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Analysis of Metallic Salt Granulation Process(Ill)

Naochika TOKUOKA*, Mamoru KOBAYASHI®*, Hiroyuki SANO*#*

Abstract

In this study, for production technique of fine particles by spray pyrolysis method, the purpose
is to elucidate the production process that cerium nitrate solution changes into cerium dioxide

particles with pyrolysis, and the effects of the productlon cond1t1ons on the pyrolyms process
~ and the powder characters of the produced particles were examined.

As a result of the observation on suspended droplet, the pyrolysis process of the cerium nitrate
droplet was categorized into four phases: evaporation, foaming, formation of solid-phase and
pyrolysis. Considering this result, cerium dioxide particles were prepared by spray-pyrolysis
from certum nitrate solution. As a result of the measurement of the produced particle diameter
by image processing, the size distribution of the produced particles was wide in comparison
with that of initial droplets. As a result of this, it was estimated the sample droplets scattered or
divided due to foaming in the production process. And with increase of air temperature, the
scattering or dividing of droplets due to foaming was promoted, the frequency of fine particles
was increased, and mode diameter of produced particles was decreased. And as a result of the
observation with SEM and TEM, the external shape of the produced particles had holes, and
section shape was porous. This holes was ventilator of gas which was formed in the process.
And with the increase of air temperature, S. S. A. was decreased, so it was estimated that with
the decrease of air temperature, produced particles had many pores.

Work performed by KEIO UNIV. under contract with Power Reactor and Nuclear Fuel Development
Corporation

PNC Liaison: Conversion and Chemical Process Development Section TODOKORO, Akio

*Science and Technology faculty Mechanical Engineering Department, KEIO Univ.

§<3’KGraduate School of Science and Technology, KEIO Univ.

11



PNCLI 1636 97-002

= I~ S L 1
T o 1 AR R i ittt iiitiate i ittt e, 1
T v 2 FFBTHEHBg-crc-rrerrrrrttttttttttiianan et )
L I T -~ - - S e 2

g 3= < - - 4
p R B - - 4

21 1 B OBEIR ettt 4
271 -2 B LD et e e 5
2 -2 MEEBAMBIE et iaaaitaa ittt ceeeen 7
2 -3 K EOBIB Il T rrrrrrereereecaanatarararsrsrsacasssanenns 9

7= 0 T R 1 11

31 WBEAMECEIMMTERBM - 11
31 1 HKEGOIES v eereraarrrarrsnsseeeectinanaaann. 11
3:1:2 BABRPEESLHEGOESE --rvvrrrrrranartreatnsaanins 11
31 3 HEEOER -+« -rrerrrsrtrtetitsttrnanenanarsenanas 12
314 EBEESESOBEBEDERE rrrerrrrrtrrttrtraaaarenne. 12
3«1 5 BHERN COBEDOHIEL -ttt 13
31 -6 BEOBEE -+ rrrrersttttittatatstacratrsanaenanas 14
317 S4B e e rereeiaaeea, 15

3-2 EHSBICEHT ARG vt rrearttittetiteiieaianea, 16

33 MBEBEYU DADEMYE -ttt s ic e 18
331 HEtUVARIUZEEEYVLOFEEE ---------- 18
332 MWEEUDALAOBSMRRIG - rrrrrrinraaraiias eeee 19

BAE BEtEUIAE-—BEICEIRSBBIEOE e 21

I




PNC PJ1636 96-001

4 -1 EREBBEUFE ~~c-ccrrreeertrttetananiiiateiiecanas 21
4 -9 %ﬁ%# ................................................. )
43 FEREEBIUBER ---cccrrtetsatotiiiiitiiiitaniaaanaay 23
4-3-1 KREELRARREMBIUNBEBARFEORER ----- 23
4+3 2 REBEDEEREE +crrrerrrrrecerarritiiiitiitne, 25
4-3-3 KREEBLIUVBEOBBRELRENORBHERS
DBAJR «crvevrrernssrseesarssteasesrtrsennacassnnes 26
4-3-4 BEBELHEEAORBHEBICOBGE oo 27
4 35 RIGRTHER +crrreeerrerarrannctttsiotssionaanaasas 28
4386 Eﬁﬂ?WWﬁ ..................................... 29
4 3.7 WEELUDLOERSERIBEE -«--crrrreeerrniiaiieiia 31
BOE FEREEBB LA crrrrreerrrrrter ettt 39
B+ 1 SEERIETE -vccrcreennttri ittt 32
511 MOBEERERBER +--rverrrerrrrectiinariarcane, 33
IR TR B - 4 - HE S R R R 35
5 .1 3 HMOHEHEBLEREISIFOHRE - 36
5.1 « 4 EEEHEES - orceeerraraetnreataaaeiaeaa s 37
5-1 -5 ST HERET ittt 37
B -2 SEEIEM c... ittt ittt iae e 38
521 BOMEEEREBORME ----rrrrrrrer i, 38
5«2 <2 RISIEOMEEE ccreeerresentnatstttiettesitirsnciaans 40
5.3 4$pBAFHEBEORIERE vttt 41
5:3:1 SBHEFORTRBETE ~+rrcremerrere e tasanas e aen s 41
532 AEMFOLEEEE -----ccccrrrrrrmrrrrtteronnena, 42
533 HSBETOEBEE ««covveretnariiiiiiiittiiiraaaiaan. 43
534 HBEFORIK vrrrrerrrmeriiiiittiiiiiiiiaiiaans 44
R =4 - - . R R 45
R -y B 46

v



PNC PJ 1636 97-002

6 1 BRI OB TR s ot rttitstatasttaetiatiitisanas 46
62 (FERNICIUYEHEINDHFE oorvevrrres 46
6-3 HHHMTOSFEBICMTFEE - 46
64 ERRMFOLREMBEEFL - 47
A= g - e 49
7 -1 AR FOMRAAT - rrrrrrrraanrettieriiiiaaiaiaaas 49
7 -2 HHEEE R -ttt aaaaaaas 50
7+ 3 HREITFOREE DT -rrrrrrrrrrrrananiatiiisseensassneessnn 59
7317 BIEBEEOBRE - v avasasanas 52
732 GSHEECERYTFOREST rererrrrrrrerrnraeenss 52
7-3+-3 HAHUHBRELERMFORMBERM ~--rrrrrrrerees 54
734 MYBEBERCEFHMFOMESM oo es- 55
7 -4 HEHETOREBRR cocrrrrrrrttttttttttttattitittiiinann. 57
75 HEMFOEDE - ccnrrrnnnnas e eiiaaeeeeaaaaaaes ees 50
7 -6 A FOHRER rrrrrrrrrrrrrrrerartttaieiiaiaaaaas 63
761 SEEEEHREIE - - e, 63
762 BHMHIBEL KRB - 64
763 HHAKRERLILEEER -t sttt 64
7 -7 HRHEFOLZTEAER - crrrrrrrertrrrrrstatstitstaaisaas 65
T -8 S B FOR -t it i i st s 67
781 SHEBTIONEBERI oottt 67
782 HBEHTFOBER « e rtrestariaiitntsiiaann. 68
79 ZEAEEUDLMTOEBBE oo 70
= < I 73
ERE
EGAcE



PNC PJ1636 96-001

25 XH

i

1 8k



2.

H2.

F2.

B2,

E2.

K 3.

B 4.

B 4.

4.

4.

=4,

4.

4.

PNC P} 1636 97-002

R R 0% R AR R R E R T 4
ERRECRETINRESLVEAEEORE - 5
R RIE T R R DR vttt taiii it it 6
EERDREIZED COOMFDERMETIL «-ovevrmenrnennnn. 7
R BRI T AR R DR vt 9
HEBEV VLD TGHE LU DTABER ~c-rvereerrreainnn.. 20
== ] £ 21
A OREREB - rrrrrrreraririateiiiiiiiaaas 22
e 1=~ Y= 24
BRI R E T HREDBE e 25
NERRERICRIFT A REDEE - o 25
R R I R T R B DR - e, 26
HBREBASICRETRMEEOEE - 26
BREHRISICRETHREREDEE - 27

- VI



PNC PJ1636 96-001

® 4.

4.

4.

®4.

4.

F4.

HoS.

K5.

EKS.

EoS.

ES.

5.

O CeO, HMiFMAERMEBME «+ovcrvrenrrraaieaiii i, 28
10 RIEHBCREZTHAMNBEDEE - 29
ﬁmﬁﬁ“&ETﬁEﬁEQ%% ......................... 29
AR FOEFRIMEETEL o v rveerrrarrrsarescatcanaeia. 29
AR FOEFEBEEEE «---roccrrrrrrrranra i, 30
CeO M F MEFEHERE -« covovevreorrmrmrmareariieiscieanns 31
o= R T EE R R 32
A S B TR A RIS B «vvvvvrrrrrrrrrrrnnnrnnnnns 33
BERDARAOMEBERBEER «---vovvrmrrmrre e 34
DY TURY TR c-ccr et 34
JEFGEHR v e v e e ee e iiea e 36

M BT S BB (SR TE v v vrrrrvmrreteoacensnronraennenanenennns 36

b BT +evvvvvnrrrrrrannnnaraeeaaiare e 37
D L T 37
1N T LR R R 38

VHI



X S.

® 5.

5.
®5.
5.
E6.
B 7.
7.
7.

7.

BNC PJ 1636 97-002

BB B DM EE S A v v v v v v v ennnrnnnnnsereennaeeeonannnas 39
MY BREDOSE .- e et tesaseeeenies e 39
EEEEBETRMS rrrrrrrrrrerreransserasesostserannns 40
Rt AR R R R R R L LR T T 40
R T D FEPES T EL - v veeerresrrtasanneaninannnncnas, 41
BEEICRET Y TEIBOEE - 43
=] I 3= < 47
ERRDICRETRABEDBE - 49
D E R T ORI ST v v v rrrrrreaaneaneeeeesnn. 50
R F OB FIEMIEE R - v vrvrvvrrrarrronreestssennernons 51
HEARICRIETHEERDREE e 52
e A AE R N0 I 53
HESMCRETHHDAREORE e 54
& T 0Y 1t R T T 55
HESRICRIZTTNRBEBREDOEE oo 56



PNC PJ1636 96-001

7. 9 E—FHEICRETRMBEORE - --rovrrrrre 57
B7. 10 E—FHEICIRETHABDRAREORE ---orvrererre 57
B7. 11 E—-FREBRICRETHHRERICRFEIEE ---oovvveerens 58
H7. 12 SEECRETREEEOEE ««ccicvrvrnrrrenaniraanass 59
B7. 13 BEECRETHAUNNEEEDEE ««ciirvrrrrratrraanann, 60
B7. 14 E2BREICRIETHEEEEOEE - -ciiirririerrianaaannns 61
B7. 15 SRHFREESTEDBEE ~--orrrerrrrrmrrrnaaraaaa. 62
7. 16 HEKERABICRIZTAMBEDER - 62
B7. 17 EBEERICRETHAHDBREDSE -« 63
B7. 18 HREBCREBFIDYBEEEOEBE - covvverann, 64
B7. 19 HEAEBICREIRMBEDEESE ----rovrrrrriae 65
B7. 20 ARNFREEEATBEOBEMR -cocorverrrrarrcae 66
B7. 271 £RMFOBEFEHMEETE ~---cvvvvrrrrrrrorrarreeeees 67
B7. 22 4SBEHEFOBTFEBIESE «vvrerrrrarerittaaisiresaians 68
H7. 23 WEBEUDADOBERER -« ettt 69



- PNC PJ 1636 97-002

Bl7. 24 RABEORBLBE oottt 70
7. 25 B EBIEDRT - vrvrrrerentatareneacarnernrenanns 71



PNC PJ1636 96-001

F2.

x4.

#*5.

:5.

#5.

#5.

#5.

®EX

BEEREZSIUVEERSMEICHIIMRTAVGLLEAN - 8

g 2 P 23
o 2 =L - 35
T ol LR TEBE s e v e 38
BE AN (FGRHE « v v v e e e e et a4
oy 20 S 45
FEEE A2 U rT LD HITEE v v vvrreeerrnnsnssnsanennnsaennnnnns 45

X1



PNC PJ 1636 97-002

F1E

[

1-1 #HE®ER
HE, BMEEERLRZPBTHRIRNS. <, &Al, EXLRY
WIRESFIB SN TE R, EETCREREET I v, BFEEME, BLhiE
EPRFR AR S, Ftke LTEBEERTWS. —F, =X X4y
BHIZBWT, TR VFOEDRAR, EXEEMIURORFEELAEERD, &F
D%, EFEKEOMEIZKELRBEFREZLTEL. LOLARBDL, =51
FRIEOREROENWFETHZLFRBOFRMES, HMERRE T IHEN DS
BELEBBRARTHSZ )~V RF LIS AEROBRRE., —+
—HARICET TABICEE O N A EERTBETHSE. 20 LI R RVERE,
HERBREMEICER L, EER2POICAETRE, TARERBEKOESIEL,
ML, BEY, REWEFRATILBRERBEL RT3,
DL, BHIEOFAHBEBRIERY, MRRBEMESEEINDZ L L BT,

MR Like REEREREH, SORZOHEEDRBRSIND LR
Z. BT, HREE L EEATSICHIH S, BB TR LERIZSHO R
BWEEPRDONDB L IR, TOXS BUERHIETHEERZARTEH
HBEE LT, SHOMEERZT NS, T b ok Breaking-down
process & Building-up process @ 22 K5 X 41 % . Breaking-down process i3, &
BARTW ALY, RFE2ERTEHETHS. £k, ZRIZH L, Building-up
process IX, RAERLEROILZERERZEICIY, RFb LIS FroEER L
REZRT, HFEERTAIFHETHY, BFEDN 1lum DL T OB T2 8%
TOLLPFARTHD. R, BENKRL RSB CRHEENLD L biT, HF
B lpym LT OB FOEMENER I, ToEEE LT Building-up
process BER T TWA. Z @ Building-up process DEMAEIC S E I N S EE
AOMRIED, FEOKEHEOPTY, METROEENA, SRR T OMRH
HMOFEZSREDTREOKL ZFIRAID, BIUHROMERL LTHEAS
nNTn3.

HEBRSMFEL, RERSEREALL, FRTBREOKRE L 2BHEOAS M



PNC PJ 1636 97-002

RIGERFICRBIRHBETHD. 20D, 7oA ZEELBRTEZ &N
ARETHY, MIHOREE, ABHEE, THEKNEER Y ERIETA LI
£, BEOWRESMTZZLNFAETHS. LIrL, ZNHEBESFGRE
RETORERFECRETEERTOLEARBROBMIPOREHLMIZER
TRV, ZOED, ZHHRBRIEZFED—— 2R, £ FOBEESEIZR
ETHETHLPICTAILBNETHS, &b, TOARBETCEE TH
HEZREFWEL, TOHBIEEPRIFTRAFZHALNITIZEBSBETH
5., TORKR, BREEGZEEICRETIZLET, HMETI3IHEOBKEEE
BIERTAZLNTEERSD. |

1-2 HWEEH

W ERRIEIC L DB FARBENIL, BibhiERoREEkE LTIE
ok, BESHAAIRTHS. UL, BRESER, ZOoRSMBRE, Fiidi
B E ORGEEERIETLETHBE2BS RS, AR b REY
MECEIBRTE 2R RBEZEZM{HT A2 L3, BBREEBOEENLRER
MBI UEBEMR FORBEEREATIHIIXATEETHD. £LT, TOEET
EZOHKEZMMICHBR TEIBELREITIZLENSLETHD.

AR T, BEASMECLB3BFARERICBOT, BEERB» L4
BRFICEIWAFAERBEZHAOICTAZIE2ENE TS, £F, BEE
i, BE—RBOALSMRBBROKBHRAZERLIICTD. &bliZ, HR
RIEPICHBEES L, BEWBHREERTDSZLITLY, ERGFHESERK
FORERECRIETEE2HALNICTS. TORERFOLERBROKERZ
B, BEBRLSMBICLDERFGELERBFOBEREEL OMEBEEHL T
THEEBIC, RHEHIP AR TFEEIARBROBELBI RS,

1-3 ®WRAH

ABGETiE, WHEREE LT, MEEt Y 7 AEHE (Ce(NO;3):6H,0) %AW,
MHEROMEEICL Y ZBEEY U ART (Ce0,) ZERTDH. 22T, flEt
VU AE, ERBBEOREDELE L THVYDh, BRI E L EUOMES
9.



PNC PJ 1636 97-002

BERBTHLMBEY TADD Bt D AR F~ZEILARBROKE
MRRRZHLPICTEE0IT, BEEICLVBEEY Y v AE—IEEO SR
BROBHEBEZ2S. 2T, £REMHE LT, SHRIEE, RBOHRES
i@%ﬁﬁ@%ﬁ*%ab AERFHPRLSMBREOBENLESTH DR,
NERIZRIETHBERALNCTE. ZOBENL, ARBBOEEL B -
9. '

i, HEBRGMECLZ _BILE Y YARMTFARIEBOT, ARREMEL L
T, R[RERE, ABMARE, BIOMPRBERICEEL, b ERYT
DHRERKETHD, REST, LEREH, MIPEEBIUBRIIRETE %é%‘:
HoENZTs. 227, mﬂﬁﬂﬁ{ﬁ?‘ BLIUOEOAERBETELIHE,
AL F OB BRI RIETHELHMEICT 320, MEREE LTRELAS
@ﬁw%ﬁﬁﬁﬁ%mmé.%Lr,éﬁ%ﬁeéﬁﬁ%@%¢%ﬁa®m%
Po, BEEWICLIASGMBBMOBHGERELHYT, “BEEY Y ARTO
EREEOHELZBIRS.



PNCPJ 1636 97-002

E£2E BEHWR

2 -1 EBNEE
%%%ﬁ%%m,@%&ﬁ%ﬁ%%ibt%ﬁ%iﬁ&%f%b,%ﬁ@%
%EH?&(,ﬁEﬁmmﬁﬁﬁm&k%ﬁitb,ﬁ%ﬂ—@@%ﬁté.
%:ﬁ,%%ﬂﬁ%&wi6%&%&&%%%%%#5%&%&Lf,%%%
ﬁ%uﬁféﬁ%%iﬁm¢5:aﬁﬁ&ﬁbé.%%%ﬁ%u%#aﬁ%m,
ELHLBBLBESATNS., UTRZOBREFAELRT.

2 - 1 - 1 ﬁ_fﬁﬁﬁoﬁﬁ(l)%:ﬂ

ﬁ%%ﬁ%wiéﬁ%éﬁ%%%%waﬁékbu,%ﬁﬁ—m%%mm
FEESEPELERORRECETAFES B 2bhA TS, TO—HlE LT,
Charlesworth 5D Z LLTIZART.

Charlesworth & Wi, B &5 EHE LTWAB—EEOEEL L URRIZETD
m%&ﬁ:&ot.wmwmmbmmm%u,ﬁ?zmﬁwﬁﬁwaHMﬁ%
WL, SESRTISTARNEEOERELELIBREMCOAUESL LU
&ﬁ%ﬁ:ﬁok%wﬁbé.%Lf,%h%@%%#%ﬁﬂﬁwmiééﬁ
WIOHRONEE B Role. TOMEER2. 1IWTFT,

GAUST STRUGTURE BEQUENCE

z -
@
5 a

O —t— -

Fig. 2. 1 Appearance changes in dryiﬁg droplets



PNC PJ 1636 97-002

file, ABHBBRLE LTHRET N YA, BREESY YA, BB, BBRT7T T
=UL, I UL, BT YU A, a—bv —HHER Y, e REK
%ﬁW,%®$~%ﬁ®ﬁ%%mﬁxwﬁ5%mowﬁ%ﬁ:&ofmé.E
2. 2RXD—FETRT. TOREIS, BREHBENNESWIFY, SBEEIX
REL, HREBEEIFEEPITET S LABCAKICERETA - L2HLMTL
TW3S.

E 7, Charlesworth 5V, BREHC LV 2O ERBBIIRELRE B - L &5
LTW3.

&0 0.0 T T 140
é.' R ,co Eara.l mm.fglm.u n.
- / Co® 0.280
5 (K] rd e P -
£ ‘o toe I L Ge °;::a:‘;““~ KOy /gm. ]
E . co® 0.509 T w \<\"n LR IE] crn.n.cc. Ko = 0.1565 cm,
0 " 0 = {=app F st la —
: 7 = j 3 [ onptetion of eruet
s 2 ta = 130*F
E // .'; 20 ! Yae [0S cm./age,
308 o tas9s °F \
Va* 97cm, / 3sc. 7 ‘ I
Xa*0,1565 ¢m, : f ':' 89°F
o danoles particle cantains ia% maisty . 'a = 97 cm./1uc,
00 100 200 | L ! ! "] 0 \‘.Bro'd —
Tima , sac.
(a) Effect of concentration on the drying (b) Effect of temperature on the drying of
drops of ammonium nitrate solution drops of ammonium nitrate solution

Fig. 2. 2 Effect of initial concentration and temperature on the drying droplets
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Table 2. 1 Sample solutions of other works on spray dry

(D~5) g

(6)~(19)

spray pyrolysis

D. H. Chalesworth
and
W. R. Marshall, Jr.®")

N32S04, KzSO4,
NH,CI, NaCi,
(NH,)2504, CuSO4,
NH,NO;, KNQOs,
NaC,H;0,, coffee
extract, LiC10,
C12H22011, whole ]Illlk,
polyvinyl acetate

J. A. Duffie
and
W. R. Marshall, Jr.®

Na2804, KNO3, corn
syrup, whole milk,
Na,8i0s, K;80,, NaCl,
AQD 585A, gelatin,
dispersing agent

Miura et al.® NaCl, Na,$0,4, NH,Cl, E. J. Crosby Na,S0s, coffee extract,
CO(NH3y),, fertilizer, and attapulgus clay slip
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Table 4. 1 Conditions of sample solutions

Ce concentration Ce molarity
[kg/m’] [kmol/m’] L
10 0.071 O
50 0.36 O
100 0.71 O
200. 1.4 =0
400 2.9 o
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(a) Expansion (b) Contraction

(¢) Expansion (d) Division

Fig. 4. 3 Photographs of foaming phenomenon
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Fig. 4. 4 Effect of the concentration on foaming time
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Fig. 4. 6 Effect of the concentration on droplet
temperature
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Fig. 4. 7 Effect of air temperature on residual NOs' rate
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Fig. 4. 8 Effect of normality on residual NOs™ rate
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Fig. 4. 9 Stages of production process of CeO; particle
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Fig. 4. 13 SEM photographs of produced particle
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Fig. 5. 6 Setting of atomizer
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VAN FERALHEETEDIILBHNS.

Table 5. 2 Efficiency of filter element

Weight 110[g/m*]

Thickness 0.45[mm]

Pressure resistance 0.20[kPa]

Particle distribution 99.99[0.3umDOP%]
Heat-residence temperature [500[°C]
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Fig. 5. 9 Optical diagram
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Table 5. 3 Conditions of sieve analysis

Ds2[pum]

T4[K] co[kmol/m®] |  Do[pm] Ds1[pm]
1073 1.4 150 45
45 75
75 106
106
973 1.4 150 75 106
873 1.4 150 75 106
773 1.4 150 75 106
1073 0.071 150 20 45
1073 0.36 150 45 63
1073 0.71 150 45 75
1073 1.4 100 45 75
1073 1.4 200 90 125
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Table 5. 4 Experimental conditions

Sample solution Ce(NO3);:6H,0
Ce concentration[kmol/m’] 0.071, 0.36, 0.71, 1.4
Diameter[pm] 100, 150, 200, 254, 286, 371
Ambient current Air
Ambient pressure Atmospheric pressure
Current temperature[K] 773, 873, 973, 1073
Current velocity[m/s] ' 0.1

£, KETHWEHEBE) Y AKBROSOMBEICRITS, ShitE
ZFS5. 5iZxT.

Table 5. § Properties of cerium nitrate solutions

Ce concentration[g/1] 10 50 100 200
Molarity[kmol/m’] 0.071 0.36 0.71 1.4
Density[g/cm’] 1.11 1.19 1.28 1.45
Kinematics viscosity[cSt] 1.04 1.15 1.36 2.07
Viscosity[cP] 1.16 1.37 1.74 3.00
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Fig. 6. 1 Pore and void
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Fig. 7. 1 Effect of air temperature on weight loss
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Fig. 7. 2 TG and DTA curve of produced particles
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Fig. 7. 6 Effect of air temperature on size distribution
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Fig. 7. 9 Effect of initial droplet diameter on size distribution
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Fig. 7. 13 Effect of air temperature on bulk density
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Fig. 7. 15 Effect of droplet diameter on bulk density
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Fig. 7. 19 Effect of initial droplet diameter on S. S. A.
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Changes of Cerium Nitrate Droplet Shape 1-2

SEM Photographs of Produced Particles 1-3
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