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SUMMARY

I. Project Title

A Study on the Characteristics of Thermodynamic Chemical Behaviors of Spinel

Compounds (I)

II. Objective and Importance of the Project

In PWR primary water chemistry system, the major component of the
protecting oxide film on the surface of metal-based material contacted with
coolant is spinel-structured compounds such as NigFes xOs. Spinel compounds
form local radiation fields on the surface of the pipings, after dissolution and
transportation, accumulation, radio—activation, re—dissolution and transportation,
accumulation. For reducing the radiation fields, it is important to estimate the
water chemistry behaviors of the non-stoichiometric spinel compounds.

In this study, we investigate the high temperature thermodynamic
chemistry behaviors of the spinel compounds concerning the radiation field

formation.

ITI. Scope and Contents of Project

The characteristics of cation distribution in the spinel lattice was
estimated by thermodynamic calculation. The non-stoichiometry and the
change of free energy were calculated for the system such as Fe(Il)- and
Ni(ID-Fe(IIl);04, Co(Il)- and Zn(ID)-Fe(Ill);O4. After a 2-component spinel
was synthesized by co-—precipitation method and identified, the agents for

solution pH controlling and co-precipitate washing were selected.

IV. Results and Proposal for Applications

With thermodynamic spinel models, the cation distribution and free
energy change dependent on temperature was calculated. For the spinel
containing Co, Zn, Fe or Ni at 250C, the calculated results showed the
composition of Coo.isFeoss[CoogsFeris]0s, and ZnozsFeozs[ZnozsFers]0s FeFexOq
or NiFe;O, was shown to have almost complete inverse spinel composition.

The mixing of Fe-contained ferrite and Co-contained one gave the

i



composition of Fe*0479C0" 00005Fe” 0520[Fe” 0021C0” 0.40Fe” 1.470]04 at 250C.
NigsFe20504 was synthesized by co-precipitation and identified with XRD,
SEM, XPS and EDX. When potassium carbonate and secondary distilled
water were used as solution pH controlling agent and co-precipitate washing
agent, respectively, the final composition ratio of Ni and Fe in the ferrite
appeared to be almost identical to the initial one.
These results would be based on modelling of mixed spinel chemistry,

deduction of calculation equations and synthesis of 3-component spinels.
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Table 1  General chemistry characteristics of spinel compounds
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Equilibrium after Cation

Cation Distribution
Distribution,

in Inverse Spinel Lattice,

Lattice
D[AD] 04 A2+aD3+1-a[A2+1-aD3+1+a] 04
o* ok o* o*
Octahedral
Site
AZ+ A2+1 N
-aA
-aD
Tetrahedral m _
Site
OZ- 02

Fig. 3  Cation distribution in inverse spinel lattice
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Inverse spinel : AH°=a(pp, — Dpa) 5)

Normal spinel : AH°=a(pp, — pp)

Inverse spinel : AS°=—R[alna+2(1—a)ln(l1—a)+2(1+a)In(l1+a)]

Normal spinel : AS°=—R[2blnb+(1—b)In(1—b)+(2—b)In(2—Db)
—2In2]

A YA W3l AG'= v 2o
AG® = AH° — AS°T
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dap = exp{—(pp—pa)/RT}
(8)

agp = exp{—(pp—pp)/RT}



Cation Distribution
Lattice i

Equilibrium after Cation
in Normal Spinel Lattice,

Distribution,
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Cation distribution in normal spinel lattice
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17
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E A A2)¢k 4 A3l oal 22 WA e =, AF Ay A M3k AGE 4 (
14) 2 4 (15% Fst¥ Table 29} #o], o5& =AlstH Fig. 5 % Fig. 63
ol yepettt ojujol, F-914d3 oA (pa, ps, pp) w2 Kleppa 52| H°lE[2]

Table 2  The values of a, b and AG° for non-stoichiometric ferrites

Compound |Parameter 25C 50C 100C 200C 250C 300C
a 7.46E-02] 8.64E-02|] 1.08E-01| 1.44E-01| 1.59E-01| 1.71E-01
CoFe,0,
AG° -2.06E-01] -2.63E-01] -3.92E-01| -6.94E-01]| -8.61E-01| -1.04E+00
a 6.60E-05] 1.39E-04] 4.57E-04| 2.31E-03| 4.10E-03| 6.56E-03
FeFe,0,
AG° -1.64E-04] -3.74E-04] -1.42E-03| -9.10E-03]| -1.79E-02| -3.16E-02
a 2.92E-13| 2.72E-12| 9.65E-11] 1.26E-08] 7.18E-08| 3.02E-07
NiFe,0,
AG° -71.23E-13| -7.31E-12| -2.99E-10| -4.97E-08| -3.12E-07| -1.44E-06
b 8.88E-02] 1.08E-01| 1.46E-01| 2.16E-01| 2.47E-01| 2.75E-01
ZnFe,0,

AG° -4.56E-01] -6.04E-01| -9.58E-01| -1.86E+00] -2.38E+00| -2.94E+00

Compound |Parameter | 400 C 500C 650C 800C 1000 C

a 1.92E-01| 2.08E-01| 2.27E-01| 2.41E-01| 2.54E-01
CoFe,0,

AG® | -1.40E+00]| -1.79E+00] -2.38E+00] -2.99E+00]| -3.82E+00

a 1.35E-02| 2.28E-02| 3.96E-02] 5.79E-02| 8.18E-02
FeFe,0,

AG° -71.72E-02| -1.52E-01| -3.22E-01] -5.62E-01] -9.75E-01

a 2.81E-06| 1.47E-05| 8.94E-05| 3.29E-04] 1.16E-03
NiFe,0,

AG° -1.57E-05| -9.42E-05| -6.86E-04| -2.94E-03] -1.23E-02

b 3.23E-01|] 3.61E-01| 4.07E-01| 4.41E-01| 4.75E-01
ZnFe,0,

AG® | -4.15E+00| -5.44E+00]| -7.50E+00| -9.64E+00( -1.26E+01
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The values of a and b
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Table 3 The values of a, b, X, vy and AG® for non-stoichiometric

mixed FeFe,O4,~CoFexO4 with temperature, when k = 0.5

Temp(C) 25C 50C 100C 150C 200C 250C 300C 350C 400C

a 9.63E-01 | 9.52E-01 | 9.26E-01 | 8.99E-01 | 8.70E-01 | 8.42E-01 | 8.16E-01 | 7.90E-01 | 7.67E-01

b 6.60E-05 | 1.39E-04 | 457E-04 | 1.13E-03 | 2.31E-03 | 4.10E-03 | 6.56E-03 | 9.71E-03 | 1.35E-02

X 499E-01 | 4.98E-01 | 4.96E-01 | 492E-01 | 4.86E-01 | 4.79E-01 | 4.71E-01 | 4.62E-01 | 4.53E-01

y 1.12E-05 | 2.36E-05 | 7.84E-05 | 1.98E-04 | 4.12E-04 | 7.52E-04 | 1.24E-03 | 1.90E-03 | 2.74E-03

AG° -2.29E+00 | -2.37E+00 | -2.49E+00 | -2.61E+00 | -2.73E+00 | -2.88E+00 | -3.05E+00 | -3.24E+00 | -3.46E+00

Temp(C) 450 C 500C 550C 600 C 650 C 700C 750 C 800C 850C

a 7.45E-01 | 7.24E-01 | 7.05E-01 | 6.88E-01 | 6.72E-01 | 6.57E-01 | 6.43E-01 | 6.30E-01 | 6.18E-01

b 1.79E-02 | 2.28E-02 | 2.81E-02 | 3.38E-02 | 3.96E-02 | 4.56E-02 | 5.17E-02 | 5.79E-02 | 6.40E-02
X 4.44E-01 | 4.36E-01 | 4.27E-01 | 4.18E-01 | 4.10E-01 | 4.03E-01 | 3.95E-01 | 3.88E-01 | 3.82E-01
y 3.77E-03 | 4.98E-03 | 6.37E-03 | 7.92E-03 | 9.62E-03 | 1.15E-02 | 1.34E-02 | 155E-02 | 1.76E-02

AG° -3.69E+00 | -3.94E+00 | -4.19E+00 | -4.46E+00 | -4.73E+00 | -5.01E+00 | -5.28E+00 | -5.57E+00 | -5.85E+00

Temp(C) | 900C 950c | 1000C

a 6.07E-01 | 5.97E-01 | 5.87E-01

b 7.00E-02 | 7.60E-02 | 8.18E-02
X 3.75E-01 | 3.69E-01 | 3.64E-01
y 1.98E-02 | 2.20E-02 | 2.43E-02

AG® | -6.14E+00 | -6.43E+00 | -6.72E+00
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Fig. 7 The a, b, x and y for non-stoichiometric mixed FeFe;Os—CoFexO4

with temperature, when k = 0.5
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Table 4 The wvalues of AG® for non-stoichiometric  mixed
FeFe:O4-CoFexO4 with k at several temperatures
Temp (C) | k=0.013 k=0.1 k=0.2 k=03 k=04 k=05 k=06
25 -2.036-01 | -1.02E+00 | -1.62E+00 | -2.01E+00 | -2.23E+00 | -2.29E+00 | -2.19E+00
50 2.17€-01 | -1.08E+00 | -1.71E+00 | -2.11E+00 | -2.32E+00 | -2.37E+00 | -2.24E+00
100 2.436-01 | -1.19E+00 | -1.87E+00 | -2.28E+00 | -2.48E+00 | -2.49E+00 | -2.33E+00
200 -2.936-01 | -1.40E+00 | -2.15E400 | -2.58E+00 | -2.76E+00 | -2.73E+00 | -2.51E+00
250 -3.17E-01 | -1.50E+00 | -2.29E+00 | -2.73E+00 | -2.92E+00 | -2.88E+00 | -2.65E+00
300 -3.426-01 | -1.61E400 | -2.43E400 | -2.90E+00 | -3.09E+00 | -3.05E+00 | -2.82E+00
500 -4.44E-01 | -2.05E+00 | -3.08E+00 | -3.67E+00 | -3.93E+00 | -3.94E+00 | -3.72E+00
750 -5.79E-01 | -2.66E+00 | -4.02E+00 | -4.82E+00 | -5.21E+00 | -5.28E+00 | -5.06E+00
1000 -7.20E-01 | -3.32E+00 | -5.03E+00 | -6.06E+00 | -6.59E+00 | -6.72E+00 | -6.46E+00
Temp (C) k=07 k=08 k=09 | k=0.9999
25 -1.91E+00 | -1.45E+00 | -7.80E-01 | -1.67E-03
50 1.94E+00 | -1.44E+00 | -7.70E-01 | -1.48E-03
100 -1.97E+00 | -1.45E+00 | -7.93E-01 | -2.06E-04
200 -2.12E+00 | -1.60E+00 | -9.64E-01 | 8.14E-03
250 -2.26E+00 | -1.74E+00 | -1.08E+00 | 1.61E-02
300 -2.43E+00 | -1.90E+00 | -1.20E+00 | 2.68E-02
500 -3.31E+00 | -2.67E+00 | -1.72E+00 | 9.33E-02
750 -4 54E+00 | -3.68E+00 | -2.34E+00 | 2.06E-01
1000 | -5.80E+00 | -4.69E+00 | -2.95E+00 | 3.22E-01
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A : Fa, Ni contained solution

B : N; gas line C : Stirrer
D : pH meter E : NH4OH or KzC0;
F : Reactor G : Water bath

Fig. 9 Schematic diagram of an apparatus for co—precipitation synthesis

of ferrites
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Preparation of Ni and Fe containing solutions

v

Mix with stirring at 25°C for 1 hour under N, gas flow

Drop K,CO3; or NH,OH into the
<+ reactor up to pH 10
and stir for 3 hours

\ 4
Coprecipitation products formed

v

Wash with distilled water or with pH-10 aqueous solution,
then filter

v

Vacuum-dry at 100°C for 4 hours,
then heat at 1050°C for 1 hour

v

Heat at 1300°C for 8 hours in a box furnace,
then finally obtain nickel ferrite

Fig. 10 Procedure for synthesis of nickel ferrite by co—precipitation
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Table 5 The combination of the solution pH controlling agent with the

co—precipitate washing agent

Sample pH control agent Co-precipitate washing agent
a . Second distilled water
Potassium carbonate -
b Potassium carbonate (pH 10)
C ) Second distilled water
Ammonia -
d Ammonia (pH 10)
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N : NiFe; 0, (Nickel Ferrite}

M : Fe,04 (Maghemite)
H : Fe,04 (Hamatite)

< 800 20 e 35000 B0 .0i0 f1.en »

X : 2 thats ()

Fig. 11 XRD of ferrite powder synthesized by co—precipitation method
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Fig. 12 SEM of ferrite powder synthesized by co-precipitation method
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Fig. 13 XPS of powders synthesized by co=precipitation method (binding
energy of 895~840 and 705 eV)
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Table 6

EDX analysis of the powders calcinated at 1300°C for 6 hours

sample | Sy T | wess | Rekdive | Somic | Rk | Compor

08 3.9 6.74 11.71 20.24
K 19 0.31 0.53 0.38 0.65

a Fe 26 39.78 68.84 34.34 59.47 2.253
Ni 28 13.8 23.89 11.34 19.71 0.747
Sum 57.77 100.00 57.77 100.00
O 8 44 7.56 13.02 22.37
K 19 0.42 0.73 0.51 0.88

b Fe 26 39.69 68.25 33.64 57.84 2.261
Ni 28 13.65 23.46 11.01 18.92 0.739
Sum 58.16 100.00 58.16 100.00
08 2.76 478 8.65 14.99
K 19 0.02 0.03 0.02 0.04

c Fe 26 4498 7794 40.50 70.17 2477
Ni 28 9.96 17.25 8.54 14.8 0.523
Sum 57.71 100.00 57.71 100.00
08 3.32 5.92 10.19 18.13
K 19 0.07 0.12 0.09 0.15

d Fe 26 41.74 74.18 36.68 65.19 2.393
Ni 28 11.07 19.78 9.25 16.54 0.607
Sum 56.19 100.00 56.19 100.00
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identified with XRD, SEM, XPS and EDX. When potassium carbonate
and secondary distilled water were used as solution pH controlling
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