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Short title - "G BBS ENERGY OF Ni CrZO4"
The nmethod for determ nation of 0203 and N O
activity in high-tenperature systens based on
measuring of equilibriumconstants of reactions with
negative ions

Cr,05(s) + SCrOA = 2020'6 + CrOé

Ni O(s) +CrOé + G0 =NO, + CrzO'6
has been suggested. To produce neasurable quantities
of suitable ions in the saturated vapour snall
amounts of easily I oni zed substance (KZSO4 or

KZCr 04) were added to the systens being investigated.
The activities of 0203 and N O have been

determ ned for heterogeneous systens N O - NiCrZO4
and NiCrZO4 - 0203 and G bbs energy of NiCrZO4

formati on from oxi des has been cal cul at ed.

1. 1 NTRODUCTI ON

The activity neasurenents in the oxide systens are a remarkabl e
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branch of the high tenperature chemstry due to the such
subj ect of interest as slags, nagmas, silicate glass nelts and
oxygen cont ai ni ng ceram cs.

At present the nethod of e mf. wth a solid oxide
el ectrolytes or the nethod of heterogeneous equilibria are
usually applied to determne an oxide activity (1). In both
cases the oxygen partial pressure and activity of netal have to
be neasured and oxide activity is calculating according to
rel ation

o(MeOy) = K2(1) p(Oy) o M)
wher e Ko(l) i's equilibriumconstant of reaction
Me(s) + C& = N@C&(s) (1)
To elimnate the additional experinents of o M) neasurenents
one choose the systens whith the netal activities is equil to
unit or known fromliterature.
The new approach was developed recently and was called

(2’3). This nmethod is based

"ion-nol ecul e equilibrium nethod"
on the neasurenents of the negative ion - nolecule equilibria
in the saturated vapours of high tenperature systens.

Let us consider the exanple of ScF3 activity determ nation
given in Ref.(3). In the saturated vapour of NaF - ScF3 system
there are F and ScF, ions anong other ones. The follow ng
I on-nol ecul ar equilibriumcan be witten

F o+ ScFa(s) = ScFA
Havi ng nmeasur ed t he ratio of parti al pressures of
{p(ScF;f)/p(F')}0 ions in the system where activity of ScFy is

equal to unit and by determning simlar ratio in any other

system the activity of ScF3 can be found
{pP(ScF,)/p(F )}

{p(ScFy)/p(F)}°

o Sc F3) =



Thus, the availability of ions that allow us to wite a
suitable ion-nolecular equiulibrium is a necessary condition
for determining of activity by the method concerned. In cases
when there are no such ions in the vapour of the system
i nvestigated, they can be generated by introducing a snall
amounts of easily ionized substance. Previously, at the
I nvestigation of silicate systens hb2C>SiC5 (4) and
hb2C>K2C>SiCb (5) chromates of alkali netals were used as
adm xture (about 3 ml %. This allowed us to provide
measur abl e concentrations of the follow ng ions: CrC%, Cr O,
NaCrG;, KCrQ,. The first three ions allowed us to deternine the
activity of Na,O and the ions C}C%, CrC&, and KCrC& - the
activity of KZO'

The aim of the present work is to extend the nethod of
i on-nol ecul ar equilibria on the activity determ nation of the
oxi des CrZC% and NiO It is suggested to use negative ions
CrOé, CrOA, CrZO'6 (8) for measuring of chrom um oxide activity
and for that of nickel oxide to use a negative ion - Nic& (7).

Spi nel NiCEZC%_ is the object of the investigation. The
selection of nickel <chromte is stinmulated both by its
practi cal significance and by the disagreement of its

[iterature data known in literature.

2. EXPERI MENTAL
The work has been carried out by the nmass-spectroneter MX-13G3
(600, 200 nmm, re-equipped for studying of ion-nolecular
equilibria (8). Vapouri zation of the system was carried out of
pl ati num effusi on Knudsen cell (diameter 12 nmm height 12 mm)
and negative ions of the saturated vapour were neasured. The

ratio of the effusion hole area to the evaporation area was
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approxi mately 400. The resistance furnace was used for heating.
The tenperature was neasured by Pt/PT-Rh thernocouple (IO&RN)
with the accuracy of +#4 K and was kept constant with the
accuracy of 1 K during nmeasurenents.

Ni ckel chromte was synthesized by caking N O and CEZCé
oxi des of spectroscopic grade and phase conposition was checked
by the X-ray anal ysis.

In the vapour over CEZCé and N O oxides as well as over
N|C}2C%_ the negative ions are absent. To generate the ions
there were introduced easy-ionized conpounds (KZCrCh or K SO )
to the investigated systens and the follow ng negative ions
CrC%, C}C&, CEZC%, and NiC& were observed at 1200-1500 K. The
lon currents were neasured on a channel electron nultiplier.

The systens under study and its nass-spectra are presented
in Table 1. Let us note that negative ions given are a result
of the thermal ionization and are in the equilibriumwth the
condenced phase.

The experinment was planned in such a nmanner that the
several mass spectra were taken at the sane tenperature and
after the series of neasurenents at other tenperatures the run
was repeated. The duration of one series is about ~ 15 mn and
the interval between series corresponding to the sane
tenperature is nore than an hour

In the course of the experinent easy-ionized adm xture
al nost conpletly vapourized and this was confirmed by a
significant decrease (up to the background) ion current

intensities to the end of neasurenents.

3. DETERM NATI ON OF CrzC% AND Ni O ACTI VI TI ES

It has been shown that addition of potassium sul phate and
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pot assi um chronate to the systens containing 0203 | eads to
t he appearance of neasurable concentrations of ions in the
vapour at 1200 - 1500 K: CrOé, G O,, and CrZO6 This allows us
to determine the activity of 0203 as foll ows

. 2 .
POy paOy) 1 (2)
o & 503) = 3 - 0
p>(Cr ) K°(3)
wher e K°(3) I's the equilibriumconstant of the reaction
0203(5) +3CrOA:ZCrZO'6+CrOé (3)

Unl ess specified otherwise the conpounds are in the
gaseous state.
Simlar, in case of the systens containing N O the

addition of K,0rO, gives N O2 CrOé, CrOA, and CrZO6 ions in

measur abl e concentrations. It nakes possible to find activity

of Ni O according to relation
P(NG,) p(Cr,0) 1
«(NiO = _ . 5 (4)
p(CrGy) p(Cray)  K(5)

wher e K°(5) I's the equilibriumconstant of the reaction
Ni Q(s) +CrOé+CrOLf:NiO'2 +Cr206 (5)
The ratio of partial pressures of ions is proportional to
the ratio of ion currents and can be neasured by the
mass- spect r omet er (8)
P(A) T (A) MA) i(B)
P(B) Iy (B) MEB) i (A)

wer e Irrul is the current neasured on the nultiplier, i is the
percent age of the isotope bei ng neasured.

The equilibrium constant K0(3) was neasured in the
saturated vapour of the systens 0203- KZCrO4 (exp. 1) and
Ni Cr O Cr O3 K SO (exp. 2) and K0(5) in the systens

Nl(}CrzO?’-KZCrO4 (exp. 3) and N|Cr204 NIO-K SO, (exp. 4). The
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val ues obtained are presented in Table 2.

When neasuring the equilibrium constants Kp(3) and Kp(5)
one can’t use pure oxides CrZCé and Ni O due to the absence of
negative ions in the saturated vapours of this substancies.
That is why all the investigated systens include the adm xture
of easy ionized substance KZSCh or KZC}Ch.

Phase equilibria in the system N -Cr-O have been studied

(10) carried out the cal cul ati ons

in the ref. (9). The authors
of the phase diagram on the basis of the available
t hermodynam cs data. A narrow region of honbgeneous spinel
NiCrZCh, a negligible solubility NNO in CrZCé and a small (» 4
nmole %9 solubility CrOin N O are noted. NNO activity that is
in equilibriumwth hﬁC}ZCh according to the ref. (9) I's equal
0 97. Note, that N O activity in the simlar systens

NiON AL,O, and NON G&a,0, also differ a little from unit up

274 274
to T = 1550 K (M) Kk,s0, solubility in NO and C,0; is
negligi bl e (12). That is why it is adopted in the present work

t hat CEZC% activity in the system NiCEZCh-CEZC% and N O
activity in the systen1NiC>NiCr2Ch are equal to unit.

In the course of the experinent a significant
vapouri zation of K>SO, and KCr 5,0y occured. The absolute
intensities of negative ion currents were changed by severa
orders and neasured value of equilibrium constants did not
change. It gives strong support in favour of the NNO (exp. 3
and 4) or CEZC% (exp. 1 and 2) activity is equal to unit.

The tenperature dependences K0(3) and K°(5) (Fig. 1.) have
been det erm ned

In KO(3) = 9734/T + 3.28 T =1163- 1515 K

In KO(5) = -14330/T + 0.93 T =1255-1515 K

St andard devi ati ons of K0(3) and K0(5) dependi ng on tenperature



can be calcul ated as fol | ows

1 1,2 1/ 2
s{In K°(3)} 20.68{ L, (T°- 1356 °) }
70 (0.484 10" 9)
1 1,2 1/ 2
s{In K°(5)} =o.52{ L, (T°-13987°) }
43 (0.281 10" 9)

Thus, the val ues K0(3) and K0(5) obtained allow us to
measur e 0203 and NIO activities in different systens. As it
was nentioned above for this purpose it was necessary to nake
the addition of chromate or sulphate of alkali netal to
generate suitable ion-nolecular equilibria. According to our
estimations the range of measurabl e activity makes up for

5

CGr,0; - from 1 upto 10~ and for NO- from 1 up to O Cb.

4. G BBS ENERGY OF Ni CrzO4
G bbs energy of NiCrZO4 formation from oxides has been also
determ ned in experinments 2-4
NiQ(s) + O ,05(s) = NGr,0(s) (6)

As it was stated NiCrZO4 has a narrow honobgenity region
(9). So in case with the experinments 2-4 it is possible to
wite

3, G6) = RT In o(NO ofCr,0)

In experinment 2 in the system NiCrZO4 - 0203 the activity
of 0203 is equal to unity and activity of N O was neasured
according equation (4). In experinments 3 and 4 in the system
Ni(}NiCrZO4 the activity of NNO is equal to unit and 0203
activity was neasured according equation (2). The experinental

data are presented in Table 3. In both cases the values of

G bbs ener gy ArGf#G) satisfactory agree between thensel ves.
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5. DI SCUSSI ON
In spite of a great nunber of investigations the situation
wi th the thernodynam c data of NiCEZCh I's not single-val ued.
In the 60-70s a nunber of works have been carried out on
determ ni ng of Arcﬁ{G) by the e.mf. nmthod wth a solid

oxi de electrolytes (9’13'15),

where an oxygen concentration
cell was used. Various electrodes of conparison were applied

and G bbs energy of the follow ng reaction was cal cul ated

N Q(s) + O ,0u(s) = NiGr,0(s) (13)
N Q(s) + 1/2 O, + O ,04(5) = NG ,0,(5) (14)
Ni Q(s) + Fe,((s) + C}ZC%(S) = N COr,0,(s) + xFe(s) (9, 15)
The results are presented in Fig.3., where the dependence

Arcﬁ{G) on tenperature is shown. The val ues Arcﬁ{G) obt ai ned by
the eemf. nethod are at T = 1273 Kin the interval from-25 up
to -32 kJ'nDI'l. Wor k (15) differes greatly, the val ue Arcﬁ{G)
is -80 ki nol 1 and Arsﬁ{G) has another sign. In later work
(16) the same author gives another dependence ArGﬁ{G) on
tenperature that satisfactory agree with the others.

Another applied nethod s heterogeneous equilibria
(17-18)_

G bbs energy of the reaction (6) was calculated from the
experinental value of the equilibriumconstant of reaction

NiCrzO4(s) + CO= Ni(s) + CrzO3(s) + (:o2

The results of the two works do not agree. The authors (18)
note that they could attain equilibriumonly from one side.

Mul I er and Kl eppa (19) determ ned the reaction enthal py by
di ssol vi ng NiCEZC%_ as well as the N O and CrZCé in nolten
oxides in a calorimeter. This value at 1173K is -5.2 kJ nol "1

and does not agree with the e.mf. data and the nethod of

het er ogeneous equili bri a.
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Ther nodynam c data of Ni G50 given in the reference book

(20) are based on ArHﬁ.gG) obtained in work (19) and heat

capacity estimation nmade by authors. In the reference book

"Thernmal constants of substances” (21) there is enthal py val ue

of NiCrZO4 al so based on the val ue ArHﬁ.gG) fromthe work (19).
G bbs ener gi es ArGf#G) obtained in the present wor k

(19) and are close to the

agree with the data on calorinetry
predicted values in the reference book (20). Al this data
can't be adjusted to the G bbs energy ArGf#G) and ent hal py

ArHﬁ_gG) obtained in the works (2 13-17)

6. THERMODYNAM C FUNCTI ONS OF Ni 50,
G bbs energy of the reaction depends on the tenperature as
fol |l ows

—_ 0
A, G = a H(298.15 K) - T 4 S(298.15 K) +

(7)
T T
(0] (0]
+ JAGC1 AT - T J(AGC1 (T dT
298. 15 298. 15

In the case of reaction (6) enthropy and tenperature
dependence of Ni CrZO4 heat capacity are unknown. Because it is
not possible to cal culate sinultaneously both enthropy and heat
capacity from the experinental data available, we decided to
use the estimation of tenperature dependence of heat capacity
Ni G50 fromthe reference book (20)

Cg1n{(J'K'1'nDI'1) = 165.3 + 17.87 10" 3(T/K) - 21.05 10 2(T/K)?2

There were used enthalpies of formation, entropies and
tenperature dependencies of heat capacity N O {Ang.g298. 15
K)=(-239.7:0.5) kJ mol 1, s%208.15 K = (37.80.4)
1.

J K rml'l} (22) (data bank | VTAN TERMO, version of 1986) and

L1
O ,0, {a HY(298.15 K) = (-1140.6£1.7) kJ'nmol "~ , S(298.15 K) =



(81.1+5.0 J K Yol -1 (23)

Recal cul ati ons of the enthal py of formation NiCrZO4 from
oxides fromthe ref. (19) | eads to ArHﬁ4298. 15 K) = (-2.7+1.5)
ki'mol "t and A HYNG,0, s, 208.15 K = (-1383.0:2.3)
kd mol "L

For cal cul ation of Arsg.g298. 15 K) the sum of squares of

devi ations was m nin zed

Zi{ArGﬁ]i i ArGﬁ]’ical 0}2 W
wher e ArG%i - is an experinmental G bbs energy (Table 3);
ArG%,icalc - G bbs energy calculated by the equation (7) and
cont ai ni ng the unknown A Sﬁ,‘ 298. 15 K); V\(:ni/Ti2 - is the weight
assigned to the experinental G bbs energy. As a result of
1 1

this calculation Arsg.g298.15 K)Y = (8.3#2.5) J'K "ol ~ was

obtained. This leads to Sﬁ_{ Ni G50, s, 298.15 K) = (127.2+5.8)
KLY mi 1 onthis basis t her nodynani ¢ functions of N Cr,0,
in the interval of tenperatures 298.15 - 2000 K (see Table 4)

wer e cal cul at ed.

7. SUMVARY
It has been found that at adding of KZCrO4 and KZSO4 to the
systens containing chrone and nickel oxide there appear ions
Ni O2 CrOé, CrOA, and CrzO'G.

The reaction equilibrium constants (3) and (5) have been
determined in the tenperature interval of 1200 - 1500 K On
this basis the nethods allowing to determne the activities N O
and 0203 have been suggest eed.

Ni O and 0203 activities for two heterogeneous regions
NO - NC,O0, and N Cr,O, - 0203 were neasured and G bbs

274 24
energy of Ni G50 formation fromthe oxides were cal cul at ed.
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TABLE 1. Mass-spectra of negative ions (relative units, 1473 K)

N

Systens exp. (NG (T (0 1(x,0)
Cr 03-K o
2 2 4
93.0:7.0 1 - 10000 1.1 0.95
Ni Cr O Cr 03 KSO
36 9 50. 2 12 9 2 0. 25 10000 2.1 1.7
Ni O Cr 03-K o
2 2 4
92.0:3.0 :5.0 3 0.51 10000 2.9 2.7
NICrZO4 NIOKZSO
4 0. 86 10000 3.9 3.9

31.9:60.3:7.8
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TABLE 2. Equilibriumconstants of reaction (3) and (5)

Or ,05(s) +3Cr 0, =2Cr ,G+Cr Oy Ni (') +Or Gy +Cr G, =Ni G, +0r , 0,
e)'E'p_ poInK(3) s o e)'E'p_ b In K(5) s,
1 1163 11.82 0.35 3 3 1344 -10.10 0.14 3
1209 11.20 0.42 6 1430 -9.12 0.20 2
1229 11.23 0.21 5 1473 -9.13 0.41 4
1264 11.02 0.09 3 1515 -8.65 0.32 4
1300 10.47 0.26 6
1344 10.50 0.12 3
1387 10.88 0.49 3 4 1255 -10.20 0.00 1
1473 10.00 0.21 2 1291 -10.02 0.18 6
1515 9.85 0.26 3 1300 -9.76 0.43 2
1326 -10.04 0.24 7
2 1326 10.30 0.50 3 1413 -9.42 0.40 4
1370 10.57 0.25 9 1448 -8.71 0.55 3
1413 10.65 0.45 7 1473 -8.52 0.16 5
1448 9.84 0.24 6 1515 -8.08 0.10 2
1473 9.34 0.09 6
1515 9.67 0.24 5
) '(52005)'(52020_6)2
In K°(3)=1In 57 — + 1. 280
1(°“a gy
. (8N Oy) 1 (P2ar )
In K°(5)=1In 57 . 57 - + 0. 809
(PO gy 1 (7T gy)
s. - calcul ated devi aton of single val ues

n, - nunber of neasurenents
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TABLE 3. G bbs energy of NiCrZCh formati on from oxi des

eyp_ B InK s, n In «(NO a GY6)
24 1326 -11.76 0.06 2 -1.07 -11.8
1370 -11.10 0.17 9 -0.76 -8.7
1413 -11.09 0.13 6 -1.07  -12.6
1448 -10.76 0.14 5 -0.98  -11.8
1473 -10.81 0.11 6 ~1.20  -14.7
1515 -10.40 0.07 5 -1.06  -13.4
In «(Cr,05)
3® 1344 865 0.12 3 -0. 60 -6.7
1387 8.33 0.29 5 -0. 69 -8.0
1430 8.19 0.12 2 -0.62 7.4
1473  8.03 0.25 4 -0.58 7.1
1515  7.78 0.10 4 - 0. 64 -8.1
40 1209  9.52 0.32 6 -0.53 .5.3
1255  9.21 0.00 2 -0.55 -5.7
1291  8.65 0.32 6 -0. 90 9.7
1300 8.87 0.53 2 -0. 62 -6.7
1326  8.45 0.18 7 -0. 89 -9.8
1370 8.46 0.17 4 -0. 65 7.4
1413 7.90 0.12 5 -0.99  -11.6
1448  7.86 0.40 3 -0.86  -10.4
1473 7.92 0.13 5 -0. 69 -8.5
1515  7.41 0.53 2 ~1.01  -12.7
| (%0 Oy) 1 (P20 ,0p)
a-InkK =1ln 573
| (>“Cr o)
1 (8N Oy) 1 (*2ar )
b - In KI =1|n 57 - 57 -
(o Gy 1 (P“ar gy)
s. - calcul ated devi aton of single val ues

n, - nunber of neasurenents
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TABLE 4. Thernodynam ¢ functions of Ni

G50

T cg1n] Sp. HY(T)-H(298. 15)
K 3K Lot kd ol ~1
298. 15 148.8 127. 9 0.0
300  149.1 128. 8 0.3
400  161.1 173. 6 15. 9
500  167.7 210. 3 32.3
600  172.0 241. 3 49. 3
700  175.4 268. 0 66. 7
800  178.2 291. 7 84.0
900  180.6 312. 8 102. 3
1000  182.9 331.9 120. 5
1100  185.1 349. 5 138.9
1200  187.1 365. 7 157. 5
1300  189.1 380. 7 176. 3
1400  191.1 394. 8 195. 3
1500  193.0 408. 1 214. 5
1600  194.9 420. 6 233.9
1700  196.8 432. 4 253. 5
1800  198.7 443.7 273. 3
1900  200.5 454. 5 393. 3
2000  202.4 464. 9 313. 4




Fig. 1. Experinental equilibriumconstants of reaction
a) In K8(3), - exp. 1, - exp. 2.
b) In KS(S), - exp. 3, - exp. 4.

Fig. 2. G bbs energy of NiCrZCh formati on from oxi des.
1 - Schmal zried, 2 - Tretjakow, 3 - Levitskii,
4 - Davies, 5 - Kunnmann, 6 - Lenev, 7 - Barin.

- exp. 2, - exp. 3, exp. 4.



