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Solubility of nickelferrites and magnetite vas studied the

thermodynamically and from the standpoint of dissolution and pr-

ecipitation reactions at equilibrium･The results suggest that

nickelferrite dissoIves to form nickelion and ferrousion,and

ferrousion precipitates to form magnetite:

NiFe20.+ 6H+iH2
→ Ni2+ + 2Fe2+†4H20

→ 3Ni2+ + Fe304†12H+ + 2H2

→ 3Fe2+†4B20

Statisticalanalysis of solubility
data from theliteraturesin-

dicated that the differencein the solubility of ferrous species

betveen nickelferrite and magnetite vas not significant･From

these considerationsitis conceivable that the solubility of

ferrous species from nickelferriteis the same as that from mag-

netite.

Key vords:Solubility,Nickelferrite,Magnetite,High-temperatJ

u re.

1.INTRODUCTlON

Radioactive occupationalexposure of workers and treatment/disposalof rad-

ioactive wastes are Tnajor problemsin nuclear power plant operation･Many endea.

vors have been made to reduce radioactivation of corrosion products(CP)and acc･､

umulation of radioactive CP.many recent research projects have been carried out

in this area byimproving the pH controlrange of primary coolantin Pressurized

Yater Reactor.In order to estimate theoretically the optimized ptlrangein YhiR

ch the solubilityis a minimum and nearlyindependent of temperaturein the ran-

ge from 2850C to 320 OC,itis essentialto obtain precise data of the solubili-

ty of cobalt and/or nickelferrite and their temperature dependency･The solubiT
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1ity of nickelferrites vas reported as a funcion of temperature by severalres-

earcherslト6)･The reported data,hovever,Shovlarge
scatter,and further the

term"solubility of compound oxides"such as nickelferrite(NiFe204)is ambiguo-

usly used,because there may be severalreactions at equilibrium.

This paper discusses the dissolution and precipitation equilibrium of the

ferrites thermodynamically,focusing on theiron component･The derived equilib.

rium reactions vere verified by statistica]analysis of the rcported solubility

data
of
NiFezO4 and magnetite(Fe304)and evaluation of the so_1ubility difference

Of theiron component between them.

2･Solubility
-
Dissolution and Precipitation Equilibrium

Solubilityis the concentration of dissoIved speciesin a saturated soluti-

On,in vhich dissolution of a solid compuond and precipi[ation of dissoIved spe-

Cies arein balance･Generally speaking,dissolution and precipitation are the

Same reaCtion,and arein equilibrium･In the case of NiFe204,however,the equ--

ilibrium reactions are complicated･The dissoIution reaction pr()Ceeds to the

lefLin the reaction:

NiFe204;6H+IH2 = Ni2→ 十 2Fe2+ + 41120 (1)

but the precipitation reaction does not necessarily proceed to the right,Sincc

Ni2†and Fe2+can behaveindependentlyin the so]ution･Ni2十 and Fe2+could pro--

duce NiO or Fe304 SeParately･and NiFe204 COmbinedly as a precjpitatc,dependlng

()n the soIubility of these products･An oxide with min-imum so]ubility should

PreCipitate first･Hence thrce cases are postulated:

1)NiFe204 has a minimum solubility･In this case thc solubility equjlibrium

Should be expressed by
reaction(l)

2)Fe304 has a minimum solubility and precipitates first･The solubility cquili-

brjum of Fe2+ should be as follovs:

3Fe2→~†4H20 = Fe30｡+ 6日イ1日2

FIcnce the equilibrium concentration bf Fe2十 for NiFe204

0n the other hand,the solubility of the Ni2+ component

equjlibrium of the reaction(1),preSUming that the Fe2+

ined by the reaction(2).

3)NiO has a minimum solubility and precipitates first.

ium of Ni2→ should be as follovs:

Ni2+†H20 二 NiO†2H+

(2)

is the same for Fe304.

js determined by the

COnCentrati(‖1is deteTm

The solubility equilibr-

(3)

Ilence the equilibrium concentration of Ni2+ for NiFe204is the same for NiO.On

the other hand･the solubillty Of the Fe2十 componentis determined by the equil

ibrium of the reaction(1),preSumlng that the Ni2+ concentrationis determined

by the reaction(2)

3.THERMODYNAMIC CONSIDERATIONS

In order to predict the reaction direction of dissolution and precipitation

･Gibbs
energy changes vere calculated for the dissolution reaction of nickel

ferrite and magnetite,and the precjpitation reactions of nickelion and ferrous

SPeCies at 300 0C･TablelshoYS Standard Bibbs energies of formatjon of consti-
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tuent species,Vhich vere selected to'

be the most correct of
the reported

values7)8).using the datain Tablel,

the Bibbs energy changes of dissolut-

ion and preclpitation reactions were

calculated and are shownin Table 2.

These values indicated that the diss-

01ution reactions of NiFe204(1)and

Fe304(4)have rlegative Bibbs energy

Changes,and can proceed naturally･

Eventually,for the reverse precipit-

ation reactions the changes are posi-

tive and the reactions

Should proceed only to

the saturation condit--

ion of the ion specie-

S.Itis worth noting

that the dissolution

reaction forming Ni2+

and Fe304 has a negat-

ive Bibbs energy chanA

ge,and could proceed

naturally.This sugge-
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/Tablel.Standard
Free Energies of Formation Used

for the Calculation at 300 0C

Ion or Standard Gibbs Energy Literature

Compound OfFormation

kcal/mole

N12+ 1.073 四
Fe2+ 21.807 四
Fe304 220.652 四
H20 46.701 四
NiO 44.577 四
NiFe204 209.256 7)

Table2.Free Energy Change for the Dissolution Reactions and

the Precipitation Reactions
at300

0C

Reactions

StandardGibbs

EnergyChange

(kcal/′Ⅶ01)

1)NiFe20｡†(用+ + 82 → Ni2+ + 2Fe2+†4Ⅲ20
-
22.2

2)Ni2+ + 2Fe2+ + 4B20 → NiFe20｡+ 6日+ + B2 + 22.2

3)3Fe2+ + 4H20 → Fe30.;6H十 + Hz
･Ⅰ31.6

4)Fe｡0.†6H+ + H2 → 3Fe2+‡4H20
-
31.6

5)Ni2+1]20
→ NiO†2]+ + 3.2

6)3NiFe20｡+ 帥+ + B2 → 3Ni2+ + 2Fe30｡+ ∠川20 -
3.5

StS nickelspecies diT

ssoIve preferentially and Nj2十 can be heldin solutionin the presence of Fe304

vhich dissoIves according to thc reaction(2).From this discussionitis consid

ered that the solubility equiljbrium of nickelferriteisestablished preferenti

ally according to case 2)mentioned above･

4.ANALYSIS OF REPORTED DATA

In order to verify the

-1.2
Validity of the aboveLrment-

ioned considerations, that

is,theiron solubility of
-T-1.0

nickel ferrite and n]agneti- r;

te should be equal,Ve ana-3

1yzed the reported solubil

ity data of NiFe20.and

Fe304 Statistically.The

solubility of NiFe204 and

Fe30｡has been reported by

Kunig and Sandler3)and by

Lambert4)in a solution co

ntaining O.06M B(OH)3,1.O

XlO~4M LiOH
and,25

cm3

H2/kgH20 and17 cm3 H2/kg

ヱ 0.08

240 260 280 300 3ZO 340 360

Temp.Oc

Figurel.Comparison ofIron Solubility from

Magnetite and NickelFerrites.

Data of Lambert4)5)
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H20･reSpeCtively･WitsubishiHeavyIndustry5⊃
also measured the solubility of

NiFe204in the solution containing O･043MB(OH)3,1･3XlO-4M LiOH and17cm3 H2/

kg H20･These data differed considably from each other,As shovnin Figurel.

日ence using the data measured by the same researcher,the comparison of the soト

ubility ofiron species was made betveen
nickelferrite and magnetite.

Plotting Lambert's

data4),including a seriL

es of magnetite and tvo

Series of a nickel ferrト

te,against temperature,

the curves of parabolic

forⅧ Vere
Obtained for

(
ど
＼
L
O
∈
ユ
)
ぎ
L
] む｣

each series.Yhen the da-

ta vere divided into tvo

groups for the temperatu-

re t, t< 300 0C and t>

300 0C,andlogarithms

Ofiron solubilities vere

plotted against temperat-

ure,1inear relationships

Vere Obtained as shovnin

Figure 2 and 3.Using th-

ese relationships simplifies

the statisticalanalysis.

For t<300 OC,the curL

Ve Of magnetite vasin the

middle of those of the two

nickel ferrite series.At

t> 300 0C,a Similar tenden

Cy VaS Obtainedin the range

from 300 0C to 335 0C.

Kunig and Sandler3)re-

ported extensive data on the

SOlubility ofiron and nick-

el from nickel ferrites over

a vide temperature range,

but magnetite onlyin a resr

tricted temperature range.

Then their solubilities have

been compared onlyin a tem-

perature range from 250 to

305OC,aS Shovnin Figure 4.

ー1.2

250 260 270 280 290 300

Temp Oc

Figure 2･Plot of Logarithmus ofIron Solubility

against Teperature.≦ 300OC

Data of Lambert4)5)

○:Magnetite,△,ロ:Each Series of Nickel

[
(
茸
＼
L
O
∈
ユ
)
ぎ
L
]
U
｣

300 310 320 330 340 350

Temp.Oc

Figure 3･Plot of Logarithmus ofIron Solubility

against Teperature.≧3000C

l)ata of Lambert4)5)

○:Magnetite,△,□:Each Series of
Nickel

They used various nickelferrites such as

Nio･75Fe2･2504,Nio･95Fe2･O504,Nio･35Fe2･6504･Nio･50Coo.o5Fe2.4504･Although

theiron contentsin these ferrites are different･they are combined and analysA

ed as a ferrite,because the differencein the solubilities of theiron specTies

Yere COnSidered to be vithin the experimentalscatter.

Statisticalregression
and variance analysis vere performed for each case
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and the results are shovn iIl

the appendix(Table A-1to -0.6

A-8).

5.F-TEST

The F-teSt VaS applied

to statistically determine wh-

ether or not the difference in

the solubility regression cur-

ves betveen NiFe204 and Fe304

is significant.At
first the

sum of squares of residuals of

linear regression was calcula-

ted for magnetite(RSS一)and

nickel ferrite(RSS2)individ

ually,and for the twoin a

lump(RSS｡).Then the statist

ic(VOb s)for the F-teSt VaS

[
(
g
＼
｢
○
∈
ユ
)
ど
L
]
む
｣
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250 260 270 280 290 300

Temp.Oc

Figure 4･Plot of Logarithmus ofIron

Solubility against Teperature.

≧3000C Data of Kunig3)

○:Magnetite,

△,□:Each Series of Nickel

Calculated:

WObs 二 〔(RSS｡一 RSS)/RSS〕÷〔p/(n-2p)〕 (4)

vhere RSS = RSSl+ RSS2.The values of VObsis compared with the corresponding

values for the Frdistribution;if the formerislarger than the latter,the

difference in the solubility

As shown

in Table 3,at

confidence
limr

its of 99% no

difference was

found in the

SOlubility bet-

Veen magnetite

and nickel fer-

rites,and at

confidence lim-

its of 95% the-

re was also no

difference exc-

eptin three

Ca S e S:

1)Lambert's

data,t≦3000C,

the test for a

series of nick-

is not significant.

Table 3 F-teSt for differencein solubility

betveen magnetite and nickelferrites

Lambert's data Kunig

Sandle

datat <300 0C t >300 0C

a SerleS another both a SerleS another both

RSSl(magnetite)
.00407

0.0790 0.0398

RSSz(NiFe204) 0.0295 0.0023 0.0708 0.0251 0.0014 0.0375 0.303

RSSo 0.0593 0.0092 0.0786 0.0354 0.0202 0.0474 0.405

WObs 4.15 0.011 0.42 0.44 6.4 0.44 3.7

F-Value C.L.95 % 3.98 4.46 3.59 3.88 3.98 3.49 3.23

99%

Testof95%

Significance
99%

7.20 7.20 5.17

YES NO NO NO YES NO YES

NO NO NO

difference

insolubility

NO NO NO NO NO NO NO

el ferrite,

2)Lambert's data,t≦300OC,the test for another series of nickelferrite,

3)Kunig and Sandler's data,for vhich the difference was significant･The
resu-

1ts are considered to give substantialevidencein support of the thermodynamic--
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alconsideration mentioned above.

The thermodynamicalconsideration
of the solubility reactionsindicated

nickelferrite dissoIved to formnickelion
and ferrous species under the follo-

NiFe204+6日++H2 →

Ni2++2Fe2･+4H20
→3Ni2++Fe304+12H++2H2

Thestatistcalanalysisof
thereportedsolubilitydataindicated

that thereare
nO Significant differencesin the solub=ity of ferrous species between nickel

Conclusivelyitis
conceivable that the solubilityofiron species from nic

ke]ferriteis the same as that of magnetite.
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Appendix

Table A-1.Analysis of
Variance-Linear Regression by Least Squares-

Regression Line:logSFe = A｡IAITIA2T2

SolubilityI)ata of Lambert4)

0Ⅹides Constant Value Standard Error t-Statistic Value

Fe304 Ao 0.762 0.116 6.56

Al
-0.00463

0.000776
-5.69

Az 0.05776 1.29 6.04

n=14,R2 =0.775, S=0.00510

Nickel Ao 1.689 0.343 4.9292

Ferrite Al
-0.0106

0.00228
-4.6565

ロ A2 0.04174 3.76 4.6262

n=15.R2 =0.648,
S
=0.0123~

Nickel Ao 0.818 0.114 7.20

Ferrite Al
-0.00510

0.03763
-6.68

田 A2 0.05860 1.27 6.77

n二11,R2 =0.859, S=0.00372

Table A-2.Analysis of Variance-Linear Regression by Least Squares-

Regression Line:logSFe 二 A｡+ AIT

≦300 0C.Solubility ofl)ata of Lambert4)

0Ⅹides Constant Value Standard Error トStatistic Value

Fe304 A｡
-0.393

0.199
】･-1.97

Al
-0.00267

0.000731
"3,69

n=7.R2 =0.773, S=0.0319

Nickel Ao
-0.219

0.319
-0.685

Ferrite

(2Series)

Al
--0.00323

0.00115
-2.82

n =15,R2 =0.380, S =0.0738

Fe304 Ao
-0.307

0.226
-1.36

+

Nickel

Ferrite

Al
-0.00294

0.03816
-3.61

n=21,R2 =0.407, S =0.0643

55
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Table A-3･Analysis
of
Variance-Linear Regression by Least Squares-

Regression Line:logSF.= A｡IAIT

≧300 OC.Solubility ofl)ata of Lambert4)

Oxides Constant Value Standard Error t-Statistic Value

Fe304 Ao
-1.798 0.184

-9.77
Al 0.00215 0.03565 3.81

n=8,
R2
=0.674, S=0.0336

Nickel Ao
-2.279

0.295
-7.74

Ferrite

(2Series)

Al 0.00354 0.03898 3.95

n=15,R2 =0.586, S=0.0537

Fe304 Ao
-2.022

0.188
-10.74

+

Nickel

Ferrite

Al 0.00279 0.03576 4.85

n=21,R2 =0.540, S=0.0487

Table A-4･Analysis of Variance-Linear Regression by Least

Squares-Regression Line:log SFe =Ao +AIT

≦300 0C.One Series of Lambert4)

0Ⅹides Constant Value Standard Error tLStatistic Value

Fe304 Ao
-0.393 0.199

-1.97
Al

-0.00267
0.000731

-3.69

n=6, R2
=0.773, S=0.0319

Nickel A｡ 0.203 0.380 0.536

Ferrite

(1Series)

Al
-0.00460 0.00135

-3.40

n==9,
R2
=0.623, S=0.0649

Fe304 A｡
-0.201

0.271
→0.742

+

Nickel

Ferrite

Al
-0.00326 0.0398

-3.34

n=15, R2 =0.461, S=0.0651
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Table A-5.Analysis of
Variance-Linear Regression by Least

SquaresrRegression Line:log SF｡二 Ao;AIT

≦300 0C.Another Series
of
Lambert4)

Oxides Constant Value Standard Error trStatistic Value

Fe304 A｡
-0.393

0.199 Ⅶ1,97
Al

-0.00267
0.000731

-3.69

n=6,
R2
=0.773, S=0.0319

NIckel Ao
-0.492

0.157 -3.14

Ferrite

(Another

Series)

Al
-0.00245

0.0357
-4.31

n=6,
R2
=0.823, S=0.0238

Fe304 Ao
--0.420

0.137
-3.07

+

Nickel

Ferrite

Al
-0.00266

0.03499 -5.33

n=12, R2
=0.740, S=0.0303

Table A-6.Analysis of Variance-Linear Regression by Least

Squares-Regression Line:log SF,= A｡†AIT

≧300 0C.One Series of Lambert4)

0Ⅹides Constant Value Standard Error t-Statistic Value

Fe304 A｡
-1.80

0.184
-9.77

皿 0.00215
H

0.03565 3.81

n=9, R2
二0.674,

S
=0.0336

Nickel Ao -2.26
0.560

-4.03
Ferrite

(1Series)

Al 0.00353 0.00169 2.08

n=7,
R2
=0.465,

S

=0.0709

Fe304 A｡
-1.94

0.225
-8.64

+

Nickel

Ferrite

Al 0.00258 0.0369 【3.76

n

=16,
R2
=0.503,

S
=0.0503

57
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Table A-7･Analysis of Variance-Linear Regression by Least

Squares-Regression Line:log SFe =AoIAIT

≧300 0C.Another Series
of
Lambert4)

0Ⅹides Constant Value Standard Error t-Statistic Value

Fe304 Ao
-1.80

0.184
-9.77

Al 0.00215 0.0357 3.81

n=9, R2
=0.674, S=0.0336

Nickel A｡
-2.19 0.145

-15.0
Ferrite

(1Series)

Al 0.00319 0.03447 7.14

n=6,
R2
=0.927, S=0.0187

Fe30｡ A｡
-1.93 0.177

--10.9
十

Nickel

Ferrite

Al 0.00249 0.03543 4.59

n=.15, R2
=0.618, S=0,0394

Table A-8･Analysis of Variance-Linear Regression by Least

Squares-RegressionIJine:log SF,- A｡+ AIT

≦300 0C.Kunig Data5)

0Ⅹides Constant Value Standard Error t-Statistic Value

Fe304 Ao 0.808 0.458 1.76
Al

--0.00608
0.00165

-3.69

n=6, R2
=0.773, S二0.0997

Nickel A｡ 1.401 0.425 3.29
Ferrite*

(4Series)

Al
-0.00825 0.00145

-5.69

n二二39,R2 =0.467, S二=0.0905

Fe304 Ao 1.164 0.279 4.18

-+-

Nickel

Ferrite*

Al
■0.00743 0.03970

--7.77

n=45,
R2
=0.584, S=0.0907

*:NickelCobalt Ferriteisincluded.


