, SNTBREICEM L T 2501, EOMOBRIEECHAKIEL ZIRELS DI LERL
TWb, LL2aRs, BROSIHERICEW T, RIS T 2K, ERESMmIL,
FHGLHELIL TV D Z 2R U, BUYE L7 BREEE 2 VT ISRk S W FE ey & 1R
L7z Y VR E RO B ZEMHICRET 2 M A2 IS L, ERINEE LR & LHR L 0=
filEsd L=,

IIHTICHE L 723 UB OB & S 133k 3-13 L RI%H TH D, OCAP, @CAP+CE, QCAP+IS K U@
CAPHCS # Wz, W&V 77 Ly AL LTHWY, @, @, @IZBWT, FHEEIK 20wt. % D5
ORI DEWVIZ L 2R OB LR T 52 L2 HWE Lz, 5 CE, 32 IS KU
CSIE, 1RFMEEN DD T2, V77 L AL EALTAKDEN—ET 5 L IS, HipE
FEYE Y 77 L ATHWSAKORELE LTHW, £ 3-13 LR CEA CERINEE H B A
B2 MR L 72, TR T 30 £, KERRA 2, 500 rpm (Shilverson L5M-A High Shear Mixer)
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TI20FEM L%, BAL F2A—Z F& 40 mmX 40 mmX 160 mm O AR FTHIAT RN 5 |
BN LTz, BASRMILT BIEL 20CTHERAEA. H2WIX 90COMKESEME L, AKFE RS
RIE, 1 R 7 ' b ACERBH A RIS L RS A FE i L%, B2 T R bR LY
T N URROTEDIT, 24 REREEE L L, mILE AT — VTR R IR Th Do, AR
DIAEL, MIBKETH T, TO7D, BEXINHEEHHERIZIB W TIX CAP+CE DA% iz,
BRIEE MR T, EBEORE T LT 2 5EIRMEABET L2 LT, gL L
AL DAGRER 71512 X DRI 2 S Uiz, X 3-32 1 hsiys ek B @ o BEnG X & 797,
20 mmX20 mmX5 mm DY A XOFEE ARV Z —PICERE L, Bl Ol iz 750 L o1
F o ZHOKIZIRTE L, 500~800 V OFEEZBMEICEIINT 2 Z & Tl OREEZIE S ¥, &
SONEHIEZ 1A, 2 BEEO 4B E L, 20%, SNBRRZ L L, IR OV HRSY O
BEIE & ICP 3 e triE@Eli e A 4> 7 a~ N7 T 712k > THlE L=,

ARk REaS 3 b

amsnemnsmana == Bynarm:

Tmt—T—JT‘ij """"""" T

For L B

Fhmls

[X] 3-32  JHERYA H R R 2 1 DO AR (X

RIEABR T, ERUINEE R & EERORERR & OBROER LR T D720, EXM
R B L RIERIC T LNy T B AL, ZFEEAE 20 mmxX20 mm & L7232 =, 1M
F O 10 JAf# O Z L U7z, OB O R mnFED FICE R E 2 F 53 53k &k 1 5T
bHEZEZONDLTD, RIEARRICB W THEXUNEE HHER & FEROIMNBIERERE & 70D X5
W2, AMEIRIR R (A ZHK) & 1.5 L &L, SN/ 2B E sl 2 — &€ (3.75 mL/mm?) |
L7z,

IO Z . XRD L OV TG 3 HT IS L D EFE T 24T o 7o, RBRE TEZIZF LY —K
DT LNy FUonbEEHEI0 ML, MBI+ REOTE FAZREL, 7AEL—4H
T 30 /M OWIEALER % . JREERBE T C 24 Fff 20°CHEBLER 24TV vk & Lz, £k, k%
100 um L FORIFEE 72D X5kt L, XRD KON TG 4341 %17 > 72, XRD 0#r TiL 5° ~70° &
#FiPHT 2° /min THOMTEAT -T2, TG HATICB W I, =i 5 1000°CE T 10°C/min O F-IEHE
(ZBHEFHK - 200 mL/min jEHE) THONEIT- 7,

3.4.2 HERUEE

(1) BEZ LT EENAEDR

ARFGETHEH L T2 CAP 2% L CREIRA & ERD 500 V E THIML7Z5E . Rk 28 4D 8
R KO8 72 e 741 fémﬁaﬁﬁ%ét@@ﬁﬁﬁﬁﬁi%h%md2575 A/m* T -
Too K 27 FFED PERBRICIW T, 20°CEHERE L7z CAP (23 1F 2 A B mfE S 72V OfF
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BBEFHRAR 1 HBZICBNT 2.2 A/ THY ., 500 VOFEBERICIIT 5B R & 21008
DI BENCHD ZERH LN I T,

800 VD EE T F3 1T D CAP+CE (2331 2 BN BB HIFE 24 72 W OFF 58 % X 3-33 1R T,
VR 29 AEEICRB VTR, SR EHARBEOHINI LA RICBWTH, EiEo 500 VA
g & [FIERIZ 800 V OEEEAMBHI HRERE L THEGERMEME T L TN ZERNbhot,
¥, PR OMEIE 200CEAE KDY I0CHABLDOWNT N OFEASIMIZIB WD TR L 7250BHZ
WCHRIBROM & 72 5T Y, ZHETORMEL LA A BENIXT 2@ WEsiEEZ A LT
HETHETED,

Z 2 CHEM LTV D BRI HERER T IE T, kot A v MELE (—fDOE AL FX—
A R) ZBWTIE, 500 VEINERHCERICHZ - T 25 A/m® OB R A OF 55T % k9
HZEBLAEETHD 2, LU G, CAP RO A Y M L0 b SN2 EHMMELS . &
TR T 5, 2 O G ERMEORF 2L, U CRREIRIEE WD b ERAICEH S
NDA T BEPEROE A MELIEL D D72 ERFRREEZOND, £, A 4
DI BAESMHICEDL L TEELEAMKECA GERES M LN b, 20CHEA K
O 90CHIAKBEEDWFT N DOFEASLIEITBNTE CAPHCE 2> B ELARNICIEH SN D A 4 BEBNIER
WD N T ERRBEENS,

E 20

<

1

B 15+

ﬁt 90°C

S 10+ ®20°C

= | ]

#

8

' 57

&

g L ]

o ¢ .

ﬁ 0 1 1 1 1 I 1 1 1 1 : 1 1 1 1 I 1 1 1 1
5 0 200 400 600 800

BEERRM (h)
3-33 U UERREVAA (CAP+CE) IR 1) 2 AL BB FE Y 7= © O 5B

(2) AMEBERIR VA U 7 Bl oy 8 Je OV I 26 8

[ 3-34 1T CAP+CE @ 20°CH#A= J Y 90°CHit K [E{LALBR IR FABRIZ K 2 FMBIEIR O A A
FEOELERT, B, ICP BESKEOA A a~ N7 T7 7 E2HNT, BEREF D Na, K,
Al, Ca, Si, Sr, S, Cl, SO REZHIE L], T LV, Na, Al, Cl USDA A iTWT ok
HEEFIZB N T O bR L o725, Na 13 90°CHiKECALEE L 7= A B3 % <
Ipolz, —J T, AL, CLIEEASRMFICEDL LT 70 HffE% OB IR S 2 o7, La
LR G, IWHIEENEL 20°CE A L LEESHAICITRABRM A E < 2212 CIEHENBYEAICHIN L
TN DITH LT, 90CHiKEEE L LG, 7 BRREE DEHEITER Lz, 20C
FBAEOBBHI DWW TIE, PRk 28 FEFEIC 2 W ORIERBR 2 i L TV 572012, Rk 29 FFED
FRER S EMEC 10 #EM) OfEREADbETERLTND,
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(a) —#—Na

+K
5 80 ——al
E Ca
t; B ——gi
H —#-35
40
#® N/ __— i Sr
0/ — cl
— 04
0 =0 .
0 W0 2 30 40 50 &) 70 80
5 (day)
a) 20°C 4+
______~—————”~' —®—Na
— -k
] —al
o
g Ca
= ——gj
g B —#—gr
E—— s
cl
W a0 o e 70 8
BFlE (day)
b) 80°C K EME
3-34  CAP+CE DIRHHAIERD D1F DA ERAHR T DA A R

(a) 20°CEH:= L7z CAP+CE, (b) 90°CHizk[E{k L 7= CAP+CE

AN H PR 1 N TR 2 Bl AU CHIMANC AR Y 8 U | ¥ H e 3R 40 A PR BA A K OV
R OSBRI IR 2 BRI LTz, S D& & BAWNOEKN D 20 nL R L 72, BANORERK
BEROZEZHME LT20 ml OA A AZHKEZ LD THRM LTz, [X] 3-35 12 CAP+CE @ 20°CH#&
A R O 90°C /K AL AL ER o sk v 5B 14 12 K 2 PR C O/ AR IR EE . OV 3-36 1
CAP+CE @ 20°C#A K O 90 CHisK B ALEE D NN HERER 4 12 K 2 BB C D SV IR IR S % 7~
T 72k, Pk 28 AEEE DO SEER TIX 200CEAICBW T, 8 RE KON 72 R O INiE B 217> T8
D, BOETHERERLTWD, —MRIC, BRI A 4 OBERINESND EEX LD,

500 s00
450
(a) — s (b) .
400 400 Na
——p ——k
P — . as0 w
= =
= am =
& 300
E Ca g Ca
; —— g ; 250 S
EL| —a—5 H 200 —8—5r
e S ® s s
cl 100 cl
=04 50 S04
0 &= = =
5 30 a 5 10 15 20 25 30
Eff¥] (day) Bff (day)
a) 20°ciEE b) 90°C A EiE

3-35  CAP+CE DONILEIRHRER ) 15 S V- ANBIRIR P O A A R (Fafmal)
a) 20°C#&/E L7z CAP+CE, b) 90°CHi/K[&E k. L 7= CAP+CE
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45 (a) a5 (b) -

40 i: 40 ——
35 35 .
2 A 3 30 A
2 e E ca
— 25 i = S
g 20 - SI '3'3' 20 -5
L ar 15 5
10 cl 10 cl
E— 504 5 — S04
0 a— - - — — 0= = = - &
0 5 10 15 20 25 30 0 5 10 15 20 25 a0
B:f (day) B¥ (day)
a) 20°cHEE b) 90°CRRAREE
[4 3-36  CAP+CE DIMETA HFAERD HAF O LT AMNBES IR T O A A Y (ki)

a) 20°C#/E L7z CAP+CE, b) 90°CHi K&k L 7= CAP+CE

X 3-35 (2" & D ICBA A > Tl RIERBROFER & FREEIZ, Na KON Al OEHBIHEE T
%, 20CHAE L OCHELALE & Heiled 5 &, 90°CHi/KE LT 5 Z & T Na T Al OFEH BN
LTV ZEDBDND, —H T, K336 1TRT L DIk A A Tid, RiERAR L REEIC C1 OF
2R T &, 20°CH#E A L IO CREBAEE A i 9% & 90°ClKE LT 5 Z & T C1 OFHE
HLTNBZ NN, ik 28 FEOFRTIX, BEMGIZE DA 4 U BEIOMEDO R
Na b RE <, 30 (FFRREDNENTTRE L e o7, ok 29 4R DFEBRN S | IERER 2 [
e L7-HA T Bikoi@Ey | £H5 TX 2ERESHEINE FICRERR (108EM) KOnSET
RER (4 ) THLNIEEHEND 1 BYUL0 OREHEEZFH L, IEfEREFEHE L THN
HERITEERE L 7o o7z (F 3-18) , Na KOVAL ONEHEGRERIC X 5 ERICERTH L, 1~2#
A DONNEFABR ARE TlE Na OIEHEEHHEE MK T2 DIZfE- T, Al OFEHESEM LD 5 Z
Eldbinot, ZOZ D, IEFERHRBOGA L, BEIEO A 400 bIEICRRIIC
IEZN TN T ERHELETE D, FEk 28 FEDOMHEHRBROMER IO, Cl BEHT HED
A A REIC L D IEHAIE S BT (B 5 OITER) K OZ OBEIENRZR S 2 L &R
M L7, ik 29 FEEOR R TIX, 200CHEAE L LIEHEAITIE, 1~2 @ OISR LU FaAgl
TOCl ORENFELIARTLTEY, BIBMEITEH Cl A4 A OWHITBRTE TNz &b
BN AIE LTCTREMED B 5, BRED Na OFSHZESE) & G o8 TINEERBREREE F ClIR& a7
HERETT, L Lo, 90CHKEL & LIZEAICIE, Na KT Cl OFBEPLUTINHE S TR,
FNBRFEDHABHICHACAD N TWNDH Z EEZH LN LT,

#%3-18 1 HY7- 0 oEHEDO;E: (ng/L)

Na K Al Ca Si S so, | sr | c1
B 0.00 | 0.00 | 0.08 | 0.13 | 0.04 |0.04 |0.05|0.00 |0.24
Fe ] 16.07 | 0.36 | 4.29 | 0.03 | 0.09 | 0.06 | 0.01 | 0.00 | 0.08
R R 6.43 | 0.11 | 2.14 | 0.05 | 0.05 | 0.03 | 0.06 | 0.00 | 1.89
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(3) WM E R Y vt A v bOREN

[ 3-37 (2 CAP+CE @ 20°CHE A=} OY 90°C i K [EILALER D FE AN Vs HHEBR AT D XRD /3% — 2 %
R, X BREFFOFEERIL, CAC D7 U U —FHOE—2 2R LTEY ., FRLUSNDOE— 7 1T
SNeholo, RHEFER, SRIEA T U — R ORBRIE A 7 U — 2R L 723581280 T, 1
BEFEW DIV AR DN R BT, CAP L RISORYHERZ R L TRBY | BHEFEFEM O A
KR O B OSSR ST, OB RFREFEY S 20CORELFAETH DL LEZ LN
Do

—20"C
20°C

|MMWM

a 10 20 0 40 50 &0 an

28 ()
[X] 3-37 CAP+CE O EESXNEE HFERFTD XRD /X% —
3-38 |Z CAP+CE @ 90°CHiAKBELALERD XRD /% — > A 3ExET (OW) . 2 @RIEM%Z (2W) .

4 WM FEME (4W) OFRRIZOWVWTRY, kv, EXULFNZREREN I X iR L T
AL R BN s EURENLERRIREBZ k> TWD 2 L3bh 5,

]

i 10 20 30 40 50 &0 70 &0
28 (%)

[X] 3-38 CAP+CE D EEXNEE HakEktk D XRD /XX —

3.4-6



[X] 3-39 |Z CAP+CE @ 90°CHi/KE(LALE D DTG iR 2 3XBrar (W) | 2 FRIEkm% W) | 4
M (4W) OFRERICHOWTRT, 2LV, 20CE LD AT, EXUINERELIC LV #i-
RE— 7 I SN o T, B CE, KR 1S M OV CS 2R L - A 1BV T, iR
FEMOW O AL DFENL NS, U Bt AL b ERSEOBMERSIEREZ R Lz, BEpEs
WO IAHSCVEHNIFE S MBI OSLITMR S e h o7z, £z, 90CHKELOSAIZIL, &
SIHEAEHIZ LD Fii-2 e —2 It S e o720, IERERIZ L Y 1000C~2000C D& A >
N RIEAE KT DA E OB R BT,

0.05 T 0.05
[ 20°CEE 80°ChekE{E
o+ . o+ "
[y M . \
005+ " ; 005 |
£ €
0.1 0.1 1
= 2
= _ i A = R
045 T 015
01571 2W ;s 2 p03E
03 - AWHniE 02 dWhosE
— 1WEHE — W=
025 + - - - - - 0.25 - - - .
D 100 200 300 400 500 0 100 200 300 amn 500
mE (C) BE (°C)

%] 3-39 CAP+CE & DTG i
a) 20°CHEAE LI IBNEREIR Y Viligt A2 b, b) 90°CHIKEL L7 iEMEHEIR Y ikt A v b

ERaR0)

TR FEFEN) DEL Y AL Y R EU RO R 2 EVEIC BT 358 A R 9~ 2 72912, CAP+CE
Zate 90°C TMEI A, K OMEA L2tk CAP & VT, BEAUINE S H 3k B K OV < 4
TR OEHRBRZ FEhE L7z, WalBROFERZ LI Lz & 2 A, Bk LIz o )i NERINER
HEBRCIX L B2 O Na LONAL OFEHESHR L7-oIx L, CLITEHESNEAD T 5 2 &7
DinoTz, BRINEEHRBRICIKSWT CAP O~ N 7 ZAOEHAEAK L TWTH, Sr KN CL @
EHBENZ E 2L L, £, ERINEE OFEORE ~DO B IR I e o T,
Z DIz, 90°CTHIAK LI-HHEFEIEY 2 & 1e CAP X, Sr H N Cl ZEM LIC< <, MEEmICZE
THDHIENRENT, LLRRE, Bk L7z TER L CAP T, BRILER HRR%
(2 200°CLA FOBE RS KT H 2 L ARSI, Bk L-BICBWTHRFMARET S &
KBELV IAEN TN Z ERbhoT-,
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3.5 EHEMOMERDHE (XREFAREL: 274 —ILFXKF)
e EMTIERCR OBEE 2 LU TR 9, #6flllE Appendix (ZREH L TV D,

(1) VolEh Ly AT VI 2— kB AL FORiK

AL IS 381 B BLERIZ X D CAC Jo O8N CAP D& /K BEDHD 272, CAC DFE. Kk /KFifE
MBI SN D Z & TOKZ OB MG SN D DI L, CAP TIIAKRZDIRA A L
95°C T 48% DKy DIFV M FER S A7z, CAP % 60-95°C TRk « Ak SH25 Z &I12k v, 35CE%
OARIRAE(L Tl RO D BHE R BRI T HENG LN, ERT D7 ELT 7 AFEDR,
35°CIZH 1T % NaCaP0,. nH0 % & 60-95°CIZ331F B Ca(HPO,) + xH,0 B TH B wJREMEN IR X 4L, =
DENBROERRIZ BT 2 AL A O R OWHIEEOUEIC TG L T\WD EE X b
Do

(2) Lt IR BEFE DIEEAL

JAEA TYER S M7-BiEpe sy (FifE CE, FifiE 1S KOs CS) DEELIc W TR Lz, &
AV R~ MU Z 2L LTIE, CAC KUY CAP W=, BEEEWZ2 &4 LI-HEIcBVThH, A
B R)G 2 1ET 5 2 L3 MEL . (1) THESE L 7= Bk /T b3 2 O - 3B o i K 28 AT RE
HoTm, Sr LN Cl ZRMAICE) 2o ST ELRE2 ERIFEETH - 7208, BRFEIEY O &
WIS IREEIE, CAC T 7 V=7 W& AR, £/ CAP FUZEBWTIZZ me 7 N2 A M & AR
SHLRERE 0T,

(3) PRI E IR O R 2 ENE

90 H [F i HFRER K O BE 30T 2 FEhs L. HUREBEIEM & 51 L 7= CAP kIR D R 22 ek %
L7, CAC OBEFEMELIRICEB W T, Cl, Na XK B biRE LW TETHY ., —J7 CAP
FEFEMELARICIB O T CL M bR LS <, Na & KIZFREDR-Z R L7, Sr i CAP [E{k
RIZIEFIC L BB SH, FRC 90 CTELEE SN HBAICHE CTH -7, 90 H DR HRER
D, CAC RIZBWT, ART FU LA b 2Ca0 « Al,0; + Si0; + 8H:0 L ONE / BV T AT VR
Z— K 3Ca0 - A1,05CaC0s » 11H.0 DA FL 472, CAP SRICEWTIL, 35°CTHEfk L7z CAP HIZ
U774 & Als(0H)5(P0) s » 5H0 23ERKT D AIREMEA RIR S L7z LISME, AERZE(LITR O
o,

(4) Bizk - BELIRFRIC I 1T 2B 1 XD 2

FEREVIR A — VT T D72, CAP DK/ 7 1t X% L0 K& AOEHC FE
Lz, FTLEBMRO~A 7 m il 2R LI PIREREZFERM L, 0k, B A X0 ELE
BRI TREL ST, LEBMRD~ A 7 2 VT CAP & 27 L& MBiKT 5 Z LIXAHET
boled, A7 BENRTE, VAT LAORERIEARECH 572, £ER DA ZDRE
WL ZLITRY, WS OKRGERENBREREME L RMHEET 2 2 LRI N,

(5) U W~ TR T NEALA O RRGT
Mg 2V VEREEMEI OGN A, CAP ¥ AT ADERFIEICHES X, CAC DbV Iz Mgd Z 5%
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ZEIZROE LT, U ERE S LT, NaHPOs 2 OV(NaPOy) , il 2 10, E72Ii3RA LT L7z,
IS DFEMEE HWe 2 TORIZBWCIHEEERD GO, 0CTH{kL-HEG., 2T
RICBWTEKREN 0% EE VI FERNBEGE LN, LLRRD, AT VBIEDOX A~
D, K COREMICEEREEL RITT I ENRHALMNE 257, NaHP0, & (NaP0y), ZIRA L T
AWIEGEITR D BOFERMSELNTZN, ZORICEWTHEILRHAIEF ICE L, EROD
WIS ERMETH D,
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3.6 WA

e EH O T T, SAFFEEE R L OFEEO UoS & DA I L THFZEZ D, BEEHY
F LT,

Fpk 27 AR, WFERTEREE SIS A B L. RO R T Y 2 — LR H & AR
HOB|EEE LB LEGSINE TR LTz, £z, BEEE bSO EBRILOMERR & Rl To
FIBEDEREA =T L > TToTz, UoS &b EA—/VRUNIER & B MAc i & It L7z,
ZORER, BREREIEY) O RRITIEDORFA, INBYK ELRBEE Otk D B4 b, KOV g
R EAAAR O R W22 EPEREAR (36 1 2 IMEBK B L PR TOOEIN B b A iE I Tx o3
BROTEDOBEELZFEBL LT, S BIT, JAEA &7 RN T v LG R C R RRBR i Rx 00 FE IR A 4 52
fi U BRI L RRBRAE B D AEARIC Bk S H T,

Rk 28 EEEIT, RO Z B L. ITEORER T Y 2 — Lo i I & AT
HHOBEEE B OEGSINE TR LI, £, Miloa@EL K RFE 1 EL, 7 RAr=
Y& 3, UoS & 1 mIFEH L7z, HEREMMEOZN EORREZZET S720I2, HHEOED T
BT DI i e T o 7o, T ORI E, UoS & JAEA 2NdEA CHEBREH 1. EWNSE 4 ot
HRREFEMTE T, AT—NT v T DRy =7 4 — )V FRENFERT D L 2fEE L, A
A & GEENRI T OBV D FE R Z I D 72Dk — B s, 7 Rz v LR
AR C RSB R O B MR A . FERRS T CORRER & OPRGTERER A 7, ) L ChE L, InZEMHK
PO AR A FHTE 7z, Flo, KZFENIE L BT 575 QKL REFEY OB - L5512
B9~ 2078 % 52 7E L 7o L& R & i eRaciass 2 1 198 L7z,

FpK 29 FEFEIL, EEONITETEE A 1 RIBIE CEA 29 4 4 7 27 B) L. WIEOEERT
Vo = VRFEMFH A SHIIEE E OBFEFLE 2 B L EBBINE THEGE LT, £z, o
FABRF L 1E (ERL294E6 A 22 H) | 7 KA v L 3E (Fi294:6 A 21 H, 10 H 23
H. 11 A 13 H) | UoS & 3 (Fp 2946 A 21 H, 9 H 15 H, Fa 3042 A 21-22 A) i
L7z, #8IE, BRImdE BRI E L N SR EED 7 Z o 7 7k, &R HRE AN
EABK E L RRBRE O toE . BB OAEENERE. T~ K OVE TR RSB D Sk e 1
PR OVERTGTIER OZ OMER, ZHETICHONTT —F Ofpdh, EEHREZEORY Lo
HThoTe, BIEFEMENENLL EOREZZET 272012, BHEOED 72T HIEFE e idkim
1To7, ZOFEE. UoS & JAEA 2NEAL CHEHESE 2 £ (7 Heat treatment of phosphate—
modified cementitious matrices for safe storage of secondary radioactive aqueous wastes
in Fukushima Daiichi Nuclear Power Plant,” Proceedings of 2017 International Congress
on Advances in Nuclear Power Plants, % 294F 4 H 24-28 H, &EiIiffx7rvas—F 47
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1. REDUCTION OF WATER CONTENT IN CALCIUM ALUMINATE CEMENTS
WITH/WITHOUT PHOSPHATE MODIFICATION FOR ALTERNATIVE
CEMENTATION TECHNIQUE

Abstract

Cementation of the secondary aqueous wastes from TEPCO Fukushima Daiichi Nuclear Power
Plant is challenging due to the significant strontium content and radioactivity, leading to a
potential risk of hydrogen gas generation via radiolysis of water content. The present study
investigates the reduction of water content in calcium aluminate cement (CAC) with/out
phosphate modification by a heat-treatment during the solidification. The reduction of water in
the CAC was found restricted by the rapid formation of crystalline hydration phases, whereas
the phosphate-modified system allowed the gradual reduction of water, achieving the reduction
of 60 % water content at 95°C. Curing at 60-95°C also eliminated the significant cracks found
at 35°C in the phosphate system. The possible difference in the amorphous products,
NaCaPO4.nH20 type at 35°C and Ca(HPO4).xH20 type at 60-95°C, may have contributed to

the improvement in the microstructure together with the change in the pore size distribution.

1.1 INTRODUCTION

1.1.1 Background

The processing of contaminated water from Tokyo Electric Power Company (TEPCO)
Fukushima Daiichi Nuclear Power Plant results in a large amount of secondary aqueous wastes
with a high strontium content and a significant radioactivity [1]. As a consequence of this

radioactivity, their long-term storage faces the potential risk of not only leakage but also



explosion and fire due to the hydrogen gas originated from the radiolysis of water. To assure
the safe storage of these wastes, they must be converted into a form that has a reduced risk of
leakage as well as a minimised fire risk due to the hydrogen gas generation [2-3].
Conventionally, such wastes can be encapsulated in cement matrices based on the Portland
cement (PC). However, if these secondary aqueous wastes are encapsulated using a
conventional cementing process based on PC, the risk of hydrogen gas generation would
remain, due to the radiolysis of the water intrinsically present in the cement matrix both in the

pore solution and the hydrated products.

1.1.2 Focus of study

In order to minimise the fire risk from the hydrogen gas generation and the risk of leakage, the
proposed work aims to develop an alternative cementation technique with reduced water
content for the safe storage of these secondary products. The cementation technique proposed
in the present study is based on calcium aluminate cement (CAC) modified with phosphates
(CAP) [4-8]. Differing from the traditional PC, which relies solely on the hydration to solidify
[4-6], CAP systems set and hardened via an acid-base reaction between the CAC used as a base
and the phosphate solution used as an acid [4]. Because the solidification does not rely solely
on a hydration process, it may be possible in CAP to reduce the water content during
solidification through a direct water removal by mild heating, once the water initially presented

has served its purpose in providing sufficient fluidity to be cast.

The present study investigates the application of a heat-treatment during the solidification
process of a CAC with/out phosphate modification to produce a cementitious material with

reduced water content. The effects of temperature in the heat-treatment were studied with the



special focus on: the water content in the products; the reaction products formed in the systems;

and the integrity of the microstructures.

1.1.3 Calcium aluminate cement (CAC)

CACs have been reported to show potential advantages when used to encapsulate certain toxic
and radioactive wastes [9-14]. The hydration of CAC cements at ambient temperatures initially
produces hexagonal metastable phases, such as CAH1o and C2AHs, which will be converted
with the time and temperature into the thermodynamically stable phases: CsAHe and AH3 [15-
16]. Due to the higher density (thus, smaller volume) of the stable phases and the release of
water, the conversion involves an increase in the porosity and loss of the mechanical strength
that can cause a failure in the CAC structures [15-16]. Since CAC system will be heat-treated
after preparation in the present study, the conversion can be avoided via direct formation of

stable phases [15].

1.1.4 Modification of CAC by phosphates

The addition of phosphates to CACs has been shown to be an effective way to avoid the
conventional hydration of the systems [4, 17-21]. The acid-base reaction between the CAC and
phosphates allows the formation of mixed crystalline and amorphous products, different from
those found in the conventional CAC systems. The amorphous material produced in these
systems is still under investigation [4, 17, 20-21]. While some authors identified the formation
of a C-A-P-H gel [20, 21], others propose different types of hydrated amorphous phosphates
and an alumina gel [4,17]. The resultant products can experience cracking [6], likely because

of the significant exothermic reaction between the acidic phosphate solution and the basic CAC,
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experiencing an initial expansion and a successive volume contraction. Micro cracks are not
ideal for the application of radioactive waste encapsulation, as the increase in the surface area

is known to increase the leaching rate of radionuclides [10].

1.2. EXPERIMENTAL

1.2.1 Materials

CAC (Secar 51, Kerneos) was used as the primary precursor, with the oxide composition

analysed via X-Ray Fluorescence (Table 1). XRD pattern in Fig. 1 shows monocalcium

aluminate (CA) as the major component, with secondary phases such as gehlenite (G) and

perovskite (P). A trace of gibbsite (g) is also observed, which suggests that this cement has

been slightly hydrated.

Table 1. Oxide composition of Secar 51 (wt.%)

Oxides CaO Al2O3 SiO2 Fe203 TiO2 MgO SOs K20+ Na:0

wt.% 38.39 50.77 4.83 1.82 2.04 0.40 0.24 0.63

Reagent grade of a linear metaphosphate (NaPOz)n 97%, Acros Organics, referred to as
polyphosphate) and an orthophosphate (NaH2PO4.2H.0O 99%, Acros Organics, referred to as
monophosphate) were used as sources of phosphates. The latter was added to avoid the rapid

setting caused by the reaction of polyphosphate and CAC [8].
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Fig. 1 XRD pattern for Secar 51; CA: Monocalcium Aluminate CaAl.O4 (PDF 70-0134); G:
Gehlenite Caz(Al(AISiO7) (PDF 35-0755); P: perovskite CaTiOs (PDF 75-2100); g: Gibbsite

AI(OH)s (PDF 12-0460)

1.2.2 Methodology

Two types of cement pastes were prepared; CAC cement, composed of 100 % Secar 51 without
modification; and CAP cement, which contains additional 40 wt.% of sodium polyphosphate
and 5 wt.% of sodium monophosphate (Table 2). All cement pastes were prepared with a water
to cement ratio (w/c) of 0.35. For CAP cement, prior to the preparation of the paste, the
phosphates were dissolved in distilled water using a roller mixer for 24 h at room temperature.
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The phosphate solution was then added to the CAC clinker and hand mixed for 30 s, followed
by 120 s of high shear mixing with a Silverson LART mixer at 2500 rpm. All samples exhibited

a rapid development of rigidity, especially CAP samples.

Table 2. Cement formulations (in grams) and curing conditions

System Secar 51 Na(POs3)n NaH2P0O4.2H20 Distilled water Curing
(9) ) (9) (9) Temperature

CAC35 100 -- -- 35 35°C
CAP35 100 40 5 35

CAC60 100 -- -- 35 60°C
CAPG60 100 40 5 35

CAC95 100 - - 35 95°C
CAP95 100 40 5 35
CAC180 100 -- - 35 180°C
CAP180 100 40 5 35

Samples were cast in plastic centrifuge tubes or Teflon tubes in direct contact with the air
without lid, to allow the evaporation of the water from the top surface exposed to the air.
Systems were cured at 35°C, 60°C, 95°C or 180°C for 28 days. During the curing period, the
sample weight was monitored. After 28 days, pastes were demolded and cut into 5 mm

thickness using a slow saw and immersed in acetone for 3 days, then air dried and characterised.

Elemental composition of starting materials was determined by X-ray fluorescence (XRF),
using radiation at an acceleration voltage of 100 kV and 800 mA current (Philips PW
1404/00/01). For the phase analysis, X-ray diffractograms (XRD) were obtained using a

Siemens D5000 diffractometer with a copper source, scanning in the 26 range 5-60° with a



step size of 0.02° at a rate of 1°/min. Thermogravimetric (TG) analysis was also performed
with a Perkin Elmer Pyris 1, in an alumina crucible, heating from room temperature to 1000°C
at 10°C/min, under flowing nitrogen. FTIR specimens were prepared by mixing 1 mg of the
powered sample with 200 mg of KBr and pressed into a thin disk. The prepared disks were

tested in a Perkin Elmer FTIR Model 1600.

For the analysis of microstructure, mercury intrusion porosimetry (MIP) measurements were
performed using Micrometrics Poresizer 9320 for the samples that had been dried by
immersion in acetone followed by drying in a desiccator. Microstructural analysis was also
performed using a JEOL JSM6400 scanning electron microscope (with an integrated Link ISIS
EDX analyser) in backscattered electron (BSE) mode. Samples were prepared by mounting in
epoxy resin, polishing the observation surface to 1/4 pm fineness using diamond paste. Energy
Dispersive X-ray spectroscopy (EDX) was used to examine the elemental distribution in the

cement samples.

1.3. RESULTS AND DISCUSSION

1.3.1 Reduction of water at different curing temperatures

1.3.1.1 Reduction of water content

The weight of samples decreased during the curing period at all temperatures both in the CAC
and CAP systems. Assuming these weight losses represent the evaporation of water, the
amount of water content remaining in each system was estimated as shown in Figs. 2(a) and
2(b), in % relative to the corresponding original water contents. As expected, the amount of

water content remaining in both systems decreased with the increasing in the curing



temperature, but the behaviour of these systems were significantly different. The reduction of
water content in the CAC cements mostly took place during the first 24 hours, and little
reduction in the water content was observed after this period. On the other hand, in the CAP
cements, more gradual loss of water content continued for 28 days, although it appeared to
have slowed down towards later stage of the curing period. In general, the water content can
be reduced in a larger extent in the CAP cements than in CAC, and this becomes more
significant at higher temperature as summarised in Fig. 2(c). It should be noted that the CAP
system cured at 180 °C have lost practically all its water content within 1 day of curing. These
water reduction in the CAC and CAP systems and their effects on the materials are further

analysed and discussed in the following sections.

(a) (b)
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100+ '— —m— CAC 35°C —8— CAC 60°C |
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£ 5
S -
(] o
£ z
2 g
£ £
=
= g
£ o
[T
2
0 ‘ — _—
0 , : : ‘ , 0 5 10 15 20 25 30
0 5 10 15 20 25 30 Time (days)
L [
(c)
100
g 90 - [JCAC
S CJcAP
o 80
® —
g 707 — -
® 60
§ 50 .
=
g 40
©
2 30
=]
£ 20
£
® 104
E
Q 0 = , =~ —
. 35°c 60°C 95°c 180°C

Temperature (°C)

Fig. 2 Remaining water content during the curing period in (a) CAC cements (b) CAP cements,

and (c) summary of remaining water in CAC and CAP systems after 28 days
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1.3.1.2 Behaviour of water in CAC under curing conditions

As previously discussed, the reduction of water seems to become slow and steady after 24
hours in the CAC. Based on the one dimensional diffusion, the quantity of water (Q), escaped
from the samples during the slow removal period, can be evaluated by integrating the water
passing through the top surface of the samples during the curing period (t) as shown in Eqg. 1
[22].

o= [ w-e(® o

o o \mt \m

where Cs is the concentration of water at the sample surface, which can be assumed to be
constant, especially at the earlier stage of the slow removal period. Diffusion constant (D) is

also assumed to be constant. Equation 1 can be further rearranged into Eq. 2.

2C.D1/?
:< 7;1/2 >t1/2 (2)

Based on the data shown in Fig. 2, the quantity of water (Q) removed from the sample is plotted
against the square root of time (t¥) in Fig. 3 for 1-8 days of curing (at the earlier stage of the
slow removal period). According to Eq. 2, the gradient of the data plotted in Fig. 3 should
provide the information linked to the diffusion coefficient. The gradient increases when the
curing temperature changed from 35°C to 60°C, reflecting the higher diffusivity of water at an
increased temperature. However, the gradient decreases when the curing temperature changed
from 60°C to 95°C, which implies that the diffusivity of water is lower in the CAC95 than that
in CACG0. In addition, the lower accuracy in fitting (R>=0.81) suggests that diffusivity of water
in the CACO95 in this period is not constant. Thus, the overall process may be influenced also

by the other factors such as the concentration of water at the surface and the microstructural
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development in the material, and these influence become significant at 95°C. The diffusivity
of water becomes higher again at 180°C probably because of the involvement of water vapour

at this temperature.

100
90 © CAC 180
@ CAC 95
=, B0 A CAC 60
= 70 O CAC 35 y =1.72x + 50.55
— 2 _
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= 50 ——o ¢ —
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Fig. 3 Amount of removed water from CAC samples during 1- 8 days of curing, plotted against

square root of curing time.

1.3.1.3 Behaviour of water in CAP under curing conditions

The quantity of water removed from the CAP samples during the 1-8 days of curing is also
plotted against the square root of time in Fig. 4 based on the data shown in Fig. 2. The gradients
of the data are much larger at 35, 60 and 95°C compared with the corresponding CAC samples,
indicating enhanced removal of water in the CAP systems. The high accuracy in fitting (R?
values) in these data also suggests that the diffusion is the dominant process of the water
removal in the system. The CAC180 indicates a very different behaviour because only

negligible amount of water was remaining in the system at this stage. It is noticeable that the
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gradient of the data gradually increases from 35 to 95 °C. Based on Eq. 2, the gradient of the

plots in Fig. 4 can be defined as Eq. 3.

, 2C,D/?
(gradient) = 7z 3)
s

Correlation between the diffusion coefficient (D) and the temperature (T) can be empirically
expressed by Eq.4, using the diffusion coefficient at 1/T=0 (Do) and the activation energy (E)

[22].

D = Dyexp {;—5} (4)

From Egs. 3 and 4,

., ACZD 4CZD,  (—E
(gradient)” = = exp{—T} (5
21 dienty? = In (Do) _ E 6
~ In(gradient)® = In - BT (6)

The natural logarithm of (gradient)? are plotted against 1/T in Fig. 5. Comparing the plot with

Eq. 6, followings are obtained.
4C2D,
In = 14.05 (7)
T
E

——=-334052  (8)

~ |

Therefore, the activation energy for the water diffusion in CAP system is estimated as E=27.77

kJ/mol under the condition investigated.
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Fig. 4 Amount of removed water from CAP samples during 1- 8 days of curing, plotted against

square root of curing time.
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Fig. 5 Natural logarithm of (gradient)? obtained from the data of water removal in CAP samples

at 35, 60 and 95 °C, plotted against 1/T.
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1.3.2 Effects of water reduction on product phases

1.3.2.1 Product phases in CAC system

The X-ray diffractograms for CAC cements after 28 days of curing period are shown in Fig. 6.
The CAC cements indicated a conventional hydration, but to produce only stable phases:
hydrogarnet (H: CsAHs) and gibbsite (g: AH3). As samples have been cured at temperatures of
> 35°C, metastable phases (CAH1o and C2AHsg) were not detected [23]. Therefore, water is
retained in the system mainly as a part of Cz3AHs and gibbsite AH3. The peaks corresponding
to the unreacted clinker phases (C: CA, G: gehlenite and P: perovskite) are also observed in
the diffractograms. The peaks for CA appear more intense in the samples cured at 95°C and
180°C, suggesting that the water in these systems was able to evaporate faster at these

temperatures, and therefore, less water was available to react with CA.

CAC

O H
180°C H
gHg G HHIM A~ H GH

Fig. 6 X-ray diffractograms for CAC cements cured at different temperatures for 28 days in an

open system. CA: Monocalcium aluminate CaAl,O4 (PDF 70-0134), P: perovskite CaTiO3
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TG (%)

(PDF 75-2100), G: gehlenite Ca,Al(AlSiO7) (PDF 35-0755), H: hydrogarnet CasAl2(OH)12

(CsAHs) (PDF 02-1124); g: gibbsite AI(OH)s (PDF 12-0460)

The XRD analysis can be supported by TG and differential thermogravimetric (DTG) data
shown in Fig. 7. CAC cements show several weight loss events emphasised in DTG curves; i)
a weak peak at 90°C (mainly in sample cured at 35°C) associated with the loss of free water
and a possible dehydration of an alumina gel (AHz gel) [23, 24]; ii) a strong peak at 309°C
with a shoulder at 285°C, for the decomposition of hydrogarnet and the dihydroxylation of
gibbsite respectively [24]; and iii) a weak signal located around 468°C that could correspond

to the decomposition of a poorly crystallised y-AIOOH. The formation of this phase is usually

associated with the dehydration of the alumina gel at high temperature [24].

DTG (a.u)

\\ I ——35°C
‘ ——60°C
——95°C

308 .\ 180°C

100 200 300 400 500 600 700 800 900 10 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Temperature (°C)

Fig. 7 (a) TG and (b) DTG curves for CAC cements cured at 35, 60, 95 and 180°C for 28 days
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The TG and DTG data indicate that the stable hydrate phases CsAHs and AHz do not
dehydroxylate and release water below 180°C. This explains the weight reduction behaviour
of CAC system during the curing period. In the initial stage of curing, the hydration of the
cement and the evaporation of the free water take place simultaneously, and this stage seems
to complete within 24 hours (Fig. 2a). Once stable CsAH¢ and AHs are formed, only small
amount of free water (0.6~1.5 %) can diffuse out of the hardened system at the curing
temperature examined, as the majority of the remaining water is already forming a part of

CsAHsg or AHs.

It should be noted that the weight loss in the TG data represent the amount of water existed in
the system mainly as the hydrate phases, whereas the content of remaining water previously
shown in Fig. 2 includes the water presented both as the free water and the hydrate phases.
When CAC60 and CAC95 are compared, the total amount of remaining water is similar in
these systems (Fig. 2), but CAC60 is slightly more hydrated (Fig. 7), and thus, CAC95 must
have free water slightly more trapped in the system. This may be related to the lower diffusivity
of water in CAC95 discussed previously. Similarly, when CAC35 and CAC60 are compared,
the level of hydration is similar in both systems according to Fig. 7, but CAC35 retain free

water significantly more, and thus the total content of water is larger (Fig. 2).

1.3.2.2 Product phases in CAP system

CAP samples had very different XRD results from the CAC systems as shown in Fig. 8. Neither
hydrogarnet nor gibbsite were detected, and only the decrease in the intensity of clinker phases

(in particular CA) was observed. XRD data also shows a hump located at 25-35° 26 associated
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with the precipitation of amorphous products [8]. Such a behaviour of CAP cements has been
reported previously only for the systems cured in the closed system, at lower temperatures [4-
6]. The obtained results revealed the similar behaviour of CAP cements in an open system at
elevated temperatures. However, less clinker phases appear to be reacting at higher

temperatures, most likely due to the loss of the water in the open system.

| — CA

G

CA c
cA eahcach Bp A cA ca ca

180°C

CA hp
CACAC S [ laP ChpcA  CA hpca
95° o)

CA
CA  CA P CA CA
e A CA CA CA

CA CACA|| PCCA ca ca CA
35°C
: . : .

r T T T T

10 20 30 40 50
20

Fig. 8 XRD difractograms for CAP cements cured at different temperatures for 28 days in an
open system. , CA: Monocalcium aluminate CaAl,O4 (PDF 70-0134); P: perovskite CaTiO3
(PDF 75-2100); G: gehlenite CaAl(AlSiO7) (PDF 35-0755) hp: Hydroxylapatite
Cas(POa4)3(OH) (PDF 01-074-9769)

The major difference from the previous studies on CAP in the literature is the formation of
hydroxyapatite (Cas(PO4)3(OH)) at 95°C and 180°C that appears to be poorly crystallised. The
presence of this phase is more prominent in the sample cured at 95°C. A higher temperature
appears to favour the formation of hydroxyapatite but the presence of water seems equally
important. Only a negligible amount of water was remaining in the CAP180 (Fig. 2), and the

formation of hydroxyapatite appears to be limited.
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TG and DTG curves for CAP cements are shown in Fig. 9. While the CAC system (Fig. 7)
experienced principal weight losses over the range of 200-360°C, the CAP systems exhibited
the majority of weight loss in the range of 50-200°C, with an additional weigh losses at 230—
350°C. DTG curves indicates that the principal weight loss event at 50-200°C decreases with
the increase of the curing temperature and practically disappears in the sample cured at 180°C.
This could correspond to the loss of free water, as well as the dehydration of the amorphous
phases previously detected in the similar systems [20, 21]. The amorphous phases formed in
the CAP samples can be an AHs gel, a C-A-H gel or a C-A-P-H gel according to the previous
studies [20-21]. They could also be a calcium phosphate hydrate salts such as
Cax(HPO4)y(PO4),:nH20 or NaxCay(HPOa4),(PO4)rrnH20 [25]. For example CaHPO4-2H>0 is
known to dehydrate in two steps at 150°C and 210°C [26-27], which shows a reasonable match
with the data for CAP95. A similar amorphous salt cold be present in the system. The small
weight of loss in the region of 230-350°C may be due to the dehydroxylation of gibbsite [24]
presented in a small amount or in a poorly crystallised form since this phase was not positively

detected in the XRD.

The sample cured at 180°C showed an additional weight loss event at 390°C which, according
to the literature, could correspond to the decomposition of a sodium calcium phosphate salt
(NaCaPO4xH20) [28]. This phase was considered to be one of the precursors for
hydroxyapatite [28]. Although observed in the XRD (Fig. 8), no weight loss events were
identified directly associated with the hydroxyapatite decomposition in the DTG curves as it

decomposes at above 1000°C as: Cai1o(PO4)s(OH)2 — 3Ca3z(POs4)2 + CaO + H>0 [29-31].
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Fig. 9 (a) TG and (b) DTG curves for CAP cements cured at 35, 60, 95 and 180°C for 28 days

1.3.3 Amorphous calcium phosphate phase

1.3.3.1 FTIR analysis of raw materials

Figure 10 shows the FTIR spectra for the raw materials, Secar 51, sodium monophosphate
(MP) and sodium polyphosphate (PP). The most obvious signals on Secar 51 are the absorption
bands in the region of 850-650 cm™. The bands at 840, 808 and 784 cm™ are attributed to the
stretching vibrations (v) of Al-O in AlO4 groups (manly clinker CA [21]), while the bands at
720, 680, 640 and 568 cm are associated with those in AlOs groups [32-34] (usually hydration
products AHs and C3AHs). Typical asymmetrical stretching vibration (vas) bands of O-H in
AHjsare also observed at 3700-3000 cm™ , with bending vibration (8) of OH groups in AHs at
1020 cm™, in addition to the trace of vas O-H associated with CsAHs at 3660 cm™ [33-34],

corroborating that the cement was slightly hydrated. The spectrum also shows a weak band
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located at 1490 cm™ attributed to the vas C-O in COs%, indicating that the cement is slightly

carbonated.
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Fig. 10 FTIR spectra of Raw materials, Secar 51, sodium monophosphate (MP) and sodium
polyphosphate (PP): (a) from 4000 to 2000 cm™* and (b) from 2000-600 cm™*

Sodium monophosphate, which is an orthophosphate, shows absorption bands for vas O-H
(3600-3200 cm?), v P-O-H (2700 cm™), v P=0 (1240 cm™), Na-O (1120 cm™), v P-O in
H.PO4 (1100-1030 cm™), and § P-O-H (990-850 cm™). Sodium polyphosphate shows
absorption bands for v P=0 (1260 cm™), v P-O (1080 cm™), v P-O-P stretching mode (980 and
864 cm™), and a region of double absorption band for & P-O-P mode (760-720 cm™) [17,35-

38].

1.3.3.2 FTIR analysis of CAC samples
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Hydrated CAC samples (Fig. 11) had very similar spectra among them regardless of the curing
temperature, but indicated a significant change from the anhydrous Secar 51 (Fig. 10); all
spectra show a broad and intense absorption band in the region of 3700-3000 cm™ as the result
of the overlapping bands of vas O-H in AH3 (3620, 3530, 3450 cm™) and C3AHs (3670 cm™)
with broad abortion bands (vas O-H) of water [33-34]. The band of a medium intensity at ~1630
cm? is associated with § H-O-H in H20. The bands located at 1020, 975, 920 and 800 cm
correspond to 6 O-H in AHz, with the v Al-O bands of unreacted Secar 51 overlapping at 800
cm™. The strong band located at ~545 cm is associated with the v Al-O in hydrogarnet [34],
which shows a significant increase compared with unhydrated Secar 51 (Fig 10). A weak signal
at ~1430 cm™ corresponds to vas C-O in COs? groups [33-34], indicating a small degree of

carbonation.
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Fig. 11 FTIR spectra of CAC cements cured at different temperatures ( 35, 60, 95 and 180°C)
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1.3.3.3 FTIR analysis of CAP samples

FTIR spectra of CAP samples (Fig. 12) confim that the products formed are different from
those found in CAC samples (Fig. 11), but share some features with the CAC system: a broad

absorption band located in 3700-3000 cm™ peaking at 3440 cm™ corresponding to the vas O-H

in water, and the band for & H-O-H in H.O obervable at ~1640 cm™.
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Fig. 12 FTIR spectra of CAP cements cured at different temperatures ( 35, 60, 95 and 180°C)

CAP35 shows its main absorption band located at ~1103 cm™, with a shoulder at 1027 cm™.
The appearance of these signals reveals the formation of orthophophate groups (POa) [17], but
different from those in the raw materials, which can be confirmed by the dissapearance of the

band located at 1260 cm™ (Fig. 10). Orthophosphates usually have strong and broad
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absorptions in 1150-1000 cm™[35-38]. The band at 1110 cm™ was previously reported for the
formation of a sodium calcium orthophosphate hydrate salt NaCaPO4.xH2O (SCOP salt) [17],

and this type of product appears to be presented in CAP35 sample.

In the samples cured at 60°C and 95°C, the main absorption band is slighlly shifted towards
lower wavenumber (~1056 cm™), suggesting that the type of phosphate formed is likely
different from that in CAP35. This band can be assigned to the vas P-O bonds and could be
related to a poorly crystallised hydroxyapatite detected by XRD in Fig. 3 (b) [35-37]. A well
crystallised hydroxyapatite usually shows three absorption bands at around 1070, 1040 and 960
cm® [4-5,39]. This band at 1056 cm™ may also be associated with an amorphous dibasic
calicum phosphate Ca(HPO4)-xH20, which has been previpusly identified in a similar system,
showing its main band at 1060 cm™ [40]. This phase has been shown to be another precursor
phases of hydroxialpatite [38]. An amorphous Ca(HPO4).xH20 could potentially coexit with

the poorly crystallysed hydroxialpatite.

For CAP180, the main band is located around 1102 cm™ and 1018 cm™. This is similar to the
CAP35 and could be due to the formation of NaCaPO4.xH20 as also discussed in TG data (Fig.
9). However, differing from CAP35, a weak peak at 1260 cm™ associated with P=0 bonds in
raw materials is observed, confirming the presence of the unreacted raw materials. Two groups
of bands at 900-800 cm™ and 700-600 cm™ are also detecteted, most-likely associated with the
Al-O groups in AlO4 and in AlOeg respectively, also attributed to the unreacted clinker phase.
As consequence of the fast evaporation of the water at above 100°C, the amount of unreacted

Secar 51 appears to be greater in this sample.
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These results suggest that different types of amorphous phosphate salts can form as a result of
the reaction between the phosphate species and the Ca* ions in the CAP system, depending on
the curing condition. A certan level of temperature and water content appear to favour the
formation of amorphous Ca(HPO4).xH2O type product. In the other conditions, when the
temperature is low (35°C), or when the most of the water content is lost (180°C), the system
prefers amorphous NaCaPO4.xH2O type product. Both the amorphous Ca(HPO4).xH20 and
NaCaP0O4.xH-0 type products are likely to co-exist with a poorly crystallised hydroxilapatite,
as Sugama et al. observed the evolution of these two phases to hydroxylapatite under thermal
tratments [4,5,17]. It should be also noted that the absorption at 700-500 cm™ is significant in
those cured at 35, 60 90°C, showing the presence of AlOg group. Together with the TG data
(Fig. 9), it suggests that the aluminium has an AHs-like environment in these reaction products.
This is in accordance to the studies by Sugama et al. [4,5,17]. It is, however, difficult to clarify
whether this is a separate AHsz phase or a part of the amorphous phosphate phases identified
above. A close proximity of aluminium with phosphorus, and a potential incorporation of

aluminium in the phosphate phase have been reported for a similar system [21].

1.3.4 Effects of water reduction on microstructures

1.3.4.1 Porosity of CAC and CAP

The total porosity and the average pore size diameter of CAC and CAP systems are shown in
Fig. 13(a). The tested samples indicated a similar level of porosity, but a significantly higher
porosity in the samples cured at 180°C for both systems, due to the significant loss of water
content at this temperature. In the CAC cements the porosity tends to decrease with the

increasing of the curing temperature up to 95°C, whereas the CAP cements indicated an
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opposite trend. The average pore diameter in the CAP cements is much smaller than that in
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Fig. 13 MIP data of CAC and CAP systems: (a) Total porosity (%) and average pore diameter,

(b) Pore size distribution for CAC cements, (c) Pore size distribution for CAP cements
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The pore size distribution for CAC and CAP cements are shown in Figs. 13(b) and 13(c)
respectively, where the smaller pore size in the CAP cements is easily observable. The CAC
cement cured at 35, 60 and 90°C indicated the largest distribution of pores around 1 nm, wheras
the largest distribution of pores was at 10-20 nm for 180°C. The CAP cements also indicated a
similar shift of the pore size distribution for 180°C, but in a smaller scale. The CAP system
also indicated a significant pore distribution additionally in the range of 10-100 nm when cured
at 180°C. It is also noticeable in the CAP system that the pore size distribution slightly shifts

towards smaller size for 60 and 90°C compared with 35°C.

1.3.4.2 Microstructures of CAC and CAP

Backscattered electron (BSE) images for CAC cements are shown in Fig. 14. All CAC samples
had similar microstructures, with unreacted (or partially reacted) CAC clinker shown as angular
particles in a lighter grey surrounded by porous matrix. This is reasonable because the different
curing temperatures (35, 60 and 95 °C) resulted in a similar level of water reduction, with 65-
70 % of the original water content (Fig. 2(b)). Even at 180°C, 40% of water remained in the

system, suggesting a significant amount of hydration products were formed in the system.

As shown in Fig. 15, the microstructure of the CAP cements is very different from that of the
CAC cements. The unreacted (or partially reacted) CAC clinker particles are surronded by a
dense matrix (dark grey area) with little microporosity, which agrees with their smaller pore
size observed in the MIP results. Another feature of the CAP system is the presence of large
spherical pores with a diameter ranging from 100 pum to 1 mm. Some of the examples are

observable in Fig. 15. Sigificantly large pores ( > 2 mm) are not detectable by MIP. The

27



presence of these pores can be associated with the evaporation of free water but also with the

air trapped into the systems due to the higher viscosity of the CAP pastes.

A D94 x250 300u

L Ty R

D9.2 x250 300 pm A D10.0x250 300 um

Fig. 14 BSE images of CAC cements after 28 days of curing at a) 35°C, b) 60°C, c¢) 95°C and
d) 180°C (magnification x250)
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CAP35 had a significant amount of cracks. Cracks has been observed previously in similar
phosphate-modified systems and can be associated wih the shrinkage, as the temperature of the
system become lower after the initial exothermic acid-base reaction between the basic CAC
cement and the acidic phosphate solution [4,6-7]. These cracks may also be due to the
dehydration of an amorphous calcium phosphate components which partially lose their

bounded water over time [27].

D9.3 x250 300 um

A DS5 x250 300 um D9.3 x250 300 pm

Fig. 15 BSE images of CAP cements after 28 days of curing at a) 35°C, b) 60°C, c¢) 95°C and
d) 180°C (magnfication x 250)
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In contrast, the CAP cements cured at 60 and 95°C showed a smooth matrix with little
microcracks. The reduction of cracks can be explained as an effect of the moderately elevated
curing temperaure. A similar phenomenon has been reported for phosphate cements cured with
a hydrothermal treatment [27]: the use of elevated tempertaure modified the pore size
distribution, and favored the formation of more stable products with less water, allowing to
prevent or minimise the bulk shrinkage during the treatment. As discussed in the previous
section, the pore size distribution was slightly shifted towards smaller size for 60 and 95°C,
and this seems to have had a posivitve influence to avoid the cracks. It is also possible that
amorphous Ca(HPO4).xH20 was contributing to reduce the amount of crack. This phase was
suggested by FTIR data only for the CAP cured at 60 and 95°C, whereas amorphous
NaCaP0O4.xH20 was suggested for 35 and 180°C. According to the literature, moderate growth
of a poorly crystalline hydoxylapatite (detected by XRD) could also provide a linking funtion,

conecting the amorphous phase [4].

CAP cured at 180°C shows the large spherical pore and significant cracks. These cracks, in
this case, are mostly associated with the rapid evaporation of water. This sample have lost most

of water content at the very early stage of curing.

Figure 16 shows a BSE micrograph of the CAP95 sample in more detail, toghether with the
EDX elemental maps of calcium, aluminium phosphorous and sodium. The elemental maps
show that the amorphous phase have a significant amout of P and Na, with less amout of Ca
and Al. This may suggest that the amorphous phase also contain a type of amorphous sodium
phosphate which is different from those used as starting materials. It is also probable that the
amorphous calcium phosphate phase formed in this system, i.e. Ca(HPO4).xH20O, incorporates

Na ions in its structure by ionic exchange mechanism to replace Ca?* with 2Na*, however some
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of the sodium could also be adsorbed onto this phase in the same way that has been observed

in C-S-H gels [41].

A D95 x1.0k 100 pum

EDX

Fig. 16 BSE image of CAP95 after 28 days of curing and EDX elemental maps of Ca, Al, P
and Na

1.4. CONCLUSIONS

v It was possible to reduce water contents from the system both for CAC and CAP
samples by curing the cement systems in moderately elevated temperatures. For the
CAC, the level of water reduction was restricted by the rapid formation of hydrogarnet
and gibbsite, since water was incorporated as a part of their crystal structures. The water
content was reduced to 65 % of the original content at 95°C in 28 days. For the CAP,

the formation of amorphous products allowed the gradual reduction of water content
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through a diffusion process during the curing period, and the water content was reduced

to 40 % of the original content at 95°C in 28 days.

v Curing CAP samples at 60°C and 95°C helped to reduce the typical cracking observed
in CAP cements cured at 35°C, developing a good cementitious matrix with a smaller
pore size. However, curing CAP samples at 180 °C was found unsuitable, as it involves
a fast evaporation of water, causing unfavorable cracks and porosity in the
microstructure, and therefore making the CAP matrix difficult to be applied for the

waste management.

v" The main binding phases formed in the CAC system were hydrogarnet and gibbsite at
all curing temperatures whereas those in the CAP system appeared to be a combination
of different amorphous products; NaCaPO4.nH.O type product for 35°C, and
Ca(HPO4).xH20 type product with incorporation of Na ions for 60-95 °C. The latter
may have contributed to reduce the cracking of the binding matrices. These phases may
coexist with poorly crystallised hydroxyapatite, especially at 60-95 °C. Aluminium in
the CAP was found to have an environment similar to AHs, which may be a separate

amorphous AHs phase or a part of the amorphous phosphate phases.
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2. IMMOBILIZATION OF SECONDARY AQUOUS RADIOACTIVE WASTES IN
PHOSPHATE CEMENTS. PART |I: DEVELOPMENT OF CEMENTITIOUS
PRODUCTS

Abstract

Phosphates modified CAC cements (CAP) have been studied as an alternative matrix for the
encapsulation of intermediate level wastes (ILWSs). The use of phosphates allows not only to
avoid the phase conversion reaction of the conventional CAC but also to generate a compact
cementitious material with a reduced water content, which can be beneficial to avoid hydrogen
gas generation associated with the radiolysis of water by radioactive wastes. The present study
investigates the incorporation of simulated secondary aqueous wastes (concentrated effluent,
carbonated slurry and iron co-precipitated slurry) prepared according to the composition shown
by Secondary aqueous wastes Fukushima Nuclear Power Plant, in these cements in terms of
forming phases and microstructures. The inclusion of simulated secondary wastes did not
disturb the fundamental reaction of the systems, but the significant salt contents resulted in

Friedel’s salt in CAC and chlorapatite in CAP.

2.1 INTRODUCTION

From the decommissioning of the TEPCO Fukushima Daiichi Nuclear Power Plant, and
particularly in processing the large volumes of contaminated water which have arisen from this
process, various radioactive wastes have been generated and are currently stored [1]. After the
accident the Tokyo Electric Power Company started a water decontamination system. A
simplified scheme of the processing system of the contaminated water is shown in Figure 17.
Caesium was initially removed using a decontamination system from AREVA. Later the

system was supplemented by two lines of Toshiba SARRY decontamination system and also
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improved by adding a return loop with a desalination step so that treated water could be used
as cooling water for the reactors. By the end of September 2013, the system had treated 350,000
m? of water which is stored in huge tanks around the site. But the treated water it was still
highly radioactive, because the SARRY system only removes caesium isotopes, and mainly

consists of retentate from reverse osmosis which is corrosive to the storage tanks due to its high

salt content [1,2].

Fukushima NPP Cesium absorbed contamination Advanced Liquid
equipment - equipment »Processing Syste
(KURION) C (AREVA) (ALPS)

e —
Iron and carbonated
slurries etc.

Np.2 Cesium absorbell { -
. . |RO processing
equipment

(SARRY) equipment [ ———

I ) e
Evaporation Concentrate
d effluent

Fig. 17 Simplified scheme of the processing of contaminated water from the Fukushima

accident

The Tokyo Electric Power Company build a new treatment system to treat all of the
contaminated water. The new treatment system treat water streams, mainly concentrated salt
water from reverse osmosis (RO). After this treatment all Cs is removed. The contaminated
water without radioactive casesium reused as coolant of the melted fuels, and also after RO is
processed and stored. Part of this water in evaporated while other part is processed in an
Advanced Liquid Processing Systems (ALPS). This work will be focused on that contaminated

water.
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The evaporation facility initially used for the processing of contaminated water produced a
concentrated effluent (concentrated sea water supernatant, 8891 m?). The Advanced Liquid
Processing Systems (ALPS) currently operating have been generating two types of aqueous
wastes i.e., “iron co-precipitation slurry” (iron hydroxide with organic polymer, diluted sea
water supernatant, 610 m®) and “carbonate salt slurry” (calcium carbonate and magnesium
hydroxide, diluted sea water and sodium carbonate supernatant, ~3000 m?). All of them are
highly contaminated with *°Sr and CI- anions, and the ALPS is expected to generate more iron
co-precipitation slurry and carbonate salt slurry in years to come. The presence of a large
amount of water with a high concentration of radionuclides leads to the generation of hydrogen
gas through the radiolysis of the water, and can significantly increase the risks of explosion

and fire during long-term storage.

If these secondary wastes are treated using a conventional cementing process, the risk of
hydrogen gas generation remains due to the radiolysis of water intrinsically present in the
cement matrix. The CI" ion from the sea salt may also enhance the dissolution of Ca(OH): in
the cement matrix if it is not sufficiently bound by other phases present, which can reduce the
long-term integrity of the material. Therefore, there is an urgent need to develop a technology
that is capable of restricting the generation of hydrogen gas from the wastes, stabilising the

%3, and retaining sodium chloride to enable safe long-term storage.

Phosphates modified CAC cements (also known as CAP cements) have shown to be a good
alternative cementitious materials in the immobilization of low level radioactive waste [3-4].
CAP are very different than traditional OPC and CAC cements, which relies the hydration to
solidify [5-6]. These systems (CAP) set and hardened via acid-base reaction, between the CAC
cements used as a base and the phosphate dissolution used as an acid [5]. Due to this different

mechanism of reaction, it would be possible to generate a compact cementitious product with
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a reduced water content, which can be beneficial to avoid hydrogen gas generation associated

with the radiolysis of water by radioactive wastes.

In a previous studies it has been proved that the addition of phosphate to CAC cements allow
to inhibits the normal CAC hydration [3-4]. A thermal treatment at 90°C in open systems
allowed to generate compact cementitious matrix with low porosity and with reduced water
content (up to 65 % of the original water content). A sodium-calcium phosphate amorphous
gel together with hydroxylapatite were identified as the main reaction products produced in
these systems. The development of compact cementitious materials together the formation of
hydroxylapatite make these new calcium phosphate based cements in good candidates for the

immobilisation of radioactive wastes.

The present study evaluates the effect of incorporate simulated aqueous radioactive wastes; a
“carbonate salt slurry”, an “iron co-precipitated slurry” and a “concentrated effluent” in the
development of the CAP paste. The effect of adding these wastes was studied with the special
focus on i) the water content remaining in the system after the curing process ii) the reaction
products formed in presence of these slurries and iii) its effect in the integrity of the

microstructures.

2.2 EXPERIMENTAL

2.2.1 Raw Materials

CAC supplied by Kerneos (Secar 51) was used as the primary precursor (See Table 1 for

Chemical Composition). XRD patterns showed that it comprises a mix of crystalline phases,
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with monocalcium aluminate (CaO.Al,O3, PDF 70-0134) as the major component. It also
contained other characteristic secondary phases such as gehlenite (2Ca0O.Al203.SiO; ,PDF 35-
0755) and perovskite (CaO.TiO2 ,PDF 75-2100). A small of gibbsite is also detected indicating
that the Secar 51 has suffered a slight hydration during the storage. This gibbsite content is less

than 2% of weigh.

Reagent grade sodium polyphosphate ((NaPOs)n, 97%, Acros Organics) and sodium
dihydrogen phosphate di-hydrate (monophosphate NaH2PO4.2H20, 99%, Acros Organics)

were used as a source of phosphates.

2.2.2. Simulated wastes

Simulated wastes with the same features than the real wastes were produced using laboratory
reagents (detailed information about the synthesis of the simulated waste hasb been sent as
supplementary material). The relevant information about the three wastes (concentrated
effluent (CE), iron co-precipitated slurry (Fe) and Calcium Carbonate slurry (CaCO3)) is shown

in Table 3.

Table 3. Relevant information about the different wastes

W Sr® CIo Water . Composition of the solid phase (%) (XRF)
aste | (ppm) | (ppm) c"(‘(‘,/t:;“t P Caco; | Mg(OH): | FeO(OH).H:0 | SiO: | SrCOs
CE 94.40 | 39300 | 9536 | 7.80 - - - -
Fe 1.43 3480 94.08 9.53 3.20 32 o12 0.5
slurry
CaCO; 28.04 | 2480 87.28 | 11.05 67.87 302 - - 0.29
Slurry

(1) Concentration of Sr (ppm) measured by ICP-EOS (2) Concentration of ClI- (ppm) measured by lonic

Cromatography (1C)
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Concentrated effluent dissolution is basically composed by a mixture of artifact sea water and
“strontium water”. The artifact water contains different inorganic salts being NaCl the main
salt (but also contains others such as MgCl,, CaClz, Na:SOa, SrCl,, KCI, NaHCO3, KBr, NaF
and H3BO3). The “strontium water” (since now Sr water) is the result of the dissolution of SrCl»
in deionized water. The water content of the final solution (constituted by a mixture of the sea

water and the “Sr water”) is 95.35% wt. (see Table 3)

Iron co-precipitated slurry is the result of the combination of different chlorides salts (FeCls,
CaClzand MgCl») dissolved in deionized water and a solution of “Sr water”. To make the iron
co-precipitated slurry, a NaOH solution is added, keeping the pH value over 8 (FeCls +
NaOH— Fe(OH)3z + NaCl). This slurry is basically composed by water 94.08% wt. and a solid
phase 5.92%. The solid fraction includes FeO(OH).H20, Mg(OH)2, and CaCOs (See Table

3).

Calcium Carbonate slurry is produced from a combination of a solution containing different
inorganic chlorides salts (CaCl, and MgClz) and “strontium water”. To make the CaCO3
precipitated a NaOH solution was added keeping the pH value over 11. The water content of
this slurry is 87.28% wt. (see Table 3). The main solid phases present in this slurry are CaCOgs,

Mg(OH). and SrCOsa.

2.2.3 Cement paste preparation

Several types of cement pastes were prepared; CAC cements, composed of 100 % Secar 51,
and CAP cements, which contains additional 40 % of sodium polyphosphate and 5 % of sodium
monophosphate (See Table 4). All cement pastes were prepared using as liquid of hydration
the previous simulated aqueous wastes: the concentrated effluent, the iron co-precipitated

slurry and the CaCOs slurry. The amount of waste used was chosen so that all systems had a
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wi/c ratio of 0.35. A CAC and CAP cements only water hydrated (without the slurry) were also

prepared and used as a reference systems.

For CAP cements, prior to the preparation of the paste, the solid phosphates were pre-mixed
with the Secar 51 to ensure a homogeneous distribution. The aqueous waste solutions were
then added to the powders and hand mixed for 60 s, followed by 120 s of high shear mixing
with a Silverson L4RT mixer at 2500 rpm. All samples exhibited a rapid development of

rigidity.

Samples were cast in plastic centrifuge tubes and cured in open systems (in direct contact with
the air, without lid) to allow the evaporation of the water. Systems were cured at 2 different
curing temperatures (35°C and 90°C) for 7 days. Time and curing temperatures were selected
based on a previous work where the authors observed that these curing conditions were optimal
for CAP cements [7]. During this curing period, the sample weight was monitored. After 7
days, pastes were demolded and cut into 5 mm thickness using a slow saw and immersed in

acetone 24 hours (to arrest the hydration), then air dried and characterized.

Elemental composition was determined by X-ray fluorescence (XRF), using radiation at an
acceleration voltage of 100 kV and 800 mA current (Philips PW 1404/00/01). For the phase
analysis, X-ray diffractograms (XRD) were obtained using a Siemens D5000 diffractometer
with a copper source, scanning in the 20 range 5°-60° with a step size of 0.02° and at a rate of
1°/min. Thermogravimetric (TG) analysis was also performed with a PerkinElmer Pyris 1
instrument, in an alumina crucible, heating from room temperature to 1000 °C at a rate of

10 °C/min, under a flowing nitrogen atmosphere. FTIR samples were prepared by mixing 200
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mg of KBr and 1 mg of the powered sample. KBr disk were tested in a FTIR Perkin Elmer
Model 1600.

For the analysis of microstructure, mercury intrusion porosimetry (MIP) measurements were
performed using a Micrometrics Poresizer 9320 using samples that had been dried by
immersion in acetone followed by drying in a desiccator. Backscattered electron micrograph
(BSEM) analysis was also performed using a JEOL JSM6400 scanning electron microscope
(with a Link ISIS EDX analyser integrated) in backscattered mode. Samples were prepared by
mounting them in epoxy resin, polishing the observation surface to % pum fineness usig
diamond paste. Energy Dispersive X-ray spectroscopy (EDX) was used to examine the

elemental composition of various cement samples.

Table 4. Cement formulations (in grams) and curing conditions

General Curing Specific name Secar | NaH:PO4 | (NaPOs)n | CE | CaCOs Fe
System Temp. 51 ) ©) @ | (@ | Slrry
(9) (9)
CAC+W 35 (Ref) | 100 - - - - ~
CAC+CE 35 100 - - 36.7 - ~
35°C CAC+CaCOs3 35 100 -- -- -- 40.1 --
CAC +Fe 35 100 - - - - 37.2
CAC CACW 90 (Ref) | 100 - - = - .
90°C CAC+CE 90 100 - - 36.7 - -
CAC+CaCO0390 | 100 - - - 40.1 -
CAC +Fe 90 100 - - - - 37.2
CAP+W 35 (Ref) | 100 5 40 - - -
CAP+CE 35 100 5 40 36.7 -- -
35°C CAP+CaCO0s335 | 100 5 40 - 40.1
CAP+Fe 35 100 5 40 - -- 37.2
CAP CAP+W 90 (Ref) | 100 5 40 - - ~
90°C CAP+CE 90 100 5 40 36.7 - -
CAP+CaC0390 | 100 5 40 - 40.1 -
CAP+Fe 90 100 5 40 - -- 37.2

All systems contain a w/c 0.35: (Ref.) Sample reference
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2.3 RESULTS AND DISCUSSION

2.3.1 Reduction of water at different curing temperatures

Figure 18 shows remaining water (%) with time in CAC and CAP systems when these are
cured at 35 and 90°C. As expected, in both systems (CAC and CAP) the water content decreases
with the increasing of the curing temperature, being this effect more significant in CAP

cements, especially for samples cured at 90°C (see Fig. 18(d)).

In general terms CAC cements lose practically all the water during the first 24 hours of reaction
(due to the rapid setting and fast hydration of the CAC cements) (See Fig. 18(a) and (c)).

However in CAP cements this weight loss is more gradual (Fig. 18(b) and (d)).

CAC containing the different slurries (CAC+CE, CAC+Fe and CAC+CaCQO3) show practically
the same trend than the reference sample (CAC) regardless the type of waste incorporated (See
Fig. 18(a) and (c)). However some differences can be observed in CAP cements, especially
when the concentrated effluent (CE) is involved (See Fig. 18 (d)); in this case the system loses
less water than the others, probably due to the nature of the waste. Several inorganic salts (such
as NaCl, KCI and CacCly), which are very hygroscopic, are present in the CE , so water can be

incorporated in its structure hindering its evaporation.
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Figure 18. Weight loss during the curing process in the different cementitious systems with
and without the slurries (a) CAC cements cured at 35°C (b) CAP cements cured at 35°C (c)
CAP cements cured at 90°C and (d) CAP cements cured at 90°C

Fig. 19(a) and (b) show respectively the final remaining water (after 7 days) in CAC and CAP
systems. Water can be reduced up to 60% in CAP cements cured at 90°C regardless the type

of waste incorporated (with the exception of CAP + CE whereas the reduction is only up to
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40%). This reduction is higher than same CAC systems (See Fig. 19(a)), whereas the maximum

reduction is up to 40% .
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Fig. 19 Remaining water in the (a) CAC cements (b) CAP cements after 7 days of curing

2.3.2 Effect of the waste in the CAC hydration

Fig. 20(a) and 20(b) show the XRD diffractograms of CAC systems cured at 35 and 90 °C

respectively.

CAC cements show a conventional hydration process to produce only stable phases:
hydrogarnet (H: C3AHs) and gibbsite (AH3) (Fig. 3(a) and (b)). As samples have been cured at
temperatures above 35 °C no metastable phases (neither CAH1o nor C2AH10) were detected [8].
After 7 days, we observed peaks corresponding to unreacted clinker phases (gehlenite and
perovskite), phases that under these curing conditions are not going to participate in the
hydration process. The peaks associated with CA are more intense in samples cured at 90 °C,
which can be indicative that when we cured samples above 35°C water is faster evaporated and
therefore the reactivity of the clinker is affected (we have less free water to react with the CA).
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Fig. 20 Difractograms after 7 days of curing of CAC systems, without (CAC) and with the
different wastes (CAC + CE; CAC+ Fe; CAC+ CaCO3) cured at (a) 35°C and (b) 90°C
(Legend: C3AHe: hydrogarnet (PDF 02-1124); AFm-CI: Ca2Al(OH)eCl(H20)2(PDF 78-1219)
(Friedel’s salt) (PDF 31-0245); g: gibbsite (Al(OH)3) (PDF12-0460) n: nostrandite (AI(OH)s3
(PDF 18-0050) ; CA: Monocalcium Aluminate ( CaO.Al203) (PDF 23-1036) G: Gehelenite
(2Ca0.Si02.Al203); T: Perovskite ( CaO. TiO2) (PDF 01-1055); c: Calcite (CaCOs) (PDF85-
1108)

The presence of the different slurries does not modify the precipitation of the main reaction
products (CsAHe+ AHz3); however due to the high CI” content present in all slurries (See Table
2), a new phase is detected, the Friedel’s salt (Ca2Al(OH)sCI(H20)) (AFm-CI). The intensity
of the peaks corresponding to this phase is higher in samples containing the CE, waste with the
highest concentration in Cl ions (See Table 3). The presence of the high concentration of Cl
ions in the different waste can be a potential problem for any cementitious systems, due to free

chloride is one of the more aggressive ions for steel embedded in concrete, contributing greatly
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TG (%)

to corrosion. However the formation of the Friedel’s salt it would be a good way to stabilize

these CI9].

Neither FeO(OH).H20, nor carbonates or brucite were detected in samples containing the Fe

slurry, probably because the quantity is under the detection limit of this technique. CAC

containing the CaCOs shows a little peak located around 29.4 26 associated with calcite (which

was the most common salt in this particular slurry, See Table 3). This peak is only detected in

samples cured at 35°C.

The data from XRD can be supported by TG and differential thermogravimetric (DTG) results

shown in Fig. 21.
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Fig. 21 TG and DTG curves for CAC cements containing the different wastes and cured at
(a)35 and (b) 90°C for 7 days

All CAC cements (both cured at 35 and 90°C) show several weight loss events emphasized in
DTG; i) a weak peak at temperatures lower than 90°C (mainly detected in sample cured at

35°C) associated with the loss of free water and the thermal decomposition of an alumina gel
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(AHs.xH20) [10] and ii) a strong peak at 309°C, with a shoulder at 285°C, associated with the

decomposition of hydrogarnet and the dehydroxilation of gibbsite respectively [10].

Samples containing the concentrated effluent shows an additional endo peak located around
124°C, which can be associated with the dehydration of loosely bound water in the interlayers
of AFmM-CI1 phases (Friedel’s salt detected by XRD) [11] . The second event usually observed
in AFm-CI phases, located in the interval between 230 and 410°C and associated with the
dehydroxylation [12], is difficult to distinguish due to the overlapping with the band associated

with the decomposition of CsAHe and AH3

DTG curve corresponding to the cements containing the CaCOs slurry show two additional
endo peaks, one located at 360°C, assigned to the dehydroxylation of Mg(OH)2 [13] and at
674°, corresponding to the decarbonation of carbonates [13], this last one only appears in

sample cured at 35°C.

2.3.3 Effect of the waste in CAP reaction products

Figure 22(a) and (b) show respectively the XRD patterns corresponding to CAP samples
containing the different wastes when are cured at 35 and 90°C. As we expected the presence of

phosphates inhibit the normal CAC hydration process [3-5]. No hydrogarnet (Cz3AHs) was

51



formed in any sample and only a small amount of gibbisite was observed (probably associated

with the original gibbsite detected in the Secar 51).
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Fig. 22 Difractograms after 7 days of curing of CAP systems containing the different wastes
(CAC + CE; CAC+ Fe; CAC+ CaCO3) when these are cured at (a) 35°C and (b) 90°C (Legend:
CA: Monocalcium  Aluminate (CaO.Al.03) (PDF  23-1036) G:  Gehelenite
(2Ca0.Si02.Al203);T: Perovskite (CaO. TiO2) (PDF 01-1055) g: gibbsite (Al(OH)z) (PDF12-
0460) n: nostrandite (Al(OH)3z) (PDF 18-0050) ; c: Calcite (CaCOz) (PDF85-1108); H-Ap:
Hydroxyapatite (Ca10(PO4)s(OH)2) (PDF 074-9770): Cl-Ap: Chlorapatite
((Cag.70Ps.64023.86Cl2.35)(OH)2.01) (PDF 70-0793)

XRD data also shows a hump located at 25-35° 2@ that normally is associated with the
precipitation of amorphous products [3-4]. This hump is much more significant in samples
cured at 90°C. The formation type of amorphous phase formed in this phosphate modified CAC
systems has been widely discussed in the literature [3-4]. In a previous work it has been
discussed that the type of phases formed were highly depending of the curing temperature [7];
at 35°C an amorphous NaCaPO4.nH0 salt coexist with gibbsite, while at 90°C , an containing

Na amorphous Ca(HPO4).xH2>O phase is detected precipitating together a poorly crystallised

hydroxyapatite [7].
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The presence of this poor crystalized hydroxyapatite (Cai0(PO4)s(OH)2), (H-Ap) is detected in

100 -
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our CAP reference systems cured at 90°C (see Fig 5(b)). However due to the high CI

concentration present in the wastes, chloroapatite (Cag.70Ps.04023.86Cl2.35(0OH)2.01) is formed in

samples containing the different slurries. OH™ groups in hydroxilapatite can be easily replace

by CI- anions [14-15]. The list of substituting ions or groups for HAp include Mg?* Na*, K*,

Sr?*, or Ba?* substituting Ca?*, SO4? substitute POs* , and F~, CI-, COs% , PO4> substituting

OHT15].
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Fig. 23 TG and DTG curves for CAP cements containing the different wastes and cured at
(a)35 and (b) 90°C for 7 days

TG and DTG curves for CAP cements are very different from the previous CAC systems (See

Fig. 23). Practically all DTG curves show the same pattern regardless the type of waste

incorporated. All systems exhibited the majority of weight loss in the range of 50-120°C, with

an additional weigh losses around 280°C. The principal weight loss event peaked at around

100°C could correspond to the loss of free water, but also with the dehydration of amorphous

phases previously detected in similar phosphate modified systems [16-17], especially because

a significant proportion of free water must have been removed already during the curing
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process ). The small weight of loss around 280°C may be due to the dihydroxylation of
thegibbsite, compound that was detected in the XRD.

Samples containing CaCOs slurry showed a tiny endo peak around 667°C that again is
associated with the decarbonation of carbonates, however the peak detected in CAC cements
containing the same waste (CaCOs slurry) associated with the dehydroxylation of Mg(OH)2 is
not detected in these samples. This could be an indication of reaction between the phosphates

and Mg(OH).

2.3.4 Effect of waste in the microstructure

2.3.4.1 Microporosity of CAC and CAP cements

As these systems are designed for the safe storage and disposal of the three secondary aquous
wastes (concentrated effluent, the iron co-precipitated slurry and the calcium carbonate slurry)
its essential to know more about its porosity and its microstructure. The effect of these wastes

in the total porosity (CAC and CAP) is shown in Figure 24.
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Fig. 24 Total microporosity in (a) CAC samples (Reference and CAC+ wastes) and (b) CAP

samples (Reference and CAP + Wastes) when are cured at 35 and 90°C
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In general terms and in both cases (CAC and CAP cements) the total microporosity increases
with the increasing of curing temperature (see Fig. 24). This effect is justified due to the higher

evaporation of water with the increasing of temperature.

The incorporation of the different wastes has an important impact in the microstructure,
especially in samples cured at 35°C; for both CAC and CAP cements there is an important
reduction in the total microporosity regardless the type of waste incorporated (See Fig. 24).
The presence of the different inorganic salts in the slurries aid to reduce the porosity; the solid
frcation present in the slurries occupy voids and pores in the cementitious system, helping to
reduce the porosity. This effect is not so significant in samples cured at 90°C, where all systems
showed a similar microporosity (especially in CAC cements). The fast evaporation of the water

is the factor that marks the porosity of these systems.

The pore size distribution for CAC and CAP cements incroporating the wastes is shown in

Figure 25.

CAC reference cement cured at 35°C shows the largest distribution of pores around 900 nm;
with the increasing of the curing temperature the pore size distribution shifts towards Ihigher
pore size diameter (~ 1400 nm) (See Fig. 25(a) and (c)). All CAC samples containing the
slurries shifts its pore size distribution towards smaller pore size diameter, although this effect

is less significant in samples cured at 90°C.
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Fig. 25 Pore size distribution for (a) CAC cements cured at 35°C (b) CAP cements cured at

35°C (c) CAC cements cured at 90 °C (d) CAP cements cured at 90 °C

CAP cements however show much more lower pore size diameter than CAC samples (See Fig.

25 (b) and (d)). CAP references show a distribution of pores located located around 50 nm,

considerably lower than same CAC samples .The presence of wastes in the phosphate modified
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CAC cements has an opposite effect than in CAC cements, in this case the pore size

distribution shifts towards higher pore size diameter.

2.3.5 Microstructure of CAC and CAP cements

Backscattered electron (BSE) images for CAC containing the wastes and cured at 35°C and
90°C are shown in Figure 26 and 27 respectively. CAC samples cured at 35°C containg the
wastes (See Fig. 26) show had a similar microstructure than CAC reference, however in the
former we can detect higher porosity, which agrees with the MIP results (See Fig. 24(a)). In all
cases can be observed the presence of unreacted (or partially reacted) CAC clinker particles

(angular particles in a lighter grey) surrounded by a porous binding phase.

Samples cured at 90°C show similar microstructure than the previous ones (see Fig. 27). This
is reasonable because both curing temperatures (35 and 95 °C) resulted in a similar level of
water reduction, with 65-70 % of the original water content (Figure 18(a) and 18(c)). However
the sample containing the CaCOs slurry shows more pores, which agrees with the results of the
total microporosity as well as the the data corresponding with the water loss plotted in Figure

18(c).

The microstructure of phosphate modified CAC cements (CAP) is very different than CAC
cements. CAP samples cured at 35°C (both reference and samples with wastes) show a large
amount of cracks and microcracks (See Fig. 28). These cracks has been observed previously in
this kind of phosphate-modified systems and can be associated wih the shrinkage as the
temperature of the system become lower after the initial high temperature stage casused by the
high exothermic acid-base reaction between the basic CAC cement and the acidic phosphate
dissolution . However, as we expeceted these cracks practically dissapeared as a result of curing

the samples at moderate temperatures. (See Figure 29).
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Fig. 26 BSE images of CAC cements cured at 35°C after 7 days a) CAC reference b) CAC +
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Fig. 27 BSE images of CAC cements cured at 90°C after 7 days a) CAC reference b) CAC +

CE c) CAC + Fe d) CAC + CaCOgz (magnification x500)
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Fig. 28 BSE images of CAP cements cured at 35°C after 7 days a) CAP reference b) CAC +
CE c) CAC + Fe d) CAC + CaCOgz (magnification x500)
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Fig. 29 BSE images of CAP cements cured at 95°C after 7 days a) CAP reference b) CAC +

CE c¢) CAC + Fe d) CAC + CaCO3 (magnification x500)
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With respect to the effect of adding the wastes, all samples shown similar morphology than the
reference, with the exception of sample CAP + CE 90°C (see Fig. 29 (b)). This different
morphology is reflected in the pore size distribution (see Fig 25 (d)) where we can see the

presende of very small pores associated with the gaps observed in the BSE image (Fig. 29 (b)).

Solid particles associated with the inorganic salts present in the different wastes were detected
along the different cementitious systems. Figure 30 shows, as an example, the EDX elemental

maps of the CAP systems containing the wastes and cured at 90°C.

The EDX maps corresponding to the CAP + iron co-precipitated slurry (See Fig. 30(a)) show
the presence of a bright particle associated with iron, that could corresponds with the FeO(OH)
phase present in the original waste. The main binding phase shows a chemical composition
based on Na, P and Ca and O. According to previous works [5] this phase is assigned to an
amorphous sodium-calcium orthophosphate gel, phase that co-exist with the gibbsite and the
chlorapatite that we have detected by XRD. The presence of Cl" along the binding phase can
be a confirmation of the replacement of OH- groups by CI anions in Hydroxilapatite. Similar

elemental map distribution is observed in the rest of the systems (See Fig. 30 (b) and (c)).
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Fig. 30 EDX elemental maps of Ca, Al, P, Na, Fe, Sr and Cl in CAP+ Fe slurry 90°C

Strontium seems to be distributed along the binding phase, however the identification of Sr in
BSEM/EDX is not easy for samples containing silicon (as is our case) due to the overlapping
of the Ka line of Si with the La/l line of Sr. There is no evidence of the formation of SrCOs or
Sr(OH)2, which precipitation is usually favored at high pH values. Because the chemistry of Sr
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and Ca is similar, is possible that strontium may be consumed in a similar manner to Ca in the
formation of an analogous gel phase (C,Sr)-P-H gel. What is more, the presence of
hydroxilapatite type phases can also aid to encapsulate the Sr. The substitution of Calcium by
Sr in different calcium phosphate cements have been widely analysed in the literature [16-18].
Rokita el al [16] analysed the incorporation of Sr in several types of phosphates based
compounds such as an amorphous calcium phosphate, hydroxyapatite and a dicalcium
phosphate dihydrate among others and they observed that in all cases, Sr is incorporated to
the systems. However they suggested that the Sr incorporation in the calcium phosphates
compounds is highly compound-dependent; in the hydroxyapatite and octacalcium phosphate
lattices, Sratoms may occupy selected Ca sites, which was not the case for dicalcium phosphate
dehydrate; in the apatitic structures strontium atoms are preferentially incorporated in fourfold
calcium positions while in the case of amorphous calcium phosphate and dicalcium

phosphatedihydrate all calcium sites may be occupied by Sr atoms.

The immobilization mechanisms of radioactive elements in cementitious materials usually
involved a chemical and/or a physical process [19]. While the physical action is mainly realized

by surface sorption, the chemical mechanisms have not been up to now completely understood.

The waste immobilization in similar cementitious systems, such as magnesium phosphate
cements has been studied and it has been proposed that is controlled by two processes: (i) by
its physical entrapment in highly dense matrix and (ii) by the precipitation of particular
radionuclides, e.g. poorly soluble phosphates. Phosphates easily reacts with basic species such
as Ca’* and Sr?*, forming insoluble cementitious products. What is more, there is another
possible immobilization mechanisms based on the ion exchange: crystalline phases such as
hydroxyapatite can offer anion and cation sites for uptake of radioactive species, e.g.
Sr2*«<»Ca?" and OH «>ClI". In our particular systems, Sr will be probably immobilise as a result
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of a combination of above mentioned mechanisms. Further studies are necessary to clarify this

point.

2.4 CONCLUSIONS

v" The incorporation of secondary aqueous waste in CAC and CAP cements appears
feasible. The inclusion of the wastes did not disturb the fundamental reaction of the
systems. Compact cementitious materials are generated regardless the type of waste
incorporated.

v The solidification technique applied to these cements, allows to reduce up to 57% of
water in CAP cements cured at 90°C in higher degree than same CAC cements (with
the exception of samples containing the concentrated Effluent, where the reduction was
up to 40%).

v" Due to the high CI content in the wastes, Friedel’s salt is detected in CAC cements. A
chlorapatite phase is detected in CAP samples.

v"In CAP cements Sr appears to be incorporated in the reaction products (amorphous gel

and Hydroxialapatite type phases)
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3. IMMOBILIZATION OF SECONDARY AQUOUS RADIOACTIVE WASTES
IN PHOSPHATE CEMENTS. PART II: LEACHING BEHAVIOUR

Abstract

The leaching behavior of Phosphates modified CAC cements (CAP) containing secondary
radioactive aqueous waste has been investigated. These wastes contain a significant amount of
water, sea salts and highly radioactive °Sr. The samples were leached for up to 3 months and
the leached elements were quantified. The present study investigates also mineralogical and
microstructural changes in the cementitious matrices after leaching. In general terms, Na, K
and Cl are the most movable elements in the CAC matrices, but the P and Na are in CAP. Sr
can be successfully immobilized in CAP systems, especially in these thermally treated at 90°C.
After 90 days of leaching, CAC cements shown the formation of new AFm phases (basically
stratlingite and monocarboaluminate), the rest of the phases appears practically the same. No
significant changes were observed in CAP cements. Practically in all cases, the total porosity

increase after 90 days of leaching.

3.1 INTRODUCTION

Phosphates modified CAC cements (also known as CAP cements) have shown to be a good
alternative cementitious materials in the immobilization of low level radioactive waste [1-2].
CAP cements set and hardened via acid- base reaction [3-4] (differently from a conventional
hydration process), so water can be reduced in the systems though a simple thermal treatment
[5]. The use of phosphates allows not only to avoid the phase conversion reaction of the

conventional CAC but also to generate a compact cementitious material with a reduced water
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content, which can be beneficial to avoid hydrogen gas generation associated with the

radiolysis of water by radioactive wastes [2].

In a the previous section has been proved that feasibility of CAP systems to incorporated
simulated radioactive aqueous wastes from Fukushima Nuclear Power Plant (a “carbonate salt
slurry”, an “iron co-precipitated slurry” and a “concentrated effluent”) [6]. These simulated
aqueous wastes contain a significant amount of water, sea salts and strontium. The inclusion
of these wastes did not disturb the fundamental reaction of the systems. Compact cementitious

materials were generated regardless the type of waste incorporated.

The present study evaluates the leaching behavior of the CAP cements containing incorporate
simulated aqueous radioactive wastes. Mineralogical changes and the integrity of the

microstructures of the different cementitious systems after leaching test, were also analyzed.

3.2 EXPERIMENTAL

3.2.1 Sample preparation

Two different types of cement were prepared; CAP cements CAC cements, composed of 100 %
Secar 51, and CAP cements, which contains additional 40 % of sodium polyphosphate and 5 %
of sodium monophosphate. All cement pastes were prepared using as liquid of hydration the
simulated aqueous wastes: Cement + Concentrated effluent, Cement + Iron co-precipitated
slurry and Cement + CaCOg slurry. The amount of waste used was chosen so that all systems

had a w/c ratio of 0.35 [6].

Simulated wastes with the same features than the real wastes were produced using laboratory

reagents [7]. The relevant information about the three wastes (concentrated effluent (CE), iron
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co-precipitated slurry (Fe) and Calcium Carbonate slurry (CaCO3) is shown in Table 3 (for

more details about the synthesis of these wastes see reference or sample preparation see [6]).

Samples were cured in open systems (in direct contact with the air, without lid) to allow the
evaporation of the water. Systems were cured at 2 different curing temperatures (35°C and

90°C) for 7 days.

3.2.2 Leaching test

Leaching test was performed according to the American Standard ANSI/ANS 16.1 [7]. For that,
after curing, samples were cut into 1 cm long and 2.57 mm diameter cylinders. The cylinders
were subsequently placed in individual leaching vessels containing de-ionised water
(conductivity 5 ph, TOC < 3 ppm, 20-25 °C). The leachant was refreshed after the following
standard test times: 30s,2h,7h,1d,2d,3d,4d,5d,18d, 28d, 48 d and 90 d [8]. An aliquot
of the leachate was taken at the end of each leaching interval. The concentration of the different
elements was determined after each of the aforementioned times. Two replicas were performed

per systems.

The pH values were measured on a TOLEDO pH-meter and the elemental concentrations were
analysed on a Spectromass 2000 inductively coupled plasma-mass spectrometer (Chloride
concentration) and in a ICAP 6000 Thermo Sceintific ICP-OES spectrometer (rest of the

elements).
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3.2.2 Characterization after leaching

After the leaching test samples were dried and prepared for characterization. A cross-section
was cut from every sample for SEM, mounted in epoxy resin and successively ground and
polished. Backscattered electron micrograph (BSEM) analysis was performed using a JEOL
JSM6400 scanning electron microscope (with a Link ISIS EDX analyser integrated) in
backscattered mode Energy Dispersive X-ray spectroscopy (EDX) was used to examine the

elemental composition of various cement samples.

A small amount of the sample was ground using a pestle and mortar and sieved to <63 um and
use for XRD and TG/DTG analyse. X-ray diffractograms (XRD) were obtained using a
Siemens D5000 diffractometer with a copper source, scanning in the 26 range 5°—60° with a
step size of 0.02° and at a rate of 1°/min. Thermogravimetric (TG) analysis was also performed
with a PerkinElmer Pyris 1 instrument, in an alumina crucible, heating from room temperature
to 1000 °C at a rate of 10 °C/min, under a flowing nitrogen atmosphere. The remaining was
used to analyse the pore structure by MIP. Measurements were performed using a Micrometrics
Poresizer 9320 using samples that had been dried by immersion in acetone followed by drying

in a desiccator.

3.3 RESULTS AND DISCUSSION

3.3.1 Leaching behaviour of CAC and CAP samples

70



The leaching behaviour of CAC and CAP cements containing the different simulated waste is
compared using the cumulative normalized element loss, NLi [9] (expressed in g/cm?). The
NLi is calculated using the expression:

CixV
SAxfi

NLi =

where, NLi is the normalized elemental loss (in g/cm?); Ci is the cumulative concentration of
the i element in the solution at one particular age (in g/cm?®); V is the leachate volume (in cm?®);
SA is the surface area of specimen (cm?) and fi is the mass factor of the i element in the
specimen. The mass factor of the element i in a wasteform is defined as:

w;
fi__

Wo

where wi is the mass of element in the wasteform (g) and wo is the mass of the wasteform (g).

Fig. 31, 32 and 33 show the normalized elemental loss (NLi) of the different elements contained
in the cements as a function of time in the different cementitious systems. Fig. 34 show the NL.i

for Sr in the different cements.
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For samples containing the Concentrated Effluent (CE) the most movable elements in CAC
cements are potassium (K), Sodium (Na) and Chloride (CI) (see Figure 31(a) and (c)). Similar
trend was observe in 35°C and 90°C CAC samples. These elements have been basically

incorporated in the waste in form of inorganic salts and simply leached out. Similar behaviour
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can be seen in the rest of CAC cements incorporating the different slurries ( CaCO3z and Fe
slurry) although less Na was leached out due to the lower sodium content incorporated with

the waste.

The leaching rate of calcium (Ca) and aluminium (Al) in CAC cements is small due to the
formation of CsAHe and AHs. The formation of crystalline C3AHe minimise the effect of the

curing temperature.

For CAP cements, chloride is the most movable element, followed by alkalis (Na and K) and
Phosphorous (P) (See Fig. 31(b) and (d)). In general terms, chloride seems more movable in
CAP than in CAC cements. The formation of the Friedel’s salt in CAC systems would aid to
immobilize part of the high chloride content incorporated with the slurries [10]. We also can
see some differences with respect to this element (Cl) in CAP cements cures at different
temperatures; Samples cured at 90°C leached out less Cl than samples cured at 35°C (See Fig.
31(b) and (d)). We observe the same behaviour in all CAP cements, regardless the type of waste
incorporated. The presence of hydroxyapatite in CAP cements cured at 90°C could contribute
to immobilize a small amount of CI; hydroxyapatite (Ca10(PO4)s(OH)2) can easily replace their

OH- groups by CI anions [11].

CAP samples cured at 90°C we leached out more silicon and aluminium than same samples
cured at 35°C. The increase in the temperature could increase the highest reaction of gehlenite
present in the CAC cement. No significant Ca concentration was detected. We also observed a
reduction in the mobility of P is samples cured at higher temperature (90°C), which can be an

indication of the reaction between P and Ca to form solid reaction products.
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Strontium can be successfully immobilized in both systems, CAC and CAP cement, but in
more degree in CAP samples (See Figure 34). Fig. 35 shows the % Sr leached out after 90 days
of leaching. We can conclude that both systems successfully immobilize most of the Sr

contained in the cementitious systems, especially CAP cements, where the maximum % was

less than 1%.
3.3.2 Changes in samples after leaching

3.3.2.1. Characterization of CAC samples after 90 days of leaching. Development of new

reaction products

Fig. 36 shown the XRD patterns corresponding to the CAC cements incorporating the different

wastes after 90 days of leaching. In the same patterns it has been include the samples just before

leaching.

In all cases, after leaching, we can see a clearly decrease in the intensity of the peaks
corresponding to the CA (with respect to the samples just before leaching) and an increase in

the intensity of the lines corresponding to the hydrated phases, C3AHs and AHz. In some cases
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metastable phases such as CAH1o (See Fig. 6(a)) and carboaluminates (C4CAH11) (See Fig.

36(b) and (c) are detected.

We also detect a slightly decrease in the intensity of the lines of gehlenite that can be an
indication of certain reactivity. Part of the gehelenite can be dissolved providing silicon species

that can react with calcium and aluminium coming from the CA, to form stratlingite (C2ASHg)
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Fig. 36 Difractograms after 90 days of leaching of CAC systems containing the different wastes
(a) CAC + CE (b) CAC+ CaCOs (c) CAC+ Fe for samples cured at 35°C and 90°C (Legend:
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AL: After leaching; BL (Before leaching) ; CA: Monocalcium Aluminate (CaO.Al.O3) (PDF
23-1036) G: Gehelenite (2Ca0.Si0O2.Al>03);T: Perovskite (CaO. TiOz) (PDF 01-1055) g:
gibbsite (Al(OH)s) (PDF12-0460) n: nostrandite (Al(OH)s) (PDF 18-0050) ; c: Calcite
(CaCO3) (PDF85-1108); AFm-Cl: Friedel’s salt (PDF 31-0245) ; x : CAH10 ( PDF 47-1882 );

s: stratlingite C2ASHsg (PDF 80-1579) ; m: monocarboaluminate C4CAH;11 (PDF 33-0255)

Changes in the reaction products were also analysed by TG/DTG (See Fig. 37). All TG curves
corresponding with samples after leaching, show higher weight loss than same samples before
leaching. The DTG curves shows the presente of a strong peak at 309°C, with a shoulder at
285°C, associated with the decomposition of hydrogarnet and the dehydroxilation of gibbsite
respectively. This peaks are much more significant in samples after leaching. Samples after
leaching also show a couple of endo peaks in the region between 50 and 150°C. The first event
is usually associated with loss of free water and the thermal decomposition of an alumina gel
(AH3.xH20) , while the second even associated with the dehydration of loosely bound water in
the interlayers of AFm-CI1 phases (Friedel’s salt detected by XRD) and dehydration of
carboaluminates and stratlingite phases (all phases detected previously in samples after

leaching).

DTG curve corresponding to the cements containing the CaCOsslurry before leaching showed
two additional endo peaks, one located at 360°C, assigned to the dehydroxylation of Mg(OH)2
[12] and at 674°, corresponding to the decarbonation of carbonates [12]. These peaks

disappear in samples after leaching.
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3.3.2.2. Characterization of CAP samples after 90 days of leaching. Development of new

reaction products

Fig. 38 shown the XRD patterns corresponding to the CAP cements incorporating the different
wastes after 90 days of leaching. In the same patterns it has been include the samples just before

leaching.

In general terms, all samples practically show the same difractograms before and after leaching.
In some cases we can see a slightly decrease in the intensity of the lines corresponding to CA
(see Fig. 8(a) and (b)), however neither hydrogarnet (CsAHe) nor other metastable hydrated
phases typical for CAC hydration (such as CAHio or C2AHg) were detected. Different

polymorfs of AI(OH)z ( gibbsite, nostrandite and bayerite) were detected in all CAP systems.

Sample CAP+ CE cured at 35°C, shows a small peak located around 10.6° 26 , that can be
assigned with the formation of wavellite (Als(OH)3(POa)2.5H20) (see Fig. 38(a)). No others

new phases were detected.

Changes in the reaction products were also evaluated by TG/DTG (See Fig. 39). TG and DTG
curves for before and after leaching show practically the same trend (See Fig. 39), however
more weight is lost with the increase of the temperature in samples after leaching (See Fig.
39(a), (c) and (d). Practically all DTG curves show the same pattern regardless the type of
waste incorporated. All systems exhibited the majority of weight loss in the range of 50-120°C,
with an additional weigh losses around 280°C. The principal weight loss event peaked at
around 100°C could correspond to the loss of free water, but also with the dehydration of
amorphous phases previously detected in similar phosphate modified systems [2,5]. This peak
is much more intense in samples after leaching; as consequence of 90 days of leaching, water
can penetrate in the samples, so the higher intensity in this peak could be associated with the

higher content of free water. The small weight of loss around 280°C may be due to the

81



(a)

dihydroxylation of the AI(OH)s, phase that has been detected in the XRD. This peak is also

more significant in samples after leaching.
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Fig. 38 Difractograms after 90 days of leaching of CAC systems containing the different wastes
(a) CAP + CE (b) CAP+ CaCOs (c) CAP+ Fe for samples cured at 35°C and 90°C (Legend:
AL: After leaching; BL (Before leaching) ; CA: Monocalcium Aluminate (CaO.Al;Os) (PDF
23-1036) G: Gehelenite (2Ca0.Si0O2.Al>03);T: Perovskite (CaO. TiO.) (PDF 01-1055) g:
gibbsite (Al(OH)3) (PDF12-0460) n: nostrandite (Al(OH)s) (PDF 18-0050) ; c: Calcite
(CaCO3) (PDF85-1108); Hp (Chlorapatite ((Cag.70P6.64023.86Cl2.35)(OH)2.01) (PDF 70-0793) );
w: wavellinte (Al3(OH)3(POa4)2.5H.0 PDF 71-1966)
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3.3.3 Effect of waste in the microstructure

3.3.3.1 Microporosity of CAC and CAP cements after leaching

The total microporosity for the several cementitious samples before and after leaching is plotted
in Fig. 40. CAC samples show practically the same microporosity before and after leaching ,
with the exception of samples containing the CE and Cured at 90°C, where the total
microporosity is much more lower (see Fig. 40(a)). The decrease in the porosity could be
associated with the higher reactivity of the clinker phase after 90 days of immersion, generating
more hydrated products. The higher reactivity of CA after leaching has been already seen in

the XRD analyse.

For CAP samples again the total microporosity before and after leaching are in the same order,
being slightly higher for samples after leaching. As consequence of the time immersed in the

water, part of the material has been dissolved causing a small increase in the porosity.

Fig. 41 shows the pore size distribution of the different cementitious systems before and after
leaching. CAC samples containing the CaCOs slurry and the Fe slurry show practically the
same pore size distribution (see Fig, 41 (c) and (e)). Similar behaviour is detected in CAP
cements, however in this case the samples after leaching show slightly lower pore size diameter

(see Fig. 41 (d) and (f)).

CAP samples however shows different distribution depending of the curing temperature; for
samples cured at 35°C the pore size distribution shift towards higher values, while for samples
cures at 90°C, the maximum concentration of pores are located at lower pore size diameter (see

Fig. 41(b)).
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Fig. 40 Total microporosity in samples before and after leaching for (a) Cements + CE (b)

Cements + CaCOs slurry and (c) Cements + Fe slurry

Samples containing the CE are very different from the others. In the case of CAC cements we

can see that the pore size distribution is very different before and after leaching (see Fig. 11(a));

in both cases (samples cured at 35 and 90°C) samples after leaching show much more lower
85

pore size distribution.
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3.3.3.2 Microstructure of CAC and CAP cements after leaching

Finally the microstructure of the samples contacting the different slurries was analyzed after
leaching. Fig. 42 show the BSE image corresponding with the CAC cements after leaching.
Fig. 42 (a) and (b) correspond with the inner part of the material, while Fig. 42 (c) and (d)

correspond with the front of leaching.

~ CAC90°C

A D86 x500 200 um

CAC 90°C

ai
%250 300 pm

A D86 x250 300 pum

Fig. 42 BSE images of CAC cements containing the CE after leaching (a) CAC 35°C (inner)
(b) CAC 90°C (inner) (maginification x500) (c) CAC 35°C (front) (d) CAC 35°C (front)
(magnification x 250)

In all cases we can see the presence of porous that can be associated with the dissolution of the
clinker phase. Fig. 42 (c) and (d) shows the front of leaching where we can see the much less
content of particles associated with clinker phase, as well as the presence of several cracks.
These cracks are more significant in samples cured at 90°C (See Fig. 42(d)). Similar behaviors
were observed in the rest of CAC cements containing the CaCO3 slurry and the Fe slurry (see

Fig. 43 and 44 respectively).
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Fig. 43 BSE images of CAC cements containing the CaCOs after leaching (a) CAC 35°C
(inner) (b) CAC 90°C (inner) (maginification x500) (c) CAC 35°C (front) (d) CAC 35°C (front)
(magnification x 250)
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Fig. 44 BSE images of CAC cements containing the Fe slurry after leaching (a) CAC 35°C
(inner) (b) CAC 90°C (inner) (maginification x500) (c) CAC 35°C (front) (d) CAC 35°C (front)
(magnification x 250)
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Fig. 45 show the CAP samples containing the CE after leaching. The micrographs show similar
microstructure than the samples before leaching, however the presence of cracks and porous is
more significant after leaching. Samples also show some voids corresponding to clinker phase
completely dissolved and particles of clinker partially attacked (this effect can be seen

especially in the micrographs corresponding to the front of leaching (See Fig. 45(c) and (d)).
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A D86 x500 200 pum
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X250 300 pm

Fig. 45 BSE images of CAP cements containing the CE after leaching (a) CAP 35°C (inner)
(b) CAP 90°C (inner) (maginification x500) (c) CAP 35°C (front) (d) CAP 35°C (front)

(magnification x 250)

Same behaviour can be observed for samples containing the Fe and the CaCO3 slurries (See

Fig. 46 and 47 respectively).
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Fig. 46 BSE images of CAP cements containing the Fe slurry after leaching (a) CAP 35°C
(inner) (b) CAP 90°C (inner) (maginification x500) (c) CAP 35°C (front) (d) CAP 35°C (front)
(magnification x 250)

-7 cAR35°C * CAP90°C

x1.0k 100um 0015 x500 200 ym

A D8

Fig. 47 BSE images of CAP cements containing the CaCO3 slurry after leaching (a) CAP 35°C
(inner) (b) CAP 90°C (inner) (maginification x500) (c) CAP 35°C (front) (d) CAP 35°C (front)
(magnification x 250)
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Finally Fig. 48 shows as an example, a EDX mapping of the CAP + CE 90°C after leaching.
Less Na and Cl can be detected in the CAP samples after leaching, which is in good agrement
with the ICP results. Sr apperas distributed along the matrix, confirming its immobilization

after leaching. Similar results were observed in the rest of the CAP contating wastes systems.

Fig. 48 EDX elemental maps of Ca, Al, P, Na, Sr and CI in CAP+ CE slurry 90°C

3.4 CONCLUSIONS

v’ Strontium can be successfully immobilized in both cementitious systems CAC and
CAP cements but in higher degree in CAP cements.

v' CAP cements thermally treated at 900C, usually present better results in terms of Sr
immobilization than same systems cured at lower temperatures. The formation of
hydroxilapatite (Cas(PO4)s(OH)) can help to fix this element (Ca can be easily replace
by Sr)

v' The immobilization of Cl was not successful neither in CAC nor in CAP systems,

however was slightly better in CAC system, due to the formation of the Friedel’s salt.
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v" New crystalline phases were detected in CAC systems after the leaching process;
stratlingite and metastable carboaluminates, however no significant changes were
observed in CAP cements.

v In general terms, the porosity of the several systems increase after the leaching.
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4. REDUCTION IN THE WATER CONTENT IN CAP CEMENTS USING
MICROWAVE TECHNOLOGY

During this industrial trial an industrial microwave was used to minimize the water content in
CAP cements. A picture if this microwave, which has 1 ton of capacity is shown in Fig. 49.
Using the microwave in replacement of the traditional curing process (7 days for 90°C) would

allow to reduce the water in less time.

[T
LT

Fig. 49 Industrial microwave (chamber with

3
Im of capacity)

The plan of work included:

e Identify the best conditions of curing for CAP cements using this technology
e Optimize the temperatures and times of curing
e Test different dosification from low scale (50 ml capacity containers) to high scale (1.4

| capacity containers)
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4.1 EXPERIMENTAL

The results corresponding to CAP pastes (low capacity containers) are shown in Tables 5 and
6. In both tables appear the relevant information about the dosifiaction, thermal treatment and
the water loss (%). In less than 1 minute and working at 700C we achieved a water loss of
around 50%, however as consequence of the rapid evaporation the systems shows several
cracks (see Fig. 50). When we reduce the power and playing with time and temperature (See

as an example CAPS5 in Table 6) can reduce up to 79% of the water generating compact

cementitious systems (See Fig. 50(a))

Table 5. Water loss (%) in CAP cements (low scale) (100 % power)

CAC | (NaPO;3)n | NaH,PO, | Water | T1 Time Initial Final Loss
(g) (e) (e) (e) (°C) | (min) | Weight | Weight (%)
(e) (e)
CAP 1 (a) 100 40 5 35 80 10 73 69 28.18
CAP1 (b) 100 40 5 35 80 10 83 77 37,.19
CAP2 (a) 100 40 5 35 70 1 83 75 49.59
CAP2 (b) 100 40 5 35 70 1 80 73 45.01
CAP3 100 40 5 35 50 0.16 79 79 -

Table 6. Water loss (%) in CAP cements (low scale) (working with pulse system)

H

Larger samples (~2 kilos of material, containers of 1.4 | of capacity) were also analysed (see

as an example Table 7). Different times and temperatures were tested. However the highest

T1 Time Initial Final Loss
Pulse (°C) | (min) | Weight | Weight (%)
(g ()
1s 30 5 79 79
(Relax 10s)
CAP 4 2s 40-45 5 79 78 6.50
(Relax 10s)
5s 20 10 79 69 65.14
(Relax 10s)
5s 80 5
CAP5 (Relax 10s) 71 60 79.71
55 91 10
(Relax 10s)
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water loss content was not enough (around 30% on weight) and the sample showed several

cracks (see Fig. 50(b)).

Mortars of CAP were also tested (see Table 8), the systems after more than 10 hours of
treatment did not show important cracks (See Fig. 50(c)), and however the water loss was 20%

which means that the thermal treatment was not effective.

CAP1 CAP2 CAP5 (a)

Fig. 50 Aspect of the CAP cements after the microwave thermal treatment (a) Low scale
samples (CAP1, CAP2 and CAP5) (b) Large scale samples (CAP 9) (c) Large scale (CAP 10)

Table 7. Water loss (%) in CAP cement pastes (large scale)

Ll

CEMENT PHOSPHATE (g) WATER
CAC (g) {NaPOs)n NaH:PO. (g)
CAP9 1000 400 25 350
STEPS
Temperature 68°C
Time 9.30h
Loss 30%
CEMENT PHOSPHATE (g) |  WATER
CAC (g) (NaPO:)n NaH2P04 (g)
CAP 10 1000 400 50 350
STEPS
Temperature 680C
Time 5+10 hours
Loss NO DATA BIG CRACK!—T in sample 80°C
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Table 8. Water loss (%) in CAP cement mortar

o+

CEMENT | PHOSPHATE (g) | SAND | WATER
CAC(g) | (NaPOs)n | NaH,PO4| SiO; (e)
CAP 12 500 200 25 250 175
STEPS
40°C 50°C 68°C
Temperature (40°C) (63°C 20 min)
Time 30 min lh 9.30h
Loss 05 % 3.5% 20 %

According to these results we can conclude that despite the high potential of this particular
thermal treatment is very difficult to control de water loss using microwave technology.

Furthers investigation will be necessary to optimize this procedure.
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DIMENSIONAL EFFECT ON WATER REDUCTION OF PHOSPHATE

MODIFIED CAC PASTES (CAP CEMENTS)

The dimensional effect on water reduction of CAP cements was also tested. For that we
prepared several samples in containers with different capacity (15 ml, 50 ml and 1.4 1),
which were filled up to two different levels (40% of capacity and 80% of capacity) (See Fig.
51). Samples were prepare using the reagents in the same proportions than in previous
sections (water/cement ratio of 0.35; (NaPOs)n/cement ratio of 0.4, and NaH2PO4/Cement

ratio of 0.05).

(a) N Y (b)
] ] Q
- 15ml n 50 ml 1 soml

U

— 141 — 141

Fig. 51 Size of the containers used for CAP systems (a) Containers of 15 ml (b) Containers

of 50 ml (c) Containers of 1.4 |
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All cementitious systems (see Table 9) were cured for 1 week at three different temperatures,

35, 75 and 80°C to allow the evaporation of water. During this time the water loss was

monitored. The results obtained appear in Fig. 52.

Time (days)

Fig. 52 Remaining water vs time is the different CAP cements (a) Container of 15 ml capacity

(b) Containers of 50 ml capacity (c) Containers of 1.4 | capacity

For all samples we observe the same tendency, the remaining water reduces with the increasing

of the thermal treatment (see Fig. 51). We also observe that containers filled up to 40% of

capacity apparently lose more water than same containers filled up to 80 % of capacity.
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However we have to take into account that this % is normalized with respect to the initial water
content in each system. When we compare the grams of water lost for same type of container

and different volume of sample the results are different (see Table 9).

Table 9. Water loss (in grams) for the different CAP samples after 7 days of thermal treatment

15 mi CAC 35°C CAC35°C CAC75°C CAC75°C CAC80°C CAC80°C
containers (80%) (40%) (80%) (40%) (80%) (40%)
Total initial 24.77 12.83 24.42 13.17 25.83 16.62
weigh(g)
Initial Water 4.85 2.51 4.96 2.57 5.04 3.25
Content(g)
Water loss 0.69 0.52 1.70 1.30 2.19 1.77
after 7 days
50 ml CAC 35°C CAC35°C CAC75°C CAC75°C CAC80°C CAC80°C
containers (80%) (40%) (80%) (40%) (80%) (40%)
Total initial 81.98 41.94 83.76 45.95 80.83 43.19
weigh(g)
Initial Water 15.95 8.16 16.26 8.92 15.73 8.40
Content(g)
Water loss 2.35 2.03 5.72 4.80 6.62 4.90
after 7 days
50 ml CAC 35°C CAC35°C CAC75°C CAC75°C CAC80°C CAC80°C
containers (80%) (40%) (80%) (40%) (80%) (40%)
Total initial 1440.74 901.21 1441.29 902.63 1442.69 902.04
weigh(g)
Water 280.09 175.5 273.61 172.08 275.98 170.86
Content(g)
Water loss 30.4 28.8 135.70 101.3 155 108.7
after 7 days

Samples with highest initial amount of water lose more water, especially with the increasing
of the thermal treatment (See Table 9). This effect is not so significant for samples cured at
35°C.

100



6. DEVELOPMENT OF MAGNESIUM PHOSPHATE CEMENTS FOR NUCLEAR

WASTE IMMOBILIZATION

Abstract

Magnesium phosphate cements (MPCs) is an important engineering material that have been
extensively used as fast setting repair cements in civil engineering. MPCs are formed through
an exothermic acid-base reaction between MgO and a soluble phosphate source (commonly
NH4H2PO4 or KH2PO4) forming a crystalline magnesium phosphate salt (struvite or K-struvite
respectively). The present study investigates the effect of using different sodium phosphate
sources (NaH2PO4 and/or Na(POz)n) and reduction of water contents in the system by curing
at an elevated temperature. The reduction of water content can be highly beneficial for
encapsulation of radioactive wastes, since it would minimise the risk of hydrogen gas
generation from the radiolysis of water by the radioactive waste components. Our preliminary
investigation revealed that the use of these phosphates all resulted in the generation of
amorphous products, and curing at 80°C also led to a successful reduction of the water contents
by >50% in all systems investigated. However, the type of phosphates used appears to have a
significant impact on the stability of the products in water, and the mixed use of NaH2PO4 and

Na(POs)n indicated the best outcome.

6.1 INTRODUCTION

Magnesium phosphate cements (MPCs), a type of chemically bonded ceramic, are produced
through acid-base reaction between phosphate and dead burnt magnesia [1-2]. Due to the high
strength at early stage and the fire-resistant properties, the MPCs have a wide range of

applications in the rehabilitation of civil structures, and in the stabilisation of toxic wastes [3].
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Due to its low pH value and its low porosity is also a good candidate to immobilise nuclear
wastes, especially for the treatment of reactive metals unsuitable for the high pH environment
of the conventional Portland cements. MPCs also set and hardened via acid-base reaction,
between the MgO used as a base and the phosphates used as an acid. Because of this different
mechanism of reaction, it would be possible to generate cementitious products with a reduced
water content, which can be beneficial to avoid hydrogen gas generation associated with the
radiolysis of water by radioactive waste components. Solidification mechanism for the MPCs

has been investigated for many years and can be generalised by the following equation:

MgO + XHzPO4 + HoO —> XMgPO4.6H20 (1)

where X is commonly NH4* or K*, forming a crystalline struvite (NHsMgPO4-6H20) when

NH4POQ; is used and K-struvite (MgKPO4-6H20) with KH2POa.

MPCs were also reported to have disadvantage of water instability, highly exothermic reaction
and very short setting time which was difficult to control [3]. The present study investigates
the effect of using different sodium phosphate sources (NaH2PO4 and/or Na(POs),) and
reduction of water contents in the system by curing at an elevated temperature. As previously
mentioned, reduction of water content can be beneficial to minimise the risk of hydrogen gas
generation from the radiolysis of water by radioactive waste components. Use of these
phosphates is also interesting because they would not cause the generation of NH3 gas as in

the case of NH4H2PO4[1], or excessive heat as in the case of KH2PO4 [2].
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6.2. EXPERIMENTAL

The MPC pastes were prepared as a mixture of different powders: magnesium oxide (MgO)
(Dead Burnt MgO, Richard Baker Harrison Ltd, > 89% purity), sodium monophosphate
(NaH2P04.2H20, 99% Alfa Aesar) and/or sodium polyphosphate ((NaPOz)n 99.5%, Aeros
Organics) and distilled water in the proportions shown in Table 10. All formulations were

calculated based on a 3.7:1 Mg/P molar ratio with a water/solid ratio of 0.25.

Table 10. Samples formulation

Name MgO NaH:POs4 (g) Na(PO3)n Water
(2 (2
(2)
MP1 100 78.1 ~ 41.61
MP2 100 ~ 66.60 41.61
MP3 100 9.5 59.26 41.61

The mixed solid reagents were placed into a beaker, then the water was added, followed
immediately by mixing by hand for 1-2 minutes until a viscous paste formed. After mixing, the
different pastes were poured into two different sample tubes, followed by the use of a vibrator

for 20-30 seconds in order to remove air bubbles.

Pastes were cured at two different temperatures (35 and 80°C) in open systems (to reduce water
content) for 7 days. During this period, the weight loss of samples was recorded to monitor the
water content. After the curing process, selected samples were characterised by XRD, SEM,

TG/DTG and FTIR.

In order to test the stability of these materials in water, a solubility test was carried out for all
samples. A disk of each sample was immersed in distilled water (Water/sample ratio of 3

(weight in g)) and were kept in a chamber at 20°C for 1 week.
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6.3. RESULTS AND DISCUSSION

6.3.1 Reduction of water

Figure 53 shows the water content of the samples calculated from the weight loss during 7 days.
As expected, in the three systems studied, the water content remaining decreased with the
increasing in the curing temperature. Samples cured at 35°C lost between 12-19% of water,

while in samples cured at 80°C this value was in the range of 59-73%.

—a— MPC1 35°C—e— MPC2 35°C
-8~ MPC180°C - MPC2 80°C
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Fig. 53 Reduction of water contents in the different formulations during 7 days of curing

As we can see in Fig. 52, the water content can be reduced more in the samples prepared
exclusively with NaH>PO4 (MPC1 systems) compared with the system containing solely

(NaPOs)n. However sample prepared with a mixture of both phosphates has shown a similar

trend to the former.
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6.3.2 Water stability

Samples produced in the different conditions indicated different responses when immersed in

water for 1 week as shown in Fig. 54.

MPC1 samples (prepared with NaH2POs) show a total dissolution when cured at 35°C and a
partial dissolution when cured at 80°C. This behaviour could be explained by i) a limited
reaction between the phosphate and MgO to produce the binding phase and/or ii) the main
binding phase formed (a Na-Mg phosphate salt) is soluble in water. Formulations prepared
with (NaPO3)n (MPC2) show also a partial dissolution, but in less degree than MPC1 systems.
However, the samples prepared with a mixture of both types of phosphates (MPC3 system),
show no or very little dissolution, indicating the formation of a water-resistant product. These

systems were selected for further characterisation.

Mg+MP Mg+PP Mg+MP+PP

asc {
L

-
—

=2
8oC
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{

Fig. 54 Samples after 7 days of water immersion (a) MPC1 35°C (b) MPC1 80°C (c) MPC2

35°C (d) MPC2 80°C (e) MPC3 35°C (f) MPC3 80°C
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6.3.3 Characterisation of the reaction products

Figure 55 shows the X-ray diffractograms of MPC 3 systems cured at 35 and 80°C for 7 days.
The strong peaks associated with unreacted crystalline MgO are observable. We can also
identify small peaks which were assigned to different types of sodium carbonates i.e., natron

(Na2C03.10H20) and nahcolite (NaHCO3).

MgO (PDF 43-1022)
n: natron (NaCO,.10H,0) (PDF 01-0938)

t: nahcolite NaHCO, (PDF 15-0475) MgO

MgO

L JUVIPC 80°C

MgO &

N t \ MPC 35°C
R JL DBM
20 30 40 50
20

Fig. 55 X-ray diffractograms of the dead Burn MgO (DBM) and the systems MPC3 cured at
35 and 80°C for 7 days (MgO (PDF 43-1022) t: nahcolite NaHCO3 (PDF 15-0475), n: natron
Na2C03.10H.0 (01-0938))

There was no signals that can be associated with the formation of a crystalline NaMgPOs salts,
which was a clear indication that the binding phase formed had amorphous nature. In fact, we
could see a hump located at around 25-35 26, which normally is the indication of an amorphous

phase.
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Figures 56 (a) and (b) show respectively the TG and DTG curves of the MPC3 systems. The

TG and DTG results corresponding to the DBM are also shown for comparison.
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Fig. 56 TG and DTG curves of MPC3 systems and DBM

DBM has a small weight loss in TG. The DTG curve of the DBM shows two events located
around 370 and 630°C, which can be assigned to the de-hydroxylation of brucite Mg(OH). and
the decarbonation of MgCOz. MgO can easily react with moisture and CO3 in air to produce

brucite and carbonates during the storage.

The TG and DTG curves of the MPC3 systems show only a small sign of DBM, indicating that
effectively the MgO is reacting with the phosphates. MPC3 cured at 35°C had a larger weight
loss in TG reflecting a slightly larger water content remaining in the system. MPC3 showed
similar results both cured at 35 and 80°C. DTG curves showed three main events, one peak
located around 100°C, another peak located at 270°C and a small peak at 370°C. The first peak
around 100°C is usually assigned with the loss of free water for cement systems, but this one,
together with the second one could be associated with dehydration of amorphous phases
previously detected in similar phosphate modified systems. This required further analyses. The

last peak at 370°C must be associated with the presence of a small amount of brucite [4].
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Figure 57 shows the FTIR spectra of MPC3 cured at 35 and 80°C. Both spectra have a strong
peak located at 11301030 cm™, which is usually associated with the asymmetrical stretching
vibrations of P-O bonds in orthophosphates groups (PO4). A weak peak at 1260 cm™
associated with P=0 bonds in raw materials (NaH2PO4 and (NaPOs),) was also observed,
indicating that not all phosphates reacted [5]. The band located at 1640 cm™, is assigned to the

deformation vibrations of water in the amorphous phosphate phase formed.

MPC3 80

1115 10400 P-O

2000 1500 1000 500

Wavenumber (cm'1)

Fig. 57 FTIR spectra of MPC3 cured at 35 and 80°C

Finally, the microstructure of the samples was analysed by BSEM/EDX. Fig. 58 shows, as an
example, the microstructure of the MPC3 cured at 80°C, where we could distinguish the
presence of unreacted MgO surrounded by the binding phase. An EDX analysis of this phase
showed a presence of Na, Mg and P, suggesting the precipitation of a sodium magnesium

phosphate phase which is amorphous.
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Fig. 58. BSE image corresponding to the MPC3 cured at 80°C

6.4 CONCLUSIONS

e Water resistant MPCs cements can be produced using a mixture of both (NaPOz), and
NaH2POs as source of phosphates.

e With the thermal treatment at 80°C we can reduce the water content up to 70 %, generating
a compact material.

e The main cementitious product generated by the use of sodium phosphates has amorphous
nature.

e The results suggest that this gel is an amorphous hydrated sodium magnesium

orthophosphate salt.
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